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Abstract

Background—Docetaxel is one of the primary drugs used for treating castration resistant 

prostate cancer (CRPC). Unfortunately, over time patients invariably develop resistance to 

docetaxel therapy and their disease will continue to progress. The mechanisms by which resistance 

develops are still incompletely understood. This study seeks to determine the involvement of 

miRNAs, specifically miR-181a, in docetaxel resistance in CRPC.

Methods—Real-time PCR was used to measure miR-181a expression in parental and docetaxel 

resistant C4-2B and DU145 cells (TaxR and DU145-DTXR). miR-181a expression was modulated 

in parental or docetaxel resistant cells by transfecting them with miR-181a mimics or antisense, 

respectively. Following transfection, cell number was determined after 48 h with or without 

docetaxel. Cross resistance to cabazitaxel induced by miR-181a was also determined. Western 

blots were used to determine ABCB1 protein expression and rhodamine assays used to assess 

activity. Phospho-p53 expression was assessed by western blot and apoptosis was measured by 

ELISA in C4-2B TaxR and PC3 cells with inhibited or overexpressed miR-181a expression with 

or without docetaxel.

Results—miR-181a is significantly overexpressed in TaxR and DU145-DTXR cells compared to 

parental cells. Overexpression of miR-181a in parental cells confers docetaxel and cabazitaxel 

resistance and knockdown of miR-181a in TaxR cells re-sensitizes them to treatment with both 

docetaxel and cabazitaxel. miR-181a was not observed to impact ABCB1 expression or activity, a 

protein which was previously demonstrated to be highly involved in docetaxel resistance. 

Knockdown of miR-181a in TaxR cells induced phospho-p53 expression. Furthermore, miR-181a 

knockdown alone induced apoptosis in TaxR cells which could be further enhanced by the 

addition of DTX.

Conclusions—Overexpression of mir-181a in prostate cancer cells contributes to their resistance 

to docetaxel and cabazitaxel and inhibition of mir-181a expression can restore treatment response. 

This is due, in part, to modulation of p53 phosphorylation and apoptosis.
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Introduction

In the United States, prostate cancer is the second leading cause of cancer related deaths and 

the most commonly diagnosed cancer in men with an estimated 220,800 new cases yearly 

(1,2). Androgen deprivation therapy (ADT), the initial line of treatment for this disease, 

reduces circulating androgen levels to reduce tumor growth. While androgen deprivation 

therapy is initially effective at reducing prostate cancer growth, after 2–3 years of treatment, 

most patients will progress to castration resistant prostate cancer (CRPC) which is defined as 

progression of prostate cancer in the presence of castrate levels of circulating testosterone 

(3,4). CRPC is often heralded by hyper-activated AR signaling leading to the transcription of 

downstream target genes and tumor growth despite insignificant levels of androgen present 

in the patient.

The most commonly prescribed first-line therapy for CRPC is docetaxel. Docetaxel 

functions by binding free tubulin in cells and causing the formation of stable microtubules 

which prevents depolymerization resulting in inhibition of mitosis and induction of 

apoptosis (5–7). Like with many drugs, over time cancer cells develop resistance to 

docetaxel and prostate tumor growth will again proceed regardless of the presence of the 

drug.

Docetaxel resistance has been well studied and a number of contributing mechanisms have 

been identified. Several of these are related to increased activation of pathways involved in 

cell survival. (8–13). Similarly, increased expression of inflammatory molecules such as 

interleukin (IL) 6, IL-8, chemokine ligand 2 (CCL2), transforming growth factor-β1 (TGF-

β1) and macrophage inhibitory cytokine-1 (MIC-1) have been tied to promoting docetaxel 

resistance (14–18). Conversely, reduced activity or expression of wild type p53 is also linked 

to insensitivity to docetaxel (19). Others have determined that docetaxel resistant prostate 

cancer cells have increased expression and/or activity of multi-drug resistance proteins such 

as ABCB1 which excretes the docetaxel from the cells before it can elicit its therapeutic 

effect (12,20).

Another broad class of molecules that are linked to drug resistance in cancer is miRNAs. 

miRNAs are non-coding RNAs ranging from 18–25 nucleotides in length that modulate a 

variety of biological processes, including cancer progression. Studies in other cancer types 

have identified a number of miRNAs associated with docetaxel resistance. In non-small cell 

lung cancer, increased expression of miR-27b was found to promote docetaxel resistance 

through inhibition of EGFR expression (21). Zhang et al. found that miR-3646, miR-3658, 

miR-4438, miR-1246, and miR-574-3p are all upregulated in docetaxel resistant breast 

cancer cells and inhibition of miR-3646 was demonstrated to improve treatment response 

(22). In prostate cancer, studies investigating the role of miRNAs in docetaxel resistance 

have found that overexpression of miR-2, miR-200c and miR-205 and reduced expression of 

miR-143 promotes resistance and disease progression (23–25).
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Another miRNA commonly linked to drug resistance in cancer is miR-181a. Studies in 

breast and cervical cancer have demonstrated that miR-181a promotes resistance to 

doxorubicin and cisplatin respectively (26,27). The aim of the presented study is to 

characterize the role of miR-181a in docetaxel resistant prostate cancer and to create a more 

complete picture of the miRNAs involved in prostate cancer docetaxel resistance. Data from 

this study provide insight into docetaxel resistance and the role of miRNAs in prostate 

cancer progression.

Materials and Methods

Cell culture

C4-2B cells were provided and authenticated by Dr. Leland Chung (Cedars-Sinai Medical 

Center, Los Angeles, CA). Cells were cultured in RPMI-1640 containing 10% complete 

FBS with 100 U/mL penicillin and 0.1 mg/mL streptomycin and maintained at 37°C in a 

humidified incubator with 5% CO2. TaxR cells were created by culturing parental C4-2B 

cells in gradually increasing concentrations of docetaxel and thereafter maintained in 5 

nmol/L docetaxel-containing media (20). Parental C4-2B cells were passaged alongside the 

docetaxel treated cells as an appropriate control. DU145 parental and docetaxel resistant 

DU145 (DU145-DTXR) cells were also created in the same manner (20). Docetaxel 

(CAS#114977-28-5) was purchased from TSZ CHEM.

rtPCR

Total RNA was isolated from cell lines using either Trypsin (for gene analysis) or with the 

mirVana miRNA Isolation Kit for miRNA analysis (Ambion.) MiRNA expression for 

miR-181a was confirmed by rtPCR using the NCode miRNA qRT-PCR Kit (ThermoFisher) 

following the manufacturer’s instructions. Forward primer sequence for miR-181a was 5′-
AACATTCAACGCTGTCGGTGAGT. The reverse, universal primer sequence was supplied 

with the kit.

Cell Growth Assay

C4-2B and TaxR cells were seeded at 50,000 cells per well in 12-well plates. Mimics or 

inhibitors and the appropriate controls for miRNA-181a (Life Technologies) were 

transfected into C4-2B (mimics), TaxR cells (inhibitors) or PC3 (mimics and inhibitors) at a 

final concentration of 30 nM using Lipofectamine 2000. The following day, the media was 

changed and cells were treated with 0.5, 1 or 5 nM docetaxel or cabazitaxel as indicated or 

DMSO as vehicle control. After 48 hours of treatment, cell number was determined using a 

Beckman Coulter particle counter. Twenty microliters of sample were diluted in 10 mL 

Isotone II diluent (Beckman Coulter) and each sample was counted three times. Two wells 

per treatment per experiment were used and three replicate experiments were conducted.

Western Blot

Whole cell, nuclear, and cytosolic protein extracts were resolved on SDS– PAGE and 

proteins were transferred to nitrocellulose membranes. After blocking for 1 hour at room 

temperature in 10% non-fat dry milk in PBS/0.1% Tween-20, membranes were incubated 

overnight at 4°C with the indicated primary antibodies at a 1:1000 dilution. (ABCB1; Santa 
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Cruz Biotechnologies, phospho-p53 (ser15); Cell Signaling Technology.) Following 

secondary antibody incubation (1:5000), proteins were visualized with an enhanced 

chemiluminescence detection system (Millipore, Billerica, MA). Tubulin (1:2500) was used 

as the loading control.

Rhodamine Assay

C4-2B and TaxR cells were seeded in 12-well plates at a density of 50,000 cells per well and 

then transfected with miR-181a mimic or inhibitor respectively as described above. The day 

after transfection, a control group of TaxR cells was treated with elacridar as a positive 

control for increasing cellular rhodamine retention. Forty-eight hours after transfection, cells 

were incubated with 1 μmol/L rhodamine 123 for 4 hours. The cells were then washed four 

times with PBS and fluorescence pictures were taken. Treatments were conducted in 

triplicate and the experiment was repeated two times.

Cell Death ELISA

CWR22Rv1, C4-2B MDVR and LNCaP-BicR cells were seeded on 12-well plates (50,000 

cells/well). One day after transfecting miR-181 mimic or antisense constructs into TaxR or 

PC3 cells as indicated, the cells were treated with 5 nM docetaxel or vehicle control for 48 

hours. Mono- and oligonucleosomes in the cytoplasmic fraction were measured by the Cell 

Death Detection ELISA kit (Roche, Cat. NO. 11544675001) as described previously (28). 

Briefly, cells were collected and homogenized in 400 μL of incubation buffer. Wells of a 96-

well plate were coated with anti-histone antibodies and incubated with the lysates, 

horseradish peroxidase-conjugated anti-DNA antibodies, and the substrate. Absorbance was 

measured at 405 nm.

Statistical Analysis

All data are presented as means +/− standard error of the mean (SEM). Significance is 

defined as p ≤ 0.05 as determined by one-way ANOVA in JMP.

Results

Docetaxel Resistant Cells Have Increased Expression of miR-181a

We have previously generated several docetaxel resistant prostate cancer cell sublines 

including TaxR from C4-2B and DU145-DTXR from DU145 cells (20). We have identified 

that ABCB1 overexpression and activation confers resistance to both TaxR and DU145-

DTXR cells. Although knock down of ABCB1 expression or inhibition of ABCB1 activity 

using small molecule inhibitors, such as elacridar, can resensitize these resistant cells to 

docetaxel treatment, the response is only partial, suggesting additional mechanisms are 

associated with docetaxel resistance. Studies investigating the role of miRNAs in docetaxel 

resistance have found that altered expression of several miRNAs, including miR-2, 

miR-200c and miR-205, promotes resistance and disease progression (23–25). In addition, 

studies have shown that overexpression of miRNA181 contributes to cell survival in the 

presence of doxorubicin and cisplatin in breast and cervical cancer (26,27). In order to 

determine if miR-181a is increased in docetaxel resistant cells compared to parental cell 

lines, rtPCR for miR-181a was performed on parental and docetaxel resistant cell lines. As 
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seen in Fig. 1A–B, miR-181a expression is significantly increased in both TaxR (8.6 fold) 

and DU145-DTXR (7.4 fold) cells compared to parental C4-2B and DU145 cells 

respectively.

miR-181a Overexpression Induces Docetaxel Resistance

To test whether the increased expression of miR-181a has functional implications in prostate 

cancer cells, miR-181a was overexpressed in parental cells using miRNA mimics and 

knocked down in docetaxel resistant cells with miRNA inhibitors and cell number was 

determined following 48 hours of treatment with docetaxel or vehicle control. 

Overexpression of miRNA-181a significantly improved cell survival in the presence of 

increasing doses of docetaxel compared to the miR-mimic control in parental C4-2B cells 

(Fig. 2A). Conversely, knockdown of miR-181a resensitized docetaxel resistant TaxR cells 

to docetaxel treatment; at the highest docetaxel concentration (5 nM) no change in cell 

number was observed in control transfected cells, however there was a 44% reduction in cell 

number in TaxR cells in response to 5 nM docetaxel when transfected with the miR-181a 

antisense (Fig. 2B). Likewise, parental DU145 cells had increased cell survival following 

transfection with miR-181a mimics in response to increased concentrations of docetaxel 

(Fig. 2C) and inhibition of miR-181a resensitized docetaxel resistant DU145-DTXR cells to 

treatment (Fig. 2D). Together, these data demonstrate that miR-181a promotes docetaxel 

resistance in prostate cancer and that targeting this miRNA can re-sensitize cells to docetaxel 

therapy.

Knockdown of miR-181a Resensitizes TaxR cells to Cabazitaxel treatment

While cabazitaxel is known to be beneficial when administered post-docetaxel therapy, the 

survival benefit is modest, suggesting that there may be cross resistance between these two 

taxanes (29). To determine if miR181a is associated with cabazitaxel resistance, cell growth 

assays were conducted in parental and TaxR cells transfected with miR-181a mimics or 

antisense respectively and subjected to cabazitaxel treatment as indicated. miR-181a 

overexpression in C4-2B cells induces resistance to cabazitaxel as indicated by the increase 

in cell survival compared to cells transfected with the control constructs; miR-mimic control 

transfected cells attained 58%, 42% or 18% of the cell number from the DMSO treated cells 

in response to 0.5, 1, or 5 nM cabazitaxel respectively. When transfected with miR-181a 

mimics, cell number increased to 74%, 56% and 39% of control in response to the same 

doses of cabazitaxel (Fig. 3A). TaxR cells displayed cross resistance to cabazitaxel and 

knockdown of miR-181a in these cells successfully re-sensitized them to treatment with 1 or 

5 nM cabazitaxel as seen by a reduction from 90% to 76% of control or from 65% to 43% of 

control respectively when miR-181a was inhibited (Fig. 3B). These data suggest that similar 

resistance pathways occur between docetaxel and cabazitaxel and that inhibition of 

miR-181a could be beneficial for both.

miR-181a Does Not Alter ABCB1 Expression or Activity

Next we wanted to determine the mechanisms behind miR-181a induced docetaxel 

resistance. Previous data demonstrate that ATP Binding Cassette Subfamily B Member 1 

(ABCB1) is significantly overexpressed in docetaxel resistant cells (20). Furthermore, 

targeting ABCB1 expression or activity was observed to improve resistant cell response to 
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docetaxel (20,30). Therefore, we decided to measure ABCB1 expression and efflux activity 

in response to miR-181a over and under expression in C4-2B parental and TaxR cells 

respectively. As seen in Fig. 4A, modulating miR-181a expression had no effect on ABCB1 

expression as determined by Western blot. Rhodamine assays were used to measure ABCB1 

efflux activity. Overexpression of miR-181a was incapable of inducing rhodamine efflux in 

C4-2B cells and miR-181a knockdown in TaxR cells did not inhibit efflux (Fig. 4B). These 

data suggest that modulation of ABCB1 expression or activity is not a mechanism of action 

attributed to miR-181a-mediated resistance to docetaxel in prostate cancer.

miR-181a Inhibition Induces p53 Phosphorylation and Apoptosis

Another potential mechanism associated with docetaxel resistance is loss of p53 

phosphorylation in response to docetaxel. Knowing that ABCB1 was not involved in 

miR-181a mediated docetaxel resistance, we next investigated whether miR-18a could 

influence p53 and apoptosis. As seen in Fig. 5A, docetaxel treatment induced a 2.5 fold 

increase in phospho-p53 expression in parental C4-2B cells but not in TaxR cells, consistent 

with the previous report (19). Knockdown of miR-181a significantly increased p53 

phosphorylation by 2.5 fold in both the presence and absence of docetaxel in TaxR cells. 

Supplementarily, knockdown of miR-181a in TaxR cells induced apoptosis which was 

further enhanced by co-treatment with docetaxel (Fig. 5B).

Apoptosis was also assessed in p53-null PC3 prostate cancer cells in the presence or absence 

of docetaxel with either over- or under-expressed miR181a. As seen in Fig. 6A–B, neither 

transfection with miR-181 mimics or miR-181 antisense altered the response of PC3 cells to 

docetaxel in regards to cell number (Fig 6A) or induction of apoptosis (Fig 6B). These data, 

together with the data above, suggest that miR-181a functions, at least in part, by 

modulating p53 activity and inducing apoptosis to alter docetaxel sensitivity.

Discussion

In the presented study, we utilized docetaxel resistant prostate cancer cell lines to investigate 

the role of miR-181a in docetaxel resistance. We found that miR-181a was significantly 

upregulated in two separate docetaxel resistant cell lines and that inhibition of its expression 

improved the response to docetaxel. Furthermore, overexpression of miR-181a in parental 

cell lines induced resistance.

miR-181a is a relatively well studied miRNA that has a wide range of known functions. The 

highest expression levels of miR-181a in a healthy setting are in the thymus and it is highly 

involved in T-cell function and sensitivity (31,32). Furthermore, miR-181a is known to be 

critical for organ development and differentiation, particularly through its modulation of 

zinc-finger proteins (33–35). In regards to cancer, miR-181a dysregulation is observed in 

several tumor types. Interestingly, both up- and down-regulation of miR-181a is associated 

with tumor formation as well as with drug resistance. Downregulation of miR-181a has been 

observed in squamous lung cell carcinoma, oral squamous cell carcinoma, glioblastomas, 

and non-small-cell lung cancer (36–39). Conversely, breast cancer cells and hepatocellular 

carcinoma cells have increased expression of miR-181a (40,41). In hepatocellular carcinoma 

cells, increased expression of miR-181a induces resistance to sorafenib, a multi-kinase 
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inhibitor, by suppressing RASSF1 (42). Additionally, miR-181a overexpression was also 

found to promote paclitaxel resistance in ovarian cancer cells (43).

Not only did miR-181a promote docetaxel resistance, but we found that its overexpression 

also induced resistance to cabazitaxel in sensitive cell lines and knockdown of miR-181a in 

docetaxel resistant cells (which are cross resistant to cabazitaxel) re-sensitized them to 

cabazitaxel treatment as well. Cabazitaxel is currently approved only for the treatment of 

patients who have previously undergone docetaxel treatment (29,44). The fact that cells that 

are resistant to docetaxel also display resistance to cabazitaxel is concerning for this patient 

population and makes identifying mechanisms of cross resistance important. The fact that 

inhibition of miR-181a improved both response to docetaxel and cabazitaxel suggests that 

overexpression of this miRNA is likely one of these mechanisms of cross resistance.

Several genes and molecular pathways have been identified that contribute to docetaxel 

resistance. Overexpression of Notch and Hedgehog signaling his linked to docetaxel 

resistance in DU145 and CWR22v1 cells and down regulation of CDH1 and IFIH1 has been 

identified in docetaxel resistant PC3 and DU145 cells and confirmed in tumors from 

docetaxel resistant prostate cancer patients (17,45). Studies have previously determined that 

ABCB1 expression is greatly increased in docetaxel resistant cells and that targeting ABCB1 

can improve treatment response (20,30). miR-181a has been demonstrated in other cancer 

types to impact expression of ABCG2, another member of the ATP Binding Cassette family 

of transporters similar to ABCB1 (46). Therefore, we sought to determine whether 

miR-181a could alter ABCB1 expression or activity as part of its mechanism of action for 

inducing docetaxel resistance in prostate cancer cells. However, we found no change in 

either ABCB1 protein levels or drug efflux activity, suggesting that increased retention of 

docetaxel is not the mechanism by which miR-181a induces resistance in our model.

Other studies have found that in docetaxel resistant prostate cancer cells, treatment with 

docetaxel fails to initiate phosphorylation of p53 whereas in sensitive cells, docetaxel 

treatment causes a robust phosphorylation of p53 (19). miR-181a has been demonstrated to 

impact apoptosis and p53 signaling in previous studies in other tissue types. Therefore, we 

next sought to determine whether miR-181a altering p53 signaling could be involved in the 

observed docetaxel resistance in our model. We found that inhibition of miR-181a alone was 

capable of inducing p53 phosphorylation in both the presence and absence of docetaxel. 

When apoptosis was measured, we observed that while miR181a inhibition on its own 

induced apoptosis, addition of docetaxel to the miR-181a inhibited cells increased apoptosis 

further still. The fact that there is increased apoptosis in response to docetaxel but equal 

expression of phospo-p53 in the miR181a knockdown cells suggests that inhibition of 

miR-181a is priming the p53 signaling pathway to respond to treatment with docetaxel.

miRNA-181a and p53 have a convoluted relationship. Not only can miR-181a impact p53 

signaling, but there is a p53-response element located upstream of miR-181a creating a 

feedback loop (47). Interestingly, studies indicate that increased p53 may not directly 

correlate to increased miR-181a expression; parallel sequencing of miRNAs following 

induction of p53 expression found that the sequence corresponding to the complementary 

arms of miR-181a’s hairpin was more highly expressed than the mature strand, which 
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suggests p53 may actually have a negative effect on mature miR-181a (48). Ongoing studies 

in our laboratory are seeking to determine a more precise role for miR-181a and p53 

signaling in docetaxel resistant prostate cancer.

In summary, the presented study demonstrates that miR-181a is significantly upregulated in 

docetaxel resistant prostate cancer cell lines. Inhibition of miR-181a resensitizes resistant 

cell lines to docetaxel and overexpression of miR-181a promotes resistance to docetaxel 

therapy in resistant and sensitive cells respectively. Furthermore, we determined that 

modulation of p53 phosphorylation is a likely mediator of miR-181a mediated docetaxel 

resistance. Data from this study are an important step forward towards understanding the 

mechanisms behind docetaxel resistance and will lead to improved treatment strategies for 

prostate cancer patients.
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Figure 1. 
miR-181a is increased in docetaxel resistant cells. A. rt-PCR was performed on RNA 

isolated from parental C4-2B and TaxR cells for miR-181a. B. rt-PCR data for RNA isolated 

from DU145 and DU145-DTXR cells. Results are presented as mean fold change ± SEM of 

three replicate experiments conducted in duplicate. * denotes p≤0.05
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Figure 2. 
miR-181a expression promotes docetaxel resistance. A. Parental C4-2B cells were 

transfected with miR-181a mimics or control and then treated with the indicated dose of 

docetaxel (DTX) for 48 hours. B. TaxR cells were transfected with miR-181a antisense or 

control and then treated with the indicated dose of docetaxel for 48 hours. C. Parental 

DU145 cells were transfected with miR-181a mimics or control and then treated with the 

indicated dose of docetaxel for 48 hours. B. DU145-DTXR cells were transfected with 

miR-181a antisense or control and then treated with the indicated dose of docetaxel for 48 

hours. Cell number was determined by Coulter Counter. Data are presented as percent 

control ± SEM of three replicate experiments conducted in duplicate. * denotes p≤0.05 

between the indicated groups.
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Figure 3. 
miR-181a knockdown resensitizes TaxR cells to cabazitaxel. A. Parental C4-2B cells were 

transfected with miR-181a mimics or control and then treated with the indicated dose of 

cabazitaxel (CTX) for 48 hours. B. TaxR cells were transfected with miR-181a antisense or 

control and then treated with the indicated dose of cabazitaxel for 48 hours. Cell number was 

determined by Coulter Counter. Data are presented as percent control ± SEM of three 

replicate experiments conducted in duplicate. * denotes p≤0.05 between the indicated 

groups.
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Figure 4. 
ABCB1 is not involved in miR-181 induced docetaxel resistance. A. Cell lysates from 

parental and TaxR cells transfected with miR-181 mimic or antisense respectively, along 

with the appropriate control, were subjected to Western blot for ABCB1. B. A rhodamine 

assay was used to determine ABCB1 activity in parental and TaxR cells transfected with 

miR-181 mimic or antisense respectively, along with the appropriate controls. Data are 

representative of two replicate experiments conducted in triplicate.
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Figure 5. 
miR-181a promotes p53 phosphorylation and apoptosis. A. Cell lysates from TaxR cells 

transfected with anit-miR-181a or control and treated ± 5 nM docetaxel (DTX) were 

subjected to Western blot for phosph-p53. Parental C4-2B and C4-2B cells treated with 5 

nM docetaxel were used as control for phosph-p53 induction. B. Cell death ELISA from 

TaxR cells transfected with anit-miR-181a or control and treated ± 5 nM docetaxel. Results 

are presented as means ±SEM of three replicate experiments conducted in duplicate. * 

denotes p≤0.05 between indicated groups.
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Figure 6. 
Functional p53 is required for miR-181a mediated docetaxel resistance. p53-null PC3 cells 

were transfected with miR-181 mimics or antisense, along with the appropriate controls, and 

treated with 5 nM docetaxel (DTX). After 48 hours treatment, cell number (A) was 

determined by Coulter counter and apoptosis (B) was determined by cell death ELISA. 

Results are presented as means ±SEM of three replicate experiments conducted in duplicate.
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