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miR-222 induces Adriamycin resistance in breast cancer
through PTEN/Akt/p27kip1 pathway
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Abstract The high resistant rate of Adriamycin (Adr) is as-
sociated with a poor prognosis of breast cancer in women
wor ldwide . S ince miR-222 might cont r ibu te to
chemoresistance in many cancer types, in this study, we aimed
to investigate its efficacy in breast cancer through PTEN/Akt/
p27kip1 pathway. Firstly, in vivo, we verified thatmiR-222was
upregulated in chemoresistant tissues after surgery compared
with the paired preneoadjuvant samples of 21 breast cancer
patients. Then, human breast cancer Adr-resistant cell line
(MCF-7/Adr) was constructed to validate the pathway from
the parental sensitive cell line (MCF-7/S). MCF-7/Adr and
MCF-7/S were transfected with miR-222 mimics, miR-222
inhibitors, or their negative controls, respectively. The results
showed that inhibition of miR-222 in MCF-7/Adr significant-
ly increased the expressions of PTEN and p27kip1 and de-
creased phospho-Akt (p-Akt) both in mRNA and protein levels
(p < 0.05) by using quantitative real-time PCR (qRT-PCR) and
western blot. MTT and flow cytometry suggested that lower
expressed miR-222 enhanced apoptosis and decreased the
IC50 of MCF-7/Adr cells. Additionally, immunofluorescence
demonstrated that the subcellular location of p27kip1 was
dislocated resulting from the alteration of miR-222.
Conversely, in MCF-7/S transfected with miR-222 mimics,
upregulation of miR-222 is associated with decreasing PTEN

and p27kip1 and increasing Akt accompanied by less apoptosis
and higher IC50. Importantly, Adr resistance induced bymiR-
222 overexpression through PTEN/Akt/p27 was completely
blocked by LY294002, an Akt inhibitor. Taken together, these
data firstly elucidated that miR-222 could reduce the sensitiv-
ity of breast cancer cells to Adr through PTEN/Akt/p27kip1

signaling pathway, which provided a potential target to in-
crease the sensitivity to Adr in breast cancer treatment and
further improved the prognosis of breast cancer patients.
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Introduction

Despite advances in early diagnosis and therapy, breast cancer
is still the most general cancer and the leading cause of cancer-
related death in women worldwide [1]. Chemotherapy is the
major management of breast cancer, while drug resistance
minimizes its effectiveness and is often associated with poor
clinical characteristics such as higher migration or invasion [2,
3]. Adriamycin (Adr) is a frequent standard chemotherapeutic
agent used in combination with other drugs to treat breast
cancer, which has been discovered to improve overall survival
and quality of life for patients with breast cancer. However,
important clinical problems of Adr resistance had been em-
phasized. The underlying mechanisms of the resistant-
development in breast cancer remain poorly understood;
therefore, studies on mechanisms of Adr resistance and how
to rescue this resistance to improve cancer chemotherapy are
increasingly essential. Luckily, several studies had demon-
strated that microRNAs were involved in various biological
processes including chemoresistance [4].
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microRNAs (miRNAs), whose aberrance had been definitely
found to be involved in numerous pathogenesis, such as cell pro-
liferation, invasion, metastasis, apoptosis, and drug resistance
among various types of cancers including breast cancer [5–7],
could downregulate messenger RNA expression by repressing
translation or by cleaving the targeted mRNA directly through
targeting its 3′ untranslated region (3'UTR) [8]. Thereweremany
researches having reported thatmiR-222 played a pivotal role in
tumorigenesis in diverse cancers, like pancreatic cancer, hepato-
cellular carcinoma, gastric cancer, and breast cancer [9–12]. In
detail, miR-222 directly targeted mRNAs, like phosphatase and
tensinhomolog(PTEN),BCL-2,Bax,BIM,p27,andp53, through
combiningwith their 3'UTRs [10, 13, 14].However, to date, little
is known about the role of miR-222 in the fundaments of Adr
resistance in breast cancer. In our previous study, we verified,
in vitro, that miR-222 enhanced the Adr resistance through
inhibiting PTEN in Adr-resistant MCF-7 cells (MCF-7/Adr)
compared with sensitive cells (MCF-7/S), while further molecu-
lar mechanisms remain obscure [15].

PTEN, a multifunctional tumor suppressor, was a common
target ofmiR-222, which had been proved in various cancers [13,
16, 17]. What’s more, PTEN dephosphorylated phos-
phatidylinositol-3,4,5-triphosphate (PIP3), the secondmessenger
produced byphosphoinositide 3-kinase (PI3K), to negatively reg-
ulate the activity of the serine/threonine protein kinase,Akt, even-
tually takingpart in regulatingprogressionofcancers [18].Cyclin-
dependent kinase inhibitor 1B, also named p27kip1 (hereafter re-
ferred to as p27), inhibited cell cycle progressionG1-S transitions
[19], and phosphorylation ofp27 at different sites altered its distri-
butions in nuclear and cytoplasmic involving in different cancers
[20]. Viglietto G et al. described that phospho-Akt (p-Akt) phos-
phorylatedp27 resulting in the change of its location,which influ-
enced apoptosis rate [21]. Especially, PTEN and p27 were two
putative tumor suppressors for cancers and had negative correla-
tions with the depth of stromal invasion, tumor size, and clinical
stage [22]. However, to date, the combinations among miR-222,
PTEN,Akt, and p27have not been evaluated in breast cancerwith
Adr resistance. Moreover, according to Sun et.al [23] and Wang
et.al [24], p27kip1was also a direct target gene ofmiR-222.

Additionally, in pathway enrichment analysis, we discov-
ered that the miR-222 enriched pathways in cancer pathway,
whose subpath PTEN/Akt/p27 had been little studied.
Therefore, we aimed at the investigation that whether miR-
222 inhibited the pathway leading to the Adr resistance of
breast carcinoma cells.

Materials and methods

Tissue collection

All chemoresistant tissues after surgery and paired tissues for
preneoadjuvant chemotherapy were obtained from 21 patients

at Nanjing Drum Tower Hospital, from 2010 to 2015. The
specimens were routinely fixed in 10 % formalin and embed-
ded in paraffin, obtained from Department of Pathology.
Before the start of the study, it was approved by the ethics
committee of the hospital, with fully informed, written con-
sent from the patients, which were conducted in accordance
with International Guidelines for Use of Human Tissues.
Tumor response to neoadjuvant chemotherapy was evaluated
based on the Response Evaluation Criteria in Solid Tumors
(RECIST) guidelines [25].

Cell lines

Human breast cancer cell line MCF-7, used in this study, was
obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). The Adr-resistant subline select-
ed at 500 nM adriamycin (MCF-7/Adr) was successfully
established from MCF-7, by exposing MCF-7 to gradually
increasing concentrations of Adr, in vitro, in our laboratory.
Parental MCF-7 cultured synchronously in the absence of
drug was used as a control (called MCF-7/S). The IC50 (in-
hibitory concentration to produce 50 % cell death) values of
Adr were 403.56 and 0.66 μM for MCF-7/Adr and MCF-7/S
cells, respectively [15]. The drug-resistant derivative cell line
was cultured in drug-free medium for 2 weeks before subse-
quent experiments to avoid the influence of drug.

MCF-7/S and MCF-7/Adr were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (KeyGEN BioTECH,
Jiangsu, China), supplemented with 10 % fetal bovine serum
(FBS; Zhejiang, China), 80 U/ml penicillin, and 0.08 mg/ml
streptomycin and incubated at 37 °C and 5 % CO2 in a hu-
midified chamber atmosphere.

miRNA mimics and inhibitors

The hsa-miR-222 mimics, hsa-miR-222 inhibitors, negative
control miRNA mimics (mimics-NC), and negative control
miRNA inhibitors (inhibitors-NC) were chemically synthe-
sized by Shanghai GenePharma Co., Ltd. (Shanghai, China).

Transfection experiment

Prior to transfection, cells in logarithmic phase were collected
when a confluence of 80–90 % was reached. Then, transfec-
tion was performed using a Nepa21 pulse generator (Nepa
Gene, Chiba, Japan). Briefly, 1 × 106 cells in 100 ul
antibiotic-free DMEM mixed with miR-222 inhibitors or
miR-222 mimics at a concentration of 30 nM were added into
an electrode champer. The parameters of NEPA 21
electroporator were: poring pulse: voltage, 125 V; pulse
length, 5 ms; pulse interval, 5 ms; number of pulses, 2; decay
rate, 10 %; polarity +; transfer pulse: voltage, 20 V ; pulse
length, 50 ms; pulse interval, 50 ms; number of pulses, 5;
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decay rate 40 %; polarity +/−. Cells transfected with mimics-
NC or inhibitors-NC were used as negative control, and cells
transfected without external genes were used as blank control.
After transfection, the cells of each electrode chamber were
plated into two wells of six-well plate with non-antibiotic-
culture medium with FBS for 1 day.

Total RNA extraction, cDNA synthesis, and quantitative
real-time PCR (qRT-PCR)

Total RNA, including miRNAs, was extracted using
RNAsimple Total RNA kit (TIANGEN BIOTECH, Beijing,
China) according to the manufacturer’s instructions. The con-
centration and quality of the RNA were measured by the UV
absorbance at 260 and 280 nm (260/280 nm) onNanodrop 2000
spectrophotometry (Thermo Scientific, USA). The first strand of
complementaryDNAwas synthesized using the Bu-SuperScript
RT Kit (Biouniquer Technology, Nanjing, China) following the
manufacturer’s instruction. Then, qRT-PCR was performed
using the SYBR Premix Ex Taq system (Roche, Australia).

The expression of mature miR-222 was determined by qRT-
PCR and U6 served as a housekeeping gene to normalize
miRNA expression. Amplification was done on a Light
Cycler 480 (Roche, Australia) as follows: 95 °C for 10 min
followed by 40 cycles at 95 °C for 5 s and 60 °C for 20 s,
followed by melting curve detection. PTEN, Akt, and p27
mRNAs expressions were analyzed using qRT-PCR as follows:
95 °C for 10 min followed by 40 cycles at 95 °C for 15 s, 60 °C
for 30 s, followed by melting curve detection. β-actin was used
as an endogenous control. All qRT-PCR reactions were con-
ducted at least in triplicate, and the 2-ΔΔCt method was used to
analyze PCR data. Primer sequences are presented in Table 1.

MTTassay

After transfection, the 100 μL cells were seeded in 96-well
plates at a density of 8 × 104/ml and allowed to attach and

grow for 24 h. Various concentrations of Adr were added to
the cells (quadruplicate wells per condition). Two days later,
20 μl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) (Sigma, Germany) was added to
each well, and the plates were incubated for another 4 h. After
removal of the culture medium, the cells in each well were
mixed with 150 μl of dimethyl sulfoxide (DMSO,
AMRESCO, America) and the absorbance at 490 nm
was measured with CliniBio 128 (ASYS-Hitech,
Austria). The half maximal inhibitory concentration
(IC50) was calculated using probit analysis with SPSS
22.0 (SPSS Inc., Chicago, USA).

Flow cytometry

Transfected MCF-7/S or MCF-7/Adr cells (5 × 105) were
seeded in each well of six-well plates and cultured for 24 h,
then added 100 nM Adr to each plate for 24 h. Finally, they
stained with 5 μl of APC Annexin Vand 5 ul of 7-AAD (BD
Pharmingen, America) in the dark for 15 min. Then, each tube
was added 400 ul of 1X binding buffer and analyzed with the
flow cytometer (FACSVerse/Calibur/AriaII-SORP, BD,
America).

Western blot

Total proteins from cells, collected at 24 h after transfection,
were harvested using a PIPA lysis buffer (Biouniquer
Technology, Nanjing, China) referring to the manufacturer’s
instruction. Proteins were measured with Nanodrop 2000
spectrophotometry (Thermo Scientific, USA). Equal amounts
of proteins were separated by electrophoresis using 8 % sodi-
um dodecyl sulfate (SDS) polyacrylamide gels before trans-
ferring to polyvinylidene difluoride membranes (Sigma,
Germany). The membranes were blocked in 5 % skim milk
for 2 h and then probed with primary antibodies against PTEN
(1:600; Cell Signaling Technology, America), p27 (1:500;

Table 1 Sequence of primers
used in qRT-PCR Primer Sequence ( 5′ → 3′)

miR-222-RT GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAA
TTGCACTGGATACGACACCCAGT

miR-222-forward GCGAGCTACATCTGGCTACT

miR-222-reverse CAGTGCGTGTCGTGGAGT

U6-forward CTCGCTTCGGCAGCACA

U6-reverse AACGCTTCACGAATTTGCGT

PTEN-forward TGGCGGAACTTGCAATCCTCAGT

PTEN-reverse TCCCGTCGTGTGGGTCCTGA

P27Kip1-forward GCTAACTCTGAGGACACGCA

P27Kip1-reverse GTAGAAGAATCGTCGGTTGCA

β-actin-forward CACCTTCTACAATGAGCTGCGTGTG

β-actin-reverse ATAGCACAGCCTGGATAGCAACGTAC
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Abcam, America), phospho-Akt (p-Akt, 1:800, Cell Signaling
Technology, America), total-Akt (t-Akt, 1:800, Cell Signaling
Technology, America), or β-actin (1:7000, Arigo, China) at
4 °C overnight, followed by the secondary antibody (1:6000;
Kangwei Ltd., China) for 1 h. Finally, after washing, enhanced
chemiluminescence (ECL) plus kit (Millipore, America) was
applied for visualization and β-actin was utilized as an inter-
nal control.

Immunofluorescence microscope

Prepared cells were grown on coverslips for 24 h and fixed in
4 % paraformaldehyde for 30 min, permeabilized in 0.5 %
Triton X-100 for 20 min, and blocked in 5 % BSA for 1 h.
Primary p27 antibody was used at 1:200 in blocking buffer at
4 °C overnight. Secondly, cells were washed and then incu-
bated with secondary fluorescence antibody at 1:250 in 1 %
BSA for 1 h. Nuclei were stained with Hoechst 33258 for
5 min. At last, coverslips were washed and then mounted on
slide with antifade mounting medium. Slides were imaged
using the confocal microscope and LCS software (Zeiss,
Germany).

Statistical analysis

Statistical analysis was performed with SPSS 22.0. All exper-
iments, at least, were carried out in triplicate independently,
and the data were presented as mean ± standard error. The
representative images were presented. One-way analysis of
variance (ANOVA) followed by the Student–Newman–
Keuls post hoc test was used to assess the statistical signifi-
cance of difference between cell groups. The comparison of
miRNA expression level between chemoresistance specimens
and preneoadjuvant chemotherapy biopsies in individual pa-
tients was performed using Wilcoxon matched pairs signed
rank test. P value < 0.05 was considered statistically
significant.

Results

miR-222 is upregulated in postsurgical tissues

The expression levels of miR-222 were obtained from 21
paired specimens by qRT-PCR. The result revealed that miR-
222 expression was upregulated in chemoresistant tissues fol-
lowing surgery, compared with the preneoadjuvant chemo-
therapeutic tissues (Fig. 1a, *P < 0.05), indicating a potential
role formiR-222 in drug-resistant breast cancer. Moreover, the
21 patients received partial response (PR) (n = 13) and stable
disease (SD) (n = 4) or progression disease (PD) (n = 4). The
expression of miR-222 had no statistical significance between
PR and SD + PD both in preneoadjuvant chemotherapeutic

tissues (P = 0.1407) and chemoresistant tissues after surgery
(P = 0.711).

miR-222 expression in transfected MCF/S
and MCF-7/Adr cells

Initially, in our laboratory, miRNA assay evaluated that miR-
222was upregulated inMCF-7/Adr compared withMCF-7/S,
which was confirmed in vitro [15]. In this study, after
transfecting miR-222 inhibitors into MCF-7/Adr and miR-
222 mimics into MCF-7/S, the expressions of miR-222 were
examined by qRT-PCR. The results factually suggested that
miR-222 expression was downregulated in MCF-7/Adr after
transfected with miR-222 inhibitors, compared with
inhibitors-NC (Fig. 1b, **P < 0.01). Meanwhile, miR-222
was upregulated in MCF-7/S after transfected with miR-222
mimics, compared with mimics-NC (Fig. 1c, *P < 0.01).

miR-222 negatively correlates with PTEN/Akt/p27
pathway

In order to further investigate the associations between miR-
222 and PTEN/Akt/p27 pathway, the mRNA and protein
levels of PTEN, total-Akt (t-Akt), phosphor-Akt (p-Akt), and
p27 were determined by qRT-PCR and western blot. The re-
sults showed that the expressions of PTEN were significantly
increased, p-Aktwas decreased, and p27was increased in both
mRNA and protein levels of miR-222-inhibitor-transfected
MCF-7/Adr, compared with controls (Fig. 2a, c;
**P < 0.01). Conversely, transfected miR-222 mimics to
MCF-7/S induced the downregulation of PTEN, upregulation
of p-Akt, and downregulation of p27 in the mRNA and protein
levels, compared with negative controls (Fig. 2b, d;
**P < 0.01). Moreover, the expressions of t-Akt in protein
level had no changes in all groups (Fig. 2c, d).

Involvement of miR-222 in the resistance of MCF-7/S
and MCF-7/Adr cells to Adr

To determine the effect of miR-222 expression on
chemosensitivity to Adr, miR-222 inhibitors were transfected
into MCF-7/Adr. miR-222 inhibitors could enhance their sen-
sitivity to Adr, compared with the controlled cells (IC50:
282.016 vs 372.110; Fig. 3a,**P < 0.01). Similarly, miR-
222 mimics were transfected into MCF-7/S cells. The IC50
values from MTT of Adr for transfected MCF-7/S cells were
significantly increased, compared with those of the controlled
cells (IC50: 3.525 vs 2.732; Fig. 3b, *P < 0.05). These results
suggest that miR-222 could modulate Adr resistance in MCF-
7/Adr and MCF-7/S cells.
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MiR-222 influences the apoptosis rates of MCF-7/S
and MCF-7/Adr

Apoptosis assay reveals markedly higher Adr-induced
apoptosis cells in miR-222-inhibitor-transfected MCF-7/
Adr cells compared to negative controls (Fig. 4a, b;
*P < 0.05). Moreover, overexpression of endogenous
miR-222 decreases Adr-induced apoptosis in MCF-7/S
cells (Fig. 4c, d; **P < 0.01). These results disclosed
that miR-222 could confer Adr resistance in MCF-7
cells.

Akt inhibitor (LY294002) increases the apoptosis caused
by PTEN/Akt/p27 pathway

To examine the effect of LY294002 on PTEN/Akt/p27 signal-
ing pathway, MCF-7/Adr cells were pretreated with 50 μM
LY294002 for 1 h prior to cotreatment with Adr for 24 fol-
lowing by flow cytometry. The apoptosis rate of MCF-7/Adr
was increased, compared with the controlled cells (Fig. 4e,
f;*P < 0.05).

p27 location dysregulated by miR-222/PTEN/Akt/p27
pathway

The subcellular locations of p27 were altered by miR-222,
which was detected by immunofluorescence. After transfected
miR-222 inhibitors into MCF-7/Adr, the expression of p27 in
the nucleus is increased compared to the controls (Fig. 5a, b).
Furthermore, its expression in the nucleus is decreased after
transfected miR-222 mimics in to MCF-7/S compared to the
controls (Fig. 5c, d).

Discussion

Obviously, Adr-based chemotherapy remains an effective
method for treatments of breast cancer, and Adr inhibits topo-
isomerase II resulting in DNA double strand and single strand
breaking [26]. Nevertheless, Adr resistance has become a pre-
dominant chemotherapeutic obstacle in breast cancer.
Emerging reports have demonstrated that miRNAs are becom-
ing hotspots involving in the development and progression of
cancers via regulating the expressions of multiple target genes

Fig. 1 qRT-PCR analysis of miR-222 expression in tissues and
transfected MCF-7 cell lines. a The expressions of miR-222 in chemo-
resistant tissues after surgery and paired tissues for preneoadjuvant
chemotherapy from 21 patients (*P < 0.05). b Relative expression of
miR-222 in MCF-7/Adr cells with miR-222 inhibitors. c Relative
expression of miR-222 in MCF-7/S cells with miR-222 mimics. Cells

transfected without external genes were used as blank control, which
has no statistical significance with negative control. Bars indicate the
mean ± standard deviation from at least three independent experiments.
*P < 0.05 or **P < 0.01, compared with the NC. ΔCt values for each
miRNA studied are shown referenced to the expression of the
endogenous control U6
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[7]. Among them, miR-222 had been well established as a
novel class regulator in cell proliferation, apoptosis, invasion,
and drug resistance of various cancers [5, 6, 27, 28] through
targeting PTEN, Bax, p57, or p27. In our previous study, we
found that miR-222 decreased the susceptibility of breast can-
cer cells to Adr [15]. However, its concrete role in Adr-
resistant breast cancer has not been well elucidated.

Chiefly, we showed that miR-222 expression was signifi-
cantly increased in postchemotherapeutic breast cancer tissues
compared with the preadjuvant chemotherapy tissues, which
significantly indicated that miR-222 was a significant regula-
tor in drug-resistant breast cancer. However, we found that the
expression of miR-222 had no significance in PR group com-
pared with SD + PD groups. We speculated that the reasons

Fig. 2 RT-qPCR and western blot analysis of PTEN, p-Akt, and p27
expressions in MCF-7/Adr and MCF-7/S cells after transfection for
24 h. a and c Relative expressions of PTEN, p-Akt, t-Akt, and p27 in
MCF-7/Adr cells after transfected with miR-222 inhibitors. b Relative
expressions of PTEN, p-Akt, t-Akt, and p27 in MCF-7/S cells after
transfected with miR-222 mimics. Cells transfected without external

genes were used as blank control, which has no statistical significance
with negative control.Bars indicate themean ± standard deviation from at
least three independent experiments. *P < 0.05 or **P < 0.01, compared
with the NC.ΔCt values for each mRNA studied are shown referenced to
the expression of the endogenous control β-actin. Western blot figures
show one representative experiment

Fig. 3 Effect of miR mimics ad miR inhibitors on the sensitivity of
MCF-7 cell lines to Adr. a IC50 values of Adr were determined after
MCF-7/Adr were transfected with miR-222 inhibitors or negative control
for 24 h. b IC50 values of Adr was determined after MCF-7/S were
transfected with miR-222 mimics or negative control for 24 h. Cells

transfected without external genes were used as blank control, which
has no statistical significance with negative control. Bars indicate the
mean ± standard deviation from at least three independent experiments.
*P < 0.05 or **P < 0.01, compared with the NC
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for these results were the small sample size, various characters
of patients, or the differential expression in vivo and in vitro.
In addition, Zeng et.al disclosed that, in bladder cancer, miR-
222 enhanced cisplatin resistance through protein phospha-
tase 2A subunit B (PPP2R2A)/Akt/mTOR axis [28]. Zhao et.al
suggested that miR-222-ABCG2 pathway was in the correla-
tion between cisplatin resistance and tongue squamous cell
carcinoma [6]. Moreover, miR-222 negatively regulated me-
talloproteinase-3 (TIMP3)-enhanced tamoxifen resistance to
breast cancer [29]. In acquired fulvestrant-resistant breast can-
cer, Rao et.al found thatmiR-222 played a crucial role through
regulating beta-catenin or TGF-beta [30]. Interestingly,
Zhang et.al found thatmiR-222 regulated treatment sensitivity,
cell growth, and invasion via direct modulation of PTEN in
gastric cancer cells [16]. All these findings had the same
standpoint with us that miR-222 was truly correlated with
the chemoresistance, and further investigation of more mech-
anisms is warranted.

Moreover, in vitro, we further confirmed that overexpres-
sion miR-222 enhanced Adr resistance in MCF-7/S and miR-
222 inhibitors transfected into MCF-7/Adr decreased the Adr

resistance, through altering PTEN/Akt/p27 pathway. Notably,
Akt inhibitor (LY294002) increased the apoptosis rate after
adding Adr to MCF-7/Adr through blocking the PTEN/Akt/
p27 signing pathway. Therefore, our data suggested that miR-
222 could reduce the sensitivity of breast cancer cells to Adr
through PTEN/Akt/p27 signaling pathway andmiR-222 inhib-
itors might rescue the resistance. Lau MT et.al reported that
PTEN, an essential tumor suppressor gene, inhibited
phosphoinositide 3-kinase (PI3K)/Akt signaling [31]. p27, as
a cyclin-dependent kinase inhibitor, was found to obstruct the
cell cycles into S phase and had been related with a tamoxifen-
resistance phenotype [32, 33]. The activity of p27 was influ-
enced by two mechanisms. One is the level of transcription
and protein stability and another is its subcellular localization
[34]. Several studies had proved that p-Akt was associated
with the activation of the p27 resulting in the changes of its
subcellular location [20]. Here, we found that p-Akt negatively
regulated the subcellular localization of p27 in nucleus, which
represented more drug resistance. Besides, there were three
phosphorylation sites, concluding Ser10, Thr157, and
Thr198, which were enrolled in cellular localization [21, 35,

Fig. 4 Flow cytometry assessment of apoptotic cells induced by Adr.
Twenty-four hours after transfection, cells were treated with Adr for
48 h before flow cytometry analysis. a, b Adr was added into MCF-7/
Adr cells with a final concentration of 100 μM transfected with miR-222
inhibitors or negative control. c, d Adr was added into MCF-7/S cells
with a final concentration of 0.5 μMwith transfected miR-222 mimics or
negative control. e, f MCF-7/Adr cells were pretreated with 50 uM

LY294002 or DMSO for 1 h prior to cotreatment with Adr. Cells
transfected without external genes were used as blank control, which
has no statistical significance with negative control. Bars indicate the
mean ± standard deviation from at least three independent experiments.
*P < 0.05 or **P < 0.01, compared with the NC. Flow cytometry figures
show one representative experiment
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36]. However, the specific molecular mechanisms of the phos-
phorylation regulation of p27 remain largely elusive, which
need a better understanding.

Actually, clinically, many patients suffered resistance from
different drugs in breast cancer, such as paclitaxel, cyclophos-
phamide, epirubicin, tamoxifen, and fulvestrant, and the
mechanisms of multidrug-resistance are also illegible. In this
study, we exclusively focused on Adr resistance in breast can-
cer and more researches are demanded in the follow-up period
especially on animals.

Although many studies confirmed that miR-222 inhibited
the expression of PTEN/Akt, Calderaro et.al found that PTEN
and p-Akt expression had no inverse correlation, in vivo, in
human bladder urothelial carcinomas [37]. From this research,
we suggest that the association between miR-222 and PTEN/
Akt/p27 pathway was different from various cancers or had
racial differences and might have differences in vivo and
in vitro, which urge us to uncover its further potentiality.
Mechanisms involved in the regulation of miR-222 and path-
ways continue to be identified in drug-resistant breast cancer.

Furthermore, in our previous research, the result showed that
miR-222 might spread Adr resistance capacity through
exosomes, nano-sized vesicles [38], while the extensionalmech-
anisms are still unclear. On the basis of these results, we conjec-
ture that exosomes mediated drug resistance extremely through
PTEN/Akt/p27 pathway, which deserves further researches.
However, the tumorigenesis of cancers was determined by

gene-regulating networks, and miRNAs exclusively take part
in partial functions especially of miR-222. For example,
Pichiorri et.al found that nucleolin (NCL) regulated the expres-
sion of miR-222 inducing breast cancer progression and drug
resistance [39]. Stinson et.al identified that miR-222 triggered
epithelial-to-mesenchymal transition (EMT) and acted down-
stream of the oncogenic RAS-RAF-MEK pathway, which all
were involved in promotion of clinically aggressive metastatic
breast cancer [40]. Indeed, cell proliferation, invasion, metasta-
sis, and angiogenesis are closely related with chemoresistance in
cancers. Therefore, PTEN/Akt/p27 partly participated in the pro-
gression, and later we could unearth the potential of miR-222 in
other novel pathways as mentioned above and additional exper-
iments are necessary including in vivo studies.

In summary, our study underscored thatmiR-222 decreased
Adr sensitivity at least partly through PTEN/Akt/p27 pathway
in human breast cancer cells. We also provided direct evi-
dences that miR-222 inhibitors might be a novel therapeutic
approach to improve Adr sensitivity in breast cancer. We be-
lieved that this novel pathway should be prioritized for utili-
zation in the management of chemoresistance in breast cancer
in the future.
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Fig. 5 After transfection for 24 h,
cells were incubated primary
antibody overnight and
fluorescence-conjugated
secondary antibody for 1 h.
Immunofluorescence microscope
disclosed the subcellular locations
of p27. a After transfected with
miR-222 inhibitors or negative
control, the subcellular location of
p27 was detected in MCF-7/Adr
cells. b After transfected with
miR-222 mimics or negative
control, the subcellular location of
p27 was detected in MCF-7/S.
Cells transfected without external
genes were used as blank control,
which has no statistical
significance with negative
control. All these results were
confirmed in three independent
experiments.
Immunofluorescence figures
show one representative
experiment
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