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Background: Chemo-resistance is one of the key causal factors in cancer death and emerging evidences suggest that microRNAs
(miRNAs) have critical roles in the regulation of chemo-sensitivity in cancers. Cervical cancer is one of the most common
malignancies in women and insensitive to chemotherapy clinically.

Methods: The differentially expressed miRNAs in cervical squamous cell carcinoma tissues were screened by using a microarray
platform (mParaflo Sanger miRBase release 13.0). The expression of miR-375 was determined by stem-loop RT–PCR using 23
clinical cervical cancer samples and 2 cervical cancer cell lines. We exogenously upregulated miR-375 expression in SiHa and Caski
cells using a pre-miRNA lentiviral vector transfection and observed its impact on paclitaxel sensitivity using MTS. The cells that
stably overexpressed miR-375 were subcutaneously injected into mice to determine tumour growth and chemo-sensitivity in vivo.

Results: Twenty-one differentially expressed miRNAs were found by miRNA microarray between pro- and post-paclitaxel cervical
cancer tissues. Of those, miR-375 showed consistent high expression levels across paclitaxel-treated cervical cells and tissues.
Paclitaxel induced upregulated miR-375 expression in a clear dose-dependent manner. Forced overexpression of miR-375 in
cervical cancer cells decreased paclitaxel sensitivity in vitro and in vivo.

Conclusion: Collectively, our results suggest that miR-375 might be a therapeutic target in paclitaxel-resistant cervical cancer.

Chemotherapy is an extremely important therapeutic strategy in
cancers, but chemo-resistance remains one of the key causal factors
in cancer death and has confused worldwide scientists and
oncologists longtime (Wang et al, 2010). As we know, the majority
of tumours responds well initially to chemotherapy, but eventually
develops resistance following treatment (Wendt et al, 2010).
Chemotherapy agents can facilitate the phenotypic transformation
in residual surviving cancer cells into a highly mobile and resistive
phenotype (Dean et al, 2005; Ranganathan et al, 2006). Insight
into the molecular mechanism by which tumours overcome
the toxicity of drugs is a critical step in preventing or reversing
chemo-resistance.

MicroRNAs (miRNAs) are small 20–23 nucleotide non-coding
RNAs that act as important gene regulators in human genomes
and their aberrant expression may promote not only tumorigenesis
but also tumour aggressiveness (Chang et al, 2011). Recently, the
association between miRNA expression and chemo-sensitivity in

cancer is closely noticed, which is regarded for predicting chemo-
sensitivity in cancers. Indeed, some miRNAs have been found to
predict sensitivity to anticancer treatment, such as Let-7g and miR-
181b that are strongly associated with response to 5-fluorouracil-
based antimetabolite S-1 (Nakajima et al, 2006). Functional studies
show that such miRNAs can modulate chemo-sensitivity, for
instance, miR-21 inhibition increases sensitivity to gemcitabine in
cholangiocarcinoma cell (Meng et al, 2006), miR-34 restoration in
p53-deficient human gastric cancer cells induces increased chemo-
sensitivity (Kim et al, 2011). In addition, chemotherapy also
inversely alters miRNA expression and mediates the drug
sensitivity in cancer cells in turn. For example, cis-platinum
significantly reduces miR-30a expression in cancer cells which in
turn strongly inhibits cis-platinum-induced apoptosis (Zou et al,
2012). Thus, there is a complicated regulating feedback loop
between miRNA and chemo-resistance in cancers. Anyway, it
could be believed that a break of such a loop would not only
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overcome cancer chemo-resistance but also provide important new
therapeutic targets. However, miRNAs regulating drug sensitivity
are varied in different kinds of cancer and different anticancer
agents. Therefore, the identification of the role of a specific miRNA
modulating a specific anticancer drug in a specific cancer has a
clinical significance.

Cervical cancer is the third most common gynaecologic cancer in
women worldwide (Wilson et al, 2004). Chemotherapy is merely a
complemented treatment to surgery or radiation therapy for the
cancer due to its insensitivity to anticancer drugs (Kim et al, 2011).
Although cervical cancer screening has been globally popularised,
there still are large numbers of advanced diseases, especially in
developing countries including China. Paclitaxel combined with
platinum chemotherapy is a recommended therapeutic regimen for
advanced cervical cancer by authorised professional organisations in
the world, but the 5-year survival rate is only 30–60% (Yavas and
Yavas, 2012). Thus, it is significant to identify a novel therapeutic
target that has a key role in regulating cervical cancer cells to chemo-
sensitivity for improving the prognosis of cervical cancer patients.

In this study, we first used high-throughput miRNA expression
analysis to reveal miRNAs associated with chemo-sensitivity using
cervical squamous cell carcinoma tissues treated with chemother-
apeutic agent paclitaxel. Among 21 differentially expressed
miRNAs, miR-375 showed consistent higher expression levels
across paclitaxel-treated cervical cells and tissues, suggesting that
miR-375 may be contribute to paclitaxel chemo-resistance. Then,
the role of miR-375 in paclitaxel chemo-sensitivity was explored in
cervical cancer tissues, cells, and mouse models.

MATERIALS AND METHODS

Patients and samples. The samples of cancer tissue were collected
from 25 cervical squamous cell carcinoma patients with Federation
of Gynecology and Obstetrics (2009) stage IB2 or IIA2 (tumour size
44 cm) who initially underwent neo-adjuvant chemotherapy
followed by type III radical hysterectomy between 1 November
2008 and 30 May 2010 in Women’s Hospital, School of Medicine,
Zhejiang University, China. No patient received radiotherapy
before the tissues were obtained. The collection of all samples was
approved by the Ethical Committee for Clinical Research of the
Hospital and informed consents were obtained.

All patients underwent two cycles of intravenous neo-adjuvant
chemotherapy (paclitaxel 135mgm� 2 and cisplatin 75mgm� 2,
3-week interval) before surgery. The effect of chemotherapy was
evaluated for tumour size measured at the initial diagnostic
procedure and just after chemotherapy but before surgery under
colposcopy according to the Response Evaluation Criteria in Solid
Tumors (RECIST1.1) (Eisenhauer et al, 2009). Each patient will be
assigned one of the following categories: complete response (CR),

partial response (PR), stable disease (SD), and progression disease
(PD). Then, we defined CR&PR as chemo-sensitive and SD&PD as
chemo-resistance. Of all 25 patients, mean age was 36.8 years
(range 20–65 years), 21 were chemo-sensitive and 4 were chemo-
resistance, 23 had pre- and post-chemotherapy samples and 2 only
had pre-chemotherapy samples because the tumours achieved
pathological remission. All the cervical cancer samples are Hybrid
Capture II HPV Test (HCII) (Digene Corporation, Gaithersburg,
MD, USA) positive. To obtain homogeneous and histological well-
characterised samples for RNA analyses, the nature of the tissue
and its specified composition were determined by an experienced
pathologist. All the samples were immediately snap frozen and
stored in liquid nitrogen (� 180 1C) until RNA extraction.

Cell culture and chemotherapy inducement. Two human cervical
cancer cell lines, SiHa and Caski, were purchased from the American
Type Culture Collection (ATCC University Boulevard, Manassas,
VA, USA) and preserved in our laboratory. Cell lines were cultured
in RPMI-1640 medium supplemented with 10% (v/v) fetal bovine
serum in a humidified CO2 incubator at 37 1C. Paclitaxel was
obtained from Bristol-Myers Squibb Ltd., respectively, used at a final
concentration of 5 and 10 nM. The cancer cell lines (SiHa and Caski)
were seeded 3� 105 per well in six-well plates and incubated
overnight, and then treated with paclitaxel for 72 h. After 72 h of
induction, cells were harvested for further experimentation.

miRNA microarray assay. From the liquid nitrogen frozen
tissues, we selected five paclitaxel-sensitive and four paclitaxel-
resistant cervical squamous cell carcinoma tissues collected before
chemotherapy and four couples of self-paired (pre- and post-
chemotherapy samples) cervical squamous cell carcinoma tissues,
sent to the United States LC science companies for miRNA
isolation, quality control, chip hybridisation, and microarray data
analysis after succeeding in extracting the total RNA. In LC
Sciences, miRNA microarrays were performed on mParaflo
Microfluidic Biochip (version 12.0; LC Sciences, Houston, TX,
USA), each of which can detect 8273 miRNAs with multiple
control probes for assessing qualities (Wang and Cheng, 2008).
The fluorescence images of the chips were collected using a laser
scanner (GenePix 4000B, Molecular Device, Sunnyvale, CA, USA)
and digitised using Array-Pro image analysis software (Media
Cybernetics, Bethesda, MD, USA). Data were analysed by first
subtracting the background and then normalising the signals using
a LOWESS filter (Locally weighted Regression) (Bolstad et al,
2003). ANOVA is first applied to produce an miRNA expression
profile overview across all samples; then T-tests are performed to
identify significantly differentiated miRNAs among all interested
combinations of two groups.

RNA extraction and real-time RT–PCR. Total RNAs containing
miRNAs were extracted from liquid nitrogen preserved tissues or
the harvested cells using 1ml TRIZOL reagent (Invitrogen,

Table 1. The real-time PCR primers for miRNAs, RNU6, and EEF1A1

Gene Forward primer Reverse primer

hsa-miR-375 50-AGCCGTTTGTTCGTTCGGCT-30 50-GTGCAGGGTCCGAGGT-30

hsa-miR-424 50-AGCGGCAGCAGCAATTCATC-30 50-GTGCAGGGTCCGAGGT-30

hsa-miR-27a 50-CGCGCTTCACAGTGGCTAAG-30 50-GTGCAGGGTCCGAGGT-30

hsa-miR-181b 50-CGGCGAACATTCATTGCTGT-30 50-GTGCAGGGTCCGAGGT-30

hsa-miR-224 50-AGCGGTGGCTCAGTTCAGCA-30 50-GTGCAGGGTCCGAGGT-30

U6snRNA 50-CTCGCTTCGGCAGCACA-30 50-AACGCTTCACGAATTTGCGT-30

EEF1A1 50-TGCGGTGGGTGTCATCAAA-30 50-AAGAGTGGGGTGGCAGGTATTG-30

Abbreviation: miRNAs¼microRNAs.
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Carlsbad, CA, USA) following manufacturer’s instructions. cDNA
was synthesised with the PrimeScript RT reagent Kit (TaKaRa
Otsu, Shiga, Japan). Quantitative RT–PCR (qRT–PCR) for miRNA
and mRNA was performed as described previously (Wang et al,
2011), SYBR green real-time PCR was performed with an Applied
Biosystems 7900HT Fast Real-time PCR system (ABI, Foster City,
CA, USA) using the SYBR Premix Ex Taq (perfect real time)
(TaKaRa Biotechnology, Otsu, Shiga, Japan). The U6 snRNA and
EEF1A1 were used as endogenous control for miRNA and mRNA,
respectively. The DCt method was used to determine relative
quantization of miRNA and mRNA expression in samples, and the
fold change was determined as 2�DDCt. The sequences of all
primers are given in Tables 1 and 2.

MTS assay. An in vitro paclitaxel chemo-sensitivity of cervical
cancer cells (SiHa and Caski) was evaluated using MTS assay. Cells
were triplicately seeded in flat-bottomed 96-well plates at a density of
6� 103 per well, cultured overnight, and supplemented with various
paclitaxel doses (0, 5, 10, 20, 50, and 100nM). After 3 days, replaced the
medium with 100ml fresh medium, 20ml CellTiter 96 Aqueous One
Solution Reagent (Promega, Madison, WI, USA) was added to each
well according to manufacturer’s instructions. After 4 h in culture, the
cell viability was determined by measuring the absorbance at 490nm
using a 550 BioRad plate-reader (Bio-Rad, Hertfordshire, UK).

Lentivirus construction and transfection. To generate miR-375
and Ecadherin overexpression stable transfectants, cervical cancer
cells were transfected with lentiviral expressing vectors, and stable
clones were selected with EGFP by flow cytometry. The plasmid
construction and lentivirus package were completed in GENE-
CHEM Company (Shanghai, China). The pre-miR-375 sequences
were amplified and cloned into the pGCsil-GFP vector using the
following primers: (Forward) hsa-pre-miR-375-XhoI-F, 50ACCG
CTCGAGCCCCGCGACGAGCCCCTCGC30 (Reverse) hsa-pre-
mi-R-375-MfeI-R, 50ACCGCAATTGAAAAAAGCCTCACGC
GAGCCGAACG30. The has-CDH1(CDS) gene was amplified
and cloned into a pGC-FU-GFP vector using the following
primers: (Forward) 50-AATTCCGTGGTGTTGTCG-30; (Reverse)
50-AAGGTCCGCTGGATTGAG-30. Viruses packaging was per-
formed in HEK 293T cells after the co-transfection of 20mg
pGCsil-GFP-pre-miR-375 vector or pGC-GFP-CDH1 vector with
15mg of the packaging plasmid pHelper 1.0 Vector and 10mg of
the envelope plasmid pHelper 2.0 vector using Lipofectamine 2000
(Life Technologies, Carlsbad, CA, USA). Viruses were harvested
48 h after transfection, and viral titers were determined. The titers
of the viral used in this study were in the range of 5� 108–
2� 109 TUml� 1.

For stably transfected cells, cells were transfected with lentivirus
at 30–50% confluency in six-well plates. Lentivirus vector with
2mgml� 1 polybrene was added to the Opti-MEM medium, and
24 h later the vector containing media was replaced and changed to
fresh culture media. An empty pGC FU-GFP-NC-LV vector was
used as a negative control. An MOI of 5 was used for SiHa and an

MOI of 10 was used for Caski. After 4–7 days of transfection, stable
clones were selected with GFP by flow cytometry and harvested for
further experimentation.

Animal experiments. Female BALB/C nude mice of 2–4 weeks
old were purchased from Shanghai Laboratory Animal Center
(SLAC, Shanghai, China) and housed within a dedicated SPF
facility at Laboratory Animal Center of Zhejiang University. The
SiHa and Caski cells that stably overexpressed miR-375, negative,
or blank controls were harvested, resuspended in serum-free
medium after washing with PBS, and injected subcutaneously into
the right-side axilla of each mouse (Caski (6� 106) and SiHa
(4� 106)), respectively. Once the mice developed palpable
tumours, they were selected into the following treatment groups
according to their closely matched tumour volumes: (1) over-
expressing miR-375 received paclitaxel (n¼ 6); (2) negative control
received paclitaxel (n¼ 7); (3) overexpressing miR-375 received
saline (n¼ 5); and (4) negative control received saline (n¼ 7). The
paclitaxel (15mg kg� 1) and the same quantity of normal saline
were intraperitoneally injected once a week for 4 weeks. The health
of the mice and evidence of tumour growth were examined every 3
days. Tumours were measured twice a week with a digital caliper.
Tumour volume (mm3) was calculated as Width 2/Length. All
mice were killed on day 7 after complete drug treatments.
Subcutaneous tumours were surgically excised, weighed, photo-
graphed, sectioned, and stained with haematoxylin-eosin. The
expressions of miR-375 in tumours were measured by real-time
RT–PCR. All the experiments have been carried out with ethical
committee approval and meet the standards required by the
UKCCCR guidelines (Workman et al, 2010).

Statistical analysis. The experiments were repeated at least three
times. Results are expressed as mean±s.e.m. An independent
Student’s t-test or an ANOVA was used to compare continuous
variables. Pearson’s correlation coefficient test was used to assess
the correlation between two continuous variables. Po0.05 was
considered as statistically significant.

RESULT

Screening and identification of miRNAs associated with
paclitaxel resistance in cervical cancer. Considering the existence
of intrinsic and acquired drug resistance, we simultaneously detected
differentially expressed miRNAs in cervical squamous cell carci-
noma tissues between paclitaxel sensitive and resistant and between
pre- and post-chemotherapy by using a microarray platform that
covered a total of 875 human miRNAs (mParaflo Sanger miRBase
release 13.0; www.mirbase.org) Each sample was confirmed to
contain 480% tumour tissues by histology. Totally, 21 differentially
expressed miRNAs were found between self-paired pre- and post-
chemotherapy cancer tissues by ANOVA, including 13 down-
regulated and 8 upregulated miRNAs (Figure 1A and B), but no

Table 2. Stem-loop Reverse Transcription primers for miRNAs and U6snRNA

miRNA Reverse Transcription primer

hsa-miR-375 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACGC-30

hsa-miR-424 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTCAAA-30

hsa-(xie)miR-27a 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCGGAA-30

hsa-miR-181b 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCCAC-30

hsa-miR-224 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGTTC-30

U6snRNA 50-AACGCTTCACGAATTTGCGT-30

Abbreviation: miRNAs¼microRNAs.
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differentially expressed miRNAs existed between paclitaxel-sensitive
and paclitaxel-resistant groups (Supplementary Figure S1).

To confirm the microarray findings, of above 21 differentially
expressed miRNAs, 5 (miR-375, miR-424, miR-181b, miR-224,
and miR-27a) were selected and validated in paclitaxel-treated
cervical cancer cell lines (Caski and SiHa). After cervical cancer
cells were cultured with different amounts of paclitaxel (0, 5, and
10 nM) for 72 h, the expression of miRNAs pre- and post-paclitaxel
treatment was observed by using stem-loop real-time RT–PCR.
The results showed that among the five differentially expressed
miRNAs, miR-375 and miR-424 expressions were significantly
upregulated as well as miR-181b, miR-224, and miR-27a expres-
sions were significantly downregulated after paclitaxel treatment,
which is consistent with the microarray results (Figure 1C and D).
miR-375 was the most significantly upregulated with fold values
range at 1.98–3.45 and 4.3–5.89 under 5 and 10 nM paclitaxel
treatment, respectively, while miR-224 was the most significantly

downregulated with fold values range at 1.91–2.05 and 6.3–7.89
under 5 and 10 nM paclitaxel treatment, respectively. These
findings suggest that paclitaxel induces an increase in miR-375
expression in a clear dose-dependent manner.

To study further the impact of paclitaxel chemotherapy on the
expression of miR-375 in cervical cancer cells, SiHa and Caski cells
were cultured with 10 nM paclitaxel, after 72 h, the paclitaxel was
removed and the cells were cultured with complete medium
continuously, subsequently the expression of miR-375 was
measured by using RT–PCR at day 7, day 14, and day 21,
respectively. We found that paclitaxel induced progressive
upregulated expression of miR-375 in SiHa and Caski cells, the
upregulated expression of miR-375 reached a peak at day 7 after
paclitaxel administration, and gradually declined until at about day
21, and restored to the level before drug treatment. These findings
suggest that the expression level of miR-375 in cervical cancer is
paclitaxel dependent.
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Figure 1. The association of differentially expressed miRNAs in cervical cancer tissues and cells with paclitaxel treatment. (A and B) Heat
map showing the miRNA expression profiling and unsupervised hierarchical clustering analysis from four couples of self-paired cervical cancer
tissues collected before and after chemotherapy (two cycles of intravenous neo-adjuvant chemotherapy, paclitaxel 135mgm� 2 and cisplatin
75mgm� 2, 3-week interval). Significantly differentially expressed miRNAs matched the threshold (differential X2-fold, chip signal value4500)
and statistical analysis standard were selected (Po0.05 in A; Po0.01 in B). Each row represented the relative level of expression for a single
miRNA and each column showed the expression level for a single sample. The red or green colour indicated relatively high or low expression,
respectively. (C and D) Five differentially expressed miRNAs were validated in paclitaxel-treated cervical cancer cell lines SiHa (C) and Caski (D)
using stem-loop real-time RT–PCR. There were two significantly upregulated (miR-375 and miR-424) and three significantly downregulated
(miR-181b, miR-224, and miR-27a) miRNAs after paclitaxel treatment, consistent with the microarray results. (E) The expression of miR-375 in
SiHa and Caski was measured by using RT–PCR at day 7, day 14, and day 21, respectively, after paclitaxel administration. MicroRNA expression
values were rescaled relative to the blank control. All error bars indicated s.e.m. (*Pp0.05, **Pp0.01).
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miR-375 expression is markedly increase in post-paclitaxel
cervical cancer specimens. To establish the clinical relevance of
miR-375 regulation in paclitaxel chemotherapy, we therefore
compared miR-375 expression in 23 couples of self-paired pre-
and post-chemotherapy tissues from cervical squamous cell
carcinoma patients who underwent neo-adjuvant chemotherapy
before radical surgery and found that miR-375 was markedly
unregulated (4.67-fold) in paclitaxel-treated cervical samples
(Figure 2C). Our results imply that paclitaxel chemotherapy
upregulates miR-375 expression in cervical cancer tissues and miR-
375 may be involved in the modulation of paclitaxel sensitivity in
cervical cancer.

Exogenous miR-375 facilitates paclitaxel resistance in cervical
cancer cells in vitro. To further confirm the involvement of miR-
375 in regulating paclitaxel sensitivity in cervical cancer cells, we
exogenously upregulated miR-375 expression using a pre-miRNA
lentiviral vector transfection and observed its impact on paclitaxel
sensitivity using MTS. Cervical cancer cell lines (SiHa and Caski)
in which miR-375 was expressed at a low level were transfected
with pre-miR-375 or preNeg lentivirus vector and screened by flow
cytometry after 96 h. The stability of miR-375 expression in cells
was investigated respectively by RT–PCR at 2 weeks, 3 weeks, and
1 month after transfection. The results showed a significant
upregulation of miR-375 expression in SiHa and Caski cells
transfected with pre-miR-375 lentivirus vector compared with the
negative control, and the high miR-375 expression level continued
for at least 1 month (Supplementary Figure S2). Furthermore, the
drug sensitivity testing was determined with MTS assay at 72 h
with different paclitaxel doses (0, 5, 10, 20, 50, and 100 nM). As
shown in Figure 2A and B, paclitaxel sensitivities were significantly
decreased after forced overexpression of miR-375 in SiHa and
Caski cells compared with miRNA-negative controls. The IC50

values were increased in SiHa and Caski with overexpression of
miR-375 (45.81±1.33 and 20.18±0.72 nM, respectively) compared
with miRNA-negative controls (8.54±1.52 and 13.28±0.52 nM,
respectively) (SiHa, P¼ 0.023; Caski, P¼ 0.035). Our findings
suggested that miR-375 negatively modulates the sensitivity to
paclitaxel in cervical cancer cells.

The role of miR-375 in modulating paclitaxel resistance
in vivo. After validated that miR-375 mediates paclitaxel resis-
tance in different cervical cancer cell models, we injected
subcutaneously the genetically modified (stably overexpressed
miR-375) SiHa and Caski cells, as well as their negative and blank
control cells, into 2- to 4-week female BALB/C nude mice,
respectively. The rate of tumorigenesis reached 100%. Once the
mice developed palpable tumours (28 days for SiHa and 24 days
for Caski) they were selected into the paclitaxel or saline treatment
groups according to their closely matched tumour volumes. Then,
paclitaxel (15mg kg� 1) and the same quantity of normal saline
were intraperitoneally injected once a week for 4 weeks. As shown
in Figure 3A and B, tumour growth was more significantly
inhibited in negative control group than that in miR-375
overexpression group after paclitaxel administration. Meanwhile,
tumour volume was shrinking at 78.4±3.21% in matched negative
control mice after paclitaxel administration but only 25.3±1.42%
in matched miR-375 overexpression group.

Seven days after complete paclitaxel treatment, tumours were
removed, weighed, and sectioned for detecting miR-375 expres-
sion. In miR-375 overexpression group, excised tumour weight
treated by saline was 1.15-fold heavier than that by paclitaxel
(P¼ 0.047), while in negative group, it achieved 2.35-fold between
saline and paclitaxel treatment (P¼ 0.003). The H&E staining of
xenograft in BALB/c mice showed the appearance of typical
cervical carcinomas with tumour giant cells and allotypic nuclear
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Figure 2. miR-375 expression is markedly increased in post-paclitaxel cervical cancer specimens and ectopically overexpressed miR-375
facilitates paclitaxel resistance in cervical cancer cells. (A and B) The expression of miR-375 was extraneously upregulated using a pre-miR-375
lentivirus transfection (MOI¼5 for SiHa; MOI¼10 for Caski) and its impaction on paclitaxel sensitivity in cervical cancer cells (SiHa and Caski) at
72 h was observed using MTS. Paclitaxel sensitivities were significantly decreased after forced overexpression of miR-375 in SiHa (A) and Caski
(B) cells compared with negative controls. Data were from at least triple biological and two technical replicates. (C) Real-time PCR validated the
expression of miR-375 in 23 couples of self-paired pre- and post-chemotherapy cervical cancer tissues; miR-375 expression was markedly
upregulated in the tissues after chemotherapy (**P¼0.0085).
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division, and tumour necrosis was observed in both paclitaxel
groups. By using real-time RT–PCR, we observed that miR-375
expression was significantly increased in tumour tissues grafted by
stably overexpressed miR-375 SiHa and Caski cells compared with
those negative controls (Figure 3C). Thus, our findings in vivo
further support that overexpressed miR-375 facilitates paclitaxel
resistance in cervical cancer.

DISCUSSION

Although various mechanisms of chemo-resistance in cancers have
been uncovered, the aberrant miRNA expression and its correla-
tion with the chemo-resistance in cancers are still less understood.
Accumulated evidence recently have shown that normal miRNA
expression is closely linked to the sensitivity of cancer cells to
anticancer drugs by targeting chemo-sensitivity-related genes (Wu
and Xiao, 2009; Ren et al, 2010). Specific miRNA re-expression by
miRNA mimics, or silence by synthetic antisense oligonucleotides,
is able to alter chemotherapy sensitivity of cancer cells (Guo et al,
2010; Gong et al, 2011). Such studies imply that the exploration of
the role of a specific miRNA and its mechanism in cancer chemo-
resistance may assist in discovering new approaches to reverse
chemo-resistance of cancers. In the study, we profiled miRNA
expression in cervical cancer tissues by miRNA microarray and
compared their differential expression between paclitaxel sensitive
and resistant and between self-paired pre- and post-paclitaxel
chemotherapy. Totally, 21 differential miRNAs were found,
including 13 downregulated and 8 upregulated between self-paired
pre- and post-chemotherapy tissues. We did not found differential

miRNA expression between paclitaxel-resistant and -sensitive
cancer tissues. The reasons partly may be due to inaccurately
distinguish between sensitivity and resistance only after two cycles
of paclitaxel chemotherapy in cervical cancer tissues, interpatient
variability and heterogeneity, and too few paclitaxel-resistant
tissues sent to microarray hybridisation, as well as the majority
of tumours responds well initially to chemotherapy, 90% paclitaxel
resistant were acquired drug resistance (Tanaka et al, 2012; Bamias
et al, 2013).

Of 21 differential expressed miRNAs, 5 were selected to validate
the findings in miRNA microarray in two cervical cancer cell lines
treated with paclitaxel. We found that paclitaxel treatment
remarkably altered miRNA expression of cervical cancer cells in
a dose-dependent manner, of which miR-375 was the most
significantly upregulated. Thus, the effect of miR-375 on chemo-
resistance in cervical cancer was further indentified. A role for
miR-375 has initially been demonstrated in pancreatic develop-
ment (Poy et al, 2009). Recently, miR-375 was identified as an
important regulator in tumorigenesis and cancer progression;
however, its exact functions remain largely inconsistent. The
expression of miR-375 is downregulated in gastric cancer (Ding
et al, 2010; Tsukamoto et al, 2010), head and neck squamous cell
carcinoma (Hui et al, 2010), pharyngeal squamous cell carcinoma
(Lajer et al, 2011), and prostate cancers (Szczyrba et al, 2011);
additionally, entopic expression of miR-375 inhibited cancer cell
proliferation, invasion, and cell motility (Mazar et al, 2011),
suggesting that miR-375 could be a tumour suppressor. Con-
versely, the expression of miR-375 is upregulated in ERa-positive
breast cancer (de Souza Rocha Simonini et al, 2010), lung
adenocarcinoma patients (Yu et al, 2010), and HBV-positive
HCC patients (Li et al, 2010), suggesting that it could be a tumour
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Figure 3. miR-375 mediates paclitaxel resistance in mouse models. BALB/c mice were subcutaneously inoculated with 4�106 SiHa or 6�106

Caski cells with overexpressed miR-375 (n¼ 11), negative (n¼ 14), or blank controls (n¼7), respectively. After 28 days, transplanted tumours
reached greater than 60–70mm3, paclitaxel (15mg kg� 1) and the same quantity of normal saline were then intravenously injected into mice once a
week for 4 weeks. Tumour volume (mm3) was calculated as Width 2/ Length every 3 days. All mice were killed under anaesthesia on day 7 after
complete drug treatments. Subcutaneous tumours were surgically excised, weighed, photographed, sectioned, and frozen for further
investigation. (A and B) Impaired paclitaxel sensitivity in transplanted tumours in mice inoculated by miR-375-overexpressing SiHa cells was
observed. (C) Real-time PCR analysis showed that miR-375 was upregulated in transplanted tumour tissues inoculated by miR-375-overexpressing
SiHa cells. All error bars indicated s.e.m. (**Pp0.01, *Pp0.05).
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promoter. Thus, these conflicting reports regarding the association
between miR-375 level and cancer suggested a more complex and
possibly cancer-specific relationship. In our previous study, we
reported that the expression of miR-375 was reduced in cervical
cancer cells and overexpression of miR-375 significantly inhibited
proliferation and blocked G1-S cell-cycle transition, which shows a
tumour suppressor role of miR-375 in cervical cancer (Li et al,
2011; Wang et al, 2011). Here, we found an elevated miR-375
expression in cervical cancer tissues after paclitaxel chemotherapy
by miRNA microarray. We further observed the association
between miR-375 expression and paclitaxel chemotherapy in
cervical cancer cell lines and tissues, and found that miR-375
expression was upregulated in cervical cancer cells following
paclitaxel treatment in vitro and in tissues after paclitaxel
combination chemotherapy. Thus, our findings suggest that
paclitaxel may induce an acquired drug resistance in cervical
cancer cells. It is possible that some of cervical cancer cells would
survive under paclitaxel treatment, probably though upregulating
miR-375 expression, then developing a potential to resist drug
toxicity.

To verify our hypothesis, we further examined the effect of
elevated miR-375 expression on paclitaxel resistance in cervical
cancer cells, and found that enforced overexpression of miR-375
promoted paclitaxel resistance in cervical cancer cells in vitro.
Moreover, we also observed, in mouse models with transplanted
cervical cancer tumour by stable overexpression miR-375 cells, that
transplanted tumour growth was slowed down and the tumour
presented a remarkable resistance to paclitaxel administration. All
of the findings are consistent with our previous report that miR-
375 was reduced in cervical cancer cells and overexpression of
miR-375 significantly inhibited proliferation and blocked G1-S
cell-cycle transition (Wang et al, 2011). Our results imply that
chemotherapy usually cannot eliminates all the cancer cells and
those residual cells that do not killed by drugs go into the status of
tumour dormancy which is characterised by cell proliferation
inhibition, cell-cycle arrest, as well as resistant to conventional
chemotherapy (Lu et al, 2008; Yu and Zhu, 2013). Importantly,
those dormant-like cells escaping from killing by drug may be
reactivating with renewed miR-375 downregulation after drug
withdrawal as we observed a de novo downregulation of miR-375
expression in cervical cancer cells after about 3 weeks of paclitaxel
withdrawal in the study. Clinically, it is those revival cells that
present the progression or recurrence and consequently contribute
to poor prognosis of cancer patients. Our data suggest that
chemotherapy kills most of actively proliferative cancer cells, but
some of cells exposed to drug may develop a potential to decrease
cellular proliferation for chemo-resistance by altering miRNA or
other molecule expression.

As the function of miR-375 in tumorigenesis and cancer
progression has cancer specificity, similar situation may exist in
cancer chemo-resistance. Newly published data showed that miR-
375 expression was reduced in tamoxifen-resistant breast cancer
cells compared with wild-type cells (Ward et al, 2013). But here, we
validate the association between an elevated miR-375 expression
induced by paclitaxel and the acquired paclitaxel resistance of
cervical cancer in vivo and in vitro. This is the first report about the
effect of miR-375 on chemo-resistance in cancer, to our knowledge.
The conflicting results among different cancers and drugs might
imply that miRNA function seems to be cancer specific and
anticancer agent specific.

In summary, we find for the first time, to our knowledge,
that paclitaxel may induce an acquired drug resistance in
cervical cancer, that is, paclitaxel upregulates miR-375
expression and overexpressed miR-375 consequently produces
chemo-resistance in cervical cancer in vitro and in vivo.
miR-375 might be a therapeutic target in paclitaxel-resistant
cervical cancer.
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