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Abstract 

Merkel cell carcinoma (MCC) is a rare but highly aggressive neuroendocrine cutaneous cancer 

whose molecular biology is poorly characterized. Our broad research objective is to identify 

microRNAs (miRNA) that are biologically and/or clinically important in MCC. While 

attempting to establish an MCC-specific miRNA signature, we observed that microRNA-375 

was the most highly expressed miRNA in primary MCC tumours relative to normal skin – an 

observation that I propose reflects miR-375’s specific association with neuroendocrine (NE) and 

secretory subpopulations within normal tissues.  

 Here, I report that miR-375 is strikingly elevated in a range of NE tumour types 

compared with tissue-matched cancers of non-neuroendocrine origin. Furthermore, I show that 

miR-375 is expressed abundantly in a subset of MCC cell lines that possess the biochemical and 

immunohistochemical characteristics of NE cells, but is silenced in cell lines that fail to retain 

these markers. I demonstrate that the enforced expression of miR-375 induces a NE gene 

expression signature – a phenomenon that is mechanistically driven by the post-transcriptional 

repression of multiple Notch pathway components by miR-375. This work identifies the Notch 

pathway as a novel mechanistic link between the association of miR-375 and a NE cell fate, 

provides new insights into the cellular ancestry of MCC, and suggests that miR-375 could 

facilitate clinicopathological diagnosis of MCC and other NE tumours as a novel biomarker. 

  miR-375 is silenced in “variant” MCC cell lines, and inversely correlates with cell 

doubling time and overall aggressiveness. Therefore, despite its high expression in most MCC 

tumours, I propose that miR-375 is an endogenous tumour suppressor. I show that the enforced 

expression of miR-375 inhibits cell viability, impairs cell migration and invasion, can oppose 

survival under stress, and represses the AKT pro-survival signaling pathway. Only siRNA-
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mediated inhibition of Notch2 and Recombination signal binding protein for immunoglobulin 

kappa J region (RBPJ) phenocopied the effects of miR-375 overexpression. Because variant 

(miR-375low) cell lines originate from more aggressive tumours in both MCC and small cell lung 

carcinoma, I postulate that miR-375 silencing occurs in a subset of MCC patients and might 

predispose them to a highly virulent clinical course through the disinhibition of Notch signaling. 
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Chapter 1 – Introduction 

1.1 Merkel Cell Carcinoma 

 Merkel cell carcinoma (MCC) is a rare but deadly neuroendocrine cutaneous cancer 

whose precise genetic and molecular underpinnings are poorly characterized [1]. Clinically, 

MCC is a highly aggressive cancer with a high probability of metastatic progression [2,3]. A 

limited understanding of basic disease mechanisms has thus far hampered the development of 

effective targeted therapies for this clinically intractable tumour. The management of advanced 

disease therefore relies exclusively on non-specific cytotoxics, which are generally undesirable 

because they can cause relatively high treatment-related morbidity and mortality without 

providing a concomitant survival advantage	  [4]. One might expect that new insights from basic 

research will profoundly alter the way MCC is perceived, while generating the knowledge 

needed for rational drug discovery and translational research towards improved patient care.  

 

1.1.1 Diagnosis and Pathological Features 

 MCC patients typically present with a rapidly growing nodule with bluish, red or skin 

tone colouration	   [5]. No single marker is unequivocally diagnostic for MCC. However, a 

confirmatory diagnosis can be achieved by a combination of methods that can rely heavily on 

immunohistochemical staining of biopsied samples. Most MCC tumours display striking 

neuroendocrine (NE) differentiation and are often strongly positive for the classical NE markers 

chromogranin, synaptophysin and neuron specific enolase [5]. Histologically, MCC also displays 

features that are distinctive of neuroendocrine tumours (NETs) such as the presence of numerous 

round to ovoid cells, hyperchromatic nuclei, dense-core granules, extensive mitoses, and 

frequent apoptotic bodies	   [6]. MCC is positive for several epithelial markers including low 
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molecular weight cytokeratins as well as cytokeratin 20 (CK20), which is a marker of normal 

Merkel cells	   [7]. Supplemental staining is often employed in order to distinguish MCC from 

other NETs or skin cancers, and these include negativity for TTF-1 (positive in SCLC), desmin 

(sarcomas), and S100 (positive in melanoma) [8]. The search for markers that enable 

pathologists to discriminate between MCC and metastatic SCLC is ongoing. Most recently, 

PAX5 and TdT have emerged as promising new markers that are positive in MCC and will likely 

be incorporated into the current diagnostic toolkit [9,10].   

 
1.1.2 Treatment Methods and Care of MCC Patients 

 The design of a treatment strategy is largely contingent on the disease stage of an 

individual patient. For localized disease, surgery and radiotherapy represent the primary 

treatment modalities	  [4]. Although the optimal margin has yet to be defined empirically, surgery 

is typically performed with a wide local excision that extends deep into underlying fascia	   [4]. 

Radiotherapy is often administered as an adjuvant treatment, but is also used as a monotherapy 

for patients with unresectable primary tumours [11]. Despite some contrary findings, most 

studies indicate that adjuvant radiotherapy provides an additional measure of loco-regional 

control and reduces the likelihood of recurrence, and is therefore widely used at many 

institutions	  [12]. 

 Like most other cancers, the extent of regional or distant spread in MCC is an important 

prognostic indicator and accurate staging is therefore imperative [13,4]. Because several studies 

have found that a sizeable fraction (23-32%) of clinically negative lymph nodes contain 

micrometastases, the sentinel lymph node biopsy (SLNB), which is a more sensitive technique, is 

employed as it aids staging, and helps guide care [14,15,16]. Patients who present with regional 

spread (as determined by clinically or pathologically positive lymph nodes) typically undergo a 
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lymphadenectomy as several studies have indicated that removal of all drainage basin lymph 

nodes improves outcome [4].  

 The treatment of recurrent and advanced disease is less well defined. Cytotoxic 

chemotherapy regimens that combine platinum based agents with other drugs represent the 

principal mode of treatment for advanced disease, whereas surgery plays little role due to the 

high likelihood of subclinical dormant or incipient secondary lesions [1,17].  

 

1.1.3 Epidemiology 

 MCC is diagnosed in about 1600 patients in the United States per year [18]. Although it 

is considered a rare disease, the incidence of MCC has grown rapidly in recent years – a trend 

that is fuelled by both improved diagnostic techniques and an increasing prevalence of risk 

factors for MCC [19]. The median age of diagnosis of MCC patients is 69 years – it is therefore 

primarily a disease of the elderly [18]. Race is also a risk factor for MCC as indicated by its 

higher incidence in individuals of Caucasian descent (.23 per 100,000) compared to those of 

African descent (.01 per 100,000). The preferential anatomical distribution of MCC to sun-

exposed areas suggests that UV exposure is an important risk factor for MCC [20]. Finally, 

immune deficiency has been historically linked with MCC because individuals suffering from 

long-term immune malfunction are known to be overrepresented among MCC patients 

[20,21,22,23,24].	  

 
 
 
1.1.4 Merkel Cell Polyomavirus  
 
 The observation that a disproportional number of MCC patients suffer from long-term 

immune suppression first provided the impetus to consider the involvement of an infectious 
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agent [25,26]. The Moore group first tested this hypothesis in data generated from 

pyrosequenced MCC cDNA libraries, ultimately discovering non-human transcripts belonging to 

a novel small DNA virus, now called Merkel cell polyomavirus (MCPyV)	   [27]. Subsequent 

studies on diverse patient cohorts have since confirmed that the majority of MCC tumours 

(typically between 70-80%) are MCPyV positive, although variation may be observed depending 

on the geographical origin of the patient population [28,29,30]. Several groups have since sought 

to characterize the normal biology and seroprevalence of the virus, in addition to ascertaining the 

specific mechanisms that might explain how MCPyV initiates or contributes to cellular 

transformation.   

 Several existing lines of evidence suggest that MCPyV acts as a causal agent in virus-

positive MCC [25,31,32].	   Viral integration in MCC tumours follows a monoclonal pattern, 

indicating that it precedes clonal expansion and is therefore more likely to be an initiating event 

rather than a passenger occurrence or epiphenomenon [27]. Although the seroprevalence of 

MCPyV in the general population is very high, MCV sequences derived from MCC tumours are 

uniquely characterized by mutations that ultimately abrogate viral replication [33]. In addition, 

viral T (tumour) antigen proteins are expressed abundantly in MCPyV-positive tumours and cell 

lines, but absent in normal tissues and virus-negative MCC cell lines [34,35,36]. In vitro, the 

continued growth and survival of virus-positive cell lines is dependent on the viral Large T-

antigen (LTA), a phenomenon that broadly resembles the “addiction” of cancer cells to classical 

oncogenes [37,38]. In MCC lines, the LTA functions as an oncogenic factor through multiple 

mechanisms including targeting of the Rb tumour suppressor, and induction of the pro-survival 

protein survivin [39]. While the small T-antigen appears to be less important, it has nevertheless 

been shown to promote cellular proliferation by enforcing the hyper-phosphorylated state of 4E-
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BP1, which ultimately leads to enhanced cap-dependent translation [40]. Although the specific 

mechanisms have yet to be fully ascertained, these data strongly support the notion that MCPyV 

initiates or supports tumourigenesis in most cases of MCC.    

 The discovery of MCPyV has important clinical ramifications. Studies providing 

evidence of a tumour-causing role for MCPyV have raised the possibility that MCPyV vaccines 

may be used as a prophylactic strategy and also suggest that viral proteins may be promising 

therapeutic targets for rational drug design [25]. Additionally, since MCPyV is detected in most 

MCC tumours, the use of antibodies against viral proteins might ease the pathological diagnosis 

of more ambiguous cases. Finally, by describing the actual mechanism for the oft-reported link 

to immune suppression, these discoveries support the previously held notion that MCC may be 

responsive to immunotherapy and provide a strong rationale to explore the efficacy of immune-

based treatments in clinical trials [1,41,42].  

 
1.1.5 Molecular Biology: Enduring Questions   

 Despite clear progress in recent years, many aspects of MCC remain uncertain. We now 

understand that MCC is a disease of at least two major molecular subtypes based on the presence 

or absence of MCPyV. While the literature does support a causal role for MCPyV, it is important 

to also recognize that a full-blown malignancy is more often an outcome of a sequence of genetic 

and epigenetic aberrations rather than any individual change. Detailing the nature and scope of 

cooperating aberrations in MCPyV-positive disease, while also clarifying the biological 

significance of these changes represents a key challenge that has yet to be tackled.  

 While the discovery of MCPyV has justifiably attracted much attention, it is also 

important to recognize that a sizeable minority of MCCs is devoid of the virus, and the biology 

of this subtype is virtually unknown [28,29,30]. What is clear from the limited literature, 
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however, is that MCPyV-negative cases harbour a distinct transcriptional profile, are often 

morphologically unique, and tend to be more clinically virulent than their MCPyV-positive 

counterparts – all of which suggest that initiation and progression of MCPyV-negative disease is 

mediated by a very different complement of genetic and epigenetic alterations [43,44,45,46,47].	  

Therefore, an important future objective must be to characterize and study the unique 

etiopathology of MCPyV-negative MCC in a way that ultimately permits the subtype-specific 

clinical management of this disease. 

 Finally, a general but long-standing question pertains to the cell of origin in MCC	  

[48,49]. Most of what has been proposed tends to be based on the immunohistochemical marker 

expression and the anatomical predilection of MCC lesions	  [49,50].	  Because MCC (like SCLC) 

commonly stains positive for prototypical NE differentiation markers, it has been proposed that 

MCC might originate from a neuroendocrine cell type, albeit from the skin. Because Merkel cells 

are the only known NE subpopulation in the skin and share immunohistochemical and 

ultrastructural similarities with MCC, they have long been touted as the putative origin cell of 

origin in MCC	   [51,52,53,54,55]. However, the cell of origin has yet to be defined empirically, 

and this greatly limits the development of clinically relevant genetic mouse models that might 

otherwise expedite the discovery process.  
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1.2 microRNAs 

 miRNAs are an abundant class of short non-coding RNAs that fulfill essential roles in 

normal development and physiology as negative regulators of gene expression [56]. Since the 

initial discovery of lin-4 in the nematode Caenorhabditis elegans, genes encoding miRNAs have 

been identified in metazoans, plants, algae and viruses [57,58,59,60]. The number of groups 

studying miRNAs has grown rapidly over the last decade – a trend that has synergized with 

improvements in experimental tools to interrogate miRNA function and greatly enhanced our 

understanding of the specific roles that miRNAs fulfill in both contexts of normal physiology 

and disease [56,61,62]. 

 

1.2.1 Biogenesis, Regulatory Mechanisms, and Biological Functions of microRNAs 

 The genesis of mature miRNA sequences in metazoan cells is the outcome of a precisely 

orchestrated sequence of biochemical events that begin in the nucleus and culminate in the 

cytoplasm (Figure 1.1) [63]. miRNA biogenesis is initiated by RNApol II-mediated transcription 

of a primary microRNA (pri-miRNA) transcript. Within the nucleus, the pri-miRNA is engaged 

and cleaved by Drosha (RNAase III endonuclease) and DGCR8, which releases a 60–70 

nucleotide stem-loop precursor miRNA (pre-miRNA)	   [64]. The pre-miRNA is next actively 

exported from the nucleus to the cytoplasm by the export receptor Exportin-5. Following this, 

miRNA biogenesis in both animals and plants coalesces with the RNAi machinery becoming 

biochemically indistinguishable from this broader phenomenon [65].  The double-stranded stem 

of the pre-miRNA is next recognized by the enzyme Dicer in the cytoplasm and is cleaved just 

beneath the intersection of the stem-loop, liberating a short imperfectly paired miRNA duplex 

[65]. This short molecule is subsequently unwound following initial contact with the RNA 
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induced silencing complex (RISC) but only one strand (known as the guide strand) is stabilized 

and fully incorporated into the functional RISC unit due to its relatively higher thermodynamic 

stability [65]. 

 miRNAs fulfill their biological functions as post-transcriptional repressors of multiple 

genes [65]. The actual mode of repression is a combination of several mechanisms that include 

messenger RNA cleavage and translational inhibition mediated both by interference with the 

ribosomal machinery and mRNA deadenylation [65]. The recognition of target genes by 

miRNAs is centered on an interaction between nucleotides 2-7 (known as the “seed”) of the 

mature miRNA and complementary sequences predominantly found within the 3’ untranslated 

region (3’UTR) of mRNA transcripts. This seed-UTR interaction forms the basis of most 

publically available target prediction algorithms [65]. 

 Early studies on let-7 and lin-4, which are considered the founding members of the 

miRNA family, provided the first insights into miRNA function [57]. These studies highlighted 

the importance of miRNAs in controlling the temporal expression pattern of genes and therefore 

the timing of developmental events. Since this early work, many groups have utilized genetic and 

non-genetic, loss- and gain- of function approaches to functionally characterize individual or 

groups of miRNAs [56]. Indeed, miRNAs have been shown to regulate diverse aspects of 

development including cell proliferation, death, and differentiation [56]. miRNAs also fulfill 

important physiological roles in adult tissues such as normal tissue turnover, cell-cell 

interactions, responses to external stimuli, as well as a host of other unique functions in 

specialized cell types [56]. 
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Figure 1.1 Steps involved in microRNA biogenesis and maturation. Figure adapted from Inui 
et al; Nat. Rev. Mol. Cell. Biol. 2010. [66]. 
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biological processes might be prime candidates for 
miRNA-mediated regulation — might be more produc-
tive. In this Review, we provide examples showing that 
signal transduction pathways are prime candidates for 
miRNA-mediated regulation in animal cells. Signalling 
complexes are indeed highly dynamic, ephemeral and 
non-stoichiometric molecular ensembles, which trans-
late into well-established dose-dependent responses. As 
such, they are the ideal targets for the degree of quant-
itative fluctuations imposed by miRNAs. This might 
enable the multi-gene regulatory capacity of miRNAs to 
remodel the signalling landscape, facilitating or oppos-
ing the transmission of information to downstream 
effectors in an effective and timely manner20. TABLE 1 and 
Supplementary information S1 (table) provide a list of 
miRNAs targeting either positive or negative modulators 
of key signalling pathways. In the first part of this Review, 
we summarize some examples that relate the function of 
individual miRNAs to the regulation of cell signalling.

miRNAs may also help to explain a paradox in 
evolution. The core protein engines of developmental 

signalling networks are highly conserved devices, 
which can be traced back to the common ancestor of all 
Bilateria21–23. However, the development of increasingly 
complex body plans obviously required a great degree 
of plasticity in the use of those pathways, demanding 
the evolution of new layers of regulation. Just like trans-
cription factor binding sites, 3  UTR sequences are not 
constrained by coding needs and can potentially diverge 
rapidly to co-opt beneficial miRNA–target inter-
actions and counter-select against deleterious pairs24,25. 
Nevertheless, although few new transcription factor 
families have arisen in animal evolution, continuous 
emergence of new miRNA families has paralleled the 
increased complexities in body plans and organs24,26,27. 
Thus, miRNAs may represent ductile and fast-evolving 
tools, which add sophisticated regulatory tiers to signal-
ling pathways. We discuss the logic of these networks 
in the second part of this Review. In sum, crosstalk 
between growth factor signalling and miRNAs may 
substantially contribute to our current understanding 
of miRNA biology.

Box 1 | RNA biogenesis and mechanisms of action

MicroRNAs (miRNAs) are transcribed as primary 
transcripts (pri-miRNAs) by RNA polymerase II. Each 
pri-miRNA contains one or more hairpin structures that 
are recognized and processed by the microprocessor 
complex, which consists of the RNase III type 
endonuclease Drosha and its partner, DGCR8 (see the 
figure). The microprocessor complex generates a 
70-nucleotide stem loop known as the precursor  
miRNA (pre-miRNA), which is actively exported to  
the cytoplasm by exportin 5.

In the cytoplasm, the pre-miRNA is recognized by 
Dicer, another RNase III type endonuclease, and TAR 
RNA-binding protein (TRBP; also known as TARBP2). 
Dicer cleaves this precursor, generating a 20-nucleotide 
mature miRNA duplex. Generally, only one strand is 
selected as the biologically active mature miRNA and 
the other strand is degraded. The mature miRNA is 
loaded into the RNA-induced silencing complex (RISC), 
which contains Argonaute (Ago) proteins and the 
single-stranded miRNA. Mature miRNA allows the RISC 
to recognize target mRNAs through partial sequence 
complementarity with its target. In particular, perfect 
base pairing between the seed sequence of the miRNA 
(from the second to the eighth nucleotide) and the  
seed match sequences in the mRNA 3  UTR are crucial. 
The RISC can inhibit the expression of the target  
mRNA through two main mechanisms that have several 
variations: removal of the polyA tail (deadenylation)  
by fostering the activity of deadenylases (such as 
CCR4–NOT), followed by mRNA degradation; and 
blockade of translation at the initiation step or at the 
elongation step; for example, by inhibiting eukaryotic 
initiation factor 4E (EIF4E) or causing ribosome stalling 
RISC-bound mRNA can be localized to 
sub-cytoplasmatic compartments, known as P-bodies, 
where they are reversibly stored or degraded.

Figure is modified, with permission, from REF. 104 Nature 
Reviews Genetics  2008 Macmillan Publishers Ltd. All rights 
reserved. m7G, 7-methylguanosine cap; ORF, open reading 
frame.
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1.2.2 microRNA-375 and Role in Normal Physiology and Development 

 miR-375 is a well conserved microRNA that is abundantly expressed in NE and secretory 

cell types. With the exception of tissues with predominant NE function (e.g pituitary) where it is 

strongly positive, miR-375 is otherwise undetectable in most whole-tissue RNA preparations	  

[67,68]. Indeed, Poy et al., who are credited with miR-375’s discovery, were also the first to 

describe its selective expression in the hormone-producing endocrine (Islets of Langerhans) but 

not exocrine pancreas [67]. In recent years, techniques that visualize microRNA expression at 

cellular resolution have been employed to generate a more refined picture of miR-375’s spatial 

expression pattern as this enables comparisons between distinct cell types within tissues [68,69]. 

Importantly, miR-375 positivity is observed in subpopulations of cells with NE properties 

despite being absent in the rest of the tissue [68,69]. Therefore, caution must be exercised when 

making conclusions about miR-375’s expression status in whole-tissue RNA preparations 

derived from organs with considerable cellar heterogeneity.  

 The cell-type specific expression pattern of miR-375 is partly explained by studies 

examining its physiological role in specialized cells. In hormone-producing pancreatic beta cells, 

miR-375 attenuates insulin secretion by directly repressing proteins and signaling pathways that 

facilitate hormonal packaging and exocytosis [67,70,71,72]. In the intermediate lobe of the 

pituitary, miR-375 is a negative regulator of MAPK signaling, and constrains both the expression 

and secretion of pro-opiomelanocortin (POMC)	   [73]. Therefore, the abundant and often 

exclusive expression of miR-375 in NE cell-types within tissues, fits well with its ability to 

regulate their most salient properties, including hormonal synthesis and secretion. The role of 

miR-375 in non-neuroendocrine cells is less well characterized, although its ability to regulate 

the expression and exocytosis of secreted molecules seems to be a common function. In lung 
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epithelial cells, miR-375 can downmodulate surfactant secretion, while in airway epithelial cells 

it regulates the synthesis of cytokines mediating immunological responses to pollutants [74,75]. 

 Several studies have sought to determine the biological mechanisms that dictate the miR-

375 expression profile in cells. Avnit-Sagi et al., reported that the miR-375 genomic region, 

which is intergenic, harbours a TATA box in addition to several E-box motifs and upstream 

regulatory sequences that are required for optimal expression [76]. Indeed, other studies have 

found that these putative regulatory sequences can be bound by transcription factors. For 

instance, chromatin occupancy of the miR-375 promoter is a shared feature of both PDX1 and 

NeuroD1, transcription factors that regulate pancreatic islet development and differentiation [77]. 

miR-375 has been also been shown to be transactivated by estrogen receptor alpha (ER-α) and 

human achaete-scute homolog 1 (HASH1) in breast and SCLC cancer cells respectively [69,78]. 

Interestingly, HASH1, Neurogenic differentiation 1 (NeuroD1), and pancreatic and duodenal 

homeobox 1 (PDX1), are all imperative in the adoption of neuroendocrine fate [79,80,81,82,83]. 

It is therefore reasonable to postulate that the cell-type specific expression of miR-375 is 

regulated at the transcriptional level and requires the co-expression of pro-neuroendocrine 

transcription factors individually or in combination with one another.  

 The importance of miR-375 in normal tissues is not limited to its role in adult specialized 

cells, but extends also to early organismal development where it fulfills important regulatory 

functions. Studies in both mice and zebrafish have highlighted the necessity of miR-375 for 

proper cellular growth and differentiation in the pancreas [84,85,86]. In zebrafish, miR-375 is 

one of several microRNAs detected early in pancreatic development whose expression changes 

dynamically over the course of time. Experimentally interfering with miR-375 expression during 

embryonic development results in aberrant islet development [84]. This is further supported by 
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studies in knockout mice, where targeted genetic deletion of miR-375 leads to a diabetic 

phenotype, despite being a negative regulator of insulin secretion [69]. This is due to the aberrant 

deregulation of growth-promoting pathways normally suppressed by miR-375, which ultimately 

leads to an expanded alpha cell population and hyperglucagonemia-induced diabetes [68]. 

Interestingly, experimentally validated targets of miR-375 include developmental transcription 

factors, components of developmental signaling pathways, and proteins involved in growth and 

differentiation [85,86,87]. In the rat lung for instance, the dynamic modulation of miR-375 

expression during tissue injury enables fate switching between type II and type I alveolar cells, 

made possible by miR-375-mediated regulation of canonical Wnt signaling [87]. These data 

collectively explain how miR-375, by the nature of its targets, can profoundly influence cellular 

fate, growth, and differentiation during embryonic development as well as adult tissue 

homeostasis. 
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1.2.3 microRNA-375 in Cancers  
 
The advent of small RNA microarray and sequencing platforms has enabled systematic 

interrogation of microRNA expression on an unprecedented scale [61,62]. The broad objective in 

the vast majority of these studies is to identify microRNAs with biological and/or prognostic 

significance in cancer, often beginning with a comparison of tumour and normal tissues as a 

means to identify frequently occurring, cancer-specific aberrations in miRNA expression. 

Between 2010 and now, over 30 published studies on diverse tumour types have identified miR-

375 as one of several differentially expressed miRNAs (see Table 1.1). 

 The biological role of miRNAs is dictated by the transcriptomic landscape of the cell-

type in question [62]. miRNA function is therefore highly context specific, and is rarely 

universally tumour suppressive or universally oncogenic. Despite this, a review of all the cancer 

literature pertaining to miR-375 would suggest that miR-375 is predominantly a tumour 

suppressive miRNA (Table 1.1). Studies comparing miRNA expression in tumour and normal 

tissues have shown that miR-375 is downregulated in gastric, hepatocellular, head and neck, 

esophageal, and maxillary squamous cell carcinomas as well as cervical cancer, non-small cell 

lung cancer, and glioma	   [88,90,91,92,93,94,95,96,97,98,99,100,101,102,103]. In these diverse 

contexts, miR-375 has been shown to oppose a variety of cancer-related cellular phenotypes 

including cell proliferation, cell survival, and metastasis	   [91,92,90,104,105]. Many of these 

studies have supported a tumour suppressive role for miR-375 by providing mechanistic data, 

from which one might infer some generalizable principles.  

 The first pertains to the repression of proteins that normally promote cancer cell 

proliferation. In gastric cancer for instance, miR-375 inhibits proliferation by repressing Janus 

Kinase 2 (JAK2), a non-receptor tyrosine kinase that activates JAK-STAT signaling (an 
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important oncogenic pathway in cancer) [88]. In hepatocellular carcinoma (HCC), miR-375 

represses Yes-associated protein 1 (YAP1), a transcription factor that is potently oncogenic and 

amplified in several cancers [106]. Other experimentally validated miR-375 targets that promote 

cell proliferation and are normally overexpressed in cancer include Metadherin (MTDH), 

insulin-like growth factor receptor 1 (IGF1R), and cancerous inhibitor of PP2A (CIP2A) 

[94,107,108]. 

 A second common property of miR-375 is the ability to repress factors or pathways that 

normally enable cancer cell survival. A conserved function of miR-375 appears to be the ability 

to downmodulate PI3K-AKT signaling. miR-375 overexpression can strongly attenuate AKT 

signaling in cell lines derived from gastric cancers esophageal cancers, anaplastic thryoid 

cancers, and head and neck squamous cell carcinomas	   [94,99,109].  Additionally, a number of 

pro-survival proteins have been experimentally defined as miR-375 targets, including 14-3-3 

zeta, autophagy-related protein (ATG7), and 3-phosphoinositide dependent protein kinase-1 

(PDPK1), some of which are known to activate the AKT pathway [105,109,110]. 

 Finally, miR-375 can target factors or processes that promote certain aspects of the 

metastatic process.  In maxillary squamous cell carcinoma for instance, miR-375 inhibits cell 

migration by targeting lactate dehydrogenase beta (LDHB) [93]. In esophageal cancer, miR-375 

inhibits migration and invasion in vitro, in addition to metastatic dissemination in vivo by 

targeting IGF1R [94]. In breast cancer, tamoxifen resistance is associated with decreased miR-

375 expression and epithelial–mesenchymal transition – a process that is reversible by the 

restoration of miR-375 expression [111].  
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Table 1.1 Experimentally validated miR-375 targets in cancer. 

 

Cancer!
Oncogenic or 

Tumour 
suppressive!

Experimentally 
Validated Target! Reference #!

Breast! Both! RasD1! 78,112 !

Small cell lung 
carcinoma! Unclear!  Yap1!  69,113!

Prostate! Unclear! Sec23a! 114!

Pancreatic! Tumour suppressive! IGFBP5, Caveolin!  104!

Glioma! Tumour suppressive! Not characterized!  101!

Non-small cell lung 
carcinoma! Tumour suppressive! Not characterized!  97!

Esophageal 
squamous cell 

carcinoma!
Tumour suppressive! IGF1R, PDK1!  94,96!

Gastric ! Tumour suppressive! JAK2, PDK1, 14-3-3zeta!  88,109,110!

Head and Neck 
SCC! Tumour suppressive! MTDH,!  91,107!

Melanoma! Tumour suppressive! Not characterized! 98 !

Squamous cervical 
cancer! Tumour suppressive! SP1! 102,115 !

Maxillary SCC! Tumour suppressive! LDHB!  93!

Oral cancer! Tumour suppressive! CIP2A! 108!

Hepatocellular !
Tumour suppressive! ATG7, MTDH! 90,105!

 !carcinoma!

Anaplastic thyroid 
cancer! Tumour suppressive! Not characterized!  99!
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1.3 The Notch Signaling Pathway 

1.3.1 Introduction to Notch in Cancer 

 Notch signaling is an evolutionarily conserved pathway that is initiated by direct cell-cell 

contact and has been shown to regulate several vital cellular processes that occur during 

embryonic development and in self-replenishing adult tissues [116]. Cellular processes regulated 

by Notch are diverse and include cell fate specification, stem cell self-renewal, cell proliferation, 

cell differentiation and apoptosis [117]. Given that one or more of these processes are invariably 

deregulated in cancer, it is not surprising that aberrant Notch signaling has since been described 

in several malignancies [118]. 

 A potential role for Notch in cancer was first described when a NOTCH1-TCRβ fusion 

gene was found in T-cell acute lymphoblastic leukemia (T-ALL) patients [119]. Although this 

underlying chromosomal aberration was found to be rare, it is now well known that NOTCH1 

mutations are the principal oncogenic drivers in T-ALL patients [118,120]. Despite the cancer-

promoting role of Notch in some hematopoietic malignancies, many studies have since 

established that its role can vary depending on the cellular context [118]. 

 Notch has been implicated as an oncogenic pathway in a number of cancers besides T-

ALL. In breast cancer for instance, the overexpression of Notch1 or Notch pathway ligands 

inversely correlates with prognosis and Notch activation has been shown to accelerate 

tumourigenesis in murine models of breast cancer [118,121]. In CLL, activating mutations have 

been reported by several groups and are thought to disinhibit Notch signaling by the abrogation 

of E3 ubiquitin ligase-mediated Notch1 degradation [122,123]. In GBM, cancer stem cells have 

been shown to rely on the Notch pathway for enhanced self-renewal and survival, whereas other 
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studies have shown that Notch signaling can activate the epidermal growth factor receptor 

(EGFR) signaling pathway (the principal oncogenic driver in GBM) [124,125].  

 Other studies of different cancers support a tumour suppressive role for Notch. For 

instance, knocking out NOTCH1 in murine skin accelerates tumour formation and can also lead 

to the spontaneous development of basal cell carcinomas in older mice [126]. More recently, a 

study on HCCs found that pharmacological inhibition of Notch accelerated HCC tumourigenesis 

in mice, while Notch activation promoted the arrest and death of human and mouse HCC cell 

lines [127]. Furthermore, loss-of-function mutations in several Notch receptors have been 

described in head and neck squamous cell carcinomas [128,129].  

 The contrasting roles of Notch signaling strongly suggest that its role in cancer hinges on 

the cellular context. Despite this dichotomy, Notch signaling could be an attractive therapeutic 

target in both scenarios provided that its precise role within a given cellular context is thoroughly 

investigated. Future work will need to elucidate the underlying mechanisms that dictate the 

cancer-promoting or cancer-inhibiting functions of Notch. 

 

1.3.2 Mechanism of Action in Brief 

Notch signaling (see Figure 1.2) is initiated at the interface between neighbouring cells, when 

transmembrane ligands on one cell interact with Notch receptors on an adjacent cell [130]. This 

interaction triggers a conformational change in the Notch receptor leading to two proteolytic 

cleavages, which liberate an intracellular domain that ultimately exerts its effect within the 

nucleus [131]. Canonical Notch signaling involves an interaction between this cleaved domain 

and a CSL family transcription factor known as RBPJ (CSL/ CBF-1/ RBP-Jk), which leads to the 

assembly of a transcriptional activator complex that ultimately transactivates a large number of 
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genes including the hairy enhancer of split (HES) family of transcription factors, c-MYC, and 

Notch-related ankryin repeat protein (NRARP) [132,133,134].  

1.3.3 Notch receptors 

 Notch proteins are type I transmembrane receptors that undergo several important post-

translational modifications in transit through the endoplasmic reticulum and golgi apparatus 

[130,135]. During the maturation process, Notch receptors undergo proteolytic cleavage so that 

they consist of non-covalently bonded heterodimer upon arrival at the cell-surface [130]. The 

regulation of endosomal trafficking represents a crucial intracellular mechanism that can 

influence the activity of Notch [136,137]. Numb (a negative regulator of the Notch pathway) for 

instance, can collaborate with α-adaptin and Numb-associated kinase to enhance Notch 

endocytosis and lysosomal degradation [136]. In addition, Notch is a substrate for several E3 

ubiquitin ligases like Deltex, Nedd4, Su(Dx)/Itch, and Cbl, which can alter the balance of 

intracellular Notch trafficking towards either lysosomal degradation or endosomal recycling 

[137]. These processes can dictate the quantity of Notch protein at the plasma membrane, 

thereby influencing the availability for ligand binding and ultimately the levels of Notch 

signaling [130]. Interestingly, several intrinsic safety mechanisms involving the ESCRT complex 

and Lethal Giant Discs (LGD) protein prevent the aberrant activation of Notch receptors [130]. 

1.3.4 Notch Ligands 

 Like Notch receptors, ligands of the Notch pathway are type I transmembrane proteins. 

The two best-characterized ligand classes are Delta and Jagged, while contactin, NB3, and 

DNER have also been touted as potential ligands [138]. Endocytic trafficking of Jagged and 

Delta is initiated by a pair of E3 ubiquitin ligases (Neur and Mib) and is an essential process that 

can augment signaling potency [130]. Finally, a thus far uncharacterized modification (or 
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combination of mechanisms) in the endosome activates Notch ligands before they are recycled to 

the plasma membrane [130]. 

 

1.3.5 Ligand-Receptor Interaction and Regulation of Notch Target Gene Expression 

 Notch receptors are activated by direct binding to Delta/Jagged proteins exposed on the 

plasma membranes of neighbouring cells [130]. This interaction results in a conformational 

change (possibly mediated by physical forces generated by ligand endocytosis) that results in 

partial or full dissociation of the Notch heterodimer [131]. This enables cleavage of Notch by  

disintegrin and metalloproteinase (ADAM) enzymes, liberating a Notch extracellular portion that 

is transendocytosed by the signal-sending cell [131]. The γ-secretase enzymatic complex 

comprising four proteins (presenilin, NCT, PEN2, and APH1) subsequently cleaves the 

remaining membrane-anchored fragment (termed the Notch extracellular truncation or NEXT), 

liberating the Notch intracellular domain (NICD) and Nβ peptides. NICD then translocates to the 

nucleus to ultimately initiate gene expression changes [130]. 

 The main transcriptional effector of the Notch pathway is the DNA binding protein 

RBPJ/CSL [132,133,139]. In the absence of NICD, RBPJ is part of a transcriptional repressor 

complex, which includes ubiquitous co-repressor (Co-R) proteins and Histone deacetylases 

(HDACs) that collaborate to silence gene expression [130,139]. However, following activation 

of Notch signaling, RBPJ is bound by NICD in the nucleus, which is thought to initiate an 

allosteric change that ultimately leads to its dissociation from the repressor complex [133]. 

Mastermind (MAM) proteins next recognize the NICD/RBPJ complex leading to the recruitment 

of transcriptional co-activators, and ultimately a switch towards activation of target gene 

expression [133].  
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Figure	  1.2	  The	  Notch	  signaling	  pathway.	  	  

Figure adapted from Ilagan et al., Cell. 2007. [130]. 
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1.4 Study Rationale and Objectives 
 

 The medical community has made great strides in improving treatments for cancer in 

recent years. This is perhaps best exemplified by the development and use of specific targeted 

drugs (imatinib, erlotinib, vemurafenib to name a few), which have enabled the subtype- and 

even patient-specific treatment of cancer and vastly improved the effectiveness of care [140]. In 

light of these achievements, the inability to curb recurrence in MCC, slow disease progression, 

or noticeably reduce mortality rates is a reminder that the current treatment paradigm leaves 

much to be desired [1,4]. While it is well known that small-cell tumours are generally 

chemosensitive, responses to non-specific cytotoxic drugs tend to be short-lived in MCC and 

associated with relatively high treatment-induced morbidity and mortality due to the advanced 

age of the treatment population [4]. As MCC is an immune-sensitive tumour, there is also some 

suggestion that the cytotoxic effects on the tumour may be greatly offset by the concurrent 

myelosuppressive effects of chemotherapy [1,4]. Achieving tangible improvements in patient 

care is therefore likely to hinge on the development of targeted therapeutics, which in turn will 

greatly depend on generating new insights through basic research. As a step towards this long-

term goal, we have chosen to tackle a previously uncharacterized area of MCC molecular 

biology – the role of miRNAs.  

 Over the last decade, a large body of work has shed light on important principles 

involving the biological roles and clinical applications of miRNAs in cancer. First, aberrant 

changes in miRNA expression are a universal feature of malignant progression and can impinge 

on tumour biology in ways that profoundly influence the course of an individual’s disease 

[61,62]. Second, systematic studies have led to the identification of miRNA expression 

signatures that benefit pathological diagnosis, patient stratification, and clinical management 
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[61]. Finally, exploring the underlying biology of miRNA aberrations can lead to the discovery 

of novel targetable pathways and a more precise understanding of disease mechanisms in ways 

that benefit translational research [62]. We therefore hypothesize that studying the role of 

miRNAs in MCC has the potential to yield novel diagnostic and prognostic biomarkers, while 

generating new mechanistic insights that facilitate hypothesis-driven, targeted drug discovery 

and translational research.  

 The broad objectives of this project are therefore: 

1. To identify miRNAs with potential biological and/or clinical relevance. 

2. To take advantage of MCC cell lines to study the biology and cellular functions of a 

specific miRNA.    

3. To detail the target genes and mechanisms that might explain the observations made in 

objectives 1 and 2. 
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Chapter 2 – Materials and Methods 

2.1 Cell Lines and Clinical Tissue Samples 

 MS-1, MCC13, and MCC26 were grown in RPMI medium 1640 (Hyclone, Logan, UT) 

supplemented with 15% fetal bovine serum (Hyclone), while all MCC14.2 cell lines required 

further supplementation with 1mM Sodium Pyruvate and 20mM Hepes. MKL-1 was grown in 

RPMI + 10% FBS. MCC14.2 35A, MCC14.2 75A, and MCC14.2 GFP (Bossuyt et al., Plos 

Biol. 2009) were kind gifts of Dr. Bassem Hassan [138].  All cell lines were maintained at 37°C 

with 5% CO2. 

 For the miRNA microarray and qRT-PCR validation studies, we obtained formalin-fixed 

paraffin-embedded (FFPE) tissues from 12 primary MCC tumours, and 4 normal skin samples 

from the Department of Pathology and Molecular Medicine, Kingston General Hospital 

(Kingston, ON).  All cases were diagnosed and classified by a dermatopathologist (V.A.T.). All 

tissue samples were processed within 3 years of formalin fixation/embedding, and were 

approved for use by the Faculty of Health Sciences Ethics Board at Queen's University.  

 For the analysis of miR-375 expression in assorted NE tumours and matched non-NE 

tumours, RNA was isolated from FFPE tissue samples of 10 primary melanomas, 6 basal cell 

carcinomas, 3 squamous cell carcinomas, 4 neuroendocrine lung carcinoids, 4 non-small cell 

lung carcinomas, 3 pancreatic NETs, 3 pancreatic adenocarcinomas, 3 intestinal NETs, and 3 

colon adenocarcinomas. Diagnostic microscope slides for all cases were reviewed and confirmed 

by V.A.T, and subsequently punched from FFPE tumour blocks.  
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2.2 RNA purification 

 For all clinical tumour samples, slide preparations were photographed digitally, and only 

areas showing >75% tumour without significant necrosis were punched using a 1.0 mm TMA 

punch. For analysis of microRNA expression in clinical samples, total RNA was isolated from 

FFPE samples using the RecoverAll Total RNA Isolation kit (Ambion, Austin, TX) according to 

the manufacturer’s instructions. For analysis of miR-375 expression in MCC cell lines and for 

use in the gene expression microarray, total RNA was isolated using the mirVanaTM miRNA 

Isolation kit (Ambion/Life Technologies) according to the manufacturer’s protocol. 

 

2.3 miRNA Microarray and Statistical Analysis 

 The Agilent Human miRNA Microarray V2 platform was used to characterize the global 

miRNA profile of MCC tumours. 100 ng of total RNA from each sample was dephosphorylated, 

labeled with pCp-Cy3 (Agilent, Santa Clara, CA), and subsequently purified and hybridized onto 

the chip in a rotating oven at 55°C for 20 hours. Chips were scanned with the Agilent DNA 

Microarray scanner, and raw signals were quantified using the Agilent Feature Extraction 9.5.3.1 

software. Significant Analysis of Microarray (SAM) was applied to log 2 transformed miRNA 

expression data with 1000 permutations and a high stringency cut-off (q < 0.001) as a statistical 

approach to identify differentially expressed miRs in MCC tumours versus normal skin. 

Candidate miRNAs for validation by qRT-PCR were selected from those that met 3 criteria: 

significance when the FDR was set to q value < 0.0001; at least a 2-fold up or down-regulation 

in MCC, and change in absolute mean signal intensity (r) was ≥ 100.  
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2.4 miR-375 Overexpression and Knockdown 

 mirVanaTM microRNA mimics (Invitrogen, Carlsbad, Ca) were used to achieve transient 

overexpression of miR-375 in variant MCC cell lines. For all overexpression experiments, cells 

were seeded at approximately 30% confluence and transfected with 10 nM of mirVanaTM miR-

375 or Negative control (Neg Cntrl) using Lipofectamine 2000 (Invitrogen) as a transfection 

reagent. miR-375 overexpression was confirmed by qRT-PCR 72 hours post-transfection.   

 Anti-miR microRNA inhibitors (Ambion) were used to transiently knockdown miR-375 

in in MKL-1 and MS-1. Cells were seeded at 300,000 cells/mL in T25 culture dishes and 

transfected with 100 nM anti-miR-375 or anti-miR Negative control using lipofectamine 2000. 

miR-375 knockdown was confirmed by qRT-PCR from RNA isolated 72 hours post-

transfection.  

 

2.5 siRNA-mediated Knockdown 

 siRNA oligos were selected from pre-designed dsiRNA oligo sets (IDT) against proteins 

of interest. For all siRNA transfections, cells were seeded at approximately 30% confluence and 

transfected the following day with 5 nM siRNA or a control siRNA (si Cntrl). Successful 

knockdown was confirmed by western blotting. Cell were harvested 72 hours post-transfection 

for all associated functional assays.  

 

2.6 Gene Expression Microarray and Analysis 

 The Agilent Microarray Platform for One-Color Analysis of Gene Expression was used 

to profile gene expression changes associated with miR-375 over-expression or knockdown in 

MCC cell lines. Total RNA from MCC cell lines was isolated 72 hours post-transfection using 
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the miRNeasy Mini kit (Qiagen). For each sample, 500 ng total RNA was mixed with the Agilent 

One-Color Spike-in RNA control, with the resulting mixture amplified and labeled using the 

Agilent One color, Quick Amp Labeling kit to generate Cy3-labelled cRNA. cRNA was 

subsequently fragmented at 60°C for 30 minutes and hybridized to Agilent Human 4X44K whole 

genome microarrays in a rotating oven at 65°C for 17 hours. Chips were scanned with the 

Agilent DNA Microarray scanner, and raw signals quantified using the Agilent DNA microarray 

scanner.  

 

2.7 miRNA and mRNA Quantitation 

 miR-375 expression in clinical specimens, and cell lines was quantitated by qRT-PCR 

analysis using the TaqMan miRNA assay (Invitrogen/Life Technologies) according to the 

manufacturer's protocol. Total RNA was isolated as described previously, and cDNA generated 

by reverse transcription using primers (Invitrogen/ Life Technologies) specific for miR-375 and 

RNU6B according to the manufacturer’s protocol. miRNA expression was assayed in triplicate 

for any individual experiment, and data normalized to endogenous RNU6B levels. Relative 

expression was calculated using the ΔΔCT method. 

 For quantification of gene expression, total RNA was isolated and reverse transcribed 

using the Taqman® Gene Expression assay according to the manufacturer’s protocol. qRT-PCR 

was completed using primers specific for STMN2, STMN3, ENO2, and beta-actin (Invitrogen/ 

Life Technologies). All gene expression data were normalized to endogenous beta-actin levels 

and relative mRNA levels determined using ΔΔCT method.  
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2.8 Bioinformatics Analyses 

 Functional annotation, pathway analysis, clustering and visualization of networks 

associated with gene expression changes were accomplished using DAVID (version 6.7) or the 

Cytoscape software platform in conjunction with the REACTOME (version 43) plugin.  For 

identification of direct miR-375 targets, the list of genes downregulated by miR-375 

overexpression was cross-referenced to a list of putative miR-375 target genes (regardless of site 

conservation) predicted by TargetScanHuman release 6.2. All bioinformatics tools used are 

open-source, open-access databases or software platforms.  

 

2.9 Cell Growth Assay 

 The effects of miR-375 overexpression, siRNA mediated knockdown on cell growth were 

determined by counting number of viable cells 72 hours post-transfection.  Briefly, cells were 

washed with PBS, trypsinized, re-suspended in medium and counted using Trypan blue.  

The effects of miR-375 knockdown on classic MCC cell lines were determined using the 

alamarBlue® assay. Briefly 30,000 cells per well were seeded in a 96 well plates and transfected 

the same day with either Anti-miR-375 or anti-miR Neg Cntrl. Viability was determined at 24, 

48 and 72 hours post-transfection. AlamarBlue was added to plates and incubated for 3 hours at  

37°C with 5% CO2. Fluorescence signals were read using the Softmax Pro microplate reader. 

 

2.10 Cell Survival Under Serum Starvation/ Toluidine Blue Assay 

 MCC26 cells were used to evaluate the effects of miR-375 overexpression on cell 

survival following serum starvation. 72 hours post-transfection, cells were counted, and re-
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seeded at 100,000 cells per well in a 6-well plate in media without serum. Surviving fraction was 

determined using toluidine blue staining at 24 hours and at 4 (siRNA) or 7 (miR-375 

overexpression) days post-seeding. Briefly, well were fixed with 10% formalin neutralized 

buffer, washed 3 times with PBS, and stained with toluidine blue solution for 30 minutes. Wells 

were cleaned with distilled water and images were captured. To quantify intensity of staining, 

stained cells were solubilized using 1% SDS, and optical density at 650nM was read using the 

BioTek plate reader.  

 

2.11 Cell Migration and Invasion Assays 

 The effects of miR-375 overexpression or siRNA-mediated knockdown on the migratory 

and invasive capacity of cells were assayed using transwell Boyden chambers/inserts (BD 

Biosciences). Cells transfected with miR-375 or Neg Cntrl were harvested after 72 hours, 

counted, re-suspended in serum free medium, and re-seeded in the upper chamber of transwell 

inserts. For MCC26, 4x104 and 3x104 cells were seeded for migration and invasion respectively, 

whereas 3x104 cells were used in both migration and invasion assays for MCC13. Inserts were 

placed into a 24-well plate containing medium supplemented with 15% FBS that served as a 

chemoattractant. 23 hours post-seeding, inserts were removed and fixed in 10% formalin neutral 

buffer, stained with crystal violet. Non-migrated cells were removed using a cotton swab, and 

inserts were then cut and mounted onto slides. Three experimental replicates were completed for 

any given treatment. At 10x magnification, 5 random fields were captured photographically, and 

number of cells per field was counted using Adobe Photoshop.  
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2.12 5’-Aza-deoxycytidine Treatments 

 MCC13 and MCC26 (1.2x105) cells were seeded in 6-well plates and treated with 25 μM, 

50 μM of 5-aza-2’deoxycytidine (Sigma-Alrich Corporation, St. Louis, Missouri, USA) or with 

media alone for 72 hours. Culture medium was replaced with media containing Aza every 24 

hours. Total RNA was isolated from cells and miR-375 levels quantified as previously described.   

 

2.13 Western blotting  

 Cells were lysed using whole cell lysis buffer, sonicated, and subjected to protein 

quantification by Bradford assay. In preparation for westerns, 20ug of protein was mixed with 

4X loading buffer and boiled at 100 degrees C for 10min. Cell lysates were separated on SDS-

polyacrylamide gels and transferred onto a PVDF membrane for 1hr at 100V at 4 degrees C. 

Membranes were blocked in 4% milk/TBS-T and then probed with primary antibodies (diluted in 

4% milk or 5% BSA) overnight at 4°C. Membranes were washed with TBS-T, and then 

incubated in HRP-conjugated secondary antibodies diluted in 4% milk for 1 hour at room 

temperature. Proteins were detected using an enhanced chemiluminescence (ECL) luminol-based 

reagent and visualization accomplished using photographic films. The housekeeping gene 

gamma tubulin was used as a loading control in all experiments. 

 

Table 2.1. Summary of Antibodies 

Primary Antibody Company Concentration 
of Primary 

Mouse Anti-Gamma 
Tubulin BD Biosciences 1/10,000 
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Rabbit Anti-Notch2 Bethyl Inc. 1/2000 in 4% 
milk 

Mouse Anti-RBPJ Santa Cruz 
Biotechnologies 

1/200 in 4% 
milk 

Rabbit Anti-pAKT Cell Signaling  1/2000 in 5% 
BSA 

Rabbit anti-Total AKT Cell Signaling 1/2000 in 5% 
BSA 

Rabbit Anti-
ATOH1/HATH1/MATH1 

Thermo 
Scientific/ 
Pierce 
Antibodies 

1/ 200 in 4% 
milk 

Anti-rabbit IgG HRP Cell Signaling 1/1000 in 4% 
milk 

Anti-mouse IgG HRP Cell Signaling 1/1000 in 4% 
milk 

 

2.14 Construction of Plasmids and Luciferase Reporter Assay 

 Regions of the 3’UTR for RBPJ and Notch2 containing the miR-375 binding sites were 

amplified from human genomic DNA using a standard PCR protocol. Inserts containing 3 point 

mutations in the putative miR-375 seed recognition motif were generated using overlapping 

PCR. Primers used are as follows;  

XhoI-RBPJ-Fw: ACGCCTCGAGTAC	  CGTCTTTTTGCTAGGACTTA;	  	  

NotI-RBPJ-Rv: ATAAGAATGCGGCCGCACCTGGAAGAGT	  ATGATAGAT;	  	  

RBPJ-Mut-Fw: TAATGTGGCTGGAATACAAGTTGCACCACCTAGAAGACAC;	  	  

RBPJ-Mut-Rv: GTGTCTTCTAGGTGGTGCAACTTGTATTCCAGCCACATTA;	  	  

XhoI-Notch2-Fw:	  ACGCCTCGAGTTCACAGCACAGTTATGCTTCCT;	  	  

NotI-Notch2-Rv: ATAA	  GAATGCGGCCGCGTGTAGAATCTTCTCATGGATA;	  

Notch2-Mut-Fw TGTAAATGCTGCTGAGGTATAATTGAAGGTCATCCGGGAGAGA;	  	  

Notch2-Mut-Rv: TCTCTCCCGGATGACCTTCAATTATACCTCAGCAGCATTTACA. 
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 All inserts were purified from crystal violet gels, digested using XhoI and NotI and 

ligated into pre-digested and pre-purified PsiCheck2 Vector to generate the following plasmids: 

RBPJ-Psicheck2 Wt, RBPJ-Psicheck2 Mut, Notch2-Psicheck2 Wt, and Notch2-Psicheck2 Mut. 

For the luciferase assay, MCC26 cells were seeded onto 12-well plates at approximately 60% 

confluence and co-transfected with 50 ng of plasmid DNA and 5 nM of miR-375 or Neg Cntrl 

for 24 hours. Measurements of Firefly and Renilla luciferase activity were obtained 24 hours 

post-transfection using Dual-Glo luciferase assay (Promega Biosciences) according to the 

manufacturer’s protocol.  

 

2.15 Statistical Analysis 

 At least three independent biological replicates were conducted for all experiments 

reporting results expressed as mean +/- SEM.  Student’s T test was used to compute statistical 

differences between treatment groups. P-value of less than 0.05 was considered statistically 

significant. Graphing was done using Microsoft Excel and GraphPad Prism software (GraphPad 

Software, Inc.).  
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Chapter 3 - A miR-375-Notch Signaling Axis Defines The Neuroendocrine 

Differentiation Properties of Merkel Cell Carcinoma 

 

3.1 microRNA Profiling in Human MCC. 

 Our ultimate objective is to identify miRNAs with potential biological, diagnostic, or 

prognostic significance in MCC. We therefore sought to first establish a unique tumour-specific 

miRNA signature by comparing the global miRNA expression profile of MCC to normal skin. 

Using Significant Analysis of Microarray (SAM) to interrogate our dataset, we identified 15 

miRNAs with higher relative expression and 11 with lower relative expression in MCC versus 

normal skin. We next selected 8 miRNAs (Table 3.1) from this list to further validate by qRT-

PCR using the following criteria: statistical significance when the FDR was set to q <0.0001; at 

least 2-fold higher or lower relative expression in MCC; and change in absolute mean signal 

intensity (r) ≥ 100. The expression of these 8 miRs was quantified in a larger cohort of clinical 

samples comprising the original microarray set plus an additional 6 primary MCC tumours and 2 

skin samples. Consistent with our microarray analysis, 6 out of 8 (miR-375, miR-532-5p, miR-

130b, miR-106b, miR-93, miR-107) showed higher relative expression in MCC, while the 

remaining 2 (miR-203 and miR-205) were relatively under-expressed (Table 3.1). From this 

analysis, we identified miR-375 as the microRNA with the greatest average expression (390 

fold) in MCC tumours relative to normal skin. I therefore set out to explore the underlying 

biology behind this association. 
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Figure 3.1 Defining a MCC miRNA Expression Signature by Microarray Profiling 
 
Heatmap of top 8 differentially expressed miRNAs depicting the relative expression in MCC 
tumours versus normal skin. Total RNA was isolated from 6 MCC tumours and 2 normal skin 
FFPE samples for global miRNA expression profiling using the Agilent Human miRNA 
Microarray V2 platform. Statistical analysis of data is described in section 2.2.  
 
Table 3.1 miR-375 is the most highly expressed miRNA in MCC tumours relative to 
normal skin. 
 
Top 8 miRNAs were validated by qRT-PCR. RNA was isolated from 6 additional MCC tumours 
and 2 normal skin FFPE samples as previously described. The expression of individual miRs was 
assayed in experimental triplicates using the Taqman miRNA assay, and normalized to 
endogenous RNU6B levels. Values represent mean expression in MCC relative to normal skin.  
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3.2 miR-375 is Elevated in Diverse Neuroendocrine Tumour Types Compared to Tissue-

Matched Tumours of Non-neuroendocrine Origin.  

 While the role of miR-375 in normal physiology and disease is only beginning to be 

understood, several observations strongly suggest a link to NE differentiation. For instance, NE 

subpopulations within the pancreas and lung (islet cells and neuroepithelial bodies respectively) 

are strongly positive for miR-375 despite being absent in whole-tissue RNA preparations from 

these organs [67,68,69]. In addition, the regulation of neurohormonal synthesis and secretion in 

diverse cell types appears to be an important physiological function that falls within the 

regulatory purview of miR-375 [67,73]. Consistent with these observations, several groups have 

shown that miR-375’s promoter is under the direct control of bona fide pro-neuroendocrine 

transcription factors normally required for the development and differentiation of NE cell types 

[69,76,77]. Given these various observations, I hypothesized that the elevated relative expression 

of miR-375 in MCC reflects its cellular origin from a cutaneous NE cell type rather than a 

property acquired secondary to malignant transformation. To test this hypothesis, I compared the 

expression of miR-375 in panel of diverse skin, pancreatic, lung, and intestinal tumour types. 

Fascinatingly, we observed that miR-375 expression was greater by two to three orders of 

magnitude in all NE tumour types compared to tissue-matched tumours of non-NE origin (Figure 

3.2).  Using a normal skin sample as the baseline for quantification, average miR-375 expression 

was highest in intestinal NE tumours and carcinoids of the lung (8200 and 5200 fold 

respectively) followed by pancreatic NETs and MCC (1920 and 540 fold respectively). These 

results identify miR-375 as novel lineage-specific marker of NE cells that could be used in 

conjunction with more conventional markers to ascertain the NE differentiation status of 

tumours.  
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Figure 3.2 miR-375 is elevated in diverse neuroendocrine tumour types compared to tissue-
matched tumours of non-neuroendocrine origin.  
 
In addition to the 12 MCC and 4 normal skin samples described, RNA was also isolated from 
FFPE blocks of primary melanomas (n=10), basal cell carcinomas (n=6), squamous cell 
carcinomas (n=3), neuroendocrine lung carcinoids (n=4), non-small cell lung carcinomas (n=4), 
neuroendocrine pancreatic tumours (n=3), pancreatic adenocarcinomas (n=3), intestinal 
neuroendocrine carcinoids (n=3), and colon adenocarcinomas (n=3). Values represent miR-375 
expression relative to normal skin.  
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3.3 The expression of miR-375 in MCC Cell Lines reflects their neuroendocrine 

differentiation status.  

 In order to further test the link to NE differentiation, I asked whether miR-375 expression 

correlated with the NE differentiation status of MCC cell lines. Cell lines established from both 

MCCs and SCLCs display identical phenotypic and morphological subtypes, and are therefore 

classified using the same system [50,141,142]. Importantly, NE differentiation is a major 

discriminatory criterion. Classic cell lines retain the expression of prototypical NE markers 

(positive for chromogranins, synaptophysin, neuron specific enolase etc.) whereas variant cell 

lines either partially or fully fail to express these same markers (Figures 3.3 and 3.4 B) 

[143,144]. I reasoned therefore that miR-375 may be differentially expressed between classic and 

variant cell lines. Remarkably, miR-375 positivity was exclusive to the classic phenotype (Figure 

3.4 A), and is expressed at a level comparable to the NET types described previously. In contrast, 

miR-375 expression was between 5 and 6 orders of magnitude lower (up to a million fold) in the 

variant lines MCC13, MCC26, and MCC14.2.  
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Figure 3.3 Classic versus variant MCC cell lines.   
 
Morphology of variant and classic MCC cell lines. All variant cell lines used grew as adherent 
monolayers, while classic cell lines grew as floating aggregates in suspension.   
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Figure 3.4 The expression of miR-375 in MCC Cell Lines reflects their neuroendocrine 
differentiation status.  
 
A. miR-375 positivity is exclusive to classic MCC cell lines. Total RNA was isolated from 
classic and variant MCC cell lines as described in method. Relative expression of miR-375 in 
MCC cell lines was quantified as previously described. Values represent mean miR-375 
expression ± SEM in cells derived from three independent passages.  
 
B. ENO2 (neuron specific enolase) expression in classic versus variant MCC cell lines. 
Expression of the NE marker ENO2 in classic versus variant MCC cell highlights their relative 
NE differentiation status. Values represent mean ENO2 expression ± SEM in cells derived from 
three independent passages.  
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3.4 miR-375 Overexpression Leads to substantial genome-wide transcriptional changes and 

the Induction of a Neuroendocrine Differentiation Signature.  

 I next postulated that phenotypic differences of MCC cell lines in cell culture might 

provide a useful model to identify the biological and molecular mechanisms linking miR-375 

and NE differentiation. To explore this further, we transiently over-expressed miR-375 (Figure 

3.5 A) using mir-Vana miRNA mimics and profiled the resulting genome-wide transcriptional 

changes using the variant line MCC26. Over-expression of miR-375 (miR-375-OE) resulted in 

vast transcriptional changes (Figure 3.5 B) with 825 and 627 genes down and up-regulated more 

than 1.5 fold respectively (Figure 3.5 C). Speculating that the surprisingly high number of 

upregulated genes may be informative, I next asked if there was enrichment of genes or groups 

of genes related to specific functions. Using the functional annotation tool DAVID to interrogate 

sub-lists of the top up- and down-regulated genes, we detected a NE gene expression signature 

associated with miR-375 overexpression (Figure 3.6 A). Intriguingly, we detected an enrichment 

of genes related to both neural (synaptic transmission, transmission of nerve impulse, neuron 

projection, cation channel activity) and endocrine differentiation (secretion by cell, 

chromogranin/secretogranin, chromogranin conserved site). Importantly, these functions were 

only detected in the up-regulated but not in the down-regulated gene set (Figure 3.6 A). Using 

qRT-PCR, we found that enforced expression of miR-375 in variant cells lines resulted in the 

induction the NE-related genes ENO2 (i.e NSE), STMN2, and STMN3 (Figure 3.6 B) These 

results lead us to conclude that miR-375 might actively promote and maintain commitment 

towards a NE cellular fate.   
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Figure 3.5 Transient overexpression of miR-375 leads to extensive genome-wide 
transcriptional changes.  
 
A. Enforced expression of miR-375 in MCC26 cells. mirVanaTM microRNA mimics were used to 
achieve transient overexpression of miR-375 in the variant line MCC26. Cells were seeded at 
approximately 30% confluence Cells and transfected with 10nM of mirVanaTM miR-375 or Neg 
cntrl using Lipofectamine 2000. miR-375 overexpression was confirmed by qRT-PCR 72 hours 
post-transfection. Values represent mean fold induction in miR-375 ± SEM of three independent 
biological replicates.  
 
B. Heatmap depicting a subset of transcriptional changes associated with miR-375 
overexpression.  
 
C. Approach to interrogate biological significance of transcriptional changes induced by miR-
375.  
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Figure 3.6 miR-375 overexpression leads to the induction of a neuroendocrine 
differentiation signature. 
 
A. Comparison of the top ten terms (ranked by P-value) in upregulated versus downregulated 
probesets generated by DAVID functional annotation charts. 
 
B. miR-375 overexpression leads to induction of several pro-NE genes and NE differentiation 
markers. qRT-PCR validation of selected NE-related genes. Variant cell lines were transfected 
with miR-375 mimics or Neg Cntrl. RNA was isolated from cells 72hours post-transfection, and 
gene expression was quantified by qRT-PCR as previously described. Values represent mean 
gene expression ± SEM of three independent experiments. * P< 0.05. 
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3.5 Integrating Transcriptomics and Bioinformatics Towards miR-375 Target 

Identification.	  

 The ability of miR-375 to promote NE differentiation suggests that it might negatively 

regulate factors that normally suppress this state. In order to characterize these mechanisms, I 

integrated the results from our microarray with several publically available bioinformatics tools 

that enable miRNA target prediction and pathway analysis of gene expression datasets. Using the 

Cytoscape software program, I first asked if pathways known to regulate cell fate specification, 

differentiation, or development were enriched in our downregulated microarray gene set. 

Interestingly, we detected clusters enriched in genes related to the Notch and Wnt signaling 

pathways in the downregulated list of genes suggesting that miR-375 might downmodulate these 

pathways (Figure 3.7). We next asked which genes amongst this list might represent direct miR-

375 targets. Of the 825 genes downregulated more than 1.5 fold, the 3’UTR region of 232 (28%) 

contained miR-375 response elements (binding sites) when cross-referenced to a list of potential 

miR-375 targets predicted by TargetScan (version 6.2). Within the Notch and Wnt clusters 

specifically, 4 genes (Notch2, RBPJ, TCF4, TCF12) were found to contain predicted miR-375 

binding sites (Figure 3.8).  
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Figure 3.7 Identification of Developmental Pathways Regulated by miR-375.  
 
A. Clustered interaction network involving genes downregulated by miR-375 overexpression. 
Probesets downregulated >1.5 fold were clustered and interrogated for pathway enrichment using 
the REACTOME plugin and networks were visualized using the Cytoscape software program 
(section 2.8). Modules involving Wnt and Notch signaling pathways are highlighted in red.  
 
B. Microarray fold changes of selected Wnt and Notch pathway genes. Values represent means 
of two independent experiments.  
 
C.  Expanded Wnt signaling cluster. 
 
D. Expanded Notch signaling cluster. 
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3.6 miR-375 Negatively Regulates Multiple Components of the Notch pathway. 

 Studies on both organismal development and cancer have identified the Notch signaling 

pathway as a negative regulator of NE differentiation [145,146,147,148,149, 150,151, 

152,153,154,155,156]. We therefore chose to focus on determining how, if at all, it is linked to 

miR-375. miR-375 overexpression in variant cell lines resulted in decreased protein expression 

of both Notch 2 and RBPJ (figure 3.8 B). Furthermore, knockdown of miR-375 (figure 3.9 A) in 

the classic cell line MKL-1 resulted in increased RBPJ expression (figure 3.9 B). These results 

strongly suggest that miR-375 functions as a negative regulator of Notch signaling both at the 

level of the receptor and at the level of the transcription factor responsible for Notch-mediated 

regulation of gene expression.  

 
3.7 RBPJ and Possibly Notch2 Are Direct miR-375 Targets. 

 The proximal Notch2 3’UTR (position 54-60) contains a highly conserved miR-375 

binding site, while the 3’UTR of RBPJ (position 334-340) features a poorly conserved binding 

site (figure 3.10 A). To test whether miR-375-mediated repression of Notch2 and RBPJ is direct, 

we sub-cloned portions of their 3’UTRs into the Psicheck2 luciferase vector. Luciferase activity 

of a vector containing the wild-type RBPJ sequence was decreased by miR-375 overexpression, 

while mutation of the putative miR-375 7mer-1A binding site abrogated this phenomenon (figure 

3.10 B). Although the Notch2 3’UTR region contains a highly conserved miR-375 binding site, 

we did not observe a statistically significant decrease in luciferase activity following miR-375 

expression. However, we did observe a statistically significant change in the luciferase activity in 

the mutated construct. Collectively, our data lead us to conclude miR-375 negatively regulates 

the Notch pathway via direct interactions with the 3’UTRs of RBPJ and possibly Notch2. 
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Figure 3.8 miR-375 Overexpression downregulates multiple components of the Notch 
signaling pathway in Variant MCC cell lines.  
 
A. Approach to identify potential direct miR-375 (section 2.8). 
 
B. Overexpression of miR-375 decreases protein levels of Notch2 and RBPJ. Western blots were 
conducted on whole cell lysates collected 72 hours post-transfection using gamma- tubulin was 
used as a loading control.  
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Figure 3.9 miR-375 knockdown in classic MCC cells upregulates the Notch signaling 
effector RBPJ.  
 
A. Knockdown of miR-375 in MKL-1 by Anti-miR-375. MKL-1 cells were seeded at 300,000 
cells per mL in a T25 culture dish and transfected for 72 hours with Anti-miR-375 or Anti-miR-
Neg. qRT-PCR was used to assess efficiency of miR-375 knockdown. Values represent mean 
expression of miR-375 ± SEM of three independent experiments.  
 
B. miR-375 knockdown results in increased RBPJ protein expression. Western blots were 
conducted on whole cell lysates collected 72 hours post-transfection using gamma-tubulin was 
used as a loading control.  
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Figure 3.10 miR-375 represses RBPJ via direct seed-3’UTR pairing. 
 
A. Schematic of miR-375 binding sites in RBPJ and Notch2 3’UTR. The location of miR-375 
binding sites in RBPJ and Notch2 was visualized using TargetScan.  
 
B. Relative luciferase activity in MCC26 cells co-transfected with Psicheck2-3’UTR constructs. 
MCC26 cells were co-transfected with 50 ng of plasmid DNA and 5 nM of miR-375 or Neg cntrl 
for 24hours. Cells were lysed, and dual luciferase assay was performed, luciferase activity 
measured by luminometer. Values represent the relative luciferase as a ratio of miR-375 to Neg 
Cntrl. Data represent the means ± SEM of three independent transfections.  
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3.8 Repression of Notch Pathway Molecules Possibly Underlies miR-375-Mediated 

Induction of Neuroendocrine Genes. 

 The Notch signaling pathway has been strongly linked with stem cell self-renewal, stem 

cell niche maintenance and is generally associated with an undifferentiated or stem-like state in 

cancer [118,130]. Given that miR-375 overexpression can partially differentiate variant cells 

towards an NE-fate, I reasoned that the repression of Notch by miR-375 might represent the 

underlying mechanism. To test this, I asked if silencing Notch2 or RBPJ could reproduce the 

induction of NE-related genes observed with miR-375 overexpression. Inhibition of Notch2 and 

RBPJ expression could be achieved by transient transfection of pre-designed dsiRNAs (figure 

3.11 A). Using qRT-PCR to quantify gene expression of STMN2, STMN3, and ENO2, I 

observed that both Notch2 and RBPJ knockdown resulted in the induction of this NE-related 

signature in preliminary experiments  (3.11 B). Although RBPJ is expressed in both classic and 

variant cell lines (data not shown), the expression of Notch2 appears to be mutually exclusive 

with the classic (miR-375high/ differentiated) phenotype (figure 3.12). Intriguingly, this 

observation only applies to Notch2 but not to Notch1. In light of all my previous experiments, 

these results identify the Notch pathway as a novel mechanistic link between miR-375 and NE 

differentiation, and suggest that a miR-375-Notch signaling axis delineates the disparate 

biological properties of classic and variant MCC cell lines.  
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Figure 3.11 Notch2 and RBPJ gene silencing phenocopies miR-375-mediated induction of 
neuroendocrine genes.  
 
A. siRNA-mediated knockdown of Notch2 and RBPJ. Cells were transfected with 5 nM of 
dsiRNAs for RBPJ and Notch2 for 72 hours. Whole cell lysates of cells were analyzed by 
immunoblots.  
 
B. Expression of genes related to NE differentiation following RBPJ or Notch2 knockdown. 
RNA was isolated from cells transfected with Cntrl si, RBPJ si, or Notch 2 si after 72 hours. 
Expression of STMN2, STMN3, and ENO2 was determined by qRT-PCR and quantified as 
previously described.  
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Figure 3.12 Notch2 but not Notch1 expression is mutually exclusive with the classic 
phenotype.  
 
Whole cell lysates from MKL-1, MS-1, MCC13, MCC26, and MCC14.2 were analyzed by 
western blots using antibodies against Notch1, Notch2, and gamma-tubulin (loading control). 
Representative blot is shown.  
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Chapter 4 - Epigenetically Silenced miR-375 is a Tumour Suppressive Factor 

In Variant Merkel Cell Carcinoma Cell Lines 

 

4.1 miR-375 Inhibits Viability in a Cell Line Subtype-specific Manner in MCC 

 Studies in both MCC and SCLC have noted that classic and variant cell lines are 

associated with discrete biological properties and disparate transcriptomic profiles [44,141,156]. 

Variant cell lines have shorter dividing times, are endowed with heightened survival capabilities 

when challenged with chemotherapy and radiation, and are thought to derive from highly 

aggressive tumours [142,157]. Because miR-375 is inversely correlated with doubling time and 

aggressiveness (Figure 4.1 A), I postulated that the loss of miR-375 expression in variant lines 

might explain some of their unique biological properties. To explore this possibility, I transfected 

variant cells with miR-375 mimics and subjected them to a variety of functional assays. I first 

asked if miR-375 could alter the growth of variant cell lines, and observed that miR-375 

overexpression decreased viability by 33% and 28% in MCC26 and MCC14.2 respectively 

(Figure 4.1 B). In contrast, knocking down miR-375 in classic cell lines failed to alter their 

growth properties (Figure 4.2 A and B). It is noteworthy that both of our classic cell lines are 

MCPyV-positive, and therefore dependent on MCPyV T antigens for sustained growth and 

survival [36,37,38,39]. Therefore, while our results suggest that miR-375 opposes cell growth 

and viability in cell-line subtype specific manner in MCC, we cannot rule out the possibility it 

might also demonstrate tumour suppressive properties in classic cell lines devoid of MCPyV. 
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Figure 4.1  miR-375 is inversely correlated with doubling time and attenuates the viability 
of variant MCC cell Lines.  
 
A. Variant/ miR-375low MCC cell lines are associated with shorter doubling times. Population 
doubling time was monitored over 72 hours under standard cell culture conditions.   
 
B. MCC26 and MCC14.2 were transfected with miR-375 or Neg Cntrl as previously described. 
72 hours post-transfection, cells were washed, trypsinized and resuspended in media. Viable 
cells were counted using trypan blue and a haemocytometer. Values represent mean viable cell 
number per mL of media ± SEM of three independent experiments. ** P < 0.01.  
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Figure 4.2 miR-375 knockdown does not alter the growth properties of classic MCC cell 
lines.   
 
A. Transient miR-375 knockdown in classic MCC line by Anti-miR-375. MKL-1 and MS-1 
were transfected with 100nM of Anti-miR-375 or Anti-miR-Neg as previously described (section 
2.4). Knockdown of miR-375 was confirmed by qRT-PCR. Values represent mean relative 
expression level ± SEM of three independent experiments. ** P < 0.01.  
 
B. miR-375 knockdown does not affect viability of classic MCC cell lines. 30,000 cells were 
seeded in each well of a 96 well plate and transfected the same day with either Anti-miR-375 or 
anti-miR Neg Cntrl. Viability was measured at 24, 48 and 72 hours post-transfection using the 
alamarBlue assay as described previously (section 2.9). Values represent mean fluorescence 
signal ± SEM of three experimental replicates.  
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4.2 miR-375 Opposes Cell Survival Under Stress 

 In SCLC, variant cell lines are substantially superior at evading death when challenged 

with a variety of cytotoxic stimuli [158]. I therefore asked if miR-375 overexpression might 

attenuate the capacity of MCC variant cells to mount a survival response to a generic stressor 

like serum starvation. To test this, I subjected cells overexpressing miR-375 or Neg Cntrl to 

serum starvation over the course of 7 days (Figure 4.3 A). I observed substantially greater 

toxicity in cells overexpressing miR-375, above and beyond the modest decrease in viability 

observed under normal conditions. Whereas Neg Cntrl transfected MCC26 cells survived and 

even displayed a net increase in cell density over 7 days, miR-375 overexpression led to a 

substantial decrease in cell density (Figure 4.3 B).  Because our data suggests that miR-375 

functions as an anti-survival factor in MCC, we conclude that the loss of miR-375 expression 

might contribute to the enhanced survivorship behaviours of variant cell lines.  
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Figure 4.3 miR-375 overexpression sensitizes MCC26 cells to stress by serum starvation 
 
MCC 26 cells were collected 72 hours post-transfection, counted, and re-seeded at 100,000 cells 
per well in a 6-well plate in media without serum. Surviving fraction was determined by 
toluidine blue staining 1 and 7 days post-seeding as described in method (2.10). To quantify 
intensity of staining, stained cells were solubilized using 1% SDS, and optical density at 650nm 
was read using the BioTek plate reader.  
 
A. Schematic of experimental design.  
	  
B. Survival is dramatically attenuated in cells overexpressing miR-375. Data represent mean 
OD650 readings ± SEM of three experimental replicates. ** P < 0.01. 
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4.3 Negative Regulation of AKT Pro-Survival Pathway by miR-375 Supports Its Role as a 

Tumour Suppressor.  

 Because the enforced expression of miR-375 opposed cell growth and survival, I 

reasoned that miR-375 might regulate one or more well-established oncogenic pathways in 

cancer. To tackle this question, I interrogated our microarray data set using Cytoscape, looking 

specifically in our downregulated gene set for enrichment of well-known cancer pathways. 

Interestingly, I observed a large cluster of genes related to the PI3K-AKT pathway in the 

downregulated gene set, suggesting that miR-375 might negatively regulate AKT signaling 

(Figure 4.4 A). Using phosphorylated AKT (p-AKT) as a readout of AKT activation, I tested 

whether miR-375 overexpression and knockdown could modulate this pathway. miR-375 

overexpression in the variant cell lines MCC26 and MCC14.2 resulted in decreased p-AKT 

levels (Figure 4.4 B). Furthermore, miR-375 knockdown in MKL-1 and MS-1 resulted in 

increased p-AKT despite the relatively low basal levels of p-AKT in classic cell lines (Figure 4.4 

B).  The AKT signaling pathway is one the most frequently activated pathways in cancer and a 

key driver of enhanced cell survival, proliferation, and altered metabolism. In light of these well-

established principles, our results identify miR-375 as an endogenous repressor of AKT 

signaling and therefore support its role as tumour suppressive factor in MCC.   
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Figure 4.4 miR-375 is a negative regulator of the AKT pro-survival signaling pathway in 
MCC cell lines. 
 
A. Pathway analysis by Cytoscape suggests modulation of AKT signaling by miR-375. 
Interacting proteins and enrichment of pathways in sub-list of genes downregulated >1.5 fold 
following miR-375 overexpression were determined and visualized using Cytoscape software 
program.  
	  
B. miR-375 overexpression and knockdown result in decreased or increased AKT activation 
respectively. Whole cell lysates were obtained 72 hours post-transfection and analyzed by 
western blot using antibodies against p-AKT, total AKT, and gamma tubulin as described 
previously. 
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4.4 Enforced miR-375 Expression Impairs the Migratory and Invasive Capacity of Variant 

MCC Cell Lines.  

 The migratory and invasive ability of cells in culture is considered a proxy for metastatic 

potential and general aggressiveness of cancer cell lines. While assays to test these properties are 

generally commonplace, no such studies involving MCC lines exist. To determine if miR-375 

could attenuate the ability of variant cell lines to migrate and invade, we subjected cells 

transfected with miR-375 or Neg Cntrl to transwell migration and invasion assays (Figure 4.5 A). 

miR-375 overexpression decreased cell migration by greater than 62% and 91% in MCC13 and 

MCC26 cells respectively (Figure 4.5 B and C). Moreover, miR-375 overexpression also 

decreased invasion by 43% and 53% in MCC13 and MCC26 cells respectively  (Figure 4.5 B 

and C). Taken together with my previous experiments, these results support the notion that miR-

375 functions as a tumour suppressor that pleiotropically opposes several cancer-related 

phenotypes in variant MCC cell lines. 
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Figure 4.5 miR-375 overexpression impairs the migratory and invasive capacity of variant 
MCC cell lines. 
 
Cells transfected with miR-375 or Neg Cntrl were harvested after 72 hours, counted, re-
suspended in serum free medium, and re-seeded in the upper chamber of transwell inserts. The 
number of migrated/invaded cells was determined 23 hours post-seeding as described previously. 
 
A. Schematic of experimental design. 
	  
B. Representative images depicting migratory and invasive capacity of MCC13 and MCC26 
cells transfected with miR-375 or Neg Cntrl. 
 
C. Bar graphs (turn page) depicting migratory and invasive capacity of MCC13 and MCC26 
cells transfected with miR-375 or Neg Cntrl. Values represent mean number of migrated/invaded 
cells per field ± SEM of three biological replicates. *** P < 0.001, ** P < 0.01, * P < 0.05. 
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4.5 Inhibition of Notch2 Underlies the Growth Inhibitory and Anti-survival Properties of 

miR-375 in Variant Cell Lines.  

 I next hypothesized that miR-375 might regulate one or more target proteins that 

normally support the cellular phenotypes attenuated by miR-375. To identify these targets, we 

searched within our downregulated gene set for genes previously implicated in cancer that also 

harboured putative miR-375 binding sites. In our dataset, we found several previously validated 

miR-375 targets (LDHB, 14-3-3 zeta, MTDH) in addition to several genes with no previously 

established link to miR-375 (PRKCA, PDGFRA, BIRC3, NOTCH2, RBPJ). Although these 

genes have been previously implicated as oncogenic factors in a several contexts, only siRNA-

mediated knockdown of Notch2 and RBPJ could phenocopy miR-375 overexpression 

[89,87,103,106]. With respect to cell growth and survival under serum starvation, only Notch2 

knockdown decreased both the viability and survival of MCC26 cells (Figures 4.6 A and B). 

Interestingly, we did not observe sensitization to serum starvation upon RBPJ knockdown, 

suggesting that the pro-survival properties of Notch2 are RBPJ-independent. This data leads us 

to conclude Notch2 promotes cell growth and survival of variant MCC cell lines as an oncogenic 

factor.  

 

4.6 Coordinate Repression of Notch2 and RBPJ by miR-375 Underlies the anti-migratory 

and anti–invasive Effects of miR-375 in MCC26 Cells.  

 We next subjected cells to migration and invasion assays following Notch2 and RBPJ 

knockdown. Knockdown of both proteins substantially impaired the migratory and invasive 

capacity of MCC26 cells (Figures 4.7 A and B) These data suggest that the Notch pathway 

maybe an important driver of cell migration and invasion in variant MCC cells, and implicate the 
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loss of miR-375 and the resulting disinhibition of Notch signaling as a potentially important step 

in the progression to metastatic disease.   

 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Inhibition of Notch2 underlies the anti-growth and anti-survival properties of 
miR-375. 
 
A. siRNA-mediated inhibition of Notch2 decreases viability of MCC 26 cells. MCC26 cells were 
transfected with Notch2 siRNA or Cntrl si for 72 hours. Values represent mean viable cell 
number per mL of media ± SEM of three independent experiments. ** P < 0.01. 
 
B. Notch2 siRNA sensitizes cells to serum starvation. The effect of Notch2 knockdown on cell 
survival under stress was tested using the toluidine blue assay as previously described. Values 
represent mean OD 650nm ± SEM. * P < 0.05. 
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Figure 4.7 Notch2 and RBPJ knockdown impair MCC26 cell migration and invasion. 
 
The effects of Notch2 and RBPJ knockdown on cell migration and invasion were determined 
using Boyden chamber chemotactic assays as described. 
 
A. Representative images of MCC26 cell migration and invasion in cells transfected with Cntrl 
si, Notch2 siRNA, and RBPJ siRNA.  
 
B. Bar graphs depicting migratory and invasive capacity MCC26 cells transfected with Cntrl si, 
Notch2 siRNA, and RBPJ siRNA. Values represent mean number of migrated/invaded cells per 
field ± SEM of three experimental replicates. ** P < 0.01. 
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4.7 miR-375 is Not Downstream of ATOH1 but Retains Its Tumour Suppressive Ability in 

an ATOH1- Positive Background 

 ATOH1 is pro-neuroendocrine transcription factor necessary for the proper development 

and differentiation of cutaneous Merkel cells [158].  Interestingly, ATOH1-positivity is restricted 

to classic cell lines and their parent tumours, while it is partially or fully downregulated in 

variant MCC cell lines where it functions as a tumour suppressor [50,159]. Using western 

blotting, I was able to confirm that ATOH1 is only detected in MKL-1 and MS-1 at the protein 

level (Figure 4.8 A).  This differential expression pattern has led to the hypothesis that ATOH1 

silencing might account for the loss of NE markers in variant cell lines. Because miR-375 

expression can be transactivated by several pro-neural and pro-neuroendocrine transcription 

factors, I sought to determine whether ATOH1 might explain the vast differential expression in 

miR-375. To test this, I quantified miR-375 expression in variant cells stably expressing GFP or 

ATOH1 [159]. However, I observed no dose-dependent induction of miR-375 in MCC14.2 35A 

and MCC14.2 75A (Figure 4.8 B), suggesting that miR-375 is not downstream of ATOH1 and 

likely exerts its pro-NE functions independently.  Because the epigenetic landscape of variant 

and classic cells is so incongruent, one might argue that miR-375 could mediate different 

functions depending on the differentiation status of cell lines. Therefore, I asked whether miR-

375 would retain its tumour suppressive properties in an ATOH1-positive epigenetic context. To 

test this, I overexpressed miR-375 in the cell expressing an intermediate level of ATOH1. miR-

375 overexpression significantly reduced cell viability (Figure 4.8 C), leading us to conclude that 

miR-375 retains its tumour suppressive properties in an altered epigenetic landscape and a more 

differentiated cellular context.  
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Figure 4.8 miR-375 is not downstream of the pro-neuroendocrine transcription factor 
ATOH1 but retains its tumour suppressive properties in an ATOH1-positive background.  
 
A. ATOH1 positivity is exclusive to Classic/ miR-375high cell lines. Western blots depicting 
ATOH1 expression in MCC cell lines using gamma-tubulin as a loading control. 
 
B. Stable re-expression of ATOH1 fails to induce miR-375 in the variant MCC line MCC14.2. 
Stable ATOH1 cell lines were generated by Bossuyt et al., as described in reference #159. miR-
375 was expression was quantified by qRT-PCR. 
 
C. Re-expression of miR-375 in MCC14.2 35A attenuates cell viability. MCC14.2 35A 
(intermediate ATOH1 expression) was transfected with miR-375 mimics or Neg Cntrl, and cell 
viability was quantified 7 days post-transfection as described previously. Values represent mean 
viable cell number per mL of media ± SEM of three independent experiments. ** P < 0.01.  
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4.8 DNA Methylation May Contribute to miR-375 Silencing in Variant MCC Cells     

 Lastly, I aimed to shed light on the mechanisms contributing to the vast difference in 

miR-375 expression between classic and variant cell lines. Methylation of CpG islands can lead 

to transcriptional silencing of genes, and the human genomic miR-375 locus harbours two large 

CpG islands [78,160]. I therefore speculated that methylation might contribute to transcriptional 

repression of miR-375 in variant cell lines. Indeed, we observed a dose dependent and substantial 

induction of miR-375 upon treatment with the methylation inhibitor Aza (Figure 4.9). This leads 

to us conclude that loss of expression in variant cell lines may be in part due to hypermethylation 

of the miR-375 promoter region and/or other regulatory elements.  
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Figure 4.9 Inhibition of DNA methylation partially restores miR-375 expression in variant 
cell lines. 
 
A. Mechanism of Aza-mediated inhibition of DNA methylation. Black and white ovals represent 
methylated and unmethylated CpG dinucleotides respectively.  
 
B. Dose-dependent induction of miR-375 in variant MCC cells following Aza treatment. MCC13 
and MCC26 (1.2 x 105) cells were seeded in 6-well plates and treated with 25 μM and 50 μM of 
Aza or with media alone for 72 hours. Total RNA was isolated from cells and miR-375 levels 
quantified as previously described. Values represent mean relative expression levels ± SEM of 
three independent experiments. 
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Chapter 5 – Discussion 

 
 
 In recent years, a large body of scientific work has been devoted to studying the role of 

miRNAs in cancer [61].  We now better appreciate that aberrant changes in miRNA expression 

can function as drivers of one or several malignant cellular behaviours [61,62]. Furthermore, 

miRNAs are often expressed in a cell-type specific manner, which in combination with their 

greater stability in RNA preparations and the amenability of FFPE tissues for miRNA assays, 

makes them superior molecules for use as diagnostic and/or prognostic biomarkers [61]. Despite 

what is clearly a germane and rapidly growing subject within cancer research, the biological 

roles and potential clinical applications of miRNAs in MCC remains uncharted territory.  Here, 

we report the first functional microRNA study in MCC.  

 In this study, we sought to define an MCC-miRNA signature by comparing the global 

miRNA expression profile of primary MCC tumours to normal skin. An important consideration 

when comparing malignant and non-cancerous tissue is the cell of origin. The cell of origin in 

MCC has not been defined experimentally [49]. Moreover, in contrast to other cancers (e.g. 

melanoma), there are no known pre-malignant lesions that might serve as useful controls. 

Therefore, one of the inherent challenges of identifying tumour-specific epigenetic changes 

(including miRNAs) is the absence of suitable controls for MCC. Despite being far from ideal, 

the skin is arguably the best existing control for MCC tumour tissue. It is nevertheless imperative 

to consider its limitations in order to identify all valid interpretations of our results. Importantly, 

the skin is a highly heterogeneous mix of several specialized cell types that differ substantially in 

morphology, physiological function, and differentiation state [49]. Consequently, the 

transcriptome of the skin is unlikely to recapitulate that of any individual cell-type, especially 
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one that has neuroendocrine properties. In our study, we identified miR-375 as the most highly 

expressed miRNA in primary MCC tumours relative to skin, an observation that might suggest 

that it functions as an oncogenic factor. However, given the limitations of our control, it is 

equally conceivable that miR-375 is a lineage specific marker that is restricted to the cutaneous 

subpopulation from which MCC originates.  

 In order to ascertain which of these two possibilities was more likely; we looked for 

guidance in the existing literature on miR-375. Interestingly, several studies have reported that 

miR-375 is generally undetectable in whole-tissue RNA preparations, but is strongly positive in 

discrete NE subpopulations within normal tissues, in addition to major centers of NE integration 

(e.g. the pituitary) [67,68,69]. We therefore hypothesized that the high expression of miR-375 in 

MCC tumours may be secondary to its identity as a NET rather than a hallmark that is acquired 

during the course of malignant progression. We next undertook a series of experiments to clarify 

this issue and our results strongly support this refined hypothesis. First, miR-375 is expressed 

abundantly in a variety of NETs compared to tumours of matched tissue origin – a trend that is 

consistently observed irrespective of anatomical location or the clinical aggressiveness of the 

cancer in question. Second, miR-375 positivity is exclusive to MCC cell lines that express 

prototypical NE markers (classic lines), but silenced up to a million fold in cell lines that 

partially or fully lack these same markers. Our results therefore identify miR-375 as a novel 

marker of NETs – an observation that might be applied towards improved diagnosis of both 

MCC and other NETs. Quantifying miR-375 expression using ISH or qRT-PCR (used 

independently or in combination with other methods) may therefore be an effective analytical 

tool to resolve cases for which differential diagnosis may be uncertain, or when ascertaining the 

extent of NE differentiation might have prognostic value. 
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  NETs are thought to derive from normal NE cells within tissues [148,150,154]. 

Insulinomas are believed to originate from beta cells in the pancreas, while SCLC and lung 

carcinoids likely originate from pulmonary NE cells (PNECs) in the lung epithelium. 

Interestingly, both pancreatic islets and PNECs are strongly positive for miR-375 [67,68,69]. It is 

therefore reasonable to postulate that the cell of origin of MCC might similarly derive from a 

cutaneous NE subpopulation that is miR-375 positive. An important future experiment would be 

to ascertain miR-375 expression status in normal Merkel cells, which share many 

immunohistochemical and histological characteristics with MCC and are the only known NE cell 

type within the skin [49,51,52]. Unfortunately, there are no existing human Merkel cell lines. 

Furthermore, Merkel cells are present at very low frequencies in the skin. In the absence of 

methods to isolate and enrich Merkel cells, one would have to rely on techniques (such as ISH or 

fluorescent assays) that permit visualization of miRNA expression at cellular resolution within 

the skin – an experiment that might provide new information needed to resolve this crucial 

biological question.   

 Our miR-375 overexpression experiments provide important insights into the link 

between miR-375 and NE differentiation. Re-expression of miR-375 in variant lines resulted in 

the induction of genes involved in NE differentiation. Furthermore, we identified the Notch 

pathway, a well-known negative regulator of NE differentiation in a variety of tissues, as a novel 

target of miR-375. These results suggest that miR-375 actively promotes and or helps maintain 

commitment towards a NE fate. This may have implications in the development of tissues where 

both Notch and miR-375 are believed to play a role. Decreased Notch signaling in pancreatic 

progenitors for instance is an important initiating step in beta cell differentiation, and miR-375 

expression is altered dynamically during this process. Given that PDX1 and NeuroD1 are 
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transactivated during beta cell differentiation, it is conceivable that miR-375 may serve to 

prevent leaky transcription or aberrant expression of Notch molecules [76,77,79]. A similar 

regulatory network involving a different set of pro-NE transcription factors might operate in 

other tissues, in which miR-375 activation might serve as a feed-forward mechanism to reinforce 

Notch pathway silencing. Given the importance of Notch in developmental processes, our results 

provide a strong rationale to study the consequences of miR-375 loss-of-function in the 

development of NE tissues and cell types.  

 The molecular basis for the classic-variant dichotomy has thus far been unresolved [44].  

We propose that a novel regulatory network involving miR-375 and Notch might explain some 

of the unique biological properties of variant versus classic cell lines.  In variant lines, miR-375 

is a tumour suppressive factor that pleiotropically opposes cell growth, migration, invasion, and 

survival under stress. Our results indicate that these phenotypes are in part mediated by the 

negative regulation of Notch and possibly AKT signaling pathways by miR-375. One additional 

consideration is that classic cell lines do not appear to be dependent on miR-375 for continued 

growth or survival. This argues against the possibility that miR-375 may be tumour-promoting in 

the classic background. Therefore, despite its high expression in MCC tumours, our results 

indicate that miR-375 behaves as a tumour suppressor.  

 The clinical significance of the variant phenotype has largely been overlooked.  It is 

plausible that a subset of MCC tumours acquire a unique complement of genetic and epigenetic 

changes during the course of malignant progression that lead to de-differentiation and a more 

aggressive phenotype. Possible drivers for this hypothetical phenotypic switch might include loss 

of miR-375 expression and Notch disinhibition. It is equally conceivable that the classic-variant 

dichotomy reflects different cells of origin within an existing cutaneous cellular hierarchy. 
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Variant MCC for instance, might originate from an undifferentiated progenitor or stem cell that 

does not express miR-375, while classic MCC might originate from a committed progenitor or 

fully differentiated cell (such as a post-mitotic Merkel cell) that has elevated steady-state miR-

375 levels. Regardless of which explanation is correct, interrogating miR-375 expression in 

biopsied tumours might enable stratification of patients. Encouragingly, Koljonen et al., found 

that less pronounced NE differentiation correlated with increased likelihood of metastasis, 

subcutaneous invasion, and recurrence, and we would predict that such tumours would express 

less miR-375 [161]. An important future study would therefore be to clarify the prognostic value 

of miR-375 and other NE markers in a larger cohort of patient samples. Finally, given the ability 

of miR-375 to repress the Notch pathway, we would also predict that patients with variant/miR-

375low tumours might benefit from pharmacological inhibition of Notch as this would be 

expected to simultaneously promote NE differentiation while also attenuating several cancer-

related cellular phenotypes. 
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