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Abstract

Increasing evidence sustains that the establishment and maintenance of many, if not all, human 

cancers are due to cancer stem cells (CSCs), tumor cells with stem cell properties, such as the 

capacity to self-renew or generate progenitor and differentiated cells. CSCs seem to play a major 

role in tumor metastasis and drug resistance but, albeit the potential clinical importance, their 

regulation at the molecular level is not clear. Recent studies have highlighted several miRNAs to 

be differentially expressed in normal and cancer stem cells and established their role in targeting 

genes and pathways supporting cancer stemness properties. This review focuses on the last 

advances on the role of microRNAs in the regulation of stem cell properties and cancer stem cells 

in different tumors.

Graphical abstract

Introduction

The cancer stem cells hypothesis proposes that tumors are formed by heterogeneous cells 

derived from cancer stem cells, which have self-renewal, differentiation and homeostatic 

control capabilities. Normal stem cells are tissue specific cells with unlimited ability to self-
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renew or engender progenitor and differentiated cells [1]. Proper regulation of these 

properties is crucial in animal development, growth and reproduction. Therefore, cancer 

might derive from cells with stem cell properties or from the progenitors of stem cells that 

normally endure limited cycles of cell divisions after acquiring genetic modifications and 

epigenetic alterations [2] (Figure 1). The cancer stem cell hypothesis was launched more 

than one century ago by Cohnheim and Durante, based on the observation that embryonic 

tissue and cancer share common characteristics such as the formidable ability to proliferate 

and differentiate [3,4,5,6]. Today what it is known about the biology of CSCs is the result of 

experiments in normal and malignant hematopoiesis which led to the identification of 

hematopoietic stem cell (HSC) as well the malignant leukemia stem cell (LSC). LSCs 

preserve many aspects of normal HSCs [7], suggesting that the malignant stem cell 

population can originate from normal HSCs or from differentiated cells after the onset of 

mutations (Figure 1). In the late 1980s cell surface markers were identified allowing the 

isolation of normal HSCs cells by FACS (fluorescence-activated cell sorting) [8]. 

Subsequent methodologies developed in the study of hematopoietic stem cells, have 

provided striking evidence that the stem cell theory is true also for some solid tumors. Al-

Hajj et al., identified breast tumor-initiating cells (TICs) capable to form tumors in vivo [9]. 

In fact, as few as 1000 purified tumor cells expressing a CD44+/CD24low Lineage- (CD is 

short for cluster of differentiation) cell surface phenotype were shown to initiate tumors after 

transplantation in NOD/SCID mice, whereas the injection of as many as 10000 CD44+/

CD24+ Lineage – cells failed to initiate growth. Flow cytometry analysis of the tumors 

showed a population of cells identical in phenotype to those of the tumor of origin. [9]. 

Further evidence in support of the role for stem cells in solid cancers came from the study of 

brain tumors [10]. Singh et al., reported that the neural stem cell antigen CD133 expressed 

on brain-derived TICs cells gave rise in vitro to neurospheres capable of self-renewal, 

differentiation and proliferation analogous to normal brain stem cells [11]. These findings, 

implicate TICs as the responsible for the development of brain cancer. The fact that CSC 

properties were only investigated by transplantation assays in immunocompromised mice 

and the variable specificity of the cell-surface markers used to discriminate a CSC from a 

non-CSC, did not convince everyone on the existence of CSCs. Recently, Driessens et al. 

used a genetic labeling strategy of skin tumors that allows individual tumour cells to be 

marked and traced over time at different stages of tumour progression. They found that the 

majority of labeled tumour cells in benign papilloma have only limited proliferative 

potential, whereas a fraction has the capacity to persist long term, giving rise to progeny that 

occupy a significant part of the tumour [12]. Shepers et al. using mouse models and “lineage 

retracing” using the multicolor Cre-reporter R26R-Confetti, demonstrated that the stem cell 

marker Lgr5 (leucine-rich repeat–containing heterotrimeric guanine nucleotide–binding 

protein–coupled receptor 5) encoded by a Wnt target gene and itself a Wnt receptor 

component, marks a subpopulation of adenoma cells that fuel the growth of established 

intestinal adenomas [13]. Finally, Chen et al. showed that nestin-ΔTK-IRES-GFP (Nes-ΔTK-

GFP) transgene that labels quiescent adult neural stem cells also labels a subset of 

endogenous glioma tumour cells in a glioma mouse model [14]. Using genetic labeling 

techniques to trace cells in solid cancers, these three new studies provide a strong evidence 

of the existence of cancer stem cells in different tumors. Importantly, CSCs are resistant to 

conventional treatments and are thus not only of academic interest, but might also be 
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potentially useful pharmacologic targets. Therefore, therapies targeted to eliminate CSCs 

offer the potential for a cure. MiRNAs are small non-coding RNAs, crucial post-

transcriptional regulators of gene expression. They are key players in various critical cellular 

processes including self-renewal and differentiation. Recently, abnormalities in non-coding 

RNAs have been reported to be fundamental in the regulation of CSC properties such as 

asymmetric cell division, tumorigenicity and drug resistance. In this review we will discuss 

recent findings on the role of microRNAs in cell differentiation, self-renewal and/or 

maintaining of cancer-stem cell properties.

1. MicroRNA biogenesis

MicroRNAs or miRNAs are short (20–24-nucleotides) non-coding RNAs, that regulate gene 

expression at the post-transcriptional level by binding to the 3′-untraslated regions (3′UTRs) 

or the open reading frames of target genes, leading to the degradation of target mRNA or 

repression of mRNA translation. MiRNAs are transcribed as long primary transcripts 

characterized by hairpin structures (pri-miRNAs) whose maturation occurs through 

sequential processing events. First, the pri-miRNA is cleaved in the nucleus by the RNase 

III Drosha into roughly 70-100 nucleotide-long precursor miRNAs (pre-miRNAs) in 

combination with cofactors such as DGCR8 [15]. The product of pri-miRNA cleavage, the 

pre-miRNA is exported to the cytoplasm by Exportin 5 (Exp5) and its Ran–guanosine 

triphosphate (Ran-GTP) cofactor [16] and further processed by another RNase III–type class 

III enzyme, Dicer in a double strand RNA of about 19-24 nucleotides. While one of the two 

strands is selected as a guide strand, the complementary strand is usually degradated [17]. 

The mature miRNAs are incorporated into a complex named RISC (RNA-induced silencing 

complex), which contains Argonaute proteins. The function of the miR is to guide the RISC 

to complementary or partially complementary target sites located in the 3′ UTRs of mRNAs 

target inducing mRNA degradation or block of translation, respectively. Above all, miRNAs 

have been shown to regulate the CSC phenotype and function through multiple signalling 

pathways, playing important roles in tumor development and progression.

2. microRNAs and embryonic stem cells (ESCs)

The most primitive stem cell is the ESC, which derives from the internal cell mass of the 

blastocyst. The ESC is pluripotent and can therefore generate all the tissues of the body [18]. 

The role for miRNAs in regulating stem cells was first identified by Lee and colleagues who 

reported that two microRNAs, lin-4 and let-7, regulated the timing of larval to adult cell 

fates in C. elegans [19]. Lin-4 and let-7 expression was null in the embryo and increased 

during the larval stage and in the adult, suggesting that they might play a key role in 

differentiation [20,21]. Mouse and human ESCs lacking Dicer1 and DGCR8, both critical 

for miRNA biogenesis, have been utilized to study the involvement of miRNAs in these 

cells. Deletion of Dicer1 led to embryonic lethality in mice [22]. DGCR8-knockout mouse 

ESCs showed alterations in the regulation of the cell cycle and differentiation that are 

associated with failure to silence stemness transcription factors, such as Oct4, Rex1, Sox2 

and Nanog, which control ESC renewal and pluripotency [23,24] and delayed expression of 

differentiation markers [25]. In a comparative transcriptome analysis, Sinkkonen et al. 

showed that members of the miR-290 family were able to rescue the differentiation defects 

of Dicer–/– mouse ESCs by downregulating a transcriptional repressor of de novo 
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methyltransferases. This regulation was necessary for Oct4 stable repression [26]. Card et al. 

demonstrated that Oct4 and Sox2 bind to the promoter region of miR-302 cluster, 

specifically expressed in ESCs and pluripotent cells. Expression of miR-302a in primary and 

transformed cell lines induced the transition from the phase G1 to the phase S. Conversely, 

the inhibition of miR-302 caused hESCs to accumulate in G(1) phase by targeting an 

important G(1) regulator, cyclin D1 [27].

Therefore, miRNAs such as the miR-290 cluster in mouse and miR-302 family in human are 

specifically expressed in stem cells and control self-renewal and differentiation by 

negatively regulating the expression of key genes in stem cells.

Melton et al. showed that let-7 miRNA family repress self-renewal in Dgcr8(-/-) but not 

wild-type ESCs by downregulating Oct4, Sox2 and Nanog. [28]. MiR-34 has been involved 

in the differentiation of human erythroleukemia cells, monocyte-derived dendritic cells and 

mouse embryonic stem cells. Members of the miR-34 family of miRNAs exhibit p53-

dependent induction during reprogramming. P53 deficiency enhances reprogramming by 

suppressing miR-34 family and consequent upregulation of pluripotency genes, including 

Nanog, Sox2 and N-Myc [29]. Arahna and colleagues provided new insights in mouse 

neuronal stem cells differentiation, showing that miR-34a regulates neuronal differentiation 

by targeting SIRT1 [30]. Altogether, these findings suggest that stem cells-specific miRNAs 

may be involved in the regulation and control of stem cell properties [80].

2.1 Liver cancer—In addition to regulating stem cells, miRNAs seem to be involved in 

CSC self-renewal, differentiation, drug resistance and metastasis. An increasing number of 

studies have pointed out altered miRNA expression in liver CSC subsets compared with 

non-CSC subsets or normal liver tissue. Other studies have identified various miRNAs that 

control the expression of liver CSC markers [31]. Recent findings indicate that dysregulation 

of the pathways involved in normal stem cell self-renewal such as the Hedgehog, Wnt/b-

catenin, Notch, and polycomb genes affect proliferation of CSCs. The Hedgehog pathaway 

activates Nanog and Oct4 through Gli1 and Gli2 transcription factors [32,33]. WNT 

signalling regulates Nanog-, Oct4-, Sox2-, and Klf4 pluripotency mantaining factors [34]. 

Recently, van den Berg and colleagues found that Oct4 associated with Rbpi, the nuclear 

effector of the Notch signalling pathway, implying a connection between Oct4 and the 

Notch-regulated gene expression [35] Ji et al. described that multiple members of the 

miR-181 family, including miR-181a, miR181b, miR181c, and miR181d, are consistently up-

regulated in the liver CSC subset marked with EpCAM+AFP+ surface markers. Further, 

miR-181s maintained stemness by directly targeting GATA6 (GATA-binding protein 6) and 

CDX2 (caudal type homeobox 2) to block cell differentiation and NLK (nemo-like kinase) 

to activate the Wnt/β-catenin pathway [36] Table 1(Figure 2). Interestingly, the expression 

of miR-181 transcripts was directly induced upon activation of the Wnt/β-catenin pathway 

and was inhibited upon its inactivation. CD133 has been proved to be a marker to isolate 

liver CSCs; CD133+ HCC (hepatocellular carcinoma) subpopulations presented stem cell 

properties whereas the CD133- subpopulations included differentiated tumor cells [37,38]. 

Zhang et al. compared the miRNA profiles of CSCs with that of the non-stem cell 

population in HCC. They found upregulation of miR-150 in CD133- cells. Overexpression 

of miR-150 led to a significant reduction of CD133+ cells and to an important inhibition of 
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cell growth and tumorsphere formation and induced cell cycle arrest and apoptosis in 

CD133+ cells by targeting c-myb and cyclin D1 [39]. Ma et al., reported the overexpression 

of miR-130b in CD133+ liver CSCs isolated from both HCC cell lines and freshly resected 

clinical samples. The ectopic expression of miR-130b was found to enhance 

chemoresistance, self-renewal ability in vitro, and tumorigenicity in vivo in CD133- cells by 

targeting the tumor suppressor gene TP53INP1, a pro-apoptotic stress-induced p53 target 

gene with both anti-proliferative and pro-apoptotic activities [40]. More recently, Liu et al. 

found that miR-130b (as well as miR-15b) was consistently and significantly up-regulated in 

HCC tissues, cell lines, and patient serum samples. Remarkably, the serum levels of these 

miRNAs were found to be significantly reduced after surgery, indicating that these 

circulating miRNAs originated from the tumor [41]. Jia et al. showed that miR-145 

expression is lower in HCC cancer stem cells derived from hepatocarcinoma cell line T3A-

A3 than in the HCC cell line BEL-7402 or a normal liver sinusoidal endothelial cell line. 

Overexpression of miR-145 in T3A-A3 cells resulted in cell cycle arrest, inhibition of 

colony and spheroid formation, and the inhibition of tumor formation in nude mice by 

targeting Oct4. The results suggest that miR-145 exerts its tumor-suppressive effect in HCC 

via modulation of this stem cell marker [42]. Table 1.

2.2 Leukemia—Recently, dysregulation of miRNAs was shown to contribute to 

hematological malignancies, including AML and myelodysplastic syndrome [43]. In spite of 

very high remission rates after therapy, 60-70% of acute myeloid leukemia (AML) patients 

dye commonly five years after their initial diagnosis. One of the reasons of treatment 

failures is the incomplete elimination of leukemic stem-like cells (LSC), which give rise to 

more differentiated leukemic progenitors and relapse of the disease. In 1994 John Dick's 

laboratory isolated a sub-population (CD34+CD38-) from patients with acute myeloid 

leukemia (AML), demonstrating the existence of LSCs [44]. de Leeuw et al. analyzed 

microRNA expression profile in healthy CD34+CD38- hematopoietic stem cells (HSC), 

CD34+CD38- LSC and CD34+CD38+ LP (leukemic progenitors), derived from the same 

patients' bone marrow specimens. They found that miR-126 was mighty expressed in HSC 

and its levels increased in LSC compared to LP. High miR-126 expression in AML was 

associated with poor survival and higher chance of relapse. MiR-126 downregulation in LSC 

and LP cells reduced their clonogenic capacity and eliminated leukemic cells, suggesting 

that this microRNA is important in cancer stem cell phenotype maintainance [45]. Han et al. 

showed that miR-29a is highly expressed in HSC and down-regulated in hematopoietic 

progenitors. Mouse HSC/progenitors cells overexpressing miR-29a transplanted in mice 

gave rise to a myeloproliferative disorder that progressed to acute myeloid leukemia (AML). 

MiR-29a promoted proliferation, accelerating the transition G1 to S/G2, by targeting HBP1, 

a negative regulator of cell cycle progression, at the G1 to S/G2 phase transition [46]. 

Arnold et al., reported miRNA expression profile in different adult tissue-specific stem cells 

and their differentiated counterparts. They identified a stem/progenitor transition miRNA 

(SPT-miRNA) signature and demonstrated that SPT-miRNAs coordinately regulate genes, 

such as Hoxb6 and Hoxa4, with a known role in controlling HSC self-renewal [47]. MiR-22 

overexpression in myelodysplastic syndrome (MDS) and leukemia correlates with poor 

survival. Mice conditionally expressing miR-22 in the hematopoietic compartment showed 

decreased levels of 5-hydroxymethylcytosine (5-hmC) and high hematopoietic stem cell 
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self-renewal and developed MDS and hematological malignancies. Moreover, they 

identified TET2, (ten-eleven-translocation gene 2), located in 4q24 and whose mutation or 

deletion is extremely frequent in hematological malignancies, as a target of miR-22. 

Interestingly, TET2 enforced expression rescued the miR-22-induced phenotypes [47]. In 

acute myeloid leukemia (AML) and blast crisis (BC) chronic myeloid leukemia (CML) 

normal differentiation, critical for normal blood cell function, is impaired. Morris et al., 

analyzed the miRNA expression profile in AML and BC CML. They observed that miR-150 

is low or absent in BC CML and AML patient samples and cell lines. Enforced expression 

of miR-150 promoted myeloid differentiation by targeting MYB. The Hedgehog (Hh) 

signalling has a major role in development and has been proven as a functional pathway for 

LSCs; indeed, its loss impairs the development of CML and depletes CML stem cells [48]. 

Babashab et al., reported that upregulation of the Hh smoothened (Smo) signal transducer 

was inversely related to miR-326 in the CD34(+) cells from a group of patients with CML. 

Enforced expression of miR-326 induced downregulation of Smo, reduced cell proliferation 

and increased the rate of apoptosis in CML CD34(+) cells. Importantly, the restoration of 

miR-326 expression could eradicate CD34(+) CML stem/progenitor cells, a potential source 

of relapse in patients suffering CML [49]. (Table 1 and Figure 2)

2.3 Breast cancer—Al-Hajj et al. isolated breast cancer stem cells (BCSCs) in 2003 

based on the expression of the surface markers CD44+, CD24-/low and ESA+ (ESA is short 

for epithelial specific antigen)[9,50]. Few years later, Ginestier et al. identified high 

aldehyde dehydrogenase 1 (ALDH1) expression in BCSCs extending the BCSC phenotype 

on CD44+, CD24-/low, ESA+ and alternatively ALDH+ [50,51]. Iliopulos et al. reported 

that transient activation of Src oncoprotein induced an epigenetic switch from immortalized 

breast cells to mammospheres that contain cancer stem cells through Lin28-mediated 

repression of let-7. Let-7 directly targets IL-6 which is foundamental for STAT3 activation, 

necessary for transformation [52]. Recent findings reported that miR-200 family and its 

target mRNAs are involved in the maintenance and regulation of the BCSC phenotype. Lim 

and colleagues investigated the role of the miR-200 family during their conversion to a 

stem-like phenotype utilizing immortalized human mammary epithelial (HMLE) cells. 

Remarkably, loss of miR-200 expression converted HMLE cells from a non-stem to a stem-

like phenotype. Modifications mediated by a polycomb group were responsible for the 

silencing of miR-200b-200a-429 cluster in the stem-like phenotype whilst the miR-200c-141 

cluster was repressed by DNA methylation. The results pointed out that different epigenetic-

based mechanisms regulate each miR-200 gene in the transition between stem-like and non-

stem phenotypes [53]. Sun et al., defined that let-7 acts as a tumor suppressor by inhibiting 

ERα-mediated cellular malignant growth in ER-positive breast cancer stem cells, suggesting 

that let-7 overexpression may be a promising strategy for the elimination of cancer stem 

cells [54]. Okuda et al., analyzed the microRNA expression profile in breast CSCs highly 

metastatic to bone and brain compared to non CSCs populations. MiR-7 was significantly 

downmodulated in CSCs and was able to modulate Kruppel-like factor 4 (KLF4) a gene 

with a fundamental role in maintaining embryonic stem cells and in preventing their 

differentiation. Interestingly, miR-7 enforced expression drastically suppressed the capacity 

of CSCs to metastasize to brain but not to bone in mice [55]. Also members of miR-30 

family, including miR-30d, miR-30a-5p, miR-30e-5p, miR-30b and miR-30c, are reduced in 
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mammospheric SK-3rd cells. Enforced expression of miR-30e in BT-ICs (breast tumor 

initiating cells) inhibits their self-renewal capacity by reducing Ubc9 (ubiquitin-conjugating 

enzyme 9), and induces apoptosis through silencing ITGB3 (integrin beta3). Ectopic 

expression of miR-30e in BT-IC xenografts reduced tumorigenesis and lung metastasis in 

immunodeficient mice [56,50]. Zhu and colleagues reported reduced miR-128 expression 

levels in mammospheric BCSCs in two breast cancer cell lines (SK-3rd and MCF-7) and in 

BCSCs isolated from primary breast cancer patients, whereas protein levels of the polycomb 

oncogene BMI1 and ATP-binding cassette sub-family C member 5 (ABCC5), targets of 

miR-128, were increased [57]. A loss of function (LOH) at chromosome 3p has been 

reported in 87% of primary breast cancers. Levels of miR-181 family members are 

upregulated in tumor initiating mammospheres compared to non-tumorigenic parental cells. 

Liu and colleagues identified breast cancer 1 (BRCA1) as a target downregulated by 

TGFbeta through the miR-181 family. They also found an inverse correlation between 

TGFbeta and miR-181 with BRCA1 expression in vivo in breast tumor samples [58].The 

microRNA expression profile of normal mammary stem cells and cancer stem-like cells 

from ductal carcinoma in situ (DCIS) was analyzed by Li and colleagues. MiR-140 was 

significantly downregulated in cancer stem-like cells compared to the normal stem cells and 

was critical in self-renewal through Sox9 and ALDH1 downregulation [59]. Table 1.

3.4 Colon cancer—Fang and colleagues were the first to isolate populations of colon 

CSCs with the CD133+/CD44+ and CD133-/CD44- surface phenotype from a human 

SW1116 colon adenocarcinoma cell line, evaluating the miRNA expression differences 

between colon CSCs and non-stem cells. They found 62 miRNAs and 2049 mRNAs 

differentially expressed in colon stem cells compared to non-stem cells. Among these 

differentially expressed miRNAs, 31 miRNAs were overexpressed in colon stem cells, 

whereas the remaining 31 miRNAs were underexpressed. Overexpression of miR-29a, 

miR-29b and underexpression of miR-449b, miR-4524 were confirmed by quantitative RT-

PCR assay [60]. Bitarte et al. analyzed the microRNA expression profile in different colon 

carcinoma cells. The results showed that miR-451 was downregulated in colonspheres 

versus parental cells. Enforced expression of miR-451 decreased self-renewal and 

chemoresistance of colonspheres to irinotecan by indirectly targeting cyclooxygenase-2 

(COX-2), which activates Wnt, essential for CSC growth. (Figure 2). MiR-451 restoration 

also reduced the expression of the ATP-binding cassette drug transporter ABCB1, 

improving the response of colon cancer cells irinotecan [61].The Wnt pathway is an 

important regulator of normal intestinal stem cells [62], and more recently has been 

recognized a regulator of colon CSCs [63]. When the Wnt signalling is not activated, β-

catenin is degradated in the cytosol by the proteasome following glycogen synthase 3 

(GSK3) mediated phosphorylation. Inhibition of Wnt signalling blocks epithelial renewal. 

Yu et al. showed that miR-21 over-expression increased Wnt activity and tumour initiating 

ability causing a downregulation of the tumor suppressor gene TGFbR2 (Transforming 

growth factor, beta receptor II), involved in differentiation [64] (Figure 2). Notch is a 

fundamental pathway regulating intestinal stem cells. In mammals have been reported four 

Notch genes, which act as receptors for Jagged 1 and 2, and Delta Like (Dll) 1,3 and 4. 

Activation of Notch-1 signalling reduces differentiation and increases progenitor 

proliferation [65]. Interestingly, Bu et al. showed that miR-34a play an important role in 

Garofalo and Croce Page 7

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CCSCs from early-stage colorectal cancer (CRC). The decision of a CCSC to produce two 

CCS daughter cells or a CCS daughter cell and a differentiated non-CCS daughter cell is 

closely regulated by miR-34a. High miR-34a levels silence Notch inhibiting its signalling 

and promoting differentiation, whereas low miR-34a levels induce activation of the Notch 

signalling, favoring CCSCs generation [66] (Table 1 and Figure 2).

3.5 Lung cancer—Potential lung CSCs have been purified using functional assays. Many 

attempts to isolate CSCs from both cell lines and primary tumors have been performed 

during the last years. The first attempt was based on the side population (SP) phenotype 

(low Hoechst 33342 staining pattern) of stem cells. SP lung cancer cells isolated from 

different cell lines, showed enhanced invasiveness and higher resistance to 

chemotherapeutic drugs [67]. A second attempt was based on their resistance to different 

drugs, such as cisplatin, doxorubicin or etoposide [68]. The third attempt was based on 

increased ALDH activity. Jiang et al. demonstrated that ALDH-positive cells isolated from 

lung cancer cell lines showed characteristics of CSCs both in vitro and in vivo [69]. 

Subsequently, several membrane-bound surface markers to identify CSC in lung cancer 

were investigated. Of all, CD44 and CD133 seemed to be the most promising. [70,71,72]. 

CD133 is a member of prominin family, and was first discovered from hematopoietic stem 

cells as their marker and found later in certain types of leukemic cells. It is an antigen of a 

120 kDa five-transmembrane glycoprotein whose expression of CD133 has been reported in 

CSCs from a variety of solid tumors including brain, prostate, pancreas, colorectum, 

melanoma, liver and bile duct, lung, ovary, etc. CD44 is a transmembrane glycoprotein 

activated in a wide range of tumours where it plays a crucial role in migration, invasion and 

survival. [73] Lungs are constituted by the mosaic of specialized cells that form millions of 

tiny, exceptionally thin-walled air sacs called alveoli. Alveoli are gas-exchange sacs 

composed by squamous alveolar type (AT) 1 cells and surfactant secreting AT2 cells. Very 

recently Desai et al., reported that during development AT1 and AT2 cells arise directly 

from a bipotent progenitor, whilst after birth new AT1 cells derive from rare, self-renewing 

AT2 cells. The stem-cell function is activated by AT1 injury and AT2 self-renewal is 

induced in vivo by KRAS, resulting in cancer. This very interesting study is a further 

confirmation not only of the existence of CSCs but also of the importance of CSCs in lung 

cancer formation [74]. Shi et al. showed that overexpression of miR-34a in purified CD44 

high H460 cells inhibited tumor outgrowth. In contrast, knockdown of miR-34a in the 

CD44low H460 cells promoted tumor development, suggesting that miR-34a is a negative 

regulator of lung CSCs [75]. Gutova et al. identified subpopulations of urokinase 

plasminogen activator receptor uPAR- (CD87) positive cells in six SCLC cell lines, with 

multidrug resistance and clonogenic activity in vitro [76]. Miao et al., compared miRNA 

expression in stem-like cells, uPAR(+) and CD133+, and differentiated cells from small cell 

lung cancer (SCLC). They found 86 miRNAs that were differentially expressed, including 

48 upregulated miRNAs and 38 downregulated miRNAs between sphere-forming cells and 

parental cells. Among the downregulated miRs, miR-27a had very low expression in sphere-

forming cells of different cell lines. Interestingly, inhibition of miR-27a in parental cells 

enhanced proliferation, self-renewal, and the proportion of undifferentiated cells in vitro 

[77]. Because of the high rate of recurrence following therapy in all forms of lung cancer, 

the possibility to block their CSC-like activity is a very attractive treatment option. Polemics 

Garofalo and Croce Page 8

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



widely arise from the lack of specificity of the markers so far identified. Identification of 

new markers and pathways for lung CSCs isolation is necessary. Moreover, the involvement 

of microRNAs in lung cancer stem cells maintaining is still in its infancy and other studies 

should be done to obtain progresses in lung cancer diagnosis and prognosis and to improve 

tumor eradicating therapies. Dysregulation of embryonic signalling pathways such as 

Hedgehog (Hh), Notch, Wnt is believed to be involved in driving CSC activity also in lung 

cancer [66, 78]. Xu et al., demonstrated that miR-191 was up- regulated in human bronchial 

epithelial (HBE) cells malignantly transformed by arsenite compared to normal HBE cells. 

MiR-191 directly targets BASP1, increasing the expression of WT1 and promoting the 

activation of Wnt/β-catenin pathway (Figure 2)[79]. Very recently, Jiang et al., showed that 

miR-326 acts as a negative regulator of Shh signalling by directly targeting Smo and Gli2 

[80]. (Table 1 and Figure 2).

3.6 Brain tumors—As with other cancers it has been suggested that also glioblastoma 

(GBM) contains functionally subsets of cells with stem-like properties, characterized by 

resistance to chemotherapics and considered responsible for tumor relapse. Several studies 

reported that a hypoxic microenvironment play a crucial role in controlling GSC. Malignant 

glioma is the prevalent central nervous system tumor and the molecular mechanism driving 

its development and recurrence is barely known. Tu et al., showed that miR-218, a 

commonly downregulated microRNA in glioblastoma, inhibited the self-renewal of glioma 

stem-like cells, by targeting stem cell-promoting oncogene BMI1, a component of PCR1 

(The Polycomb Repressor Complex) an epigenetic regulator of transcription involved in 

cancer stem cell maintenance and radioresistance [81].Chen et al., found that miR-107 was 

down-regulated in GSCs. Overexpression of miR-107 in U87 GSCs suppressed proliferation 

and down-regulated Notch2 protein and stem cell marker such as CD133 and Nestin (Figure 

2) [82]. In another study Peruzzi et al. reported that miR-128 directly targeted the mRNA of 

Suz12, a key component of PRC2 [83]. Niu et al. found that miR-134 was downregulated in 

GBM. MiR-134 overexpression decreased proliferation, invasiveness and migration 

capability of U87 cells promoting apoptosis in vitro and suppressing the growth of tumors in 

vivo by targeting Nanog [84]. Zhao et al., reported that miR-153 expression was down-

regulated in CD133 positive cells compared to CD133 negative cells and enforced 

expression of miR-153 into GBM-SCs impairs self-renewal ability inducing differentiation 

[85]. Ying et al., found that miR-204 inhibited stem cell properties and migration of glioma 

cells by targeting the transcription factor SOX4 and the migration-promoting receptor 

EphB2 [86]. Table 1.

3.7 Prostate cancer—Liu et al. profiled, for the first time, miRNA expression in prostate 

CSC and/or progenitor cells. They identified miR-34a and let-7b, to be commonly under-

expressed in all marker-positive cell populations. Overexpression of miR-34a, by using 

miRNA mimics or lentiviral vectors, in purified CD44+ cells inhibited tumor growth and 

metastasis in vivo. Interestingly, CD44 was a direct target of miR-34 [87]. Ren et al., 

showed that miR-145, a p53-regulated microRNA, suppressed colony formation, tumor 

sphere formation and expression of CSC markers and stemness factors including CD44, 

Oct4, c-Myc and KLF4 in PC-3 cells [88]. Similarly, miR-134 promotes stem cells 

differentiation by repressing Nanog and LRH1, positive regulators of Oct4/POU5F1 and 
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mouse embryonic stem cells (mESC) growth [89]; thus, decreased miR-134 expression 

helps maintain SC properties. Inorganic arsenic (iAs) is a human carcinogen that 

malignantly transforms human prostate epithelial line in cancer cell lines. To investigate 

differences in miRNA expression profile between the arsenic-transformed epithelial cell 

population and the transformed SC population, Ngalame et al., analyzed the microRNA 

expression profile of human prostate epithelial cells (CAsE-PE) and stem cells (As-CSCs) 

that had been malignantly transformed by chronic iAs exposure. In both transformants, there 

was a downregulation of miRNAs targeting KRAS and RAS superfamily member. Therefore, 

dysregulated miRNA expression appears to impact RAS activation, important to arsenic 

transformation in these cells [90]. Iliopoulos et al., reported that NSCCs (non-stem cancer 

cells) and CSCs presented different microRNA expression profiles and medium from the 

transformed population stimulated NSCCs to become CSCs in vitro and in vivo. 

Intriguingly, IL6 was sufficient to convert NSCCs to CSCs in different breast cell lines, 

human breast tumors, and a prostate cell line. In this study, they showed that tumor 

heterogeneity derives from a dynamic equilibrium between CSCs and NSCCs mediated by 

IL6 [91].

Saini et al. showed that miR-708 was downregulated in CD44(+) cells from prostate cancer 

xenografts. Forced expression of miR-708 in prostate cancer cell lines or CD44(+) prostate 

cancer cells induced the downregulation of AKT2 and CD44 and led to decreased 

tumorigenicity in vitro [92]. Overall these examples indicate that several specific miRNAs 

have a prime role in the regulation of CSCs by regulating self-renewal, proliferation and 

differentiation through the downregulation of CSCs specific genes. (Table 1).

CSCs and EMT

It has been proposed that non-cancer stem cells acquire CSC-like properties through the 

EMT process [93], by which cells lose their epithelial properties and gain migratory and 

invasive properties to become mesenchymal stem cells. The switch in gene expression and 

synthesis of mesenchymal proteins is mediated mainly by three families of transcription 

factors, including SNAI1/2, ZEB1/2, and TWIST1/2. Chaffer and colleagues, demonstrated 

that non-CSCs of human breast cancers can switch from a non-CSC to a CSC state. This 

switch is dependent on ZEB1, a key regulator of the epithelial-mesenchymal transition [94]. 

The miR-200 family, often downregulated in CSCs, was found to directly target the mRNA 

of the E-cadherin transcriptional repressors ZEB1 and ZEB2. Enforced expression of 

miR-200 caused up-regulation of E-cadherin in cancer cell lines and reduced their motility 

in different cancer cell lines [95]. Also, ZEB1 represses miR-200 in a mutual repression 

loop [96]. Qian et al. showed that miR-128-2 silencing promoted EMT in breast cancer cells 

through the derepression of a cohort of direct targets (BMI1, CSF1, KLF4, LIN28A, 

NANOG, and SNAIL), which together induced activation of the PI3K/AKT and STAT3 

signalling pathways [97]. Siemens et al. demonstrated that p53 induced the downregulation 

of Snail through miR-34 family which also down-regulated SLUG and ZEB1 in colorectal 

cancer. Conversely, SNAIL and ZEB1 bind to E-boxes in the miR-34a/b/c promoters, 

repressing miR-34a and miR-34b/c expression [98] Upregulation of miR-125b by Snail 

through Wnt signalling enriched cancer stem cells (CD24-CD44+) and induced 

chemoresistance in breast cancer cells through Bak1 silencing [99]. Yin et al. showed that 
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epithelial ovarian cancer (EOC) stem cells presented high levels of miR-199a and miR-214. 

They identified Twist1 as a regulator of this microRNA cluster responsible for the regulation 

of the IKKbeta/NF-kappaB and PTEN/AKT pathways, suggesting that Twist may be an 

important regulator of ‘stemness’ in EOC cells [100]. NVP-LDE-225, a smoothened 

inhibitor, inhibited pluripotency-maintaining factors such as Nanog, Oct-4, c-Myc and 

Sox-2. TNVP-LDE-225 also suppressed EMT in prostate cancer cells by upregulating E-

cadherin and inhibiting N-cadherin, Snail, Slug and Zeb1 through the miR-200 family [101]. 

In turn, Snail can repress miR-200 family transcriptional activation [102]. Polytarchou et al. 

identified microRNAs that are down-regulated in CSCs and inhibit CSC growth, including 

miR-16, miR-15b and miR-103/107 families. These miRNAs commonly target Suz12, a 

component of the polycomb repressor complexes Suz12 downregulation induces 

upregulation of E-cadherin and consequent downmodulation of ZEB1 and ZEB2 [103]. 

(Table 1 and Figure 3).

3. Concluding remarks

Doubtless CSCs do exist in most tumors. Therefore, the characterization and specific 

targeting of CSCs for therapeutic purposes should be addressed. Recent research has made 

increasingly clear that cancer cells display features of normal tissue organization, where 

CSCs can drive tumor growth. The fact that cancer is mainly driven by a small population of 

stem cells has important implications. If new anti-cancer therapies are not able to eliminate 

the cancer stem cells, the tumor will relapse. Therefore there is an urgent need to further 

characterize cancer stem cells and find new strategies to destroy them, contributing 

enormously to the therapeutic management of malignant cancers. MiRNAs play crucial roles 

in the post-transcriptional regulation of genes. Emerging evidence suggest that miRNAs 

have important roles in the regulation of angiogenesis, drug resistance and metastasis. Given 

that CSCs are believed to be responsible for cancer initiation, propagation and chemotherapy 

resistance, a better understanding of how microRNAs mediate gene expression in CSCs will 

help identify novel cancer biomarkers and therapeutic targets and will aid in the 

development of better strategy for cancer treatment. The development of therapies against 

CSCs should aim to the elimination of both bulk cancer cells and CSCs. One of the most 

promising approaches is the cell based delivery of miRNAs or miRNA inhibitors. 

Unfortunately, some CSC markers, such as CD44 and CD133, are also expressed in normal 

stem and progenitor cells [104] and this might have negative consequences for the 

development of CSC-targeted therapy. The problem could be overcome by the development 

of antibodies against specific glycans on CSC conjugated to liposomes or nanoparticles for 

the selective delivery of miRNAs. In conclusion, the use of miRNAs as biomarkers in 

clinical practice is a potentially powerful tool for non-invasive analysis. A more detailed 

understanding of the role of miRNAs in CSC biology may improve cancer treatments and 

possibly lead to the clinical application of miRNAs in cancer diagnosis, prognosis and 

treatment.
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List of abbreviations

CSCs cancer stem cells

NSCs normal stem cells

PCs progenitor cells

TICs tumor-initiating cells

CD cluster of differentiation

ESC embryonic stem cells

HSC hematopoietic stem cells

AML acute myeloid leukemia

LSC leukemic stem-like cells

LP leukemic progenitors

MDS myelodysplastic syndrome

STP miRNA stem/progenitor transition miRNA

CML chronic myeloid leukemia

BCSC breast cancer stem cells

BT-ICs breast tumor initiating cells

ESA epithelial specific antigen

HMLE mammary epithelial cells

DCIS ductal carcinoma in situ

PCR Polycomb Repressor Complex

NSCCs non-stem cancer cells

EMT epithelial-mesenchymal transition

HBE human bronchial epithelial
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EOC epithelial ovarian cancer
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Figure 1. Cancer stem cell theory
Cancer might arise from cells with stem cell properties or from the progenitors of stem cells 

that normally have limited numbers of cell divisions after the acquisition of genetic 

modifications and/or epigenetic alterations.

Garofalo and Croce Page 19

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Involvement of Wnt, Sonic Hedgehog (SHH) and Notch in CSCs
In red are the upregulated and in green the downregulated microRNAs involved the 

activation/inactivation of Wnt, SHH and Notch in CSCs.
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Figure 3. Link between CSCs and EMT
In red are reported the upregulated and in green the downregulated microRNAs and genes 

involved in cancer stem cell properties and EMT.
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