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Abstract
Notch signaling pathways are known to regulate many cellular processes, including cell
proliferation, apoptosis, migration, invasion, and angiogenesis, and is one of the most important
signaling pathway during normal development. Recently, emerging evidences suggest that
microRNAs (miRNAs) can function as key regulators of various biological and pathologic
processes during tumor development and progression. Notch signaling has also been reported to
be regulated through crosstalk with many pathways and factors where miRNAs appears to play a
major role. This article will provide a brief overview of the published evidences for the crosstalks
between Notch and miRNAs. Further, we summarize how targeting miRNAs by natural agents
could become a novel and safer approach for the prevention of tumor progression and treatment.
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1. Notch signaling
In recent years, we have witnessed the sudden explosion in the literature regarding the role
of Notch signaling in tumor progression. It has become clear that Notch signaling is
involved in cell proliferation, survival, apoptosis, and differentiation which affects the
development and function of many organs [1]. Notch genes encode proteins which can be
activated by binding of a family of its ligands. The four members of Notch receptors have
been identified to date in mammals, including Notch-1-4. Five Notch ligands have been
found in mammals: Dll-1 (Delta-like 1), Dll-3 (Delta-like 3), Dll-4 (Delta-like 4), Jagged-1
and Jagged-2 [1]. Notch signaling is initiated by binding of the Notch transmembrance
receptors with their specific ligands between two neighboring cells. Upon activation, Notch
is cleaved, releasing the Notch intracellular domain (NICD) through a cascade of proteolytic
cleavages by the metalloprotease tumor necrosis factor-α-converting enzyme (TACE) and γ-
secretase complex. The NICD can subsequently translocate into the nucleus for
transcriptional activation of Notch target genes [2] (Figure-1). Inhibiting γ-secretase
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function would prevent the cleavage of the Notch receptor, resulting in blocking the Notch
signal transduction signaling [3]. Therefore, γ-secretase inhibitors could be useful for the
treatment of human malignancies, which are being tested in clinical trials (see website:
clinicaltrials.gov). In the absence of NICD, transcription of Notch target genes is inhibited
by a repressor complex mediated by the CSL (C protein binding factor 1/Suppressor of
Hairless/Lag-1). When NICD enters the nucleus, it binds to CSL and recruits transcription
activators to the CSL complex, leading to convert it from a transcriptional repressor into a
transcription activator complex [3]. A few Notch target genes have been identified, some of
which are dependent on Notch signaling in multiple tissues, while others are tissue specific.
Notch target genes include Hes (Hairy enhance of split) family, Hey (Hairy/enhancer of spit
related with YRPW motif), nuclear factor-kappa B (NF-κB), vascular growth factor receptor
(VEGF), mammalian target of rapamycin (mTOR), cyclin D1, c-myc, p21, p27, Akt, etc. [4–
7].

It has been well documented that Notch signaling maintains the balance between cell
proliferation, differentiation and apoptosis. Therefore, alterations in Notch signaling are
considered to be associated with tumorigenesis. Indeed, it has been reported that Notch
genes are abnormally regulated in many human malignancies [8–10]. These observations
suggest that dysfunction of NICD prevents differentiation, ultimately guiding
undifferentiated cells toward malignant transformation. Interestingly, it has been shown that
the function of Notch signaling in tumorigenesis could be either oncogenic or anti-
proliferative, and the function could be context dependent [11]. Notch signaling has been
shown to be anti-proliferative in a limited number of tumor types, including skin cancer,
human hepatocellular carcinoma and small cell lung cancer [11–13]. However, most of the
studies have shown oncogenic function of Notch in many human carcinomas. In summary,
emerging evidence suggest that the Notch signaling network is frequently deregulated in
human malignancies with up-regulated expression of Notch receptors and their ligands in
cervical, lung, colon, head and neck, renal carcinoma, acute myeloid, Hodgkin and large-cell
lymphomas and pancreatic cancer [6;14–17].

Moreover, patients with tumors expressing high levels of Jagged-1 or Notch-1 had a
significantly poorer overall survival compared with patients expressing low levels of these
genes [18–20]. Jagged-1 was also found to be highly expressed in metastatic prostate cancer
compared to localized prostate cancer or benign prostatic tissues [18]. Furthermore, high
Jagged-1 expression in a subset of clinically localized tumors was significantly associated
with recurrence, suggesting that Jagged-1 may be a useful marker in distinguishing indolent
vs. aggressive prostate carcinomas [18]. Notch signaling pathway has also been reported to
cross-talk with multiple oncogenic signaling pathways, such as NF-κB, Akt, Sonic hedgehog
(Shh), mTOR, Ras, Wnt, estrogen receptor (ER), androgen receptor (AR), epidermal growth
factor receptor (EGFR) and platelet-derived growth factor (PDGF) [14;21–25], and thus it is
believed that the cross-talk between Notch and other signaling pathways may play critical
roles in tumor aggressiveness. The main features of these pathways and cross-talk with
Notch signaling have recently been reviewed, and thus the readers who are interested in
learning more on the cross-talk between these pathways and Notch pathway are referred
published review articles [1;6;7;24;25]. Recently, microRNAs (miRNAs) have been
reported to cross-talk with Notch pathway for its regulation [26–30], suggesting that the
post-transcriptional and/or translational regulation of genes by miRNAs are becoming
critically important. Therefore, in the following sections, we have attempted to summarize
the functional role of miRNAs in Notch signaling pathway.
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2. miRNAs
In recent years, a large body of literature has emerged documenting the biological
significance of miRNAs in tumor progression [31–33]. Over 4500 miRNAs have been
identified in vertebrates, flies, worms, plants and viruses after the first miRNA, which was
discovered in 1993 while studying Caenorhabditis elegans [34]. It is well known that
miRNAs work as integral players in cancer biology. The miRNAs elicit their regulatory
effects in post-transcriptional regulation by binding to the 3′ untranslated region (3′UTR) of
target messenger RNA (mRNA). Either perfect or near perfect complimentary base pairing
results in the degradation of the mRNA, while partial base pairing leads to translational
inhibition to functional proteins [35]. The miRNAs have been implicated in a wide array of
cell functions in many normal biological processes, including cell proliferation,
differentiation, apoptosis, and stress resistance [36]. It has also been shown that miRNAs are
key players in human cancer. The reason why miRNAs are connected with cancer is that
miRNAs are involved in the biological processes of cell proliferation and apoptosis, the two
intimately linked processes that are critically involved in the development and progression
of human malignancies. It has been reported that there are aberrant expression of miRNAs
when comparing various types of cancer with normal tissues [37]. It is very important to
note that some miRNAs are thought to have oncogenic activity while others have tumor
suppressor activity as indicated earlier. Oncogenic miRNAs are up-regulated in cancer and
contribute to its pathology through various mechanisms such as targeting tumor suppressor
genes. In contrast to the oncogenic miRNAs, other miRNAs are considered to have tumor
suppressor activity and are down-regulated in cancer [38;39]. However, these distinctions
may not be so strict, suggesting that some miRNAs may express either activity, depending
on the biological context and tissue type.

Recent studies also suggest that miRNAs could have diagnostic, prognostic, and therapeutic
value. For example, up-regulation of miR-21 is strongly associated with both a high Ki-67
proliferative index and the presence of liver metastasis [40]. High expression of miR-196a-2
had a median survival of 14.3 months compared with a median of 26.5 months for those
with low expression in pancreatic cancer [41], suggesting that miR-196a-2 could be
important predictor of survival. Moreover, high expression of miR-15b was significantly
associated with poor prognosis and tumorigenesis in melanoma [42]. Furthermore, Patients
whose liver tumors had low miR-26 expression had shorter overall survival [43]. Many
other published papers showed that miRNAs expression profiling not only can be used in
diagnosis, but can also be used as prognostic markers in cancer [37]. Although the research
studies for the role of miRNAs in cancer have exploded in recent years, the question remains
whether the alteration in miRNAs expression could be ascertained as the cause or the
consequence of cancer development [37]. It is not clear for the specific targets and functions
of miRNAs although there are several excellent review articles published documenting the
role of miRNAs in human cancers [31–37;44], and thus we will not discuss the functions of
miRNAs in cancers in this article rather we will present evidence regarding the cross-talk
regulation of Notch and miRNAs in cancer development and progression.

3. Cross talk between Notch and miRNAs
Recently, it has been reported that miRNAs play critical roles in Notch signaling pathway.
Several miRNAs have been shown to crosstalk with Notch pathway. However, the role of
miRNAs in the Notch pathway remains unclear. Therefore, in this article, we will discuss
the effect of miRNAs in the Notch signaling pathway and their cross-talk in tumor
development and progression.
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3.1. miR-1
It has been well known that some miRNAs have tumor suppressor activity and are down-
regulated in cancer. One such miRNA which belongs to tumor suppressor group is the
miR-1. In several studies investigating the expression levels of miR-1, the authors have
found that the miR-1 was markedly reduced in primary human hepatocellular carcinoma
(HCC), prostate cancer, head and neck, and lung cancer [45–49]. Datta et al have shown that
ectopic expression of miR-1 inhibited HCC cell growth and reduced clonogenic survival
[47]. In prostate cancer cell lines, transfection with miR-1 represses the expression of its
target genes exportin-6 and protein tyrosine kinase 9 [45]. Nasser et al reported that
reexpression of miR-1 in lung cancer cells reversed their tumorigenic properties, including
growth, migration, clonogenic survival, and tumor formation in nude mice. The anti-tumor
effect of miR-1 in lung cancer may be mediated through down-regulation of oncogenic
targets, such as MET, Pim-1, FoxP1, and HDAC-4. Further, ectopic miR-1 expression was
found to induce apoptosis in lung cancer cells in response to the potent anticancer drug
doxorubicin, suggesting that miR-1 has potential therapeutic application against lung
cancers [48]. Interestingly, the exon 1 and intron 1 of miR-1-1 was methylated in HCC cell
lines and in primary human HCC [47]. Recently, it has been reported that miR-1 regulated
Notch signaling pathway. Kwon et al reported that miR-1 directly targets the Notch ligand
delta in Drosophila for repression [50]. Recently, it has also been found that Dll-1 protein
levels are negatively regulated by miR-1 in mouse embryonic stem cells [51]. These results
suggest that miR-1 could regulate the Notch signaling pathway; however further in-depth
research is needed in order to fully understanding how miR-1 regulate the Notch pathway.

3.2. miR-34
Another important miRNA is miR-34, which has been found to participate in p53 and Notch
pathways regulation consistent with tumor suppressor activity [29;52]. In mammalians, the
miR-34 family is composed of three processed miRNAs: miR-34a is encoded by its own
transcript, whereas miR-34b and miR-34c share a common primary transcript. It has been
reported that the expression of miR-34a was lower or undetectable in pancreatic cancer,
osteosarcoma, breast cancer and non-small cell lung cancer [53–56]. Recently, the
inactivation of miR-34a was identified in cell lines derived from some tumors including
lung, breast, colon, kidney, bladder, pancreas and melanoma [57]. More recently, the
inactivation of miR-34b/c due to CpG methylation was found in malignant melanoma,
colorectal cancer, and oral squamous cell carcinoma [58–60]. Moreover, lower levels of
miR-34a expression was correlated with higher probability of relapse in non-small cell lung
cancer (NSCLC), suggesting that miR-34a could work as a novel prognostic marker in
NSCLC patients [61]. All published data to-date suggests that the inactivation of the miR-34
is a common event in human malignancies.

The reports from several groups have shown that the members of the miR-34 family could
direct p53 signaling. Expectedly, ectopic miR-34 inhibited cell proliferation, colony
formation, and caused a cell cycle arrest in the G1 phase [53;62]. Moreover, re-expression of
miR-34a induced apoptotic cell death [52]. It has been suggested that miR-34-mediated
apoptosis could be suppressed by inactivation of p53 gene. It was also documented that
miR-34a could target several mRNAs, such as SIRT1, Bcl-2, N-myc, cyclin D1, leading to
translational repression of these genes [53;63;64]. Recently, Li et al reported that
transfection of miR-34a to glioma cells down-regulated the protein expression of Notch-1,
Notch-2, and CDK6 [26]. More recently, Ji et al reported that human gastric cancer cells
with miR-34 restoration reduced the expression of target gene Notch [28]. Very recently, the
same group reported that Notch-1, Notch-2 is downstream genes of miR-34 in pancreatic
cancer cells. They found that restoration of miR-34 expression in the pancreatic cancer cells
down-regulated Notch-1 and Notch-2 [29]. They also reported that pancreatic cancer stem
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cells are enriched with tumor-initiating cells or cancer stem cells with high levels of
Notch-1/2 and loss of miR-34. These results suggested that miR-34 may be involved in
pancreatic cancer stem cell self-renewal, potentially via the direct modulation of
downstream target Notch [29]. Taken together, it may be possible to restore miR-34 function
for cancer therapeutic for which novel and innovative research is warranted.

3.3. miR-146
The miR-146 was previously reported to function as novel negative regulators that help to
fine-tune the immune response. Konstantin et al described the role for miR-146 in the
control of Toll-like receptor and cytokine signaling through a negative feedback regulation
loop involving inhibition of TNF receptor-associated factor 6 protein and IL-1 receptor-
associated kinase 1 levels [65]. Recently, it has been found that miR-146a/b acts as terminal
transducers of TLR4 signaling by targeting NF-κB activation by TLR4 [66]. They also
demonstrated a decrease in miR-146b in adult T-cell Leukemia cells. The decrease in
miR-146b may lead to increased inflammation and decreased T-reg functions, resulting in
leukemia [66]. Very recently, miR-146a has been found to have the strongest predictive
accuracy for stratifying prognostic groups and have also shown superiority in predicting
overall survival in lung squamous cell carcinoma [67]. The miR-146 has been reported to
crosstalk with breast cancer metastasis suppressor 1 (BRMS1), a predominantly nuclear
protein that inhibits metastasis without blocking orthotopic tumor growth. Specifically,
BRMS1 significantly up-regulates miR-146a and miR-146b in breast cancer cells.
Transduction of miR-146a or miR-146b into breast cancer cells decreased expression of
epidermal growth factor receptor, down-regulated NF-κB activity, inhibited migration and
invasion in vitro, and suppressed lung metastasis in experimental xenograft models [68;69].
These provided experimental support suggesting that the modulation in the levels of
miR-146 could have therapeutic value in inhibiting breast cancer metastasis. Very recently,
miR-146a was found to regulate Numb in C2C12 cells [27], which is interesting because
Numb is known to regulate Notch signaling negatively through interaction with Notch and
the subsequent ubiquitin-mediated protein degradation. Indeed, Notch activation and the loss
of Numb expression were found in a large proportion of breast carcinomas [70;71]. It has
been reported that over-expression of Notch-1 stimulates NF-κB activity in several cancer
cell lines [72] and since miR-146 also regulate NF-κB activity, it clearly suggest that
miR-146 could regulate NF-κB through Notch mediated signaling pathway. However, the
role of miR-146 in Notch signaling pathway need further innovative investigations.

3.4. miR-199
It has been reported that miR-199a was down-modulated in ovarian cancer [73]. Murakami
et al also found that miR-199a was down-regulated in hepatocellular cancer. Moreover, they
found that over-expression of miR-199a can introduce cell cycle arrest in G2/M phase [74].
Recently, It was reported that miR-199a and miR-199b were down-regulated after 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a potent tobacco-specific carcinogen,
treated rats up to 20 weeks [75]. Very recently, miR-199b-5p was seen to be a regulator of
the Notch pathway through its targeting of the transcription factor Hes-1 in medulloblastoma
(MB) tumors. Inhibition of Hes-1 by miR-199b-5p negatively regulated the MB cell growth.
Moreover, over-expression of miR-199b-5p decreased the MB stem-like cells (CD133+) and
also blocked expression of several cancer stem-cell genes. Further, the expression of
miR-199b-5p in the non-metastatic cases was significantly higher than in the metastatic
cases. The patients with high levels of miR-199b expression showed a better overall survival
[30]. These results clearly suggest that miR-199 family could be very important in the
regulation of multiple signaling pathways including Notch, and thus further in-depth studies
are needed in order to clarify the biological significance and mechanisms on how miR-199
can regulate the Notch signaling pathway in human cancers.
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3.5. miR-200
The microRNA-200 family has five members: miR-200a, miR-200b, miR-200c, miR-141
and miR-429. The miR-200c was down-regulated in benign or malignant hepatocellular
tumors [76]. It has been shown that three miR-200 miRNAs (miR-200a, miR-200b and
miR-429) are significantly associated with cancer recurrence and overall survival in ovarian
tumors [77]. Recently many studies have shown that the miR-200 family regulates
epithelial-mesenchymal transition (EMT) by targeting zinc-finger E-box binding homeobox
1 (ZEB1) and ZEB2 [78–81]. EMT is a process by which epithelial cells undergo
remarkable morphological changes characterized by a transition from epithelial cobblestone
phenotype to elongated fibroblastic phenotype. We have found that PDGF-D over-
expression led to the acquisition of EMT phenotype in PC-3 prostate cells (PC3 PDGF-D
cells) consistent with loss of miR-200 expression, and that the re-expression of miR-200b in
PC3 PDGF-D cells led to the reversal of the EMT phenotype, which was associated with the
down-regulation of ZEB1, ZEB2, and Snail2 expression [82]. Moreover, transfection of PC3
PDGF-D cells with miR-200b inhibited cell migration and invasion with concomitant
repression of cell adhesion to the culture surface and cell detachment [82]. We also found
that miR-200a, miR-200b, miR-200c, and many members of the tumor suppressor let-7
family were down-regulated in gemcitabine-resistant (GR) pancreatic cancer cells, which
show the acquisition of EMT phenotype [83]. Furthermore, we have shown that miR-200
family regulates the expression of ZEB1, slug, E-cadherin, and vimentin, and thus the re-
expression of miR-200 could be useful for the reversal of EMT phenotype to mesenchymal-
to-epithelial transition [83]. We have found that the expression of both mRNA and protein
levels of Notch 1-4, Dll-1, Dll-3, Dll-4, Jagged-2 as well as Notch downstream targets, such
as Hes and Hey, were significantly higher in PC3 PDGF-D cells (unpublished data). More
importantly, we found that Notch-1 could be one of miR-200b targets because over-
expression of miR-200b significantly inhibited Notch-1 expression (unpublished data).
However, how the miR-200b regulates Notch gene expression will certainly require further
in-depth investigations.

4. miRNA as targets by natural agents
Emerging experimental studies have shown that targeting miRNA could be a novel strategy
for cancer prevention and/or treatment. There are several strategies that could be used for
targeting the regulation of miRNAs, which could be useful tool for the inhibition of tumor
progression and, as such, could be useful for therapy. One potential strategy could be the
inactivation of oncogenic miRNAs. It has been found that 2′-O-methyl oligonucleotides or
locked nucleic acid-modified oligonucleotides can block miRNA function. For example,
using this anti-sense oligonucleotide, one could significantly decrease the activity of miR-21
as compared to control oligonucleotides [84]. Another strategy is to restore down-regulated
miRNAs that function as tumor suppressors, such as let-7. It has been shown that over-
expression of let-7 by using exogenously transfected pre-let-7 RNAs consistently showed
reduction in the number of proliferating cells in lung and liver cancer cell lines [85]. This
finding clearly suggests the possibility of restoration of tumor suppressor miRNAs toward
cancer therapy. A third possible strategy could be the use of “natural agents” to target
miRNAs that are known to contribute in the processes of tumor development and
progression.

To that end, recent studies have shown that “natural agents” including curcumin, isoflavone,
indole-3-carbinol (I3C), 3,3′-diindolylmethane (DIM), EGCG, and others could alter the
expression of specific miRNAs, which may lead to increased sensitivity of cancer cells to
conventional therapeutic agents, and thereby may result in the inhibition of tumor growth.
We have found that alteration in the expression of miRNAs could be achieved by treating
cancer cells with DIM or isoflavone. We have shown that treatment of Panc-1 or Colo-357
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cells with B-DIM or genistein (isoflavone) showed decreased expression of the oncogenic
miRNA such as miR-17, miR-20a, miR-106a, and increased the expression of the tumor
suppressor miRNAs such as let-7, miR-16-1 [86]. Our results clearly suggest that “natural
agents” may exhibit their anti-tumor effects through the regulation of miRNAs. Further
support to this statement comes from findings reported by Sun et al showing that curcumin
could altere specific miRNA expression in human pancreatic cancer cells especially showing
up-regulation of miR-22. They also found that up-regulation of miR-22 expression by
curcumin in pancreatic cancer cells suppressed the expression of its target genes SP1
transcription factor (SP1) and estrogen receptor 1 (ESR1) [87]. Melkamu et al reported that
I3C can inhibit the expression of several oncogenic miRNAs, such as miR-21, miR-31,
miR-130a, miR-146b, and miR-377 in vinyl carbamate treated animals. Further investigation
showed that I3C up-regulated PTEN tumor suppressor gene though inhibition of miR-21
[49]. Tsang, et al. recently reported that EGCG treatment could up-regulate the expressions
of miR-16 in human hepatocellular carcinoma cells [88]. We also found that the expression
of miR-200 and let-7 families could be up-regulated in gemcitabine resistant cells by DIM
or isoflavone treatment as indicatd above. Our results also showed that DIM treatment cause
down-regulation of ZEB1, slug, and vimentin, and the morphologic reversal of EMT to
epithelial morphology [83]. Considering the non-toxic characteristics of “natural agents”,
one could speculate that targeting miRNAs by “natural agents” could be a novel and safer
approach for the prevention of tumor progression and/or treatment of human malignancies in
the future.

5. Concluding remarks
In conclusion, we believe that the deregulation of miRNAs plays important roles in the
development and progression of human cancers, and during the acquisition of EMT
phenotype that are in part associated with the formation and maintenance of cancer stem
cells (CSCs). Importantly, miRNAs have been characterized as biomarkers for diagnosis and
prognosis, as well as targets for cancer therapy. Although emerging evidence suggest an
interrelationship between miRNAs and Notch signaling pathway (Figure-2), further research
is warranted to ascertain the value of specific miRNA in the regulation of Notch signaling in
order to exploit preventive and therapeutic strategies. Due to the non-toxic nature of “natural
agents”, we believe that targeting miRNAs by “natural agents” combined with conventional
chemotherapeutics could be a novel and safer approach for the treatment of cancer. The
findings reported in the short review article are very interesting; however, further
investigations are needed in order to elucidate the roles of these and numerous other
miRNAs that could be mechanistically linked with Notch and other cell signaling, and
devising novel approaches on how “natural agents” could be useful in combination therapy
for the prevention and/or treatment of human malignancies in the future.
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Figure 1.
Schematic of Notch signaling. Notch signaling is initiated by binding of the Notch
transmembrance receptors with their specific ligands between two neighboring cells. Upon
activation, Notch is cleaved, releasing the Notch intracellular domain (NICD) through
cleavage by γ-secretase complex. The NICD can subsequently translocate into the nucleus
for transcriptional activation of Notch target genes. When NICD enters the nucleus, co-
repressors associated with CSL (CBF1, Suppressor of Hairless, Lag-1) are displaced and a
transcriptionally active complex consisting of CSL, NICD, Mastermind, and other co-
activators is formed, which converts CSL from a transcriptional repressor into an activator,
leading to activation of Notch target genes.
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Figure 2.
Diagram of roles of miRNA in the Notch pathway
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