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A B S T R A C T   

One of the main problems with the treatment of metastatic prostate cancer is that, despite an initial positive 
response, the majority of patients develop resistance and progress. In particular, the resistance to docetaxel, the 
gold standard therapy for metastatic prostate cancer since 2010, represents one of the main factors responsible 
for the failure of prostate cancer therapy. According to the present knowledge, different processes contribute to 
the appearance of docetaxel resistance and non-coding RNA seems to play a relevant role in them. In this review, 
a comprehensive overview of the miRNA network involved in docetaxel resistance is described, highlighting the 
pathway/s affected by their activity.   

1. Introduction 

Prostate cancer (PCa) is the second most frequent cancer in men [1]. 
Despite the high long-term survival in localized PCa, metastatic PCa 
remains largely incurable. One of the main problems when PCa pro
gresses from localized to advanced disease is that patients who initially 
benefit from a specific treatment commonly become refractory to ther
apy. The treatment for advanced PCa initially consists of androgen 
deprivation therapies (ADT) achieved by surgical castration (orchiec
tomy) or chemical castration using agents targeting androgen receptor 
(AR) signaling (e.g. AR antagonist, gonadotropin-releasing hormone 
agonist, etc.) [2]. Unfortunately, a high percentage of patients, after an 
initial positive response, experiences recurrence and becomes insensi
tive to ADT and progresses to a second phase named castration resistant 
prostate cancer (CRPC). Since 2010, the gold standard therapy for CRPC 
was docetaxel (DCT) chemotherapy [3–5] in combination with the 
second-generation anti-androgens such as enzalutamide or inhibitors of 
androgen biosynthesis such as abiraterone [6–8]. Even though the use of 
these drugs has improved clinical outcomes prolonging the lifespan, 
many patients develop resistance. Although the exact molecular mech
anisms of DCT resistance are not completely clarified, in the last few 
years several lines of evidence have highlighted the important role that 
microRNAs (miRNAs) play in the sensitivity to this drug. miRNAs are 
small single stranded RNA molecules that have a fundamental role in the 
regulation of gene expression at the post-transcriptional level in all 

physiological and pathological aspects of cell biology. miRNAs that play 
a role in DCT resistance in PCa were last summarized in 2015 [9] and 
partially addressed by Li et al. [10] and Razdan et al. [11]. Recently 
several new miRNAs have been identified contributing to this 
phenomenon. 

The aim of this review is to outline the miRNAs that have to date 
been demonstrated to counteract or increase DCT resistance in PCa, 
pointing out the mechanisms whereby they exert their role. 

2. Mechanisms of docetaxel resistance in prostate cancer 

2.1. Mechanisms of docetaxel action 

DCT is a second-generation chemotherapeutic drug of the taxane 
family. At the molecular level it binds with high affinity to β-tubulin, 
disrupting microtubule dynamics and thereby affecting cytoskeleton 
functions during mitosis. As a consequence, the normal progression of 
the cell cycle is impaired, resulting in G2/M arrest leading to inhibition 
of proliferation and cell death [12]. 

Despite their mitotic function, taxanes have also been reported to 
affect non-mitotic functions such as alterations of several signaling 
pathways or inhibition of intracellular trafficking [13]. It has been 
shown that DCT induces apoptosis via BCL2 phosphorylation followed 
by caspase activation [14,15] or inhibits cell proliferation by down
regulating ERK1/2 signaling [16]. Moreover, taxanes inhibit ligand- 
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induced AR nuclear translocation and hence the downstream activation 
of AR target genes [17,18]. 

2.2. Mechanisms of docetaxel resistance 

In this section the main mechanisms of DCT resistance are described, 
discussing in greater detail the ones in which miRNAs involved in DCT 
resistance exert a regulatory role. 

The more consolidated mechanisms of DCT resistance in PCa are 
(Fig. 1): 

2.2.1. Alterations of microtubules 
It has been reported that structural/functional alterations of micro

tubules targeted by DCT have an impact on drug efficacy [19,20]. 
Upregulation of βIII-tubulin [21,22] as well as mutations of the β- or 
α-tubulin genes [23] or modifications of the microtubule-associated 
proteins [24] can modify either the microtubule dynamics (βIII- 
tubulin-containing microtubules are less stable and exhibit aberrant 
dynamics) or the DCT binding capability. As a consequence, cancer cells 
become less sensitive to DCT toxicity. 

2.2.2. Drug efflux transporter upregulation 
The ATP-binding cassette (ABC) transporters are a superfamily of 

drug efflux pumps involved in the transmembrane transport of intra
cellular substrates [25]. Some members of this family present a broad 
drug specificity and are involved in chemoresistance as they extrude 
drugs causing a decrease of drug ability to target the cells [19,20]. 
Indeed, the upregulation of some members of this family such as ABCB1 
(MDR1), ABCC1 (MRP1) and ABCC4 (MRP4) has been associated with 

DCT resistance in PCa by increasing DCT extrusion [26–29]. 
In addition, several other pathways have been associated to DCT 

resistance in PCa. 

2.2.3. Survival pathways activation/apoptosis escape 
Deregulation of several proteins involved in signaling pathways that 

increase tumor cells survival or that allow cells to evade apoptosis are 
associated to DCT resistance in PCa. It has been shown that anti
apoptotic proteins belonging to the BCL2 family such as BCL-2, BCL-XL 
and MCl-1 are associated with DCT resistance probably by affecting the 
homodimerization of BAX or BAK proapoptotic proteins and hence the 
DCT-induced apoptosis process [30,31]. Indeed, the inhibition of the 
BCL2 family sensitizes PCa cells to DCT [32,33]. The upregulation of 
chaperon molecules such as clusterin, Hsp27 and Hsp90 has also been 
associated with DCT resistance [31,34]. In particular, clusterin exerts a 
key role in preventing apoptosis induced by cytotoxic drugs (such as 
DCT) by sequestering BAX [35,36]. Some therapeutic approaches based 
on targeting clusterin are under evaluation [37]. Docetaxel resistance 
was also found to be associated with PAR1 activation that reduce DCT- 
induced apoptosis by NF-Kβ activation [38]. Several pathways associ
ated with PCa cell survival have also been linked to DCT resistance. 
Activation of the PI3K/AKT pathway is often observed when PCa pro
gresses toward a resistant disease and even in this case therapeutic ap
proaches targeting this signal pathway have shown promising results 
[39–41]. In the same way the MAPK/ERK pathway is also activated in 
DCT resistant (DCTR) PCa cells and plays a role in DCT resistance 
[16,42,43]. Vidal et al. identified GATA2 as a regulator of chemotherapy 
resistance in PCa [44,45]. Authors demonstrated that GATA2 acts as a 
transcriptional activator of IGF-2 that in turn activates IGF-1R and INS-R 

Fig. 1. Schematic overview of the mechanisms of DCT resistance in PCa. AR, androgen receptor; ARE, androgen response element; CAF, cancer-associated fibro
blasts; DCT, docetaxel; EMT, epithelial mesenchymal transition; EMT-TF, epithelial mesenchymal transition transcription factors; ROS, Reactive oxygen species; 
TAM, tumor-associated macrophage; TME, tumor microenvironment. 
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and the downstream signal pathways leading to cell proliferation and 
survival. Finally, also Notch, Hedgehog, JNK and WNT/β-Catenin 
signaling pathways have been associated to DCT resistance [19,31,46]. 

2.2.4. Altered AR signaling 
As previously explained (paragraph 2.1), DCT affects AR signaling by 

altering microtubule-associated AR nuclear translocation. Indeed, it has 
been demonstrated that DCT does not impair the nuclear accumulation 
of AR splice variants (such as AR-V7) [47] and that AR-V7 is upregulated 
in DCTR PCa cell lines [48]. However, the impact of AR splice variants on 
DCT resistance is a matter of debate [49]. 

2.2.5. Activation of antioxidant response 
Taxanes have been shown to trigger reactive oxygen species (ROS) 

formation in cancer cells. An excessive ROS concentration may lead to 
apoptosis activation [50] contributing to the toxicity of taxanes [51]. It 
has been shown that paclitaxel induces alterations in the mitochondrial 
membrane that affect cytochrome C release and reactive oxygen species 
(ROS) production leading to apoptosis [52]. In turn, in response to 
taxanes-induced ROS production, cancer cells activate an antioxidant 
response that enables cells to resist the cytotoxicity of taxanes [50,53]. 
Indeed, the upregulation of antioxidant enzymes has been associated to 
DCT resistance. Zhang et al. reported that high BIM-1 expression, that 
predicts poor prognosis in PCa patients, increases DCT resistance by 
activating an antioxidant response that reduces ROS and cell death [50]. 
Intriguingly, it has been shown that the antioxidant response and the 
consequent ROS decrease mediated DCT resistance by also activating 
pro-survival pathways. Indeed, Zhang et al. demonstrated that high 
SOD2 level in DCTR cells determined a ROS reduction that in turn 
impaired the arrestin-1 dependent insulin-like growth factor-I receptor 
(IGF-1R) degradation [54]. IGF-1 signaling is believed to play a prom
inent role in tumor growth and drug resistance [55]. 

2.2.6. Adverse tumor microenvironment (TME) 
The DCT resistance, and in general taxanes resistance, is a complex 

phenomenon dependent on the activation of several molecular pathways 
both in cancer cells and in the surrounding tumor microenvironment 
(TME). The TME is characterized by aberrant angiogenesis and hence by 
a chaotic blood flow that not only impairs drug distribution but also the 
delivery of oxygen and nutrients, generating regions of tumor hypoxia 
that contribute to taxanes resistance [30,56]. Indeed, hypoxia triggers 
the activation of the hypoxia-inducible factor 1α (HIF-1α) that in turn 
activates the so-called hypoxic response and several HIF-1α dependent 
pathways such as autophagy and epithelial to mesenchymal transition 
(EMT) [57,58]. All these pathways, including the hypoxic response 
[57,59,60], contribute to taxanes resistance (see below). The TME is also 
characterized by the presence of cytokines and growth factors (such as 
IL-6, TGF-β) produced by the cells of the tumor stroma (such as tumor- 
associated macrophages (TAMs) and the cancer-associated fibroblasts 
(CAFs)) that further reinforce the activation of the above-mentioned 
pathways enhancing resistance [30,56,57]. 

2.2.7. Autophagy induction 
Although autophagy is a process that in normal condition has a 

protective role as it facilitates the removal of harmful protein aggregates 
and cellular components, in cancer cells it can support growth and 
survival and so it is responsible for cancer progression and drug resis
tance [61]. Several lines of evidence demonstrated that an increased 
activation of autophagy supports DCT resistance in PCa [62–65]. E.g. 
upregulation of either FOXM1 [66] or NPRL2 [67] induces an 
autophagy-dependent DCT resistance through the regulation of the 
AMPK/mTOR pathway in PCa. 

2.2.8. Epithelial to mesenchymal transition (EMT) 
Recently, an increasing number of reports support the involvement 

of the reactivation of EMT in the chemoresistance of cancer cells 

[58,68]. Empirical evidence suggested that cells undergoing EMT ac
quire stem cell-like property, thus sharing key signaling pathways and 
the drug resistance phenotype with cancer stem cells (CSCs) (see below) 
[69,70]. EMT implies a transcriptional reprogramming driven by spe
cific transcription factors (EMT-TFs) whose activation is likely to be 
linked to cellular stemness and hence to drug resistance. Moreover, it 
has become clear that EMT-TFs (such as SNAI, TWIST and ZEB families) 
might have a non-EMT dependent effects playing a role in several drug 
resistance pathways such as i) inhibition of proapoptotic/activation of 
prosurvival pathways, ii) induction of drug detoxifying enzymes and iii) 
induction of drug efflux pumps (ABCB transporters) [58]. EMT markers 
are associated with PCa worst prognosis [71,72]. Marin-Aguilera et al. 
demonstrated that DCTR PCa cells express high EMT and stem-like cell 
markers [73]. They also proved that DCT treatment determined the 
enrichment of a subpopulation of PCa cells with EMT/stem-like gene 
expression signature that was less sensitive to DCT. Finally, they 
demonstrated that the ZEB1 silencing was able to revert the EMT/stem- 
like genes expression (restored CDH1 and suppressed CD44 expression) 
and, as a consequence, to decrease DCT resistance. ZEB1 plays a key role 
in drug resistance [74]. Its role in DCT resistance was confirmed by 
Hanrahan et al. who demonstrated that ZEB1 is a driver of EMT and DCT 
resistance in PCa through E-cadherin repression [75]. Finally, ZEB1 
expression can confer DCT resistance by modulating the drug efflux 
pump MRP4 expression [76], suggesting a non-EMT dependent role of 
EMT-TFs in PCa DCT resistance. 

2.2.9. Cancer stem cells (CSC) 
The existence of a subpopulation of cancer cells with stemness 

characteristics (such as self-renewal) has been associated to drug resis
tance. CSCs, situated in a specialized microenvironment (niche) that 
contributes to their formation and maintenance, present/acquire several 
properties that enable them to resist to drug treatment [77,78]. In 
particular, these properties are: I) high survival capacity (due to active 
DNA damage response systems, anti-apoptotic/pro-proliferative mole
cules activation and high telomerase activity); II) the ability to adopt a 
quiescent status; III) elevated drug export due to the high expression/ 
activity of the drug efflux pumps; IV) low level of ROS maintenance; V) 
stemness induction (due to EMT/stem-like pathways activation) [78]. 
Evidence suggested that DCTR PCa cells and tissues are characterized by 
the increased presence of CD44+ and/or CD133+ CSC cells able to resist 
DCT toxicity by activating specific signaling pathway. It has been shown 
that the increased CD44 in DCTR PCa cells promotes migration and in
vasion via induction of the HIPPO-YAP signaling pathway [79]. Taluk
dar et al. isolated prostate cancer stem cells (characterized by the 
expression of CD44/CD133 and self-renewal associated genes) and 
demonstrated that these cells were resistant to DCT [80]. The DCT 
resistance was due to the MDA-9 dependent activation of both STAT3 
and NOTCH/cMYC pathways that determined the ABCB1 transporter 
upregulation with the consequent increase of drug efflux. The efficacies 
of prostate CSC eradication in reverting DCT resistance was demon
strated in vitro by several studies with different compounds [81,82], 
including STAT3 inhibitors [83,84]. 

3. Role of miRNAs in the mechanisms of docetaxel resistance 

An increasing number of miRNAs have been discovered to play a role 
in the appearance of DCT resistance. Here, the miRNAs that play a role in 
PCa DCT resistance are described discussing the mechanism in which 
they are involved (Fig. 2, Table 1). 

3.1. Survival pathways activation/apoptosis escape 

Several miRNAs affect DCT sensitivity by targeting genes that inhibit 
apoptosis or activate prosurvival pathways. Niu et al. demonstrated that 
insulin-like growth factor-I (IGF-1) induces DCT resistance in PCa cells 
by downregulating miR-143 expression [85]. Indeed, miR-143 
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downregulation induced by IGF-1 leads to the derepression of the miR- 
143 targets IGF-1 receptor (IGF-1R) and insulin receptor substrate 1 
(IRS1). The consequent activation of the downstream signaling mole
cules (such as the transcription of the vascular endothelial growth fac
tor, VEGF) determines DCT resistance through activation of prosurvival 
pathways. Indeed, miR-143 overexpression sensitizes PCa cells to DCT 
both in vitro and in vivo. The miR-143 ability to enhance DCT sensitivity 
in PCa was previously demonstrated by Xu et al., identifying the miR- 
143 direct target KRAS as the possible mediator of miR-143 activity 
[86]. miR-183 is involved in PCa DCT resistance by regulating cell 
survival pathways [87]. It is indeed involved in a regulatory circuit 
together with lncRNA CASC2 and SPRY2: the overexpression of both 
mRNAs increase DCT sensitivity, mainly by affecting DCT-induced 
decrease of cell viability and apoptosis of PCa cells. In particular, 
CASC2 acts as a competing endogenous RNA (ceRNA) of miR-183 that in 
turn determines the derepression of its direct target SPRY2. SPRY2 is a 
well-known receptor tyrosine kinase (RTK) inhibitor [88] and the au
thors demonstrated that CASC2 overexpression inhibited ERK signaling 
and that this inhibition is partially attenuated by SPRY silencing [87]. 
Finally, Shi et al. demonstrated that miR-21 is highly expressed in PCa 
DCTR cells and its knock down in in vitro model increased DCT sensitivity 
through its target PDCD4 [89]. Indeed, miR-21 silencing or PDCD4 
overexpression inhibited cell proliferation and increased apoptosis in 
DCTR cells [89]. Intriguingly, a more recent paper demonstrated that 
miR-21 is regulated by IL-6 and that IL-6 inhibits PDCD4 through miR- 
21 activation [90]: these data support the association between IL-6 
secretion and DCT resistance in PCa [91]. 

Regarding escape of apoptosis, some miRNAs play a role in DCT 
sensitivity by regulating antiapoptotic proteins. miR-205 and miR-31 
are downregulated in DCTR PCa cells and their overexpression in
creases DCT sensitivity by inhibiting the antiapoptotic genes BCL-W and 
E2F6 respectively thus promoting DCT-induced apoptosis [92]. In a later 

paper the same authors demonstrated that miR-205 downregulation, 
caused by promoter hypermethylation, determined the derepression of 
its target EZH2 [93]. EZH2, in turn, induced miR-31 promoter hyper
methylation and, as a consequence, miR-31 downregulation. Therefore, 
the EZH2-dependent epigenetic silencing of miR-205/-31 plays a role in 
the mechanism of PCa DCT resistance, consistent with the positive 
correlation between high expression EZH2 level and PCa progression 
[94]. Similarly, miR-195 is downregulated in DCTR PCa cells, and its 
overexpression promotes DCT-induced apoptosis by inhibiting its direct 
target clusterin, which is known to play a role in the apoptosis- 
avoidance mechanism of DCT resistance [95]. miRNAs also affect 
DCT-induced apoptosis by regulating proteins that have multiple roles 
beside apoptosis. miR-223-3p attenuates the DCT-induced apoptosis 
directly regulating FOXO3 [96]. FOXO proteins are a family of tran
scription factors implicated in the regulation of cellular homeostasis 
(including apoptosis) and chemoresistance. Also miR-323 decreases the 
DCT-induced apoptosis probably through its direct target p73, which is a 
tumor suppressor belonging to the p53 family that modulates several 
aspects of tumor biology including drug resistance [97]. Similarly, miR- 
4735-3p, probably by inhibiting MEKK1 expression, may suppress DCT- 
induced apoptosis allowing PCa cells survival [98]. Finally, Wang et al. 
demonstrated that high miR-375 levels confer DCT resistance by 
decreasing apoptosis both in PCa in vitro and in a xenograft model [99]. 
The authors identified SEC23A and YAP1 as possible miR-375 targets 
mediators in DCT resistance. 

Some studies discovered miRNAs that influence DCT resistance by 
inducing/repressing apoptosis even though they did not identify the 
target/s mediator/s. Lin et al. screened 1280 miRNAs (by miRNAs mimic 
transfection) in PCa cells treated with DCT and found that miR-217 and 
miR-181b-5p mimic enhanced DCT-induced apoptosis [100]. On the 
contrary, miR-181a was upregulated in DCTR PCa cells and its inhibition 
in these cells increased apoptosis possibly by increasing p53 

Fig. 2. Schematic overview of the miRNAs involved in the mechanisms of PCa DCT resistance. miRNAs are grouped according to their role in DCT resistance. 
miRNAs that increase the DCT resistance are indicated in bold whereas miRNAs that sensitize cells to DCT are indicated in normal text. miRNA ID of the reference 
paper is indicated in the figure. miR-204 was reported with two different IDs (one in brackets) as its involvement in drug efflux transporters regulation was 
demonstrated by two different papers that use different miRNA ID. miR-125p is in grey as the authors only hypothesized its involvement in EMT. 
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Table 1 
miRNAs involved in DCT resistance in Prostate Cancer. 

miRNA 
paper ID1

miRNA 
current ID2 Biological process Validated target/s

DCT 
resistance3 Reference

miR-143 miR-143-3p Cell survival
IGF-1R*, IRS1* decrease [85]
KRAS decrease [86]

miR-183 miR-183-5p Cell survival/ apoptosis 
escape

SPRY2 increase [87]
miR-21 miR-21-5p PDCD4 increase [89]
miR-205# miR-205-5p

Apoptosis escape

BCL-W decrease
[92, 93]

miR-31 miR-31-5p E2F6 decrease
miR-195 NI clusterin decrease [95]
miR-223-3p - FOXO3 increase [96]
miR-323 miR-323a-3p p73 increase [97]
miR-4735-3p - MEKK1 increase [98]
miR-375 NI SEC23A*, YAP1* increase [99]
miR-217 NI - decrease

[100]
miR-181b-5p - - decrease
miR-181a miR-181a-5p - increase [101]

miR-204# miR-204-5p
Apoptosis escape, EMT-TF, 
drug efflux

ZEB1 decrease [102]
SIRT1* decrease [105]

miR-129-5p -
Apoptosis escape, cell 
survival, migration/invasion

CAMK2N1 increase [106]

miR-138# miR-138-5p
Apoptosis escape, cell 
spreading

KINDLIN-2 decrease [107]

miR-145-5p -
Apoptosis escape, 
migration/invasion

AKAP12 decrease [110]

miR-125a-3p - Apoptosis escape, EMT MTA1 decrease [113]

miR-133b -
Apoptosis escape, drug 
efflux

HuR decrease [111]

miR-204-5p# -
Drug efflux, 
migration/invasion

ACSL4
decrease

[114]
miR-34a-5p# - decrease
miR-34a-5p# - JAGI decrease [115]
miR-193a-5p - Antioxidant response BACH2 increase [116]
miR-200c miR-200c-3p

EMT
ZEB1/2* decrease

[118]
miR-205# miR-205-5p decrease
miR-27b miR-27b-3p

ZEB1
decrease

[119]
miR-34a# miR-34a-5p decrease
miR-101-3p -

Cancer stem cells EZH2* decrease
[120]

miR-138-5p# - decrease
miR-328 NI

Others
PAK6 decrease [122]

miR-200b miR-200b-3p - decrease [121]

1miRNAs ID indicated in the reference paper. 
2miRNAs ID indicated in the latest miRbase release (22.1, 2018) if different from the reference paper. NI, not indicated in the 
latest miRbase release. In the manuscript the ID indicated in the reference paper was used. 
3In this column miRNA that act increasing or decreasing DCT resistance in PCa were indicated. 
#miRNAs involved in more than one mechanism of DCT resistance. 
*miRNAs targets that have not been validated in the reference paper. EZH2 has been validated only as miR-138-5p target. 
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phosphorylation [101]. 
Finally, several miRNAs are involved in DCT resistance by affecting 

other mechanisms in addition to apoptosis. miR-204, that is down
regulated in DCTR PCa cells and chemoresistant PCa tissues, if overex
pressed, sensitizes cells to DCT and promotes apoptosis, at least in part, 
by inhibiting ZEB1 [102]. It is known that ZEB1 plays a crucial role in 
inhibiting apoptosis [103,104] but the authors also discussed the master 
role of ZEB1 (and miR-204) in EMT and EMT driven drug resistance 
(paragraph 2.2.8). In addition, a previous work identified miR-204 as a 
part of a circuit involved in PCa DCT resistance [105]. More precisely, 
miR-204 is sponged by the lncRNA UCA1 and regulated SIRT1 in PCa. 
The SIRT1 upregulation due to UCA1 overexpression (that determines 
miR-204 sequestration/SIRT1 release) has been shown to promote DCT 
resistance by decreasing DCT-induced apoptosis (through caspase 3 
activation) and by increasing ABCB1 (MDR1) expression. Wu et al. 
demonstrated that miR-129-5p, through the inhibition of CAMK2N1, 
attenuates DCT efficacy not only by decreasing apoptosis (due to BCL2 
induction and BAX repression) but also by increasing cell survival (with 
an increase of p-ERK1/2 and p-MEK) and invasion/migration potential 
of PCa cells [106]. miR-138 enhances DCT resistance in PCa cells by 
inhibiting DCT-induced apoptosis and increasing integrin β1-mediated 
cells spreading in PCa cells [107]. Authors demonstrated that miR-138 
overexpression, by targeting KINDLIN-2, enhances DCT-induced 
apoptosis. KINDLIN-2 is a member of a protein family whose members 
are key regulators of the adhesive function mediated by integrin. Indeed, 
the downregulation of KINDLIN-2, acting on β1 integrin, reinforces the 
reduction of cells spreading induced by DCT. The cell spreading down
stream of β1 integrin signaling has been shown to promote chemo
resistance [108,109]. Xue et al. demonstrated that the lncRNA MALAT1 
enhances DCT resistance in PCa cells by miR-145-5p-mediated regula
tion of AKAP12 [110]. The authors proved the existence of this axis in 
DCTR PCa cells and, by modulating all the component of the axis, they 
demonstrated that MALAT1, via miR-145-5p/AKAP12, plays a role in 
apoptosis and in the migratory/invasive capability of DCTR PCa cells. 
Ectopic expression of miR-133b promoted DCT-induced apoptosis (by 
BLC2/survivin decrease and BAX/cleaved caspase 3 decrease) and 
ABCG2 (MXR) expression [111]. The target mediator of the miR-133b 
activity is human antigen R (HuR). HuR is a RNA-binding protein that 
regulates the stability, translation and nucleus-to-cytoplasm trans
location of its target mRNAs [112]. Several HuR targets encode proteins 
important for tumorigenesis. Finally, miR-125a-3p regulates DCT- 
induced apoptosis and DCT sensitivity through its target MTA1, a pro
tein that plays a pivotal role in signal regulation by modifying the 
acetylation status of crucial genes [113]. Moreover, authors noticed that 
miR-125a-3p overexpressing cells exhibited a round shape that rendered 
these cells more similar to epithelial cells rather than mesenchymal, 
hypothesizing an EMT. 

3.2. Modification of drug efflux transporters 

One of the more consolidated mechanism of DCT resistance is drug 
efflux due to the upregulation of the ABC transporter (paragraph 2.2.2). 
Some miRNAs modulated DCT resistance by regulating the ABC trans
porters expression, as already seen for miR-204 that also acts by tar
geting ABCB1 (MDR1) expression (paragraph 3.1). Another more recent 
study identified miR-204-5p (this is the current ID of miR-204 according 
to the latest miRbase release -22.1, October 2018-, see Table 1) as a 
regulator of ABC transporters [114]. In particular, the authors discov
ered that lncRNA NEAT1, that is upregulated in DCTR PCa cells and 
tissues, induces DCT resistance by sponging both miR-204-5p and miR- 
34a-5p which in turn release their common target ACSL4. ACSL4 is 
involved in drug resistance by distinct pathways. In this work the au
thors demonstrated that its upregulation due to NEAT1/miRNAs alter
ation in DCTR PCa cells enhanced ABCG2 (MRX) and ABCC4 (MRP4) 
expression and also invasion and migration. In a similar work, Ma et al. 
demonstrated that miR-34a-5p is involved in another circuit that affects 

DCT resistance through the regulation of the ABC transporters together 
with lncRNA DANCR and JAGI [115]. Specifically, DANCR, by sponging 
miR-34a-5p, derepresses JAGI that in turn promotes DCT resistance by 
inducing the increase of ABCB1 (MDR1) and ABCC4 (MRP4) expression 
and, also in this case, invasion and migration. Of note, DANCR and JAGI 
are upregulated while miR-34a-5p is downregulated in DCTR PCa 
tissues. 

3.3. Antioxidant response activation 

A recent work demonstrated the involvement of a miRNA (miR- 
193a-5p) in the regulation of the antioxidant responses induced by DCT 
treatment and in DCT resistance in PCa [116]. Indeed, miR-193a-5p 
mediated the heme oxygenase-1 (HO-1) induction after DCT treat
ment. HO-1 is a cytoprotective enzyme with antioxidant properties 
[117]. During oxidative stress caused by chemotherapeutic agents, 
cancer cells induce antioxidant factors and reduce apoptosis to protect 
against the oxidative injury. Authors demonstrated that the DCT- 
induced miR-193a-5p inhibits BACH2, a repressor of HO-1. They also 
showed that ectopic expression of miR-193-5p reduces the apoptosis 
induced by oxidative stress (H2O2 treatment). Indeed, they demon
strated that the HO-1 upregulation counteracts in part the DCT-induced 
apoptosis by inducing BCL2 upregulation and BAX downregulation. 
Finally, they also validated the axis in xenograft model, in which the 
injected PCa cells depleted of miR-193a-5p were more sensitive to DCT 
toxicity than the injected control cells. 

3.4. EMT activation 

As already mentioned, cancers cells undergoing EMT exhibit 
increased DCT resistance (paragraph 2.2.8). Indeed, I previously re
ported that two miRNAs that affected DCT sensitivity by modulating 
DCT-induced apoptosis also act probably by inducing EMT (miR-125a- 
3p) or regulating ZEB1 (miR-204) an important EMT transcription factor 
(paragraph 3.1). Puhr et al. demonstrated that two members of the miR- 
200 family (miR-200c and miR-205), which are known ZEB1/2 direct 
inhibitors, were downregulated in DCTR PCa cells that underwent EMT 
(proved by the activation of EMT markers (including ZEB1/2) and by the 
increase of invasive/migratory potential) [118]. Authors also demon
strated that the miRNAs overexpression caused ZEB1/2 downregulation 
and the consequent E-cadherin upregulation. In another work, Zhang 
et al. demonstrated that ZEB1 expression was also regulated by miR-27b 
and miR-34a (this is the previous ID of miR-34a-5p according to the 
latest miRbase release -22.1, October 2018-, see Table 1) [119]. In 
particular, the overexpression of the two miRNAs in DCTR PCa cells in 
which they are downregulated, increases the DCT sensitivity possibly by 
inhibiting EMT through ZEB1 direct inhibition and the consequent E- 
cadherin upregulation and vimentin downregulation. Furthermore, 
DCTR PCa cells overexpressing miR-27b/-34a became more sensitive to 
DCT toxicity also in a xenograft model. 

3.5. Cancer stem cells 

Increasing evidence indicates that the presence/formation of a sub
population of cells within the tumor/tumor microenvironment with 
stemness characteristics (cancer stem cells, CSC) impaires drug efficacy, 
including DCT in PCa (paragraph 2.2.9). miRNAs could play a role in 
this phenomenon as shown by Qui et al. who demonstrated that DCTR 

PCa cells are characterized by the enrichment of cells with stemness 
characteristics [120]. In addition, these cells showed a strong EZH2 
upregulation that was fundamental for the formation of CSC population 
in DCTR PCa cells. Indeed, EZH2 inhibition decreased the number of CSC 
cells restoring DCT sensitivity. The authors showed that EZH2 is puta
tively targeted by miR-101-3p/-138-5p (EZH2 has been validated as 
miR-138-5p target by others). The two miRNAs not only are 
downregulated in DCTR PCa cells, but their overexpression induces 
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EZH2 inhibition and restores cells sensitivity to DCT, suggesting that 
they play a role in CSC formation/DCT resistance by regulating EZH2. 
It is of note that the EZH2-dependent epigenetic regulation might also 
be involved in miR-205/-31 DCT resistance (paragraph 3.1), even 
though in this case authors hypothesized an activating role of EZH2 on 
stem cell markers expression, thus excluding a PRC2 complex-dependent 
activity. 

3.6. Others 

Finally, also miR-200b [121] and miR-328 [122] affected DCT 
sensitivity of PCa cells. miR-200b regulates (directly or indirectly) BMI- 
1 expression and both miR-200b overexpression or BMI-1 silencing in
crease DCT sensitivity of PCa cells. As previously described (paragraph 
2.2.5), BMI-1 is involved in DCT resistance by activating the antioxidant 
defense allowing PCa cells to survive the treatment [50]. Thus, it is 
possible that miR-200b may act on this mechanism of DCT resistance 
through BMI-1, even though other mechanisms cannot be excluded (e.g. 
EMT induction). In the same way, miR-328 overexpression increases 
DCT sensitivity as well as its target (PAK6) silencing. PAK6 has been 
already associated to DCT-resistance [123] and authors hypothesized 
that the mechanism could be ascribed to cytoskeleton inhibition, given 
that PAK6 signaling play an important role in cytoskeleton remodeling 
[124]. 

4. Clinical implications and concluding remarks 

miRNAs play a relevant role in the regulation of the expression of 
coding/non coding genes that are fundamental for the development of 
DCT resistance in PCa. Considering the existing literature, miRNAs are 
involved in almost all the known mechanisms of DCT resistance. The 
majority of the miRNAs discovered as DCT-resistance regulators/mod
ulators in PCa and hence object of this review (DCT-miRNAs) are 
involved in the fundamental pathways at the basis of “cell survival”, in 
particular “apoptosis avoidance”. As a single miRNA can regulate hun
dreds of genes, it is conceivable that the same miRNA can modulate DCT 
resistance by acting on multiple pathways. Indeed, several DCT-miRNAs 
affect more than one biological process associated to DCT-resistance (e. 
g. miR-204-5p, miR-34a-5p, etc.). For this characteristic, miRNAs 
represent potentially strong regulators of drug resistance pathways. This 
concept is supported by a conspicuous number of reports, especially in 
PCa. Indeed, miRNAs play a role in antiandrogen [125], cisplatin [126] 
and paclitaxel [127,128] resistance. Moreover, miRNAs, modulate 
radiosensitivity of PCa cells by regulating mitochondrial antioxidant 
enzyme [129], hypoxia-induced autophagy [130], EMT [131] and 
cyclin D1-E1/pRB/E2F1 pathway [132]. 

Given the proven relevance of miRNAs in drug resistance regulation, 
the DCT-miRNAs could represent ideal therapeutic targets. Since DCT, in 
combination with second generation hormone therapy, is still the only 
therapeutic choice for metastatic CRPC (mCRPC), new therapeutic ap
proaches based on DCT-miRNAs modulation could be attractive to 
overcome DCT resistance and/or to increase the current therapy efficacy 
when used in combination. The silencing of a miRNA whose over
expression increases drug resistance or the replacement of a miRNA 
whose downregulation decreases drug sensitivity could restore the 
sensitivity of cancer cells to a specific treatment. The miRNA over
expression is obtained using synthetic miRNA mimics, i.e. double- 
stranded small RNA molecules that match the corresponding miRNA 
sequences. On the hand, the miRNA silencing is achieved using anti
miRs, single strand RNA molecules whose sequences are complementary 
to the corresponding miRNA and block its function by strongly binding 
to it. Several strategies have been developed to efficiently deliver the 
therapeutic miRNA/antimiRNA molecules to the target cells in vivo, 
including chemical modifications to increase their stability or the use of 
viral or non-viral (nanoparticles) vectors (for review see [133,134]). In 
particular, nanoparticles seem to be promising as they have several 

advantages, such as systemic stability and efficient delivery [135,136]. 
Intriguingly, two different miRNA-based nanoparticles have been 
developed to increase the DCT cytotoxicity in PCa using DCT-miRNAs. 
Nagesh et al. [137] demonstrated that magnetic nanoparticles that 
bind miR-205 sensitized PCa cells to DCT. Furthermore, pH and gluta
thione sensitive nanocarriers for co-delivery of DCT and rubone (a miR- 
34 activator) efficiently increase DCT cytotoxicity in DCT resistant PCa 
cells in vitro, in 3D spheroid model and in xenograft model [138]. The 
possibility to develop nanoparticles carrying more than one compounds 
is particularly interesting when a therapy in combination with DCT is 
considered. 

Another aspect is that the identification of the gene networks regu
lated by miRNAs related to drug resistance could allow the discovery of 
multiple potentially targetable genes/pathways. A series of pre-clinical/ 
clinical studies regarding compounds that target the genes and/or 
pathways regulated by DCT-miRNAs corroborate the previous state
ment. E.g. the ABCC1 transporter inhibition obtained using its inhibitors 
reversan and MK571 sensitized PCa cells to DCT [139]; the HDAC in
hibitor mocetinostat interfered with ZEB1 expression and restored the 
DCT chemosensitivity in DCT resistant PCa cells partially reversing the 
EMT phenotype [140]; the BCL-W inhibitors ABT-263/ABT-737 signif
icantly increased the antitumor effect of DCT on DCT PCa resistant cells 
[33]; custirsen, an antisense oligonucleotide that inhibit the production 
of clusterin, showed promising results in a randomized phase III trials in 
combination with cabazitaxel and prednisone in mCRPC PCa patients 
that progress after DCT therapy [141]. In addition, several existing 
compounds targeting DCT-miRNAs targets could be evaluated as 
possible treatment to potentiate DCT cytotoxicity. The inhibition of 
SIRT1 (one of the miR-204 targets) could restore DCT sensitivity by 
enhancing DCT-induced apoptosis. The SIRT1 inhibitors nicotinamide 
and sirtinol have been shown to decrease PCa cells growth and viability 
[142]. Similarly, EZH2 (the miR-138-5p direct target) inhibition could 
increase DCT sensitivity by decreasing the CSC subpopulation. The 
EZH2 inhibition by CPI-1205 or PF-06821497 has been evaluated in 
combination with other standard treatments in mCRPC and CRPC pa
tients respectively [143]. Moreover, EZH2 inhibition by GSK126 over
comes enzalutamide resistance both in vitro and in xenograft PCa 
models [144]. Finally, trametinib, a MEK1/2 inhibitor approved in 
melanoma treatment, has been shown to elicit a strong clinical response 
in mCRPC patients who failed multiple prior treatments [145]. MAPK/ 
ERK signaling pathway is often activated in DCT resistance associated to 
DCT-miRNAs that affect “survival pathways/apoptosis escape”. It has to 
be considered that DCT resistance, as well as others drug resistances, is a 
multifactorial phenomenon that could depend on the predominance of a 
specific resistant pathway or by the combination of more than one 
pathway. In these cases, identifying the prevalent pathway/s responsible 
for DCT resistance could help in selecting the most efficacious com
pound to be used in combination with post-DCT standard treatment for 
building personalized therapy. It is also true that different resistant 
mechanisms share similar pathways (e.g. EMT-CSC, EMT-CSC-survival/ 
apoptosis avoidance pathways, etc.), and, as a consequence, some 
genes/pathways could represent key hub regulators of DCT resistance 
and as such they could be the ideal therapeutic targets to use in com
bination with DCT to limit the risk of resistance. 

For all these considerations, the effort of this review was not only to 
describe the miRNAs involved in docetaxel resistance, but also to clas
sify them, according to regulated target/s and/or affected biological 
process/es, in a specific pathway/s of docetaxel resistance. It should be 
also emphasized that improving the knowledge of the molecular net
works (composed by coding and non-coding RNA) that contribute to 
DCT resistance in PCa could also be important in deciphering the 
resistance mechanisms to other taxanes/treatments in PCa or in different 
tumor types. Indeed, several DCT-miRNAs also have a role in the resis
tance to other treatments in PCa. E.g. miR-34a attenuated paclitaxel 
resistance [146] by regulating the JAG1/NOTCH axis [147]; miR-145 
[148] and miR-205 [149] enhanced radiation sensitivity by impairing, 
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for miR-205, DNA damage repair through PKCε and ZEB1 inhibition; 
miR-181 [150] and miR-205 [151] decreased and enhanced cisplatin 
cytotoxicity respectively by inhibiting BAX (miR-181) and by impairing 
the autophagic flux (miR-205). 

Finally, related to the fact that DCT-miRNAs expression levels 
change in resistant cells/tissues, they could represent useful biomarkers 
of DCT resistance. Indeed, some of the DCT-miRNAs were measured in 
human PCa specimens and their potential clinical relevance were 
demonstrated. In particular, the expression of miR-125a-3p [113], miR- 
34a-5p [115] and miR-204 [102] significantly decreased in DCT- 
resistant compared to DCT-sensitive PCa tissues, making them ideal 
candidate predictive biomarkers. It has to be considered that a 
biomarker able to detect the early appearance of DCT resistance could 
greatly help clinicians to select the most efficacious therapy sequence. 
From this point of view, circulating miRNAs (c-miRNAs) [152–154] 
represent ideal biomarkers given that they are easy detectable with 
minimally invasive procedures unlike tissue miRNAs. A few preliminary 
studies have explored c-miRNAs as DCT predictive biomarkers in PCa 
patients [155–158]. The increased serum level of miR-21 [155] and 
miR-210 [156] is potentially predictive of DCT resistance. Interestingly, 
in a work published in 2017, we demonstrated that miR-210-3p and 
miR-21-5p were also specifically released by DCT resistant PCa clones 
compared to parental cells [159]. Recently, Zedan et al. showed that 
miR-141 and miR-375 plasma levels may predict the progression in 
mCRPC patients treated with DCT and abiraterone [160]. 

In conclusion, the increasing knowledge of the molecular networks, 
including miRNA networks, at the basis of drug resistance mechanisms 
will be fundamental to drive research toward new therapeutic para
digms for the treatment of cancer type for which, at least at certain stage, 
current treatments are poorly effective. 
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