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Sirolimus induces apoptosis and reverses multidrug 
resistance in human osteosarcoma cells in vitro via 
increasing microRNA-34b expression
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Aim: Multi-drug resistance poses a critical bottleneck in chemotherapy.  given the up-regulation of mToR pathway in many 

chemoresistant cancers, we examined whether sirolimus (rapamycin), a first generation mTOR inhibitor, might induce human 
osteosarcoma (os) cell apoptosis and increase the sensitivity of os cells to anticancer drugs in vitro.

Methods: human os cell line Mg63/aDM was treated with sirolimus alone or in combination with doxorubicin (aDM), gemcitabine 

(GEM) or methotrexate (MTX).  Cell proliferation and apoptosis were detected using CCK-8 assay and flow cytometry, respectively.  
MiRnas in the cells were analyzed with miRna microarray.  The targets of miR-34b were determined based on Targetscan analysis and 

luciferase reporter assays.  The expression of relevant mRna and proteins was measured using qRT-PCR and Western blotting.  MiR-

34, PaK1 and aBCB1 levels in 40 tissue samples of os patients were analyzed using qRT-PCR and in situ hybridization assays.

Results: Sirolimus (1−100 nmol/L) dose-dependently suppressed the cell proliferation (IC50=23.97 nmol/L) and induced apoptosis.  

Sirolimus (10 nmol/L) significantly sensitized the cells to anticancer drugs, leading to decreased IC50 values of aDM, geM and MTX 

(from 25.48, 621.41 and 21.72 μmol/L to 4.93, 73.92 and 6.77 μmol/L, respectively).  Treatment of with sirolimus increased miR-34b 
levels by a factor of 7.5 in the cells.  upregulation of miR-34b also induced apoptosis and increased the sensitivity of the cells to the 

anticancer drugs, whereas transfection with miR-34b-aMo, an inhibitor of miR-34b, reversed the anti-proliferation effect of sirolimus.  

Two key regulators of cell cycle, apoptosis and multiple drug resistance, PaK1 and aBCB1, were demonstrated to be the direct targets 

of miR-34b.  In 40 tissue samples of OS patients, significantly higher miR-34 ISH score and lower PAK5 and ABCB1 scores were 
detected in the chemo-sensitive group.

Conclusion: sirolimus increases the sensitivity of human os cells to anticancer drugs in vitro by up-regulating miR-34b interacting with 

PaK1 and aBCB1.  a low miR-34 level is an indicator of poor prognosis in os patients.
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Introduction
Osteosarcoma (OS) is the most common primary malignant 

bone tumor.  The 5-year survival rate of osteosarcoma was less 

than 20% during the initial half of the 20th century.  However, 

with the newly introduced multi-agent chemotherapy and 

advances in surgical techniques in the 1970s, the long-term   

survival of patients with localized osteosarcoma has improved 

to approximately 60%.  Chemotherapy is fundamental to 

cancer management and is responsible for most cases of adju-

vant treatment in patients following surgical procedures[1].  

However, no major changes in chemotherapy for metastatic 

diseases have occurred in the past 30 years.  Multiple drug 

resistance (MDR) is the greatest obstacle to the overall survival 

of patients with metastatic disease.  The processes leading 

to MDR are complex.  Most data regarding the mechanisms 

of resistance have been derived from in vitro models of cells 



520

www.nature.com/aps

Zhou Y et al

Acta Pharmacologica Sinica

npg

selected by exposure to high drug concentrations.  Given 

the up-regulation of the mTOR pathway in many chemore-

sistant cancer[2], mTOR inhibitors provide a logical solution 

to re-sensitize tumor cells to chemotherapy or to delay the 

development of resistance to treatment.  Recent studies have 

demonstrated the effectiveness of sirolimus (rapamycin) in 

solid tumors, such as metastatic breast[3], pancreatic[4], and 

renal carcinomas[5].  Sirolimus is a first generation mTOR 

inhibitor[6-8].  Sirolimus also can function as an MDR rever-

sal agent[9,10].  Based on several findings[11], we hypothesized 

that sirolimus would induce OS cell apoptosis and increase 

the sensitivity of the OS cell line MG63/ADM.  We further 

focused on the mechanism of action of sirolimus and directed 

our study toward microRNAs (miRNAs), which act as gene 

regulators and control complex regulatory networks by tar-

geting mRNAs through cleavage or translational repression.  

We utilized high-throughput miRNA expression analysis to 

identify miRNAs associated with the action of sirolimus in OS 

cells.  After exposure to sirolimus, miR-34b was significantly 
up-regulated.  MiR-34, a tumor suppressor miRNA family, is 

considered to be a critical mediator of p53 function[12–14].  Sev-

eral studies have demonstrated its role in resistance or sensi-

tization to anticancer drugs[15, 16].  We found two new targets 

of sirolimus, p21-activated protein kinase 1 (PAK1) and the 

ABCB1/MDR1 genes.  The current work also evaluated the 

relationship between miR-34b levels and the prognosis of OS.  

We found that drug resistance is closely related to miR-34b 

expression.

Materials and methods
Cell culture and cell proliferation assay

MG63/ADM and HEK 293T cells were purchased from the 

Chinese Academy of Sciences Cell Bank and were seeded into 

96- or 6-well plates in Dulbecco’s modified Eagle’s medium   

(DMEM, Gibco, Grand Island, NY, USA) supplemented with 

10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) at 

37 °C in a 5% CO2 incubator and routinely passaged at 2- to 

3-day intervals.  Doxorubicin (ADM), gemcitabine (GEM) and 

methotrexate (MTX) were purchased from Hengrui Medicine 

Co (Lianyungang, China).  Sirolimus was purchased from 

Sigma-Aldrich (St Louis, MO, USA) and was dissolved in 

dimethyl sulfoxide (DMSO) at 10 mmol/L and stored frozen 

in aliquots.  We detected the combined effect of these chemo-

drugs with sirolimus in MG63/ADM.  For the target valida-

tion test, as soon as the HEK 293T cells were 80% confluent, 

they were starved in DMEM with 1% FBS for 24 h and then 

transfected with miR-34b-MIMIC (oligonucleotide of miR-34b) 

and NC (negative control miRNA) in serum-free DMEM for 

6 h.  For the rescue test, miR-34b-AMO (an antagomir of miR-

34b) and NC were treated as described above in MG63/ADM.  

All nucleic acid fragments were purchased from GenePharma 

Biotech Company, Shanghai, China. After transfection, the 

MG63/ADM cells were incubated in medium containing 10% 

FBS for 12 h and then treated with 10 nmol/L sirolimus for 

24 h.  Cell proliferation assays were performed with a Cell 

Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, 

Dojindo, Japan) according to the manufacturer’s instructions.  

The absorbance was read at 450 nm in a microplate reader 630 

model (Bio-Rad, Hercules, CA, USA).

Cell cycle analysis  

The MG63/ADM cells were treated with sirolimus and with  

or without miR-34b-AMO in as described above.  Then, the 

cells were harvested by trypsinization and collected by cen-

trifugation at 1500 r/min for 5 min at room temperature, after 

washing with phosphate-buffered saline (PBS).  After being 

fixed in 5 mL of 70% ethanol at -20 °C overnight, the cells were 
washed once with PBS/1% BSA again and then incubated 

at room temperature with 1 mL PBS/1% BSA containing 30 

μg/mL propidium iodide and 0.25 mg/mL RNase A for 30 
min.  The percentages of cells in different phases of the cell 

cycle were determined for DNA content by flow cytometry 

using a ModFIT system (Becton Dickinson, San Jose, CA, 

USA).

Evaluation of cellular apoptosis

For early and late apoptosis, the cells were treated as in the 

cell cycle analysis and investigated by FCM using an Annexin 

V-FITC Apoptosis Detection Kit (BioVision, Palo Alto, CA, 

USA).  According to the manufacturer's protocol, Annexin 

V-FITC and PI (5 μL of each) were added to 100 μL of the cell 
suspension (105 cells/mL) in binding buffer.  The FCM data 

were analyzed using the QuantiCALC system by flow cytom-

etry (Becton Dickinson, San Jose, CA, USA).

Detection of the differentially expressed miRNAs by miRNA 

microarray

After treatment with or without sirolimus at 23.97 nmol/L 

(the IC50 that we calculated) for 24 h, the MG63/ADM cells 

were harvested and subsequently analyzed using a miRNA 

microarray (Kangchen Bio-tech Company, Shanghai, China).  

Total RNA was extracted using TRIzol reagent (Invitrogen, 

USA).  The purity and concentration of 30 to 50 mg of the 

total RNA were determined with an ND-1000 spectropho-

tometer (NanoDrop Technologies Inc, Wilmington, DE, USA) 

and RNA was labeled with a miRCURYTM Hy3TM/Hy5TM 

Power Labeling Kit (Exiqon) and hybridized to a miRCURYTM 

LNA Array (Exiqon, v11.0).  The results were scanned with an 

Axon GenePix 4000B microarray scanner and analyzed with 

GenePix Pro v6.0.  We analyzed the miRNAs precise location 

in the human genome using a BLAST search (www.ncbi.nlm.

nih.gov).

Targeted in vitro luciferase reporter assay

The psi-Check2 plasmid (Promega,  Madison, WI, USA) was 

used for the expression of the miR-34b targets PAK1 3’-UTR 

and ABCB1 3’-UTR.  The wild type (WT) Check2-PAK1 and 

Check2-ABCB1 constructs contained the miR-34b response ele-

ment of the PAK1 and ABCB1 3’-UTR.  For the mutant (MUT) 

Check2-PAK1 or Check2-ABCB1 constructs, we replaced two 

nucleotides within the seed sequences.  The sequences used 

to create the Check2-ABCB1 constructs were as follows: for-
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ward 5’-AACTCGAGCTGCTACCTCCGCCACTT-3’ (XhoI 

site in bold) and reverse 5’-AATGCGGCCGCAGCAAGC-

GAACAGAACAGG-3’ (NotI site in bold); PAK1 forward 

5’-AACTCGAGGTGTTGAGAAGTCGGGGAAAA-3’ (XhoI 

site in bold) and reverse 5’-GCGGCCGCCATCTCCTTT-

TATTGACAGAAATAGA-3’ (NotI site in bold).  The psi-

Check2 empty vector was used as the negative control.  Using 

the QuikChange kit (Stratagene, La Jolla, CA, USA), mutations 

were introduced by replacing the predicted miR-34b binding 

site, UGGUGCUA, with AGGAGCAA.  We transfected 0.2 μg 
of the reporter plasmid, 0.01 μg of the psi-Check2 control plas-

mid, and 200 nmol/L of miR-34b-MIMIC (miR-34b precur-

sor) and the NC miRNA (Shanghai GenePharma Company, 

Shanghai, China) into HEK293 T cells.  Forty-eight hours later, 

the luciferase activity was measured using the Dual-Luciferase 

Reporter Assay System (Promega).  Using the Renilla lucif-

erase values as a correction factor, the ratio of Renilla/firefly 
values was obtained.  The experiments were repeated three 

times with 3 parallel pores each time.

qRT-PCR detection of miR-34b and its targets 

For the cultured cells, we extracted total RNA with TRIzol.  

For the pathologic tissue sectioning, we chose PureLink ™ 

FFPE RNA Isolation Kit.  The PCR primers were designed 

using Primer 3 software (http://frodo.wi.mit.edu/primer3/).  

Using a LightCycler480 Real-Time PCR System (Roche, Swit-

zerland), qRT-PCR  for PAK1 and ABCB1 was performed 

with the SYBR Green Master Mix Kit (Takara, Japan) in a 

reaction volume of 20 μL.  The amplifications were conducted 
in triplicate for each sample.  The primers were as follows: 

ABCB1 forward 5’-CCCATCATTGCAATAGCAGG-3’ and 

reverse 5’-TGTTCAAACTTCTGCTCCTGA-3’; PAK1 forward 

5’-AGTTTCAGAAGATGAGGATGATGA-3’ and reverse 5’- 

AATCACAGACCGTGTGTATACAG-3’.  The results were 

normalized to GAPDH, which was detected using the follow-

ing primers: forward 5’-GAAGGTGAAGGTCGGAGT-3’ and 

reverse 5’-GAAGATGGTGATGGGATTTC-3’.  The primer 

for miR-34b and its control U6 were purchased from the Jima 

Company.  The relative quantification was calculated using 

the 2-∆∆Ct method.

Western blot analysis

For the Western blot analysis, protein was extracted from 

the MG63/ADM cells using RIPA buffer in the presence of 

proteinase inhibitor cocktail (Shanghai Shenergy Biocolor 

BioScience & Technology Company, Shanghai, China).  Equal 

amounts of protein from of all of the groups were determined 

using the BCA protein assay kit (Bios, Beijing, China).  Ali-

quots (25 mg) were separated by 10% SDS-PAGE.  Then, the 

proteins in the gels were transferred to nitrocellulose mem-

branes.  The membranes were probed with primary antibod-

ies for ABCB1 (mouse monoclonal; Santa Cruz, Dallas, TX, 

USA) and PAK1 (goat polyclonal; Santa Cruz, Dallas, TX, 

USA) at room temperature for 2 h.  GAPDH (1:5000) was used 

as a loading control.  After being washed extensively with 

0.1% Tween 20 in PBS, the membranes were incubated with 

the appropriate horseradish peroxide-conjugated secondary 

antibody at a 1:1000 dilution for 1 h at room temperature.  

The specific bands were visualized by enhanced chemilumi-

nescence reagents.  The protein bands were quantified using 
ImageJ software.

In situ hybridization (ISH) and immunohistochemistry (IH) 

analysis

According to our in vitro results, we further analyzed miR-

34b expression in the OS clinical samples.  In this retrospec-

tive analysis approved by the Research Ethics Committee of 

Shanghai 6th People’s Hospital, all of the specimens were 

derived from our sample database and follow-up visits from 

2002.  All of the specimens were anonymous according to the 

ethical and legal standards.  The 40 cases of OS were divided 

into the following 2 groups: a group of subjects with a good 

response and a survival of more than 5 years (n=17) and a 

group of subjects with a poor response,  who died within three 

years of acquiring primary or secondary chemo-resistance.  

The primary chemo-resistance was associated with neo-adju-

vant chemotherapy failure (n=5), resulting in tumor shrink-

age that was less than 25% and a tumor cell necrotic rate that 

was less than 10% for surgical specimens.  The second chemo-

resistance occurred after failure of one prior chemotherapy 

regimen comprising ADM, DDP, MEX and IFO (n=18).

For ISH, the OS tissues were fixed in 4% paraformaldehyde, 
dehydrated in a graded series of ethanol baths and embed-

ded in paraffin.  Then, the tissue slides were deparaffinized 

and digested with proteinase K for 30 min.  Subsequently, 

the slides were prehybridized in a solution at 57 °C for 2 h.  

The tissues were hybridized overnight in the presence of 10 

ng of 3’–5’-biotin-labeled miR-34b (Exiqon) probes at 58 °C.  

The slides were washed twice thoroughly, and an immuno-

logical reaction was carried out using the rabbit antibody 

against digoxigenin and alkaline phosphatase according to the 

manufacturer’s recommendations.  Each side was assigned a 

score, which ranged from 0-4, where 0 was negative (0%), 1 

was weak (1%–25%), 2 was medium (26%–50%), 3 was strong 

(51%–75%), and 4 was strongly positive (76%–100%).  

To further verify the miR-34b regulation of its targets PAK1 

and ABCB1, we detected their protein level by IH.  IH staining 

was performed using the streptavidin-peroxidase (SP) method 

(SP kit; ZSGB-Bio, Beijing, China) according to the manu-

facturer's instructions.  The slides were deparaffinized with 

xylene (BaiYi Co Ltd, Jining, China) twice for 30 min each, 

dehydrated three times in a gradient series of ethanol (100%, 

95%, 90%, 80% and 70%) and rinsed with phosphate-buffered 

saline (PBS).  Following 15 min of treatment with 3% H2O2, the 

slides were blocked using normal goat serum (Jackson Immu-

noResearch, West Grove, PA, USA) for 20 min.  The slides 

were incubated overnight at 4 °C with primary antibodies spe-

cific to: ABCB1 (1:50 mouse monoclonal; Santa Cruz, USA) and 
PAK1 (1:50 goat polyclonal; Santa Cruz, USA l).  The slides 

were subsequently washed three times with PBS for 15 min.  

The slides were treated with the SP reagent for 20 min and 

then incubated with a secondary antibody for 90 min at 37 °C, 
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using an SP mouse and goat horseradish peroxidase kit (Cat 

No CW0120; CWBiotech Co Ltd, Wuhan, China) according 

to the manufacturer's instructions.  Subsequently, the slides 

were washed twice with PBS for 15 min per wash and visual-

ized using 3,3′-diaminobenzidine for 5 min and then counter-

stained with hematoxylin (Solarbio Science & Technology Co, 

Ltd, Beijing, China).  The slides were mounted and dried.  The 

images were captured using an Olympus microscope (C-7070; 

Olympus Corporation, Tokyo, Japan).  The score was calcu-

lated similarly to the ISH.

Statistical analysis

The data are expressed as the mean±SEM of at least three 

independent experiments. One-way ANOVA were used to test 

the differences between the means. All P-values are two-sided, 

and a value of 0.05 was considered to be statistically signifi-

cant. All statistical calculations were performed using SPSS 

software (version 18.0, SPSS, USA).

Results
Sirolimus induced apoptosis, cell cycle arrest and chemosen-

sitization in OS cells 

mTOR is an established therapeutic target, and mTOR inhibi-

tors appear to be reasonably well tolerated.  The sirolimus 

concentration range used in this experiment was 1–100  

nmol/L for 24 h, 48 h and 72 h.  We calculated the IC50 each 

time and the weighted average of the 3 results, to calculate the 

final IC50 of sirolimus for MG63/ADM at 23.97 nmol/L (Figure 

1A).  After treatment with different concentrations of siroli-

mus for 24 h, we found that it markedly induced apoptosis of 

the MG63/ADM cells in a dose-dependent manner (Figure 

1B).  Compared with the untreated control cells, sirolimus 

treated cells showed an increased number of cells in G1 phase 

(Figure 1C).  Intensive high-dose chemotherapy is a frequently 

used as treatment modality for OS.  However, the intolerable 

side effects suggest that there is a significant clinical need to 
improve the efficacy of chemotherapy.  Furthermore, at the 

cellular level, we used sirolimus 10 nmol/L to sensitize the 

MG63/ADM cells to multiple chemotherapeutic agents.  As 

shown in Figure 1D, sirolimus significantly sensitized the cells to 
chemotherapy by decreasing the IC50 values of ADM, GEM and 

MTX in the MG63/ADM cells from 25.48 to 4.93 μmol/L, from 

621.41 to 73.92 μmol/L, and from 21.72 to 6.77 μmol/L in 24 h.

Sirolimus up-regulated miR-34b expression

To explore the potential mechanisms of sirolimus-induced 

apoptosis in OS cells, we identified the miRNAs modulated 

by sirolimus in the MG63/ADM cells for 24 h using a miRNA 

microarray (Figure 2A).  MiR-34b increased by a factor of 7.5, 

which represented one of the most significant and stably up-
regulated miRNAs as determined by qRT-PCR (Figure 2B) 

and it attracted our attention due to its tumor suppressor role 

in other cancer cells[17–19].

Effect of miR-34b on MG63/ADM

Numerous studies have reported that miR-34 family members 

are tumor suppressors.  We transfected MG63/ADM cells 

with miR-34b.  Our results were consistent with those of previ-

ous studies showing that an up-regulation of miR-34b induced 

the chemo-sensitivity (Figure 3A) and apoptosis of the MG63/

ADM cells (Figure 3B).

ABCB1 and PAK1 are direct targets of miR-34b

The miR-34s directly regulated key apoptosis and proliferation 

factors, such as MET[20], c-Myc[21], and Bcl-2[22].  However, most 

of these factors are regulated by miR-34a and miR-34c.  In this 

study, miR-34b instead of miR-34a/c played a role in the effect 

of sirolimus on MG63/ADM.  Using a TargetScan analysis, we 

predicted that ABCB1 and PAK1 contained potential miR-34b 

target sites in their 3’-UTRs.  The seed sequences for miR-34b 

in the 3’-UTRs of ABCB1 and PAK1 are shown in Figure 4A.  

To determine the direct interaction of miR-34b with the 3’UTRs 

of ABCB1 and PAK1, we cloned the WT or MUT miR-34b-

ABCB1 and PAK1 response elements into the psiR-CHECK2 

plasmid downstream of the luciferase reporter and transfected 

HEK293T cells with a miR-34b-MIMIC and the ABCB1 and 

PAK1 3’UTR vectors.  As shown in Figure 4B, the luciferase 

reporter activity of the WT, but not the MUT Check2-ABCB1 

and PAK1, was inversely correlated with the miR-34b expres-

sion level.  For the WT group, luciferase reporter activity was 

approximately 28% to 40% of the control group (P<0.001).  To 

determine the role of ABCB1 and PAK1 downstream of miR-

34b, we analyzed their levels by qRT-PCR (Figure 4C) and 

Western blotting (Figure 4D).  As shown in Figure 4C and 4D, 

after treatment with the miR-34b-MIMIC and its AMO for 

24 h, the levels of ABCB1 and PAK1 were directly related to 

those of miR-34b.

Inhibition of miR-34b in MG63/ADM cells reversed the effect of 

sirolimus

We treated the OS cells with 10 nmol/L sirolimus with or with-

out miR-34b-AMO transfection for 24 h.  As shown in Figure 

5A, the down-regulation of miR-34b significantly decreased 

the ratio of sirolimus inhibition on MG63/ADM.  Compared 

with the control, sirolimus reduced the expression of PAK1 

and ABCB1 mRNA and protein, which was attenuated by 

miR-34b inhibition (Figure 5B and 5C).  We then detected the 

apoptosis ratio in the MG63/ADM cells.  In the miR-34-AMO 

group, cellular apoptosis was dramatically lower than in the 

sirolimus group (Figure 5D).  Similar trends were observed in 

the cell cycle analyses (Figure 5E).  These results indicated that 

miR-34b expression plays an important role in the effects of 

sirolimus treatment of OS cells.

Elevated miR-34b, PAK1 and ABCB1 expression in OS tissue

To elucidate the functions of miR-34b, we utilized both qRT-

PCR and ISH to study the expression patterns of miR-34b 

in OS tissues.  Table 1 lists the characteristics of the 40 OS 

patients and their relationship with miR-34b score by the ISH 

method.  A significantly higher miR-34b ISH score and lower 
PAK5 and ABCB1 scores were detected in the chemo-sensitive 

group which had a survival period lasting more than 5 years.  
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Compared with the two groups, a low expression of miR-34b 

was significantly associated with the tumor stage and necrosis 
but not with other clinical parameters.  The qRT-PCR results 

were similar to the ISH and IH results (Figure 6A).  We exam-

ined the correlation between miR-34b and its targets.  MiR-34b 

was significantly negatively correlated with PAK1 and ABCB1.  
The correlation coefficients were -0.710 and -0.764, and all the 
P<0.001.

Discussion
As the most frequent malignant primary bone tumor, osteo-

sarcoma is highly aggressive and metastatic at a very early 

stage.  Prior to adjuvant and neoadjuvant chemo therapy, the 

long-term survival rate subsequent to surgical resection alone 

is <20%.  Multi-drug chemotherapy regimens have dramati-

cally improved the survival rate, to up to 50% to 70%[23].  How-

ever, multiple drug resistance is an undesirable outcome.  Cell 

signaling induced by cytokines/growth factors occurs via the 

PI3K/mTOR pathway, including multiple drug resistance[24].  

Sirolimus, the first mTOR inhibitor, combined with various 

targeted biologic agents or cytotoxic chemotherapies is under 

investigation in more than 40 clinical trials and has shown 

Figure 1.  sirolimus regulates the cell cycle, apoptosis and chemosensitivity in os cells.  (a) after exposure to various concentrations (from 1 to 100 nmol/L) 

of sirolimus for 24, 48 and 72 h, the cell viability of Mg63/aDM was determined using the CCK-8 assay.  The untreated group served as a control.  The 

Y-axis, the inhibited ratio, was calculated according to the formula 1-(OD of experimental/OD of Control) (cP<0.01 compared with the untreated control 

group).  (B) The Mg63/aDM cells were treated with 1–100 nmol/L sirolimus for 24 h.  The apoptotic cells were stained with annexin V/Pi and analyzed 

using FaCs.  (C) The Mg63/aDM cells were treated as in (B) but were stained only with Pi, and the cell cycle distribution was determined using FaCs; 

the number of cells in the g1 phase increased in a dose-dependent manner.  (D) exposure to 10 nmol/L sirolimus elevated the sensitivity to aDM, geM 

and MTX in the Mg63/aDM cells.
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early promising results[25, 26].  Sirolimus inhibits the growth of 

the MDR leukemic cell lines in vitro by modifying the expres-

sion of mTOR.  It effectively suppresses the phosphorylation 

of two downstream effector molecules in the mTOR pathway, 

S6K1 and 4E-BP1.  Sirolimus has been shown to modulate the 

expression and function of P-gp and to chemosensitize cell lines 

as effectively as verapamil[27].  However, the efficacy of mTOR 
inhibitors alone in cancer treatment is only modest.  These 

inhibitors may not completely inhibit mTOR function because 

they interfere with only the function of the mTOR/raptor 

(regulatory-associated protein of mTOR) complex and mTOR 

kinase inhibitors[28].  Therefore, we studied sirolimus treat-

Figure 3.  effect of miR-34b.  (a) after transfection with the miR-34b-MiMiC for 24 h, we treated the Mg63/aDM cells with a 1/2 iC50 concentration of 

aDM, geM and MTX, and the cell viability of Mg63/aDM was determined using the CCK-8 assay.  MiR-34b also elevated the sensitivity to chemotherapy.  

The Y-axis, the viability ratio, was calculated according to the formula 1-(OD of experimental/OD of Control) (cP<0.01 compared with the untreated 

control group).  (B) The Mg63/aDM cells were treated with the miR-34b-MiMiC or nC for 24 h.  The apoptotic cells were stained with annexin V/Pi and 

analyzed using FaCs.

Figure 2.  Sirolimus up-regulates miR-34b.  (A) Microarray analysis was used to compare the expression profiles of 703 miRNAs in the MG63/ADM cells 
that were untreated (labeled as C) or treated (labled as T) with 23.97 nmol/L sirolimus.  MiR-34b, one of the most markedly up-regulated miRnas, is 

labeled with a red box.  (B) qRT-PCR detection of 11 miRnas in the Mg63/aDM cells treated with sirolimus showed dramatically increased miR-34b 

levels (7.5).
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Table 1.  analyisis of miR-34b expression and the clinical character of os sample.

  Chemo-sensitivity Chemo-resistance P

age <15 10 18 0.194

 ≥15  7  5
gender Male  9 13 0.827

 Female  8 10

anatomic location Tibia/femur 10 11 0.504

 elsewhere  7 12

Tumor size (cm) ≤8 11 12 0.093
 >8  6 11 

Clinical stage iia 12  8 0.025

 iiB/iii  5 15 

Necrosis rate ≤25%  3 11 0.049
 >25% 14 12
Pathological type Conventional 11 15 0.974

 non-convention  6  8

miR-34b score 29  5 <0.001

PaK1 score 26 48 <0.001

aBCB1 score 20 63 <0.001

 

Figure 4.  analysis of miR-34b target sites.  (a) The selection criteria of the miRna targets were based on their common detection in the target prediction 

online databases (Targetscan5.1 http://www.targetscan.org) as well as the full complementarity between the seed region of miR-34b and the 3’uTRs of 

PaK1 and aBCB1.  (B) heK 293T cells were co-transfected with the miR-34b-MiMiC, psi-Check2, WT-psi-Check2 or MuT-psi-Check2 of PAK1 and ABCB1 

genes.  The luciferase activity levels were measured 48 h after transfection.  The results from at least three independent experiments are presented as 

the mean±seM.  in this panel, the luciferase assay results show the regulation of PaK1 and aBCB1 by miR-34b (cP<0.01 compared with the control).  

(C) The PaK1 and aBCB1 mRna expression levels in the Mg63/aDM cells transfected with the miR-34-MiMiC or miR-34b-aMo were determined by qRT-

PCR (cP<0.01 compared with the control).  (D) The PaK1 and aBCB1 protein expression levels in the Mg63/aDM cells transfected with the miR-34b-

MiMiC or miR-34b-aMo were examined by a Western blot analysis.



526

www.nature.com/aps

Zhou Y et al

Acta Pharmacologica Sinica

npg

ment in combination with other anticancer agents to achieve 

better therapeutic outcomes in OS patients.  The present study 

evaluated the in vitro cytotoxic activity of 10 nmol/L sirolimus 

in combination with doxorubicin, gemcitabine and methotrex-

ate.  We clearly showed the concentration-dependent effects of 

sirolimus on growth inhibition and apoptosis in MG63/ADM.  

We found that sirolimus significantly sensitized cells to che-

motherapy by decreasing the IC50 values of ADM, GEM and 

MTX in the MG63/ADM cells.  Studies have suggested that 

miRNAs modulate gene expression at the posttranscriptional 

level.  Therefore, we hypothesized that microRNAs mediate 

sirolimus-induced apoptosis to overcome drug resistance.  

Microarray platforms enable high-throughput miRNA profil-
ing and allowed us to identify miRNAs with altered expres-

sion after treatment with sirolimus.  Our data provide results 

obtained by diverse miRNAs using microarray analysis.  Con-

cordantly with the qRT-PCR results, miR-34b increased most 

markedly and stably.  This miRNA regulates the ABCB1 and is 

designated as MRP1.  We hypothesized that sirolimus reverses 

resistance to chemotherapy.  The relationship between miR-

34 and chemo-sensitivity has never been reported before.  The 

role of miR-34 in OS has been reported by only a few studies.  

Recent studies have revealed that the miR-34 family medi-

ates apoptosis and the cell cycle via repression of proteins 

involved in the regulation of these two biological processes.  

The miR-34 family is a direct target of the tumor suppressor 

gene p53[29].  Up-regulation of miR-34 induces apoptosis, cell 

cycle arrest and senescence, directly targeting a considerable 

Figure 5.  miR-34-aMo reversed the effect of sirolimus.  miR-34-aMo reversed the effects of sirolimus (10 nmol/L) on the Mg63/aDM cells.  in this 

figure, all of the cells were treated under similar conditions.  After transfer of miR-34-AMO or NC for 12 h, the cells were exposed to 10 nmol/L sirolimus 
for 24 h.  (a) The cell viability of Mg63/aDM was determined using the CCK-8 assay.  The Y-axis, the inhibited ratio, was calculated according to the 

formula 1-(OD of experimental/OD of Control) (cP<0.01 compared with the control group).  (B) The mRna levels of miR-34b, PAK1 and ABCB1 in the 

Mg63/aDM cells were detected by qRT-PCR.  The Y-axis is the relative level of miR-34b and its targets PAK1 and ABCB1, and the ratio was calculated 

according to the 2-ΔΔCt method.  U6 is the internal control of miR-34b, and β-actin is the internal control of PAK1 and ABCB1 (cP<0.01 compared with 

the control group; fP<0.01 compared with the sirolimus+nC group).  (C) The protein levels of PaK1 and aBCB1 in Mg63/aDM were detected by Western 

blotting.  (D) after regulating miR-34b, changes in the apoptotic ratio of Mg63/aDM were detected by FCM. (e) Cell cycle alterations in the Mg63/aDM 

cells were detected.
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number of oncogenes such as Bcl-2, P21, CDK4, CDK6, SNAIL 

(epithelial mesenchymal transition)[30] and CD44 (migration 

and metastasis)[31].  We also found that after prolonged trans-

fection of miR-34b, sirolimus increased chemo-sensitivity via 

unknown mechanisms.  In the present study, we clarified that 
sirolimus induces apoptosis and reverses multidrug resistance 

through miR-34b by negatively regulating ABCB1 and PAK1.  

The p21-activated kinases (Pak) are serine/threonine protein 

kinases, which are oncogene activators of the small GTPases 

Rac1 and Cdc42, particularly in cell proliferation, apoptosis 

and cell cycle arrest.  PAK1 is also one of the downstream pro-

teins in the mTOR/P70S6K pathway.  p70 S6 kinase activates 

PAK1 and contributes to phosphatidylinositol 3-kinase- and 

ERK-mediated regulation of HCV RNA replication,  the phe-

nomena observed were abrogated by rapamycin treatment[32].  

PAK1 is associated with aggressive breast cancer[33], colorectal 

cancer[34], pancreatic cancer and other cancers.  The miRNAs 

negatively modulate target genes by post-transcriptional 

regulation.  A target scan analysis revealed that the 3’-UTRs 

of ABCB1 and PAK1 retain binding sites for miR-34b.  Of the 

two binding sites between PAK1 and miR-34b, only one is 

conserved.  The luciferase assays using the ABCB1 and PAK1 

3’-UTR reporter plasmids in HEK293T cells showed that lucif-

erase activity decreased with the overexpression of miR-34b, 

and the deletion of the miR-34b binding site within the ABCB1 

and PAK1 3’-UTRs partly abolished the decreased luciferase 

activity.  Compared with the conserved binding site of PAK1, 

mutating the non-conserved site decreased the luciferase activ-

ity more slowly over a wide range due to the instability associ-

ated with a six- rather than a seven- or eight-DNA-fragment 

complementation.  We investigated whether silencing miR-

34b affected the role of sirolimus.  The transfection of the miR-

34-AMO into the MG63/ADM cells significantly reversed the 
effects of sirolimus on cell cycle arrest, apoptosis and chemo-

sensitivity.  

To examine the prognostic implications of miR-34b expres-

sion, we analyzed 40 cases of OS tissue samples retrospec-

tively using the ISH method.  The results revealed that in all 

of the 17 chemo-sensitive OS cases with more than 5 years 

of survival, miR-34b-positive expression was detected in the 

neoplastic cells with a score of 2 to 3.  However, no strongly 

positive case was found.  The other 23 cases with primary or 

secondary chemo-resistance marked by death were negative 

or significantly weakly positive.  Previous studies have shown 
that miR-34 family members act as tumor suppressors.  MiR-

34 has been suggested as a new weapon against cancer[35].  

MiR-34 expression is induced by severe stress, such as radia-

tion therapy[36] and chemotherapy.  In esophageal squamous 

Figure 6.  Detection of miR-34b expression in os tissue.  In situ hybridization analyses using 5’-biotin-labeled Dna probes complementary to miR-34b 

were performed.  Positive ish staining appears as blue-violet.  (a) represents the expression of miR-34b, PaK1 and aBCB1 levels in os tissue detected 

by qRT-PCR.  (B) represents the miR-34b levels in the os samples: a) and b) indicate that the expression of miR-34b was positive in the os tissue with a 

survival exceeding 5 years, visualized under 200 and 400 vision fields, respectively; c) and d) indicate the expression of miR-34b was almost negative in 
the primary chemo-resistant tissue, visualized under 200 and 400 vision fields, respectively.  (C) represents the expression of PAK1 in OS tissue: a) and 
b) are weak yellow in the cell plasma; c) and d) indicate the expression of PaK1 in the primary chemo-resistant tissue, visualized under 200 and 400 

vision fields, respectively.  It is strongly positive.  (D) represents the ABCB1 levels in the OS tissue: a) and b) are almost negatively stained in the chemo-
sensitive group; c) and d) show the claybank particles distributed alone in the cell membrane, visualized under 200 and 400 vision fields, respectively.
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carcinoma, the expression level of miR-34a, induced by the 

DNA damage agent adriamycin (ADR), is both p53- and time-

dependent[37], suggesting that miR-34b may be an oncogenic 

response.  The up-regulation of miR-34b controls cancer pro-

gression.  Low miR-34 is a poor prognostic biomarker.  The 

targets of miR-34b, including PAK1 and ABCB1, showed a 

contrasting trend with overexpression in chemo-resistance.  

MiR-34b was significantly negatively correlated with PAK1 

and ABCB1.  The correlation coefficients were -0.710 and 

-0.764, respectively.

In conclusion, our study clearly demonstrates that  sirolimus 

negatively regulated the expression of PAK1 and ABCB1 or 

MRP/P-gp by elevating miR-34b.  This study shows that miR-

34b negatively regulates the expression and function of P-gp 

via repression of mRNA by directly acting on the 3’-UTR of 

ABCB1 mRNA.
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