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Abstract 
 

 
The Role of microRNAs in Olfactory Regeneration 

 
By 

 
Jose Emilio Estrada 

 
Doctor of Philosophy in Molecular and Cell Biology 

 
University of California, Berkeley 

 
Professor John Ngai, Chair 

 
 
The mammalian main olfactory epithelium is the sensory tissue dedicated to 
detecting volatile chemical odorants that contribute to our social and natural 
environment.  Natural neuronal turnover throughout adulthood and the ability to 
regenerate large amounts of damaged tissue are unique properties of the main 
olfactory epithelium in adult mammals.  Independent stem cell populations are 
activated to give rise to two distinct modes of neurogenesis: transit amplifying 
globose basal cells maintain homeostatic neuronal turnover while horizontal 
basal cells enter the cell cycle and regenerate all cell types of the OE upon 
severe injury.  Recent evidence has pointed toward the role of specific miRNA-
mRNA interactions in the regulation of stem cell self-renewal and differentiation 
The ability to observe these two modes of adult neurogenesis in vivo, 
homeostatic maintenance and regeneration after severe injury, makes the main 
olfactory epithelium an excellent model in which to study the molecular regulation 
of stem cells as they enter the cell cycle and differentiate into mature neuronal 
progeny.  However, to fully understand the mechanisms regulating these 
processes it is imperative to elucidate both the nature and extent of these 
interactions at the genome-wide level.  Our work in profiling the horizontal basal 
cell transcriptome provides supporting evidence that a large portion of the 
transcriptome may be regulated by miRNA mediated repression, which acts by 
reinforcing an undifferentiated state. Genetic ablation of miRNA biogenesis 
machinery shows that miRNA are necessary to repress aberrant cell cycle re-
entry and may promote the expression of the stem cell maintenance gene 
Transforming protein 63.   
 
 
 

1



Chapter 1 
 
Introduction 
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Introduction 
The mammalian main Olfactory Epithelium (OE) is the sensory tissue dedicated to 
detecting volatile chemical odorants that comprise our social and natural environment 
(Figure 1.1A,B).  Olfactory receptor neurons (ORNs) bind specific odorant ligands in 
dendritic tufts exposed to the nasal airway and transmit information via axons that 
terminate in the Olfactory Bulb (OB), the first olfactory processing structure of the CNS.  
The natural neuronal turnover of the olfactory epithelium throughout adulthood and the 
ability to completely regenerate large amounts of damaged tissue are unique properties 
of the OE in adult mammals; limited neurogenesis in adult mammals also occurs in the 
subventricular zone of the olfactory bulb and the subgranular zone of the dentate gyrus, 
both giving rise to new interneurons of their respective system. Independent stem cell 
populations are activated to give rise to two distinct modes of neurogenesis: transit 
amplifying Globose Basal Cells (GBCs) maintain homeostatic neuronal turnover (Figure 
1.1C) while Horizontal Basal Cells (HBCs) enter the cell cycle and regenerate all cell 
types of the OE upon severe injury (Figure 1.1D).  The ability to observe in vivo these 
two modes of adult neurogenesis, homeostatic maintenance and regeneration after 
severe injury, makes the OE an excellent model in which to study the molecular 
regulation of stem cells as they enter the cell cycle and differentiate into mature 
neuronal progeny.  While much is known about the molecular mechanisms that regulate 
the GBCs, very little is known of the molecular mechanisms that regulate HBC 
quiescence and severe injury-induced regeneration.   
 
Development of the Main Olfactory Epithelium 
Sensory neural structures of the head (including the lens, otic system, and olfactory 
system) derive early in development from columnar epithelial thickenings, collectively 
referred to as cranial placodes, located at the border between the neural plate and the 
non-neuronal ectoderm [reviewed in 1].  The sensory placodes, albeit distinct structures, 
originate from a common “horseshoe-shaped” panplacode primordium surrounding the 
neural plate border, which is defined by the expression of the gene family Eya and the 
gene subfamilies Six1/2 and Six4/5 [reviewed in 2].  Bone morphogenic protein (BMP) 
expression is necessary to inhibit precocious forebrain transformation of the 
panplacodal primordium.  Regulation of both the temporal expression and concentration 
of BMP is important in fate decisions: ectopically high concentrations of BMPs promote 
an epidermal ectoderm fate, while prolonged exposure inhibits the specification of an 
olfactory placode [3].  Fgf signaling represses BMP signaling and promotes the 
differentiation of olfactory placodal cells from their default lens placode fate, which 
shares with the olfactory placode gene expression patterns important for development 
[3]–[12].  In combination with the appropriate morphogenic cues, cellular movement 
from the panplacodal primordium and interactions with neighboring neural crest cells 
are also required for appropriate olfactory placode formation [5], [13].  By murine 
embryonic day 9, the olfactory placode is a distinct structure of thickened cells in the 
rostral ectoderm with the olfactory pit generated by embryonic day 10.5 and the 
olfactory epithelium considered a distinct structure by embryonic day 13.5 [14], [15].   
The winged-helix transcription factor FoxG1 is expressed in murine sensory placodes at 
embryonic day 9.5 [16] and is necessary to transition the olfactory placode into the 
functional olfactory epithelium [17].  Downstream of FoxG1 in the neuronal lineage of 
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the olfactory epithelium, Basic Helix Looped Helix (bHLH) transcription factors 
Mash1/Ascl1, Neurogenin1, and NeuroD are expressed, successively labeling a 
restriction in the neuronal lineage from transit amplifying progenitor to neuronal 
progenitor and finally immediate neuronal precursor, respectively [17]–[21].  NeuroD-
positive immediate neuronal precursors, in a LHX2 dependent manor, give rise to 
Gap43-positive immature neurons and Olfactory Marker Protein-positive mature 
neurons [18], [19], [22], [23].   
 
HBCs Regenerate the Adult OE Upon Severe Injury 
The olfactory epithelium of the postnatal rodent, and in particular the exposed dendritic 
cilia of the mature olfactory receptor neurons, is susceptible to damage through 
exposure to airborne pathogens and toxins (reviewed in [24]). However, the olfactory 
epithelium is capable of substantial recovery from environmental stress (reviewed in 
[24], [25]).  Since the early 1940’s, a number of experimental approaches have been 
developed to induce tissue damage to the olfactory epithelium and ascertain insight into 
the mechanisms that govern this robust adult neurogenesis (reviewed in [24], [25]).      
 
These early experiments showed a correlation with proliferation in the basal 
compartment of the olfactory epithelium in response to induced neurogenic trauma, 
suggesting basal cells may be directly responsible for the regenerative capacity of the 
sensory tissue.  Experiments to identify the specific cell population soon followed.  
Injecting rats with thymidine analogs to identify mitotically active cells revealed that only 
2.4 percent of HBCs, identified through co-staining with keratin 5/6, were mitotically 
active under homeostatic conditions.  The remaining 97.6 percent of mitotically active 
cells were attributed to the globose basal cells, as identified through location, 
morphology, and the lack of co-staining with cytokeratin 5/6 antibody; indeed at this time 
no immunohistichemical marker was available to identify globose basal cells directly 
[26].  
 
Experiments inducing neurogenic trauma to rat olfactory epithelium with methyl bromide 
gas exposure, which has an an efficacy of ablation of up to 98% of the neuronal 
population of the olfactory epithelium, revealed three cell types of the olfactory 
epithelium capable of proliferation as assessed through the incorporation of the 
thymidine analog bromodeoxyuridine (BrdU) and the expression of cell specific markers: 
HBCs, sustentacular support cells, and bowman gland cells [27].  The fourth 
proliferative population of the olfactory epithelium identified, the globose basal cell, was 
identified based on the lack of staining from other cell markers and morphology. 
 
The use of replication-incompetent retroviral vectors to express a marker protein such 
as beta-galactosidase in cells of non-injured homeostatic and methyl bromide gas 
injured olfactory epithelia show that despite the presence of several population of 
proliferative self-replicating olfactory cells, only those labeling globose basal cells 
contain expansive clusters and neurogenic progeny [28], [29].  The self replicating 
clusters were attributed to HBCs, bowman gland cells, and sustentacular support cells 
while neurogenic clusters were attributed in origin to the globose basal cell through co-
labeling of both beta-galatosidase and – again – the lack of staining of markers to the 
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three other cell types.  The ability of globose basal cells to act as a multipotent stem cell 
was verified in transplant experiments using globose basal cells isolated via fluorescent 
activated cell sorting [30].  mRNA in situ hybridization of methyl bromide exposed 
olfactory epithelia show that basic helix loop helix gene activation programs of the 
globose basal cell and the immediate neuronal precursors mirror those of the 
developing olfactory epithelium [31]. 
 
The Schwob group has heavily argued for the role of the globose basal cell as the basal 
most stem cell of the olfactory epithelium, and while experiments in mice are similar to 
Schwob’s results in rat olfactory epithelium [32]–[34] Gordon et al. through experiments 
in mouse homeostatic olfactory epithelium, cultured explants, and bulbectomy models, 
interprets globose basal cell dynamics during these conditions, including their rapid 
expansion in response to mitogens, to mimics those of a transit amplifying stem cell 
[34]; a role in which they had already been firmly established in the developing olfactory 
epithelium [17]–[21], [34].   
 
In 2007, Leung et al. published the first characterization of HBC stem cell behavior in 
the regenerating OE [35].  Using the Cre/LoxP system to label HBCs expressing 
Keratin5 [36] and their progeny with LacZ, Leung et al. demonstrated that HBCs are 
quiescent under homeostatic conditions in the adult mouse. Leung et al. also showed 
that, upon severe injury, HBCs are able to regenerate every major cell type of the 
olfactory epithelium. This finding was demonstrated by showing that the reconstituted 
OE comprised LacZ-expressing cells of every lineage.  The role of the HBC as a 
multipotent stem cell of the OE has also been confirmed by separate experiments 
inducing HBC differentiation ex vivo, showing that HBCs may differentiate into mature 
ORNs and glia progeny in cell culture [37].  Recent insight into the developmental 
origins of the HBCs demonstrated that Trp63-labeled nascent HBCs are generated at 
embryonic day 14 and continue to be generated and reach maturity until P0; by 
postnatal day 10 only mature HBCs are present [38].  Packard et al. go on to show that 
nascent HBCs are generated as the progeny of Ascl1-expressing transit amplifying 
progenitors in the apical domain of the OE and migrate to the basal lamina as 
maturation proceeds: a process that requires the expression of the Delta N isoform of 
Trp63.  Our lab has further shown that Trp63 is necessary to promote self-renewal and 
inhibit differentiation of the adult HBC [39], providing the first insight into the molecular 
mechanisms that govern the contributions of adult HBCs to severe injury-induced OE 
regeneration. 
 
The finding that Trp63 labels and is essential for the maintenance of basal stem cells of 
the OE is mirrored by Trp63’s comparable role in other stratified epithelia of the mouse.  
In embryonic Trp63 knock-out studies, the proper stratification of all squamous epithelia 
examined (skin, bladder, stomach, esophageal, etc.) is perturbed and basal progenitors 
are lost concomitant with an increase in cell death  [1], [2]. This finding has also been 
confirmed in human adult organotypic epidermis regeneration assays, in which Trp63 
KO prevents proper differentiation of the epidermis and reduces the rate of proliferation 
of keratinocyte stem cells [8].  While Trp63 is essential for the maintenance of basal 
stem cell populations in squamous stratified epithelia and the OE, Trp63’s role in 
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promoting proper stratification and differentiation is not shared in OE development or 
regeneration and itself is a finding that is controversial   [9], [10].  While some studies 
report a role for Trp63 that includes regulation of self-renewing proliferation, cell 
survival, and differentiation [2]–[6], [1], other studies show that despite the loss of the 
basal stem cell pool, differentiated epithelium persist indicating Trp63’s primary role 
does not include differentiation [6]–[10].  The prevailing hypothesis to address these 
conflicting results supports an independent role for the two isoforms of Trp63.  In the 
basal compartment the Delta-N isoform of Trp63 is required for stem cell maintenance 
while the Trans-activating isoform which is expressed suprabasal to stem cells of the 
epidermis is responsible for proper differentiation [7], [11].   Our results confirm a role 
for Trp63 to repress differentiation of the adult HBC during quiescence; and allow self 
renewal cell divisions during regeneration where the Delta N isoform is predominantly 
expressed and the Trans-activating isoform is not detectable [12].   
 
microRNAs and Trp63 in the Olfactory Epithelium 
microRNA (miRNA/miR) regulation in the epidermis has been shown to play a key role 
in regulating Trp63 spatial expression through direct interaction in the 3’ untranslated 
region (UTR) of Trp63 [46].  Specifically, miRNA 203 has been shown to provide a 
boundary between basal progenitors and their less multipotent progeny during 
development. Miss-expression of miR 203 in Keratin14-positive basal progenitors is 
sufficient to reduce levels of Trp63 and deplete basal progenitors similar to the Trp63 
knock-out phenotype.  Furthermore, miR 203 is necessary for the restriction of Trp63 to 
the basal epidermis layer; loss of miR 203 expression induced by antisense antagamiR 
constructs leads to an expansion of Trp63 positive basal progenitors outside the basal 
region in the epidermis and prevents its proper stratification and development.  Proper 
epidermal development requires both Trp63-mediated maintenance of basal progenitors 
and the appropriate suppression of Trp63 expression through the expression of miR203 
in epidermal basal progenitor progeny.  This balance between Trp63 gene expression 
and Trp63 mRNA depression through miRNA regulation in the epidermal stem cell 
niche has led us to ask what role miRNAs play in the maintenance of the adult stem cell 
niche of the olfactory epithelium, where mechanisms of regulation for Trp63 have so far 
proven elusive.   
 
miRNA Biogenesis 
miRNA are small, endogenous, non-coding RNAs, approximately 22-23 nucleotides in 
length, that post-transcriptionally regulate gene expression through Watson-Crick base 
pairing of complementary mRNA 3’ UTR sequences [47].  miRNAs are highly conserved 
across organisms, abundant in eukaryotes (composing roughly 1% of eukaryotic 
genomes), are expressed both as single functional miRNAs or in polycistronic clusters 
in both intergenic and gene-coding regions of the genome, and can regulate a large 
number of genes either individually or cooperatively. In fact, roughly one third of all 
human genes are thought to be conserved miRNA targets, with one estimate as high as 
60% [47]–[50].  miRNAs regulate a vast number of biological processes including 
development and disease and since their discovery in the small roundworm, 
Caenorhabditis elegans, have been tightly linked to stem cell maintenance and fate 
decisions [47], [51], [52].   
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Transcriptional regulation of miRNA genes has been shown to be regulated by 
canonical gene regulation pathways such as transcription factor binding in cis regulatory 
elements, as well as through epigenetic mechanisms including the methylation of 
promoter sequences [53]–[57].  Either RNA polymerase II or RNA polymerase III 
participates in the active transcription of miRNA genes into primary miRNA transcripts 
[58]–[60].  The specific length of the primary miRNA transcript varies across specific 
miRNAs and contains a stem-loop secondary structure with unpaired “tails” at both 5’ 
and 3’ ends, which are important for post-transcriptional processing and export to the 
cytoplasm [58], [61], [62].  Step-wise processing of the primary miRNA transcript occurs 
first in the nucleus by the nuclear RNase III Drosha/DGCR8 microprocessor complex, 
after which a premature miRNA transcript of approximately 60-70 nt is released [61], 
[63], [64].  The nuclear transport receptor Exportin-5 binds to premature miRNA 
transcripts and facilitates export to the cytoplasm [65]–[67].  Once cytoplasmic, 
premature miRNAs are processed by the RNAse III protein Dicer into an approximately 
21-25 nucleotide miRNA duplex [68]–[71].  A single strand of the miRNA duplex, termed 
the guide strand, is then loaded into the effecter complex RISC (RNA-induced silencing 
complex), based on increased thermodynamic instability in the primary 5’ nucleotide of 
the guide strand, while the passenger stand, or ‘*miRNA strand,’ is quickly degraded or 
in some cases also loaded into a RISC effector complex [72], [73]. While the RISC 
effecter complex varies greatly in size and protein composition, from the minimal 160 
kDa to the largest 80 Svedberg ‘holo-RISC’ (the term used to describe a mature active 
RISC), an active RISC requires only a member of the Argonaut endonuclease family 
and a single-stranded small RNA guide to be functional [74]–[77].  Argonaut proteins 
use the loaded miRNA to identify targets through antisense base pairing in the target 
mRNA 3’ untranslated region, then inhibit gene output through one of the following 
mechanisms: mRNA decay, inhibition of translational initiation, inhibition of translational 
elongation, premature termination of translation, and co-translational protein 
degradation [78], [79].. While the vast majority of the literature supports the role of 
miRNAs in negatively regulating mRNA stability and protein synthesis, it is worth noting 
that in at least one documented case miRNAs have been shown to activate mRNA 
translation in cell cycle-arrested cells, but not proliferative cells, through interactions 
with mRNA 3’ untranslated region A-U rich elements and Argonaut [80]; Vasudeven has 
replicated this finding in Xenopus Laevis oocytes [81].  
 
The canonical miRNA biogenesis pathway, also called the linear miRNA biogenesis 
pathway (Figure 1.2), has recently been shown to have many, often complex, levels of 
regulation at almost every step of the linear pathway [78], [82].  For instance, a large 
number of miRNA transcripts have been reported to be selectively edited through 
deamination of adenosine nucleotides into inosine, which has far reaching effects 
including the destabilization or stabilization of processing and the ability to redirect 
miRNA targeting [83]–[89].  RNA helicases p72 and p68 can bind to the microprocessor 
complex and provide selectivity for the enhanced processing of a subset of miRNAs 
[90]. The heterogeneous nuclear riboprotein A1 (hnRNP A1) can selectively bind and 
upregulate miRNA-18a without affecting processing of other miRNAs present in the 
cluster miRNA-18a resides in, miR cluster 17-92 [91].  Activation of TGF-Beta/BMP 
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signaling can regulate microprocessor activity to enhance maturation of miRNA-21, a 
process that requires the downstream effector of TGF-Beta/BMP signaling SMAD to 
bind in a complex with p68 with the primary miRNA-21 transcript [92].  miRtrons, or 
miRNAs expressed from introns of mRNA transcripts, can bypass nuclear 
microprocessor processing altogether if splicing leads to a pre-miRNA structure [93]–
[95].  The Let-7 target, Lin-28, is necessary and sufficient to post transcriptionally inhibit 
Let-7 expression by out-competing Drosha binding to conserved bases in the terminal 
loop [96]–[99]. In addition, in vitro assays have shown Lin-28 is capable of inhibiting 
Dicer cleavage of pre-Let-7 and can selectively promote the degradation of pre-Let-7 
through promotion of pre-Let-7 polyuridylation [97], [99]–[102].  
 
miRNA Target Recognition 
The identification of miRNAs and many details of their function and regulation occurred 
in 1993 with a seminal paper studying the timing of developmental steps in the small 
roundworm C.elegans [103].  These experiments dissecting the lin-4 locust for the 
element responsible for the post-transcriptional negative regulation of lin-14 identified 
two non-translated but transcriptionally expressed fragments in the lin-4 locus, 60 and 
20 nucleotides in length.  These fragments were necessary and sufficient, along with 
the small regions of antisense overlap, what would later be termed the seed region, 
within these fragments to the lin-14 3’ untranslated region, to negatively regulate lin-14 
protein levels.  Indeed, in this initial introduction to miRNAs the mechanism of action 
was strongly supporting a RNA-RNA interaction that led to mRNA instability.  Since then 
much as been uncovered on how miRNAs recognize their targets.   
 
Computational approaches to predict mechanisms of miRNA target recognition in 
various metazoans were initially developed using known miRNAs and their validated 
targets, evolutionary conservation of a mRNA 3’UTR target sequence in related 
species, RNA-RNA duplex models, and thermodynamic stability [48], [104]–[108].  
These initial models have been simplified to require a perfect mRNA seed match -
nucleotides ~2-7 of the mature miRNA- with or without two types of compensatory sites 
that are highly conserved: a match at the 8th nucleotide position of the miRNA and an 
adenosine coded at position 1 of the 3’UTR of the messenger RNA; and by using 
conservation of the predicted 3’UTR binding site as well as its context within the 3’ UTR 
[49].   These four types of potential miRNA binding sites: 6mer (perfect seed match), 
7mer (perfect seed match with either a match at the 8th position (7mer-m8) or an 
augmenting Adenosine in the first position of a target 3’UTR(7mer-A1)), and an 8mer 
(perfect seed match with both flanking compensatory sites) (Figure 1.3A), have been 
shown to be sufficient for efficient knock down by miRNAs in reporter assays [109]–
[111].  These studies have highlighted the robustness to which miRNAs can target 
mRNAs expressed in the same cell; each miRNA can, on average, target 200 unique 
mRNAs[49].   
 
Beyond seed pairing and evolutionary conservation, functional studies that have 
analyzed the context of a seed site, how seed sites interact within the target 3’UTR with 
neighboring occupied seed sites, and local environment surrounding a seed site have 
shown that global miRNA expression data will be important in understanding the full 
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effect of miRNA mediated repression of target mRNAs [112], [113]. For instance miRNA 
seed sites spaced far apart in a 3’UTR act independently in their ability to negatively 
regulate mRNA stability, while miRNA seed sites spaced close together (between 8~40 
nucleotides) can act synergistically; this holds true if both seed sites are for the same 
miRNA or for two different miRNAs expressed in the same cell [112], [113]. While seed 
sequence conservation is still the most predictive determinant of a functional miRNA 
binding site, Grimson et al. also showed that a number of non-seed determinants are 
important for predicting target recognition including: a second seed like region between 
nucleotides 12-17 – especially  13-16 – of mature miRNAs which compensates for seed 
sequence mismatches when extensively paired, the flanking of a seed by AU rich 
regions which may help stabilize miRNA machinery, and the location of a seed site with 
validated functional sites tending to be located near both ends of the 3’UTR but not 
close to a stop codon [112].   
 
miRNA Decay 
The ability of miRNAs to function depends not just on the regulatory steps detailed 
above but also on the homeostasis of the mature miRNA itself.  Recent studies trying to 
identify the half-life of miRNAs discovered something intriguing; miRNAs have a 
variable half life that varies from relatively rapid to extremely long.  Photoreceptor cells 
of the adult mouse retina show a rapid decay in specific miRNAs in response to 
changes in the light environment observable after only 3 hours[114].  However the fast 
decay of miRNA in this context is not necessarily reflected in other neuronal systems.  
In the CNS, hippocampal neurons can retain mature miRNA expression for up to 12 
weeks post Dicer knockout, which would presumably stop the production of nearly all 
mature miRNAs [115].  miRNA 208, an adult heart specific miRNA, shows a endurance 
of up to 30% of the mature form of the miRNA  after 21 days of repression of gene 
expression via small molecule inhibition representing a half life of greater than 12 days 
[116].  In the adult mouse liver, where circadian rhythms synchronize gene expression 
for metabolic pathways, mature miRNA 122 displays an estimated half life that is 400 
times longer (24 hours) than its premature and primary forms which mirror other 
circadian rhythm regulated genes [117].   
 
Studies show Argonaute plays a role in the stability of mature miRNAs with the 
availability of Argonaute protein either stabilizing or the absence of Argonaute protein 
increasing mature miRNA decay [118]–[121]. In the plant Arabidopsis thaliana, 
methylation of the 3’ nucleotide of mature miRNAs by HEN1 methyltransferase provides 
protection from uridylation and subsequent degradation [122]–[124]  Although the 
enzyme responsible for the uridylation of miRNAs is yet to be discovered, these data 
combined with the observation that star/passenger strands are degraded much faster 
than mature miRNAs and often contain 3’ uracil tails has led to the conclusion that 
uridylation is one method that regulates miRNA decay in plants.  In animals HEN1 has 
not been observed to methylate miRNAs but instead modifies other RNA species such 
as PIWI-interacting RNA and small interfering RNAs [55], [125], [126]. As mentioned 
above, uridylation by TUT4/Zcchc11/PUP-2 terminal uridyltransferase of premature let-7 
leads to the decay of the premature miRNA [97], [99]–[102], however this has not been 
shown to occur in the mature miRNA. In addition, the uridylation of mature miR-26a in 
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human and mouse lung epithelial cell lines by Zcchc11 has a protective effect on the 
decay of mature miRNA while abrogating its ability to repress its endogenous target 
[127].   
 
Adenylation of animal miRNAs has been observed in many deep sequencing 
experiments[128]–[131].  The consequence of adenylation has been elucidated for only 
one specific miRNA (miR-122), where in human and mouse liver cells the polymerase 
GLD-2 modifies this mature miRNA with the addition of a single 3’ adenosine [132].  
After knockdown of GLD-2, mature levels of miR-122 are reduced while premature 
miRNA levels remain stable, an effect that was specific to only miR-122 and not other 
miRNAs tested.  These data indicate miR-122 may be a specific target of GLD-2 and 
adenylation may not a broad pathway for miRNA stabilization.   
 
The small roundworm C.elegans is providing early insight into the specific proteins 
responsible for miRNA degradation.  The  5'-->3' exoribonuclease XRN-2 has been 
shown to specifically degrade mature miRNAs in  C.elegans larval lysates [133].  This 
degradation was blocked in the presence of mRNA target sequence.  These data 
suggest the availability of miRNA for degradation by XRN-2 activity is dependent on 
miRNA-Argonaute interactions and stabilization via complex interactions with mRNA 
target strands.   
 
Taken together, a complex and still unraveling story emerges of cis- (methylation, 
uridylation, and adenylation)  and trans-(Argonaute protection, stabilization via mRNA 
target availability, and XRN-2 degradation) acting factors that influence both function 
and decay of mature miRNA species. 
 
miRNA expression is required for stem cell maintenance  
The role of miRNAs in biological systems has largely been assessed through the 
ablation of proteins required for their maturation, with most studies focusing on ablating 
either Drosha/DGCR8 or Dicer.  These data have led to the conclusion that the role of 
global miRNAs is to guide the transition of an embryo from an undifferentiated state into 
its early primitive tissue types through depression of self-renewal and promotion of 
differentiation, as well as by promoting the proliferative potential of this pluripotent stem 
cell population.  In analysis of developing germline Dicer knockout mice, embryonic 
lethality is observed at embryonic day 7.5 along with defects in gastrulation and a loss 
of stem cell progenitors expressing Oct4 [134].  Developing embryos with a 
hypomorphic Dicer allele, created by homologous recombination with a neomycin 
cassette in the first two exons of Dicer, arrest much later in development (between 
embryonic days 12.5-14.5), showing signs of hypotrophic growth compared to wildtype 
and heterozygous mice, and defects in the maintenance but not the generation of 
vascular tissue [135].  Mouse embryonic stem cell cultures with an inducible Dicer 
knock-out are indistinguishable from wildtype or heterozygous cultures in gross 
morphology, and surprisingly maintain expression of Oct4 –a marker of embryonic stem 
cells; however, the cultured cells showed a reduced proliferative capacity and were not 
capable of contributing to the generation of chimeric mice when injected into 
blastocysts, unlike control cells [136].  Furthermore, differentiation of embryonic stem 
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cells into embryoid bodies, which are normally capable of giving rise to primitive 
ectoderm, endoderm, and mesoderm, failed to exhibit downregulated Oct4 expression 
or to differentiate into any of these three primitive tissues [136]. Independent replication 
of Dicer-deficient embryonic stem cells replicated the proliferation defects, but the ability 
of these cells to differentiate was not analyzed [137].   
 
While organisms like Drosophila melanogaster have multiple paralogues of Dicer with 
specific functions in either miRNA biogenesis or small interfering RNA (SiRNA) 
pathways [76], [138], mammals have a single Dicer gene that participates in both 
miRNA biogenesis and siRNA pathways. Furthermore, upon Dicer knockout mammals 
show misexpression of centromeric repeats and transposons which are usually silenced 
via siRNA  [136], [137].  For this reason, embryonic stem cells deficient in DGCR8 have 
been generated in the hope of analyzing miRNA-specific effects in embryogenesis and 
embryonic stem cell differentiation, although the authors acknowledge that as of yet 
unknown roles of DGCR8 in other biological processes cannot be discounted [139].  In 
this study, loss of DGCR8 expression leads to a reduction in expression of most but not 
all mature miRNAs [139]. The authors cite contamination of mouse feeder cells used to 
grow mouse embryonic stem cells as being partially responsible for most miRNA 
expression in DGCR8-deficient embryonic stem cells, but miRNAs expressed from 
introns have also been shown to bypass initial Drosha/DGCR8 processing through 
splicing events that lead to a premature miRNA structure lacking Drosha/DGCR8 
participation [78]. Nevertheless, the authors go on to show that reduction of miRNA 
biogenesis through DGCR8 phenocopies Dicer-deficient embryonic stem cells with 
respect to the ability of the cells to generate a viable embryo, proliferate at rates 
comparable to wild type cells, silence embryonic stem cell markers when induced to 
differentiate, and differentiate into more mature progeny [139].   
 
The global contribution of miRNA to neurodevelopment has been studied using a 
combination of neural-specific Cre recombinase lines to specifically knock out floxed 
Dicer alleles in neurogenic tissue during embryogenesis.  Studies using an Emx-Cre to 
knock out floxed Dicer alleles in neural progenitors of the developing neocortex show 
gross morphological defects upon birth (post-natal day 0), including reduced cortex size, 
a reduction in the radial thickness and lateral expansion of the of the cortex, defects in 
cortical and hippocampal organization, as well as markedly hypotrophic cortices 
observed by weening age (post natal day 22); mice die soon thereafter [140].  Emx-Cre; 
Dicer fl/fl mice develop normally until embryonic day 12.5, showing normal specification 
and thickness of both progenitors and the neural layer. However, by E13.5 and E14.5 
neuronal layers of the developing cortex (the cortical plate, subplate, or intermediate 
zone) are indistinguishable, showing signs of severe hypotrophic growth and defects in 
neural migration [140], [141].  Analysis of neural progenitors at embryonic day 13.5 in 
Emx-Cre;Dicer fl/fl mice did not show defects in the maintenance of neural progenitor 
layers of the ventricular and sub-ventricular zone, defects in the number of specific 
neurogenic progenitors expressing Tis21, or alterations in cell cycle progression through 
analysis of BrdU incorporation and retention of dividing progenitor cells [140].  However, 
by E14.5 apical and basal neuroprogenitors showed decreased rates of proliferation 
and increased signs of cell death (pycnotic nuclei) in response to Dicer ablation, as well 
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as a decreased ability to maintain previously-specified neural progenitor populations 
[140].  Apoptosis, analyzed through TUNEL and Activated Caspase-3 staining, was 
evident in neural layers very early in neural development, at embryonic day 12.5, and 
continued to increase throughout development in areas where nascent neurons were 
being generated [140], [141].  While apoptotic cells in progenitor layers were not 
detected until embryonic day 14.5, the effects of widespread apoptosis were 
pronounced by embryonic day 16.5 and later, when cortex progenitor layers displayed 
decreased radial thicknesses [140], [141].  Using a Nestin-Cre line to ablate Dicer floxed 
alleles in all neurogenic tissue of the CNS, slight differences in the timing of the Dicer 
ablation phenotype were observed, likely due to lingering Dicer protein in the CNS until 
at least embryonic day 15.5. In these mice defects in later-stage neurogenesis were 
more profound when compared to those of Emx-Cre Dicer ablated mice[141].   
 
miRNAs/small RNAs have been shown to be dispensable for progenitor specification in 
the olfactory placode/epithelium but are needed to maintain the self renewal capabilities 
of this populations as well as their ability to differentiate into OMP positive mature 
olfactory receptor neurons, shown by the utilization of a Foxg1cre; Dicer floxed mouse 
line [142].  Using an OMP-Cre line Choi et al. demonstrated that miRNAs are 
dispensable for the maintenance of mature olfactory receptor neurons once specified, 
and using antgamiR contructs to block the activity of the miR 200 family, a highly 
enriched murine olfactory specific miR family, in developing zebrafish they were able to 
phenocopy many of the defects observed in the developing mouse olfactory epithelium 
while rescue of a dicer null embryo with miR 200 family expression contructs were 
capable of rescuing dicer olfactory decfects [142].   
 
Taken together these data indicate miRNAs are largely unnecessary for the 
specification of various stem cell populations in the developing embryo however their 
ability to self renew, differentiate into mature progeny, and inhibit cell death are all 
compromised.   
 
Discussion 
A specific role for miRNA-mRNA interactions in the regulation of stem cell self-renewal 
and differentiation has been established; however to fully understand the mechanisms 
regulating these processes it is imperative to elucidate both the nature and extent of 
these interactions at the genome-wide level.  The olfactory epithelium is a promising in 
vivo model to study adult neural regeneration.  The HBC has now been well 
characterized as the quiescent stem cell of the olfactory epithelium and our lab has 
already successfully utilized gene array assays to identify Transforming Protein 63 as a 
necessary component for stem cell maintenance [39].  Therefore we have extended this 
experimental paradigm to also include analysis of miRNA expression at quiescence and 
to analyze both miRNA and gene expression patterns during injury induced 
regeneration.  We have followed up this analysis with computational methods to 
determine the extent to which the transcriptome is regulated by miRNAs expressed 
within the HBC population.  Go Analysis of these gene candidates support a role for 
miRNAs repressing the differentiation of HBCs to neurogenic progeny.  mRNA in situ 
analysis shows that many of these candidates when expressed within the olfactory 

11



epithelium are excluded from the HBCs.  Finally we utilize mouse genetic tools to knock 
out Dicer expression specifically within the HBCs to analyze if the loss of miRNA 
production leads to defects in stem cell maintenance.  Our results identify a role for 
miRNAs, within the HBC, to suppress cell cycle reentry in the absence of injury and 
suggests that miRNA expression may be necessary to maintain Transforming Protein 
63 expression. 
 
[143] [144] 
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Figure 1.1 Anatomy of the main olfactory epithelium and models of adult neurogenesis.
The main olfactory epithelium (MOE), located within the nasal cavity, is the neurogenic structure respons-
ible for the detection of volatile odorants (A). MOE together with the vomeronasal organ (VNO) form the 
peripheral nervous system component making synaptic connections with the main olfactory bulb (MOB) 
and accessory olfactory bulb (AOB), respectively; structures of the central nervous system.  The organ-
ization of the adult MOE consists of basal stem cells –the horizontal basal cells (HBC), transit amplifying 
progenitors –the globose basal cells (GBC), immature (ORNi) and mature olfactory receptor neurons 
(ORNm).  Sustentacular cells (Sus) play a support and detoxification role with the MOE, while bowman’s 
gland (BG) secretes mucus (B).  During natural neuronal turnover GBCs proliferate to self renew and 
generate neuronal progeny (C).  Injuries resulting in the damage to large amounts of the MOE trigger the 
HBCs to proliferate and generate all cell types of the MOE (D).  This figure was modified from [143], [144].
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Figure 1.2 Linear pathway of miRNA biogenesis.
miRNAs encoded as individual genes, polycistronic clusters, or inserted into introns (miRtrons) are 
transcribed by RNA Polymerase II or III.  This primary transcript is cleaved by the Drosha/DGCR8 complex into a 
premature miRNA.  Exportin-5 translocates the premature miRNA into the cytoplasm where Dicer/TRBP 
generated the miRNA duplex through cleavage of the loop structure.  Ago2 preferentially loads the mature 
miRNA strand into a RISC complex where it can be utilized to target mRNAs for cleavage, translational repression, 
and transcript deadenylation.  The passenger strand of the miRNA duplex is degraded by the cellular machinary.
This �gure was modi�ed from [76].
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miR Family 144 
Binding Site

miR Family 145 
Binding Site

miR Family 25 
Binding Site

5' 3'
Mouse --- UACUGUA --- AACUCGGA --- GUGCAAUA ---
Human --- UACUGUA --- AACUCGGA --- GUGCAAUA ---
Chicken --- UACUGUA --- AACUCGGA --- GUGCAAUA ---
Lizard --- UACUGUA --- AACUCGGA --- GUGCAAUA ---
Frog --- UACUGUA --- AACUCGGA --- GUGCAAUA ---

miRNA Binding Site Conservation within Sox11 3' UTR

A

B

C

Seed Match Site Type

Sox11 3' UTR  5'   ...AAUUUUCUCAUUUU GUGCAAUA...
                                          |  |  |  |  |  |  | 

mmu-miR-25 3'      AGUCUGGCUCUGUUCACGUUAC 8mer
mmu-miR-32  3'       ACGUUGAAUCAUUA CACGUUA U 8mer
mmu-miR-92a  3'        GUCCGGCCCUGUU CACGUUAU 8mer
mmu-miR-92b  3'      CCUCCGGCCCUGCUCACGUUAU 8mer
mmu-miR-363-3p  3'      AUGUCUACCUAUGG CACGUUAA 8mer
mmu-miR-367  3'      AGUGGUAACGAUUU CACGUUAA 8mer

Conservation of miR 25 Family Seed Sequence 

FIgure 1.3 miRNA seed region is the major determinant of targeting.
The miRNA seed region, nucleotides 2-7, is necessary and sufficient for mRNA target recognition (6-mer);
the presence of an adenosine in the target sequence opposite nucleotide 1 of the miRNA (7mer-A1 site), 
base paring of the target to nucleotide 8 of the miRNA (7mer-m8), or both (8mer) further stabilized miRNA 
target recognition (A).  miRNAs bind primarily within a target 3’ untranslated region (UTR), as the target 
sites for 3 miRNAs targeting Sox11 display (B).  These target sites are conserved across many species 
and seed sequence homology is shared with all members of a miRNA family (C).  
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Chapter 2 

Global Gene/miRNA Expression of Horizontal Basal Cells during Quiescence 
and Regeneration

This chapter reflects the collective work of Russell Fletcher, Melanie Prasol, Ariane 
Baudhuin, Justin Choi, Karen Vranizan, Matthew Davis and I.  Russell Fletcher, 
Melanie Prasol, and I prepared and collected HBCs via FACs purification.  Russell 
Fletcher prepared RNA from these samples for array analysis.  Ariane Baudhuin and
Justin Choi prepared gene array and miRNA array analysis.  Karen Vranizan 
completed the statistical analysis of our arrays.  Matthew Davis and I collaborated in 
the generation of the custom python script. I completed Gene Ontology and mRNA in 
situ analysis.
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Global Gene/miRNA Expression of Horizontal Basal Cells during 
Quiescence and Regeneration  
 
Introduction 
An underlying theme of regenerating epithelial tissue is the presence of basal 
stem cells [1].  De novo production of neurons in the olfactory epithelium during 
adulthood mediated by basal stem cells sets this tissue apart from the rest of the 
peripheral nervous systems; adult neurogenesis is additionally found in parts of 
the central nervous system that are involved with olfaction e.g. the subventricular 
zone of the olfactory bulb, as well as the subgranular zone of the dentate gyrus in 
the hippocampus.  In the olfactory epithelium, a pseudo-stratified neurogenic 
epithelium, exposure to airborne pathogens and toxins contribute to cell death of 
the olfactory neuron population  (reviewed in [2], [3]).  It has long been observed 
that the olfactory epithelium is capable of broad regeneration with neuronal 
population homeostasis being maintained throughout adulthood (reviewed in [2], 
[3]). Two models of tissue regeneration have emerged in the olfactory epithelium: 
globose basal cells maintain neuronal homeostasis by acting as a transit 
amplifying stem cell population while horizontal basal cells (HBCs), usually 
quiescent, maintain olfactory tissue integrity in response to robust damage which 
may tax or compromise the globose basal cell’s ability to maintain tissue 
homeostasis[4]–[12]. Experiments using models of regeneration that involve 
broad olfactory tissue damage have shown that every cell type of the olfactory 
epithelium including the globose basal cell and mature olfactory receptor neuron 
can be derived from the horizontal basal cell [11], [12].  HBCs are generally 
accepted as being the stem cells that maintain olfactory epithelium integrity in 
response to extreme damage.     
 
Despite pinpointing the olfactory epithelium stem cell, much needed insight into 
fundamental molecular mechanisms underlying “stemness” and regeneration 
remains to be gleaned from studying this model.  The Ngai lab has undertaken 
transcriptome analysis of the HBC through gene array assays.  These 
experiments identified Transforming Protein 63 (Trp63) as a highly enriched gene 
in the HBC population, and showed that this protein is responsible for 
suppressing aberrant cell cycle re-entry and maintaining self-renewing cell cycle 
divisions when damage stimulate the cells to proliferate [13].  Experiments in 
early development have also shown the importance of Trp63 during early 
specification of the HBC during embryonic and early post-natal development [14].  
The role of Trp63 as a regulator of epithelial stem cell dynamics is widely studied 
and largely confirms the importance of this gene in stem cell self renewal [13–
18].  Furthermore, Trp63 has been shown to be regulated through direct 
repression by miRNA 203 outside the basal layer of the epidermis [15].  Recent 
evidence has pointed toward the role of specific miR-mRNA interactions in the 
regulation of stem cell self-renewal and differentiation [16]–[20].  To fully 
understand the mechanisms regulating these processes, it is imperative to 
elucidate both the nature and extent of these interactions at the genome-wide 
level.  
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I have set forth to define the mRNA and miRNA transcriptome of the HBC 
population during quiescence and how it changes upon regeneration using gene 
and miRNA array assays.  We hypothesize that miRNA levels will vary in a 
reciprocal manner relative to their target mRNA levels; up-regulation of miRNA 
should correlate with decreased levels of target mRNA, and vice versa.  Our 
analysis is only sensitive to mRNAs that are targeted for degradation; mRNA 
targets that are not degraded but are still under translational inhibition will not be 
detected in this screen.  We have created a computational pipeline that links our 
array data to models of miRNA-mRNA targeting to explore the extent to which 
HBCs and apical olfactory tissue may be regulated through direct miRNA 
repression via mRNA degradation.  Our data largely supports a role for miRNAs 
in the olfactory system to maintain stem cell populations through the repression 
of genes associated with proliferation and differentiation while repressing genes 
associated with “stemness” outside of the HBC layer.    
 
Methods 
Transgenic Mice 
Mouse Genotypes: Krt5-CrePR transgenic mice [21], and Rosa26-lox-stop-lox-
YFP (Rosa26YFP) reporter mice ([22]; Jackson Laboratories) were bred and 
maintained on a mixed B6;129;FVB background. The following genotypes of 
mice were utilized for further experimentation: 
Krt5-CrePRTg/+;Rosa26YFP/+ 
 
Tissue Injury 
Olfactory Epithelia were injured according to the protocol specified in [11]; briefly, 
methimazole diluted to 50 micrograms per microliter in phosphate buffered saline 
was administered to mice via intraperitoneal injection at a dose of 50 micrograms 
per gram of animal weight.  This dose leads to widespread cell death of almost 
all cells apical to the HBC layer within 24 hr of drug administration.  
 
Tissue Isolation/ Fluorescence-Activated Cell Sorting 
Whole olfactory epithelium was dissected from P21–25 CD1 mice, micro-
dissected into ∼1 mm2 pieces and dissociated with papain (1 mg/ml) diluted in 
Neurobasal media for 40 min at 37°C.  Fluorescein isothiocyanate (FITC)-
conjugated Armenian hamster anti-CD54 (ICAM1) antibody (BD Pharmingen) 
was incubated in the dissociated cell suspension at 1:25 dilution for 30 min at 
4°C, and washed with Neurobasal media 3 times.  FITC-positive and -negative 
cells were isolated using a Cytopeia InFlux fluorescence-activated cell sorter into 
Neurobasal media supplemented with 10% fetal bovine serum. 
 
RNA Isolation 
Extraction of RNA from ICAM1 (+) and (−) FACS-purified cells was completed 
using Trizol LS (Invitrogen) according to the manufacturer's recommendations.  
RNA integrity was analyzed with an Agilent 2100 BioAnalyzer. An aliquot from 
each RNA sample was used as a template to make cDNA. 
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Gene Array Analysis 
Samples were analyzed for gene and miRNA expression with Affymetrix Mouse 
Genome 430.2 GeneChip arrays and Agilent version 3.0 miRNA arrays, 
respectively, using standard Affymetrix reagents and protocols. Pairs of 
ICAM1(+) and ICAM1(−) samples from three independent (mRNA) or two 
independent (miRNA) FACS purification runs were analyzed using one 
microarray per biological sample. Microarray data were normalized using the 
GCRMA algorithm [23]–[25]; ratios of normalized probe set intensity values were 
calculated for each sample pair (in which M value = log2[Experiment/Control]) 
and then averaged among the replicate pairs. miRNA microarray data were 
normalized using the Limma algorithm [26], [27]; ratios of normalized probe set 
intensity values were calculated for each sample pair (in which M value = 
log2[Experiment/Control]) and then averaged among the two replicate pairs. 
Gene arrays were completed with three independent samples per condition 
tested in our non-injury analysis, while every other array utilized two independent 
samples per condition tested.  Gene array data of uninjured HBCs was originally 
published in [13] and uploaded to the National Center for Biotechnology 
Information Gene Expression Omnibus (GEO) and are accessible through GEO 
Series accession number GSE31972 
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31972).   
 
Computational Analysis 
A custom python script (Appendix 2.4) was written to perform the following: 
Individual miRNA data from the completed miRNA arrays were arranged into 
average family scores.  Average family scores for miRNA families are imported 
from the text file “avg_fam_scores_Xhr” (where X = the miRNA array data from 0 
(non-injury), 24 (24 hours post methimazol injection), and 48 (48 hours post 
methimazol injection)) and stored into a numpy record data type.  A list of miRNA 
families is imported in the text file “miRfamlist” which is stored into a python list.  
Gene array data is imported from “hbcdata.pkl” and loaded into the variable 
“hbcdata” which is a numpy “record” data type.  miRNA target prediction data is 
imported from the text file “mouse conserved targets” supplied by Targetscan 5.1 
(http://www.targetscan.org/cgi-in/targetscan/data_download.cgi?db=mmu_50) 
and loaded into a numpy record data type.  A user-supplied cutoff (“Mval”) is 
used to filter average family scores.  For each family in the miRNA family list, if 
the average family score (avgm supplied from avg_fam_scoresXhr) for the given 
family is greater than mval (user specified), then all array data in hbcdata 
corresponding to the given family is populated into the dictionary “pos_data” 
keyed by the miRNA family name along with the corresponding target Entrez 
gene ID and array values for the gene. If average family score is less than mval, 
data is stored similarly into dictionary “neg_data.”  Upon completion, pos_data is 
outputted into a plane text file “miR_hbc_targets_Mval_over_M” where M is the 
user specified Mval. Likewise, neg_data is outputted into 
“miR_hbc_targets_Mval_under_M.”  For a visual description of data flow refer to 
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Figure 2.2.  These output files were further analyzed using the Gene Ontology 
Enrichment Analysis and Visualization Tool (http://cbl-gorilla.cs.technion.ac.il/).   
 
RNA In Situ Hybridization and Immunohistochemistry 
Tissue from mice post natal 21-25 days old was fixed with 4% paraformaldehyde 
in phosphate buffered saline overnight at 4°C followed by 3 washes with 
phosphate-buffered saline (PBS).  Cryopreservation was performed by 
incubating tissue with a 30% sucrose solution overnight at 4°C before mounting 
and freezing in tissue-freezing medium (Triangle Biomedical Sciences). Tissue 
sections were prepared at 16 micron thickness. 
 
RNA in situ hybridization was performed using digoxigenin-labeled probes and 
detected with an alkaline phosphatase-conjugated anti-digoxigenin antibody and 
detected with tyramide-Cy3 (Perkin Elmer TSA Plus kit), as described in [28] 
followed by staining with chicken anti-GFP, 1:500 (Abcam) primary and Alexa 
488 secondary antibody.  The template for all in situ hybridization probes were 
isolated by RT-PCR using the indicated primers in Appendix 2.1.  Imaging was 
performed by epifluorescence or scanning confocal microscopy and analyzed in 
Adobe Photoshop or National Institutes of Health ImageJ. 
 
Results 
Our success in utilizing transcriptome profiling in the HBCs during quiescence 
and identifying Trp63 as a gene essential for HBC maintenance has led us to 
extend these methods with miRNA arrays to analyze a possible role for these 
diverse and small molecules in regulating stem cell dynamics.   To this end, 
whole olfactory epithelium was dissected from post natal 21-25 day old CD-1 
mice and dissociated into a single cell suspension using papain.  This solution 
was incubated with FITC-conjugated ICAM1 antibody, a marker for the HBC, and 
RNA was isolated from both ICAM1 positive and negative cell populations via 
Fluorescent-Activated Cell Sorting.  The resulting RNA was analyzed via 
Affymetrix Mouse Genome 430.2 GeneChip arrays and Agilent version 3.0 
miRNA arrays.  The Affymetrix gene array contains probe sets for 14,000 mouse 
genes while the Agilent miRNA arrays contain probesets for 569 mouse miRNAs.   
 
Transcriptome profiling of the quiescent HBC via gene array identified 2419 
unique annotated genes with a p value of less than or equal to 0.05 and at least 
a 2 fold enrichment relative to Icam1 negative cells.  Conversely 2799 unique 
annotated genes were identified with a p value of less than or equal to 0.05 and a 
2 fold negative-enrichment in the HBC without injury. Gene array data of 
quiescent HBCs showed gene markers of the HBC (e.g. Keratin5, Keratin14, 
Icam1, and Beta Integrin 1) all to be enriched and gene markers of mature cells 
types (e.g. Mash1 expressed by the globose basal cell, NeuroD1 expressed by 
the immediate neuronal precursor, Gap43 expressed by immature olfactory 
receptor neurons, and Omp expressed in the mature olfactory neuron) to be 
negatively enriched in our ICAM1 positive cells [13].  These results give us 
confidence that our samples were sorted without cross contamination.  miRNA 
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profiling of the quiescent HBC via miRNA array identified 87 unique miRNAs with 
a p value of less than or equal to 0.05 and at least a 2 fold enrichment.  
Conversely 96 unique miRNAs were identified with a p value of less than or 
equal to 0.05 and a 2 fold negative-enrichment in the quiescent HBC.   
 
To assess mRNA and miRNA transcriptome changes of the HBC during reentry 
into the cell cycle, we took advantage of chemical insults to the olfactory 
epithelium that are known to induce robust HBC proliferation and regeneration of 
the olfactory epithelium. We induced tissue damage to the olfactory epithelium to 
stimulate HBC reentry into the cell cycle through direct exposure to methimazol 
via a single peritoneal injection [11].  Our previously published data shows robust 
proliferation of the HBCs after exposure peaking up to 3 days post induction of 
injury as well as the first HBC division within 48 hours [13].  To capture 
transcriptome changes of the HBC within the first cellular division, we completed 
gene and miRNA arrays at 24 and 48 hours after methimazol injection. To 
identify transcriptome changes within the HBC during damaged induced 
regeneration, we compared our ICAM1-positive fluorescence-activated cell sorts 
of injured olfactory epithelium to ICAM1-positive fluorescence-activated cell sorts 
of mice given a mock injection of phosphate buffered saline, essentially an injury 
versus non-injury comparison.  These experiments reveal that at 24 hours after 
methimazol-induced injury, 295 unique genes and 26 miRNAs with a p-value of 
0.05 are enriched at least 2-fold, while 452 unique genes and 8 miRNAs with a p-
value of 0.05 are negatively enriched by at least 2-fold.  At 48 hours after 
methimazol-induced injury, 131 unique genes and 38 miRNAs with a p-value of 
0.05 are enriched at least 2-fold while 279 genes and 25 miRNAs with a p-value 
of 0.05 are negatively enriched at least 2 fold. Full data from gene expression 
(Appendix 2.2) and miRNA (Appendix 2.3) arrays can be found in the appendix. 
 
Genome wide data analysis of both mRNA and miRNA expression levels in 3 
different conditions has given us insight into the transcriptional changes 
associated with tissue regeneration.  However, identifying trends is cumbersome 
with these large datasets.  Our first attempt to identify trends of this dataset was 
to utilized cluster analysis using Gene Cluster 3.0 [29].  Heat maps generated 
from our arrays (Fig 2.1) illustrate a number of genes and miRNAs behaving in a 
reciprocal manner; a large number of genes are enriched in the HBCs while a 
large number of miRNAs are negatively enriched.  Gene sets showing the 
inverse correlation are also apparent.  The vast and overwhelming amount of 
data published on miRNA function describe a role where mature miRNAs in 
association with a protein complex termed the RNA-induced Silencing Complex 
bind to an mRNA 3’untranslated region based on Watson-crick base pairing of 
nucleotides 2-8 of the mature miRNA, termed the seed region.  This in turn leads 
to the inhibition of mRNA translation and the degradation of the transcript [30], 
[31].  Evolutionarily conserved seed based pairing of miRNAs and mRNA along 
with compensatory sites outside the seed region have been used to 
computationally predict large numbers of potential mRNA targets of all known 
miRNAs expressed in a number of species [32]. 
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While the global trends of our transcriptome profiling may simply reflect the 
nature of expression profiles of such a large number of genes and miRNAs, they 
may be suggestive of a regulation link between these two groups.  If trends 
identified through cluster analysis are suggestive of direct miRNA-mRNA 
interaction and subsequent repression and degradation of mRNA transcripts, we 
hypothesize that not only would expression values on our arrays be inversed 
between miRNAs and mRNAs, but mRNAs should also contain evolutionary 
conserved seed sequence binding sites of enriched miRNAs within their 3’ 
untranslated region (Fig 1.3).   
 
In an attempt to provide evidence of miRNA mediated regulation of the HBC 
transcriptome, we employed the programming language Python to create a 
pipeline in which the mouse miRNA target database TargetScan 5.1 [32]–[34] 
can be superimposed with our array data (Fig 2.2).  This in turn allowed us to 
identify if a miRNA in our array dataset is expressed at a given threshold and 
which, if any, of its predicted mRNA targets are in turn repressed, that is have 
negative enrichment values in our gene array datasets. The standard 
organization of individual miRNAs into families based on seed region homology 
is utilized by Targetscan 5.1 and reflects the assumption that the seed region is 
the biggest contributor to identifying potential mRNA.  To accommodate this 
organization, Python was utilized to also arrange our individual miRNA array data 
into averages based on all members of their family.  
 
This analysis has identified 25 miRNA families enriched at least 2 fold in the 
quiescent HBC and 754 predicted genes that are negatively enriched by at least 
two fold and contain potential binding sites for the enriched miRNAs.  
Conversely, 22 miRNA families are negatively enriched within the quiescent 
HBCs by at least two fold, and 668 genes that are enriched by at least a two fold 
and contain potential binding sites for the negatively enriched miRNA.  This 
analysis shows that as much as 26.9% of genes negatively enriched in the HBC 
may be regulated through miRNA mediated repression, while 27.6% of genes 
enriched in the quiescent HBCs may be targeted for repression by miRNAs 
enriched is apical tissue.  These values are close to estimates that as much as 
one third of our genome is regulated by miRNA mediated repression [32], [33], 
[35], [36].   
 
Based on the role of miRNAs in other stem cell niches, we hypothesize that a 
potential role for miRNAs enriched in the HBC is to repress genes associated 
with neurodifferentiation. We also hypothesize that a potential role for miRNAs 
enriched in apical tissue –that is, negatively enriched in the HBC—would be to 
repress genes associated with stem cell maintenance and self renewal.  
Submitting our gene list of mRNAs predicted to be repressed by miRNAs 
enriched in either the HBC or the apical olfactory tissue to Gene Ontology 
Analysis provides evidence to support this claim.  Genes associated with 
neurotransmitter secretion, regulation of action potential, regulation of membrane 
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potential, regulation of vesicle-mediated transport, and nervous system 
development are all significantly enriched in respect to being targeted by miRNAs 
enriched in the HBC (Table 2.1 and 2.3).  It is also evident, based on review of 
the literature, that a number of genes negatively enriched in the HBC and 
potentially targeted by miRNAs enriched in the HBC play a role in the transition 
from neuro-progenitor to mature olfactory receptor neurons during olfactory 
neurogenesis.  Gene Ontology analysis of mRNAs enriched in the HBC and 
predicted to be targeted by miRNAs enriched in apical tissue reveal a number of 
genes associated with negative regulation of developmental process, cellular 
homeostasis, negative regulation of cell differentiation, negative regulation of cell 
proliferation, and regulation of cell cycle (Table 2.2 and 2.4). 
 
We identified 52 candidate genes for further analysis from our gene ontology 
analysis - genes known to be involved with olfactory neurodevelopment, 
proliferation, and differentiation - and also a subset of genes that were targeted 
by a high number of miRNAs.  Our rational to include the latter group reflects the 
fact that miRNAs are known to work co-operatively both independently and 
synergistically [34]; we believe those mRNAs predicted to be targeted by the 
most number of miRNAs are likely to reflect in vivo regulation. We hypothesize 
that if these genes are expressed in the olfactory epithelium they would be 
excluded from expression within the HBCs due to miRNA mediated repression.  
To test this hypothesis we utilize Krt5-CrePR transgenic mice, and Rosa26-lox-
stop-lox-YFP (Rosa26YFP) reporter mice that express yellow fluorescent protein 
(YFP) specifically within the HBC [13] and use mRNA in situ staining to visualize 
target gene expression patterns.  This analysis reveals that 19 mRNAs of the 50 
tested are expressed within the olfactory epithelium (Fig2.3a-s).  Furthermore, all 
19 had mRNA expression patterns that excluded expression within the HBC layer 
evident by the lack of co-staining with YFP.  Taken together, these results are 
consistent with the role miRNAs play regulating the timing and differentiation of 
various stem cell populations [15]–[20], [37]–[40].   
 
Conclusion  
We set out to define the quiescent HBC transcriptome and how it changes upon 
stimulation of HBCs to regenerate apical olfactory tissue.  This analysis included 
changes in both the mRNA and miRNA transcriptome and was followed up with a 
series of computational analysis to define trends from this large data set.  Using 
our computational pipeline, we have identified those miRNAs and mRNA 
transcripts that display expression values that correspond with a role in negative 
regulation of miRNAs on mRNA transcripts.  Submitting the results to subsequent 
Gene Ontology analysis, we have identified a potential role for miRNAs enriched 
in both the basal stem cells and apical tissue.  We believe one role for miRNAs 
enriched in the HBC is to repress differentiation and maintain “stemness” by 
targeting genes associated with proliferation and neurodifferentiation.  GO 
analysis of mRNAs targeted for repression outside of the HBC shows an 
enrichment of mRNA targets associated with negative regulation of cell 
differentiation and developmental process, as well as the regulation of 
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neurogenesis and cellular homeostasis.  Follow up experiments with mRNA in 
situ analysis with a subset of mRNA candidates targeted by miRNAs enriched in 
the HBC shows these genes to be absent from the horizontal basal reinforcing 
our prediction that our results may be identifying transcripts under direct miRNA 
repression 
 
[41], [42] [43] [44] [45] [46] [47] [48], [49] [50] [51] [52] [53] [54] [55] [56] [57]  
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Table 2. 1 Gene ontology term enrichment for genes targeted by miRNAs enriched in the HBC

GO Term Description P-value FDR q-value Enrichment N B n b

GO:0010977 negative regulation of neuron projection development 8.75E-04 1.13E-01 62.5 750 4 6 2
GO:0031345 negative regulation of cell projection organization 1.93E-04 4.05E-02 37.5 750 10 6 3
GO:0060048 cardiac muscle contraction 2.45E-05 1.17E-02 10 750 5 75 5
GO:0086065 cell communication involved in cardiac conduction 2.28E-04 4.50E-02 10 750 4 75 4
GO:0002028 regulation of sodium ion transport 2.45E-05 1.64E-02 10 750 5 75 5
GO:0006941 striated muscle contraction 2.45E-05 1.37E-02 10 750 5 75 5
GO:0007269 neurotransmitter secretion 1.22E-04 4.57E-02 8.93 750 6 70 5
GO:0006936 muscle contraction 1.70E-04 4.08E-02 8.33 750 6 75 5
GO:0003012 muscle system process 1.70E-04 3.81E-02 8.33 750 6 75 5
GO:0002027 regulation of heart rate 3.88E-04 6.21E-02 6.1 750 5 123 5
GO:0001508 regulation of action potential 3.92E-04 5.98E-02 5.49 750 7 117 6
GO:0017157 regulation of exocytosis 6.38E-04 8.93E-02 4.97 750 11 96 7
GO:0035725 sodium ion transmembrane transport 2.68E-04 4.74E-02 4.56 750 8 144 7
GO:0042391 regulation of membrane potential 2.73E-04 4.59E-02 3.91 750 12 144 9
GO:0007399 nervous system development 1.78E-05 1.99E-02 3.15 750 37 116 18
GO:0048731 system development 1.88E-05 1.58E-02 2.94 750 44 116 20
GO:0006814 sodium ion transport 1.41E-04 3.94E-02 2.62 750 11 286 11
GO:0010959 regulation of metal ion transport 6.66E-04 8.95E-02 2.38 750 15 273 13
GO:0060627 regulation of vesicle-mediated transport 1.49E-04 3.84E-02 2.25 750 22 273 18
GO:0048856 anatomical structure development 5.71E-04 8.34E-02 1.91 750 125 107 34
GO:0044699 single-organism process 1.49E-05 2.50E-02 1.87 750 145 130 47
GO:0032501 multicellular organismal process 1.30E-04 4.38E-02 1.84 750 132 130 42
GO:0044707 single-multicellular organism process 1.30E-04 3.98E-02 1.84 750 132 130 42
GO:0051049 regulation of transport 5.75E-06 1.93E-02 1.74 750 70 296 48
GO:0051239 regulation of multicellular organismal process 6.68E-05 2.80E-02 1.54 750 98 303 61
GO:0032879 regulation of localization 2.59E-04 4.83E-02 1.52 750 93 302 57
Enrichment (N, B, n, b) is defined as follows:
N - total number of genes
B - total number of genes associated with a specific GO term
n - number of genes in the top of the input list or in the target set when appropriate
b - number of genes in the intersection
Enrichment = (b/n) / (B/N)

.
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GO Term Description P-value FDR q-value Enrichment N B n b

GO:0046425 regulation of JAK-STAT cascade 2.01E-04 5.97E-03 3.5 696 8 199 8
GO:0048469 cell maturation 3.92E-04 1.03E-02 3.23 696 10 194 9
GO:0021700 developmental maturation 3.92E-04 1.02E-02 3.23 696 10 194 9
GO:0045669 positive regulation of osteoblast differentiation 4.18E-04 1.07E-02 2.48 696 13 259 12
GO:0043524 negative regulation of neuron apoptotic process 1.46E-04 4.73E-03 2.27 696 13 306 13
GO:0070848 response to growth factor stimulus 7.71E-04 1.70E-02 1.96 696 19 318 17
GO:0048562 embryonic organ morphogenesis 6.40E-04 1.52E-02 1.87 696 15 373 15
GO:0001763 morphogenesis of a branching structure 6.04E-04 1.44E-02 1.87 696 23 323 20
GO:0045787 positive regulation of cell cycle 4.08E-04 1.05E-02 1.86 696 16 375 16
GO:0048660 regulation of smooth muscle cell proliferation 4.24E-04 1.08E-02 1.85 696 16 376 16
GO:0061138 morphogenesis of a branching epithelium 6.47E-04 1.52E-02 1.82 696 19 363 18
GO:0001775 cell activation 1.46E-06 9.09E-05 1.79 696 27 389 27
GO:0045667 regulation of osteoblast differentiation 8.22E-05 3.04E-03 1.78 696 20 390 20
GO:0002521 leukocyte differentiation 1.39E-04 4.60E-03 1.77 696 23 377 22
GO:0050877 neurological system process 2.89E-05 1.29E-03 1.73 696 30 375 28
GO:0016477 cell migration 1.81E-05 8.74E-04 1.72 696 49 323 39
GO:0030182 neuron differentiation 1.63E-04 5.17E-03 1.71 696 24 389 23
GO:0045165 cell fate commitment 7.77E-04 1.70E-02 1.7 696 21 389 20
GO:0019725 cellular homeostasis 8.60E-07 6.26E-05 1.67 696 36 405 35
GO:0050678 regulation of epithelial cell proliferation 7.26E-04 1.63E-02 1.65 696 28 376 25
GO:0009790 embryo development 5.61E-04 1.36E-02 1.6 696 28 405 26
GO:0008285 negative regulation of cell proliferation 9.44E-06 5.08E-04 1.6 696 51 376 44
GO:0048468 cell development 1.10E-05 5.66E-04 1.57 696 45 404 41
GO:0030155 regulation of cell adhesion 9.04E-04 1.93E-02 1.57 696 33 389 29
GO:0008283 cell proliferation 2.72E-04 7.58E-03 1.56 696 37 398 33
GO:0008284 positive regulation of cell proliferation 9.00E-07 6.27E-05 1.56 696 57 398 51
GO:0045664 regulation of neuron differentiation 4.29E-06 2.39E-04 1.56 696 48 409 44
GO:0045596 negative regulation of cell differentiation 8.67E-07 6.21E-05 1.55 696 53 416 49
GO:0009887 organ morphogenesis 3.89E-05 1.66E-03 1.55 696 43 408 39
GO:0050767 regulation of neurogenesis 4.71E-07 3.71E-05 1.55 696 57 409 52
GO:0051960 regulation of nervous system development 1.91E-07 1.71E-05 1.54 696 63 409 57
GO:0051094 positive regulation of developmental process 2.90E-09 4.73E-07 1.52 696 95 390 81
GO:0051093 negative regulation of developmental process 7.37E-07 5.54E-05 1.51 696 62 416 56
GO:0045597 positive regulation of cell differentiation 3.66E-06 2.06E-04 1.5 696 70 390 59
GO:2000145 regulation of cell motility 2.01E-04 5.94E-03 1.5 696 53 385 44
GO:0060284 regulation of cell development 4.47E-07 3.59E-05 1.49 696 73 409 64
GO:0030334 regulation of cell migration 3.11E-04 8.47E-03 1.49 696 52 385 43
GO:0030154 cell differentiation 3.19E-12 1.67E-09 1.48 696 132 398 112
GO:0042127 regulation of cell proliferation 1.88E-07 1.71E-05 1.45 696 99 398 82
GO:0045595 regulation of cell differentiation 1.56E-10 4.36E-08 1.44 696 118 421 103
GO:0002009 morphogenesis of an epithelium 1.95E-04 5.88E-03 1.36 696 36 513 36
GO:0051726 regulation of cell cycle 1.25E-04 4.27E-03 1.27 696 48 548 48
Enrichment (N, B, n, b) is defined as follows:
N - total number of genes
B - total number of genes associated with a specific GO term
n - number of genes in the top of the input list or in the target set when appropriate
b - number of genes in the intersection
Enrichment = (b/n) / (B/N)

Table 2.2 Genes Ontology term enrichment for targets of miRNAs de-enriched in the 
horizontal basal cell.
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Gene Symbol Non-injury Enrichment P Value 24hr PMI Enrichment 48hr PMI Enrichment P Value

Arhgef7 -3.17 5.65E-08 -0.14 0.03 4.10E-01
Brsk2 -3.67 5.06E-09 0.37 -0.23 5.00E-02
Chn1 -3.54 2.36E-08 -0.01 -0.30 2.56E-01
Cntn4 -4.30 2.60E-07 -0.04 -0.20 2.75E-01
D130043K22Rik -4.51 3.90E-07 0.15 -0.40 6.09E-02
Dclk1 -3.34 2.77E-06 0.49 -0.26 9.69E-04
Dcx -4.31 1.58E-08 0.13 0.07 9.01E-01
Epha5 -3.95 1.30E-06 -1.59 -1.46 7.81E-04
Gap43 -4.39 5.94E-08 0.25 -0.43 4.31E-03
Lhx2 -4.12 8.09E-07 0.80 -0.16 1.42E-02
Myt1 -3.46 5.79E-08 0.19 -0.11 1.10E-01
Nav1 -3.26 1.91E-07 0.72 0.43 1.82E-03
Neurod1 -3.84 1.18E-07 0.96 0.16 6.83E-02
Nrp2 -3.55 2.81E-07 1.05 -0.25 5.13E-05
Rufy3 -4.56 1.46E-07 0.20 -0.03 4.84E-01
Sema4f -4.21 4.73E-09 0.26 -0.21 7.10E-02
Sema7a -3.31 1.52E-07 -0.01 -0.20 2.14E-01

Gene Symbol Non-injury Enrichment P Value 24hr PMI Enrichment 48hr PMI Enrichment P Value

Ank2 -4.39 1.04E-06 0.30 -0.33 1.55E-03
Cnr1 -3.17 9.03E-08 0.00 -0.07 7.54E-01
Scn3a -3.98 1.46E-07 -0.27 -0.29 1.79E-01
Scn3b -3.62 5.15E-08 0.27 0.37 2.33E-01
Scn4b -3.94 3.51E-07 -0.93 -1.25 2.57E-04
Scn8a -3.80 3.57E-06 -0.32 -0.36 2.15E-01

*Enrichment values are taken from gene arrays.

Gene Ontology ID:0007399 Nervous System Development 

Gene Oontology ID:0001508 Regulation of Action Potential

Table 2.3 Genes targeted for miRNA mediated repression within HBCs are associated with gene 
ontology terms involved in neurodevelopment and function.  
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Gene Symbol Non-injury Enrichment P Value 24hr PMI Enrichment 48hr PMI Enrichment P Value

Adam17 1.31 2.16E-06 -0.19 0.08 1.05E-01
Ccnd2 7.29 8.05E-10 -0.31 -1.26 8.63E-05
Ccng1 1.58 8.65E-07 -0.44 0.02 6.39E-03
Ccnl1 1.11 6.04E-05 -0.53 -0.57 2.20E-03
Ccnl1 -0.31 7.84E-03 0.12 0.18 2.78E-01
Clock 1.51 1.19E-06 0.74 0.31 4.62E-04
Ctgf 4.16 7.70E-08 -0.43 -1.30 7.82E-05
Dcun1d3 1.01 2.08E-05 0.21 0.58 1.89E-02
Ereg 5.69 2.45E-09 0.78 0.39 4.08E-04
Ets1 5.76 5.07E-10 -0.10 0.38 3.88E-02
Fgfr2 4.51 1.46E-09 -0.85 -0.83 5.47E-04
Fgfr3 3.91 2.79E-07 -0.74 -0.76 8.56E-03
Foxg1 1.08 7.12E-06 -0.38 -0.25 5.91E-02
Hes1 4.62 1.40E-09 -1.02 -0.31 2.02E-03
Hmga2 1.32 2.98E-06 2.67 1.47 3.55E-07
Igf2 1.53 2.42E-05 -0.56 -0.94 3.89E-03
Irf6 2.46 6.75E-08 -0.20 -0.40 2.78E-02
Jun 1.50 9.44E-06 -0.30 -0.17 7.64E-02
Lats2 5.08 8.23E-09 -0.75 -0.72 6.54E-03
Lif 3.17 7.60E-08 0.64 0.32 8.77E-02
Lrp6 1.10 1.06E-05 -0.49 -0.67 3.37E-02
Mapk14 1.46 1.69E-06 -0.19 0.05 1.10E-01
Mapkapk2 1.29 5.44E-06 0.24 0.35 7.67E-02
Met 4.65 8.97E-10 -0.10 -0.12 5.19E-01
Notch2 3.23 1.78E-06 -0.48 -0.18 1.13E-01
Nr2e1 4.64 1.96E-08 -1.33 -0.22 1.90E-05
Obfc2a 1.72 2.06E-06 0.29 0.55 3.18E-02
Phactr4 1.32 6.06E-06 -0.02 -0.05 9.27E-01
Pkd2 2.27 3.69E-07 -0.12 -0.06 6.01E-01
Pkp4 1.60 8.19E-07 -0.18 0.00 3.17E-01
Plk2 2.37 1.60E-06 0.75 0.02 2.03E-04
Rbbp8 1.48 3.56E-06 -0.31 0.13 7.15E-02
Rhoa 1.53 1.06E-04 -1.32 -1.41 6.43E-04
Rhob 2.07 2.88E-07 -0.49 -0.38 8.12E-03
Rock2 2.33 7.57E-08 -0.33 -0.29 5.62E-02
Runx3 1.36 1.02E-05 -0.33 -0.31 1.86E-01
Sfrp1 5.75 4.41E-09 -1.41 -1.23 1.35E-05
Sgk1 2.50 2.01E-07 -0.29 -0.06 4.18E-02
Smad3 2.68 1.71E-07 0.16 -0.14 1.89E-01
Sox2 1.86 4.12E-07 -0.57 -0.49 5.00E-03
Src 1.46 1.99E-05 -0.31 -0.22 1.37E-01
Tcf3 3.78 2.69E-07 -0.63 -0.28 2.70E-03
Tcf7l2 3.84 8.40E-09 -0.86 0.21 1.04E-02
Tgfb2 1.61 1.01E-05 -0.41 -0.40 6.70E-02
Timp2 1.81 4.35E-07 -1.40 -0.97 3.75E-05
Tnfaip3 2.81 1.73E-07 -0.73 0.05 6.96E-04
*Enrichment values are taken from gene arrays.

Gene Ontology ID:0051726 Regulation of Cell Cycle

Table 2.4 Genes targeted for miRNA mediated repression outside HBCs are associated with gene 
ontology terms involved in the regulation of cell cycle.
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Figure 2.1 Visualization of transcriptome profile from horizontal basal cells during quiescence and 
regeneration.
Heat maps generated from Cluster 3.0 analysis of gene (A) and miRNA (B) arrays from 
horizontal basal cells during quiescence and after the induction of injury 24 hours and 48 hours 
post methimazol injection (pmi) reveal dynamic regulation of the horizontal basal cell transcript-
ome. Presence of complimentary trends in mRNA enrichment and miRNA de-enrichment (as well 
as the inverse) lead us to suspect miRNAs may be involved in the maintenance and transition of 
the horizontal basal cell transcriptome.  Enrichment values in the legend are log[2] values.  
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False Discovery Rate (FDR) Cuto� < 0.05
Organize miRNA values into averages for family. 
[Target Scan 5.1 miRNA target prediction database]

Raw miRNA array data
569 individual miRNAs

Select threshold of mIRNA family enrichment
Select gene/miRNA array  datasets:
 [Noninjury, 24hr PMI, 48hr PMI]

Output 1: All miRNA families enriched 
above threshold and predicted mRNA 
targets with array enrichment and FDR
values appended.

25 miRNA families 2 fold enriched, 754
mRNAs de-enriched 2 fold and contain
predicted miRNA binding sites.

329 miRNA families 

Output 2: All miRNA families enriched below thresh-
old and predicted mRNA targets with array enrich-
ment and FDR values appended.

22 miRNA families -2 fold enrichment, 668 mRNAs 
enriched 2 fold and contain predicted miRNA 
binding sites.

Figure 2.2 Computational pipeline to identify enriched miRNAs and predicted gene targets.
We generated a custom script was coded in Python to identify miRNA mediated repression of mRNA  targets.  By 
selecting a threshold for miRNA family enrichment and an array pair to analyze (noninjury, 24hr PMI, or 48hr PMI), 
two output �les are generated: one containing all miRNA families enriched above the threshold selected and one 
containing all miRNA families enriched below threshold; both with their predicted mRNA targets based on 
TargetScan 5.1 miRNA target predictions, and those mRNA enrichment and FDR values.   Output 1 is utilized 
when attempting to identify targets of miRNAs enriched above a speci�ed threshold in the horizontal basal cell. 
By specifying a negative miRNA enrichment threshold, output 2 can be utilized to identify miRNAs enriched in 
apical tissue in our noninjury anlaysis as well as their mRNA targets enriched in the HBCs.  At 24hr and 48hr PMI,
negative thresholds identify gene targets that may be activated upon proliferation and di�erentiation of the HBC.

Querries Anaylized:
[2 fold enrichment, noninjury]
[-2 fold enrichment, noninjury]
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A

B

C

Bcl11b

YFP mRNA YFP/mRNA

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-29abc 1.57 0.35 -0.13
miR-124_506 1.09 -0.43 -2.32
miR-365 3.36 0.43 0.77
miR-503 2.35 0.35 -0.64
miR-542_542-3p 1.84 0.24 -1.69
miR-592_599 1.07 -0.08 -0.65

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1435227_at Bcl11b -2.64 0.15 -0.14
1438784_at Bcl11b -2.72 0.20 -0.11
1450339_a_at Bcl11b -3.12 0.11 -0.15
1452966_at Bcl11b -2.89 0.25 -0.12

Rational for analysis: Role in olfactory and adult neurogenesis; target of 6 miR families enriched
in the HBC.

Figure 2.3a B-cell leukemia/lymphoma 11B (Bcl11b)
Our rational for investigating the mRNA expression pattern of Bcl11b in the main olfactory epithelium was 
based on its association with olfactory neurogenesis in the vomeronasal organ and adult neurogenesis in 
the dentate gyrus [41], [42] as well as being targeted by 6 miRNA families (A).  Four probesets in our 
gene array are targeted to Bcl11b, all of which are de-enriched in the HBC while 6 miRNA families 
targeting Bcl11b are enriched (B).  Coronal sections of mouse olfactory epithelium were analyzed for 
mRNA expression of Bcl11b through mRNA in situ analysis (red).  Antibody counterstaining for the 
expression of yellow fluorescent protein (YFP) (green) demarcates the basal most border of the olfactory 
epithelium and labels the HBC cell population.  Bcl11b mRNA expression does not overlap with YFP 
staining, providing supporting evidence that Bcl11b may be regulated in the HBCs through miRNA 
mediated repression (C). 
*All figures below (2.3b-s) will follow the same organization scheme as 2.3a (C).  All images are 10 x 
magnifications.    
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B

C

Ccnd1

YFP mRNA YFP/mRNA

Rational for analysis: Plays an essential role in the proliferation and differentiation of neural 
stem cells.

Figure 2.3b Cyclin D1 (Ccnd1)
Our rational for investigating the mRNA expression pattern of Ccnd1 is its general role in cell cycle 
regulation as well as its role in regulating neural stem cell proliferation and differentiation [43] (A).  1 of 4 
probesets in our gene array shows a de-enrichment for Ccnd1  in the HBC while two miRNA families 
targeting Ccnd1 are enriched (B).  Similar to 2.3a (C), mRNA expression of Ccnd1 (red) does not overlap 
with the HBC specific protein expression of yellow fluorescent protein (YFP) providing supporting evidence 
that Ccnd1 may be regulated in the HBCs through miRNA mediated repression (C).  

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-503 2.35 0.35 -0.64

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1417419_at Ccnd1 -1.12 2.66 0.74
1417420_at Ccnd1 -0.85 2.48 1.05
1448698_at Ccnd1 -0.73 2.44 0.87
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B

C

Daam1

YFP mRNA YFP/mRNA

Rational for analysis: Component of the Planar Cell Polarity (PCP) Pathway; regulates planarian
neural regeneration.  

Figure 2.3c Dishevelled Associated Activator of Morphogenesis 1 (Daam1)
Our rational for investigating the mRNA expression pattern of Daam1 is its function within the planar cell 
polarity pathway and its role in regulating planarian neural regeneration [44] (A).  1 of 3 probesets in our 
gene array shows a de-enrichment for Daam1 in the HBC while two miRNA families targeting Daam1 are 
enriched (B).  Similar to 2.3a (C), mRNA expression of Daam1 does not overlap with the HBC specific 
protein expression of yellow fluorescent protein (YFP) providing supporting evidence that Daam1 may be 
regulated in the HBCs through miRNA mediated repression (C). 

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1431035_at Daam1 -0.95 0.48 -0.16
1455244_at Daam1 -1.61 0.30 -0.03
1458662_at Daam1 0.93 -0.82 -0.50

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-27ab 3.09 0.05 -0.29
miR-29abc 1.57 0.35 -0.13
miR-125_351 3.01 -0.15 -0.40

48



A

B

C

Dnmt3a

YFP mRNA YFP/mRNA

Rational for analysis: Known expression in immature olfactory receptor neurons and role in 
neurodevelopment.

Figure 2.3d DNA Methyltransferase 3A (Dnmt3a)
Our rational for investigating the mRNA expression pattern of Dnmt3a is it known expression in immature 
olfactory neurons and its general role in neurodevelopment [45] (A).  4 of 5 probesets in our gene array 
shows a de-enrichment for Daam1 in the HBC while 4 miRNA targeting Dnmt3a are enriched (B).  Similar 
to 2.3a (C), mRNA expression of Dnmt3a does not overlap with the HBC specific protein expression of 
yellow fluorescent protein (YFP) providing supporting evidence that Dnmt3a may be regulated in the 
HBCs through miRNA mediated repression(C). 

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1423063_at Dnmt3a -1.56 -0.30 0.02
1423064_at Dnmt3a -0.50 0.05 0.03
1423065_at Dnmt3a -1.74 -0.47 -0.54
1423066_at Dnmt3a -1.47 -0.43 -0.28
1460324_at Dnmt3a -1.51 -0.51 -0.43

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-26ab_1297 1.65 -0.15 -0.56
miR-29abc 1.57 0.35 -0.13
miR-101 1.62 0.32 -0.39
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E2f2

YFP mRNA YFP/mRNA

Rational for analysis: Plays a role in the proliferation of glioblastoma and is a validated direct 
target of miR-125; regulates proliferation and quiescence.                                      

Figure 2.3e E2F Transcription Factor 2 (E2f2)
Our rational for investigating the mRNA expression pattern of E2f2 is based on its role in glioblastoma 
proliferation where it is a direct target of miR-125 [46] as well as its association with cell cycle regulation 
and quiescence [47] (A). 2 of 2 probesets in our gene array shows a de-enrichment for E2f2 in the HBC 
while 4 miRNA familes targeting E2f2 are enriched (B).  Similar to 2.3a (C), mRNA expression of E2f2 
does not overlap with the HBC specific protein expression of yellow fluorescent protein (YFP) providing 
supporting evidence that E2f2 may be regulated in the HBC through miRNA mediated repression (C).  
 

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1436434_at E2f2 -1.95 0.88 0.57
1455790_at E2f2 -2.25 1.01 0.42

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-125_351 3.01 -0.15 -0.40
miR-155 2.30 0.32 -0.21
miR-221_222 5.02 0.15 -0.03
miR-365 3.36 0.43 0.77
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Rational for analysis: Plays an essential role in olfactory neurogenesis; associated with Gene
Ontology Terms: GO:0044699, single-organism process; GO:0032501, multicellular organismal 
process; GO:0006814, sodium ion transport.

Figure 2.3f Early B-cell Factor 2 (Ebf2)
Our rational for investigating the mRNA expression pattern of Ebf2 is its well defined role in olfactory 
neurogenesis [48], [49] as well as its associated Gene Ontology terms (GO:0044699, single-organism 
process; GO:0032501, multicellular organismal process; GO:0006814, sodium ion transport) (A).  3 of 3 
probesets in our gene array show a de-enrichment for Ebf2 in the HBC while 1 miRNA family targeting 
Ebf2 is enriched (B).  Similar to 2.3a (C), mRNA expression of Ebf2 does not overlap with the HBC 
specific protein expression of yellow fluorescent protein (YFP) providing supporting evidence that Ebf2 
may be regulated in the HBC through miRNA mediated repression (C). 

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1418494_at Ebf2 -3.80 0.31 -0.53
1449101_at Ebf2 -4.41 0.14 -0.25
1449102_at Ebf2 -4.11 0.35 -0.17

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-10 1.17 -0.21 -0.40

Ebf2
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Rational for analysis: Plays an essential role in olfactory neurogenesis; associated with Gene
Ontology Terms: GO:0044699, single-organism process; GO:0032501, multicellular organismal 
process; GO:0006814, sodium ion transport.

Figure 2.3g Early B-cell Factor 3 (Ebf3)
Our rational for investigating the mRNA expression pattern of Ebf3 is its well defined role in olfactory 
neurogenesis [48], [49] as well as its associated Gene Ontology terms (GO:0044699, single-organism 
process; GO:0032501, multicellular organismal process; GO:0006814, sodium ion transport) (A).  3 of 3 
probesets in our gene array shows a de-enrichment for Ebf3 in the HBC while 4 miRNA families targeting 
Ebf3 are enriched (B).  Similar to 2.3a (C), mRNA expression of Ebf3 does not overlap with the HBC 
specific protein expression of yellow fluorescent protein (YFP) providing supporting evidence that Ebf3 
may be regulated in the HBC through miRNA mediated repression (C). 

Ebf3

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1428349_s_at Ebf3 -3.74 0.45 -0.44
1452751_at Ebf3 -4.02 0.54 -0.48
1460666_a_at Ebf3 -4.19 0.41 -0.41

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-24 3.45 -0.12 -0.97
miR-27ab 3.09 0.05 -0.29
miR-124_506 1.09 -0.43 -2.32
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Rational for analysis: Plays an essential role in olfactory neurogenesis.

Figure 2.3h Early B-cell Factor 4 (Ebf4)
Our rational for investigating the mRNA expression pattern of Ebf4 is its well defined role in olfactory 
neurogenesis [48], [49] (A). ).  The 1 probeset in our gene array shows a de-enrichment for Ebf3 in the 
HBC while 1 miRNA family targeting Ebf3 is enriched (B).  Similar to 2.3a (C), miRNA expression of Ebf3 
does not overlap with the HBC specific protein expression of yellow fluorescent protein (YFP) providing 
supporting evidence that Ebf2 may be regulated in the HBC through miRNA mediated repression (C).  

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1435044_at Ebf4 -3.83 -0.53 -0.87

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-125_351 3.01 -0.15 -0.40

Ebf4
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Rational for analysis: A component of the Gene Ontology Process: regulation of vesicle-
mediated transport, GO:0060627.

Figure 2.3i Huntingtin Interacting Protein 1 (Hip1)
Our rational for investigating the mRNA expression pattern of Hip1 is its association with the Gene 
Ontology process: regulation of vesicle-mediated transport, GO:0060627 (A).  2 of 5 probesets in our 
gene array show a de-enrichment for Hip1 in the HBC while 3 miRNA families targeting Hip1 are enriched 
(B). Similar to 2.3a (C), mRNA expression of Ebf3 does not overlap with the HBC specific protein 
expression of yellow fluorescent protein (YFP) providing supporting evidence that Ebf2 may be regulated 
in the HBC through miRNA mediated repression (C).  

Hip1

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1424755_at Hip1 -1.24 0.01 -0.30
1424756_at Hip1 0.13 -0.05 -0.13
1432017_at Hip1 0.00 0.01 -0.03
1432230_at Hip1 -0.21 -0.17 -0.13
1434557_at Hip1 -2.14 0.04 -0.05

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-27ab 3.09 0.05 -0.29
miR-29abc 1.57 0.35 -0.13
miR-124_506 1.09 -0.43 -2.32
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Rational for analysis: A component of the Gene Ontology process: multicellular organismal 
process, GO:0032501.

Figure 2.3j Jumonji, AT Rich Interactive Domain 2 (Jarid2)
Our rational for investigating the mRNA expression pattern of Jarid2 is its association with the Gene 
Ontology process: multicellular organismal process, GO:0032501 (A).  3 of 3 probesets in our gene array 
show a de-enrichment for Jarid2 in the HBC while 4 miRNA families targeting Jarid2 are enriched (B).  
Similar to 2.3a (C), mRNA expression of Jarid2 does not overlap with the HBC specific protein expression 
of yellow fluorescent protein (YFP) providing supporting evidence that Jarid2 may be regulated in the HBC 
through miRNA mediated repression (C). 
 

Jarid2

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1422697_s_at Jarid2 -3.08 -0.45 -0.27
1422698_s_at Jarid2 -2.88 -0.56 -0.10
1450710_at Jarid2 -2.46 -0.22 0.35

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-26ab_1297 1.65 -0.15 -0.56
miR-29abc 1.57 0.35 -0.13
miR-155 2.30 0.32 -0.21
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Rational for analysis: A marker of neurosphere derived neuroprogenitors.

Figure 2.3k Kruppel-like factor 12 (Klf12)
Our rational for investigating the mRNA expression pattern of Klf12 is it’s expression in neurosphere 
generated neuroprogenitors of the central nervous system [50] (A).  2 of 6 probesets for Klf12 in our gene 
array show a de-enrichment in the HBC while 2 miRNA families targeting Klf12 are enriched (B).  Similar 
to 2.3a (C),mRNA expression of Klf12 does not overlap with the HBC specific protein expression of yellow 
fluorescent protein (YFP) providing supporting evidence that Klf12 may be regulated in the HBC through 
miRNA mediated repression (C). 

Klf12

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1422227_at Klf12 0.10 0.12 -0.13
1422227_at Klf12 0.10 0.12 -0.13
1439846_at Klf12 -0.49 0.31 0.10
1439847_s_at Klf12 -1.69 0.53 -0.33
1441040_at Klf12 0.00 -0.22 -0.26
1455521_at Klf12 -1.32 0.46 -0.05

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-29abc 1.57 0.35 -0.13
miR-101 1.62 0.32 -0.39
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Rational for analysis: A regulator of mitotic spindle formation in proliferative cells.

Figure 2.3l Microtubule-associated Protein, RP/EB Family, Member 2 (Mapre2)
Our rational for investigating the mRNA expression pattern of Mapre2 is its association with cell cycle 
regulation and mitotic spindle formation [51] (A).  4 out of 5 probesets for Mapre2 in our gene array show 
a de-enrichment in the HBC while 4 miRNA families targeting Mapre2 are enriched (B).  Similar to 2.3a 
(C), mRNA expression of Mapre2 does not overlap with the HBC specific protein expression of yellow 
fluorescent protein (YFP) providing supporting evidence that Mapre2 may be regulated in the HBC 
through miRNA mediated repression (C). 

Mapre2

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1426244_at Mapre2 -1.29 0.08 -0.12
1426245_s_at Mapre2 -1.65 -0.07 -0.39
1442553_at Mapre2 -0.32 -0.24 -0.07
1451989_a_at Mapre2 -1.58 -0.79 -0.98
1451990_at Mapre2 -2.39 -0.72 -0.96

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-29abc 1.57 0.35 -0.13
miR-125_351 3.01 -0.15 -0.40
miR-504 1.77 0.11 -0.45
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Rational for analysis: Regulates the proliferation and maintenance of central nervous system 
stem cell populations.

Figure 2.3m Musashi Homolog 2 (Drosophila) (Msi2)
Our rational for investigating the mRNA expression pattern of Msi2 is its role in the regulation of central 
nervous system neural stem cell maintenance and proliferation [52] (A).  5 out of 8 probesets for Msi2 in 
our gene array show a de-enrichment in the HBC while 4 miRNA families targeting Msi2 are enriched (B).  
Similar to 2.3a (C), mRNA expression of Msi2 does not overlap with the HBC specific protein expression 
of yellow fluorescent protein (YFP) providing supporting evidence that Msi2 may be regulated in the HBC 
through miRNA mediated repression (C). 
 

C
YFP mRNA YFP/mRNA

Msi2

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1421230_a_at Msi2 -1.73 -0.10 0.08
1421231_at Msi2 -0.27 -0.13 -0.05
1435520_at Msi2 -2.05 -0.09 -0.22
1435521_at Msi2 -1.62 -0.31 -0.38
1436818_a_at Msi2 -1.44 -0.35 -0.16
1441185_at Msi2 -1.28 -0.77 -0.39
1443008_at Msi2 -0.94 -0.72 -0.54
1458136_at Msi2 -0.03 -0.12 -0.21

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-27ab 3.09 0.05 -0.29
miR-148_152 3.78 0.01 -0.27
miR-205 6.63 -0.36 -0.76
miR-320_320abcd 1.50 -0.43 -0.08
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Rational for analysis: Regulates cell growth, differentiation, and apoptosis.

Figure 2.3n MAX Dimerization Protein 1 (Mxd1) 
Our rational for investigating the mRNA expression pattern of Mxd1 is its role in the regulation of cell 
proliferation, differentiation and apoptosis [53] (A).  1 out of 3 probesets for Mxd1 in our gene array show 
a de-enrichment in the HBC while 2 miRNA families targeting Mxd1 are enriched (B).  Similar to 2.3a (C),
mRNA expression of Mxd1 does not overlap with the HBC specific protein expression of yellow 
fluorescent protein (YFP) providing supporting evidence that Mxd1 may be regulated in the HBC through 
miRNA mediated repression (C). 
 

Mxd1

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1422002_at Mxd1 0.12 -0.02 0.00
1434830_at Mxd1 -1.18 0.49 0.50
1455104_at Mxd1 -0.05 0.84 0.80

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-29abc 1.57 0.35 -0.13
miR-101 1.62 0.32 -0.39
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Rational for analysis: Regulates cell proliferation, up-regulation associated with poor prognosis 
of cancer.

Figure 2.3o V-myc Myelocytomatosis Viral Related Oncogene, Neuroblastoma Derived (avian) 
(Mycn)
Our rational for investigating the mRNA expression pattern of Mycn is its role in the regulation of cell 
proliferation as a member of the Myc gene family and its association with poor cancer prognosis when up-
regulated [54] (A).  1 out of 3 probesets for MycN in our gene array show a de-enrichment in the HBC 
while 2 miRNA families targeting MycN are enriched (B).  Similar to 2.3a (C), mRNA expression of MycN 
does not overlap with the HBC specific protein expression of yellow fluorescent protein (YFP) providing 
supporting evidence that Mycn may be regulated in the HBC through miRNA mediated repression (C). 
 

MycN

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1417155_at Mycn -1.42 -0.15 -0.15
1425922_a_at Mycn 0.02 -0.24 -0.28
1425923_at Mycn -0.07 0.04 0.02

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-29abc 1.57 0.35 -0.13
miR-101 1.62 0.32 -0.39
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Rational for analysis: Associated with the Gene Ontology processess: regulation of vesicle-
mediated transport, GO:0060627; and regulation of exocytosis, GO:0017157.

Figure 2.3p Neural Cell Adhesion Molecule 1 (Ncam1) 
Our rational for investigating the mRNA expression pattern of NCAM1 is its association with the Gene 
Ontology processes: regulation of vesicle-mediated transport, GO:0060627; and regulation of exocytosis, 
GO:0017157 (A).  5 out of 7 probesets for Ncam1 in our gene array show a de-enrichment in the HBC 
while 3 miRNA families targeting Ncam1 are enriched (B).  Similar to 2.3a (C), mRNA expression of 
Ncam1 does not overlap with the HBC specific protein expression of yellow fluorescent protein (YFP) 
providing supporting evidence that Ncam1 may be regulated in the HBC through miRNA mediated 
repression (C). 

Ncam1

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1421966_at Ncam1 -0.10 0.02 -0.05
1425126_at Ncam1 -2.69 -0.04 -0.09
1426864_a_at Ncam1 -3.74 0.14 -0.60
1426865_a_at Ncam1 -3.38 0.31 -0.44
1439556_at Ncam1 -4.28 0.62 0.05
1450437_a_at Ncam1 -1.59 -0.08 -0.12
1450438_at Ncam1 -0.08 -0.19 -0.38

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-27ab 3.09 0.05 -0.29
miR-125_351 3.01 -0.15 -0.40
miR-148_152 3.78 0.01 -0.27
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Rational for analysis: A proto-oncogene associated with increased proliferation.

Figure 2.3q Rearranged L-myc Fusion Sequence (Rlf)
Our rational for investigating the mRNA expression pattern of Rlf is that it is a known proto-oncogene [55] 
(A).  2 out of 3 probesets for Rlf in our gene array show a de-enrichment in the HBC while 2 miRNA 
families targeting Rlf are enriched (B). Similar to 2.3a (C), mRNA expression of Rlf does not overlap with 
the HBC specific protein expression of yellow fluorescent protein (YFP) providing supporting evidence that 
Rlf may be regulated in the HBC through miRNA mediated repression (C).

Rlf

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1427171_at Rlf -1.25 -0.02 -0.19
1439555_at Rlf -1.24 0.06 -0.81
1446057_at Rlf -0.63 -0.55 -0.27

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-26ab_1297 1.65 -0.15 -0.56
miR-29abc 1.57 0.35 -0.13
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Rational for analysis: A hematopoietic stem cell marker associated with cancer; targeted by 9 
miRNA families enriched in the HBC.

Figure 2.3r Runt-related Transcription Factor 1; Translocated to, 1 (Cyclin D-related) (Runx1t1)
Our rational for investigating the mRNA expression pattern of Runx1t1 is that it is a marker of 
hematopoietic stem cells and associated with the formation of leukemia [56];  Runx1t1 is the most 
targeted gene by miRNA families enriched in the HBC (A). 3 out of 6 probesets for Runx1t1 in our gene 
array show a de-enrichment in the HBC while 9 miRNA families targeting Runx1t1 are enriched (B).  
Similar to 2.3a (C), mRNA expression of Runx1t1 does not overlap with the HBC specific protein 
expression of yellow fluorescent protein (YFP) providing supporting evidence that Runx1t1 may be 
regulated in the HBC through miRNA mediated repression (C).  

Runx1t1

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1427640_a_at Runx1t1 -1.11 -0.24 -0.36
1437784_at Runx1t1 -1.82 -0.07 -0.34
1440310_at Runx1t1 -0.33 -0.02 0.18
1443788_at Runx1t1 0.01 -0.16 -0.14
1444615_x_at Runx1t1 -2.19 -0.56 -0.61
1448785_at Runx1t1 -0.80 -0.20 -0.11

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-27ab 3.09 0.05 -0.29
miR-29abc 1.57 0.35 -0.13
miR-146 2.34 -0.60 -0.79
miR-148_152 3.78 0.01 -0.27
miR-193ab 3.46 0.70 -0.03
miR-320_320abcd 1.50 -0.43 -0.08
miR-503 2.35 0.35 -0.64
miR-320_320abcd 1.50 -0.43 -0.08
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Rational for analysis: Expressed by neural committed progenitors; targeted by 7 miRNA familes;
associated with the Gene Ontology terms: regulation of multicellular organismal process, 
GO:0051239; regulation of localization, GO:0032879.

Figure 2.3s SRY-box containing gene 11 (Sox11) 
Our rational for investigating the mRNA expression pattern of Sox11 is that it is a marker of neural 
committed progenitors in the central nervous system [57], is the second most targeted gene by miRNAs 
enriched in the HBC (7 families), and is associated with the Gene Ontology terms: regulation of 
multicellular organismal process, GO:0051239; regulation of localization, GO:0032879 (A).  7 out of 7 
probesets for Sox11 in our gene array show a de-enrichment in the HBC while 7 miRNA families targeting 
Sox11 are enriched (B).  Similar to 2.3a (C), mRNA expression of Sox11 does not overlap with the HBC 
specific protein expression of yellow fluorescent protein (YFP) providing supporting evidence that Sox11 
may be regulated in the HBC through miRNA mediated repression (C).  

Affymetrix 
Probe Set ID Gene Symbol Noninjury 24hr PMI 48hr PMI

1429051_s_at Sox11 -2.23 0.21 -0.48
1429372_at Sox11 -2.25 0.38 -0.34
1431225_at Sox11 -2.01 0.43 -0.15
1436790_a_at Sox11 -2.62 0.44 -0.49
1436790_a_at Sox11 -2.62 0.44 -0.49
1453002_at Sox11 -2.00 0.22 -0.42
1453125_at Sox11 -1.98 0.22 -0.45

miRNA Family ID Noninjury 24hr PMI 48hr PMI

miR-23ab 3.46 -0.15 -0.30
miR-24 3.45 -0.12 -0.97
miR-27ab 3.09 0.05 -0.29
miR-101 1.62 0.32 -0.39
miR-125_351 3.01 -0.15 -0.40
miR-148_152 3.78 0.01 -0.27
miR-125_351 3.01 -0.15 -0.40
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Loss of Dicer Leads to Aberrant Olfactory Stem Cell Proliferation 
 
Introduction 
The olfactory epithelium (OE) of the postnatal rodent is susceptible to damage 
through exposure to airborne pathogens and toxins, resulting in the exposed 
dendritic cilia of mature olfactory receptor neurons being more susceptible to 
environmental insult than most, better protected neuronal populations, To 
compensate for this increased mortality, the OE is capable of maintaining 
neuronal homeostasis through neuroregeneration (reviewed in [1]). In addition, 
the OE is capable of substantial recovery from severe tissue injury due to 
environmental stress (reviewed in [1], [2]).  Since the early 1940s, a number of 
experimental approaches have been developed to induce tissue damage to the 
OE and ascertain insight into the mechanisms that govern this robust adult 
neurogenesis (reviewed in [1], [2]).  Globose Basal Cells (GBCs), a pool of highly 
proliferative transit amplifying progenitors, maintain homeostatic neuronal 
turnover [3]–[8] (Figure 1.1C) and recent evidence identifies the Horizontal Basal 
Cell (HBC) as the quiescent stem cell of the OE capable of re-entering the cell 
cycle upon severe injury and initiating the regeneration of all of the cell 
populations of the OE [9], [10] (Figure 1.1D).  The HBCs of the OE are derived 
embryonically from the Mash1-positive transit amplifying progenitor pool and 
require the expression of Transforming Protein 63 (Trp63) for their formation [11].  
In the absence of injury, Trp63 is required in mature HBCs to repress reentry into 
the cell cycle and differentiate into mature progeny while in the presence of injury 
Trp63 is necessary to promote self renewing cell divisions and maintain the 
quiescent stem cell pool [12].   
 
In the epidermis, Trp63 expression is confined to the basal cell compartment by 
the expression of miRNA 203 in cells suprabasal to the stem cell pool [13]. Gain 
and loss of function experiments show that an expansion of the basal stem cell 
pool occurs in the absence of miRNA 203, while a contraction of this pool, 
marked by the expression of Trp63, occurs with forced expression of miRNA 203 
[13].  Indeed, recent evidence has pointed toward the role of specific miR-mRNA 
interactions in the regulation of stem cell self-renewal and differentiation [14]–
[18].  This observation has led us to ask to what extent do miRNAs regulate stem 
cell dynamics in the OE.   
 
To understand the full extent of this regulation we have taken a whole genome 
approach utilizing gene and miRNA arrays.  Experiments profiling the horizontal 
basal cell transcriptome during quiescence and in response to severe injury 
suggest a potential role for miRNAs in defining and/or reinforcing the boundary 
between the stem cell pool and those cells of a more committed neural linage.  
miRNAs enriched in the horizontal basal cells target genes associated with Gene 
Ontology terms such as nervous system development, regulation of action 
potentials and vesicle-mediated transport.  Conversely, miRNAs enriched in cells 
apical to horizontal basal cells in turn govern genes associated with the Gene 
Ontology terms such as negative regulation of cell differentiation, negative 
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regulation of cell proliferation and regulation of the cell cycle.  These data concur 
with experimental evidence revealing a relatively low level of proliferation in 
horizontal basal cells, as well as their ability to generate all cell types of the OE, 
including non-neurogenic tissue, in response to severe injury [9], [10], [12], [19].  
mRNA expression analysis of genes targeted by miRNAs that are enriched in the 
horizontal basal cell shows that if these gene targets are expressed in the apical 
OE then they tend to be absent in the horizontal basal cell. Cumulatively, the 
existence of this reciprocal relationship reinforces our hypothesis that diverse 
miRNAs play dual roles in the olfactory epithelium:  one set is required for stem 
cell maintenance; another set is required when the stem cell progeny 
differentiate.   
 
While the role of individual miRNAs has been difficult to assess in vivo due to the 
large number of miRNA paralogs in each miRNA family, a successful approach 
taken to address the global role of miRNAs in various organisms is the disruption 
of proteins responsible for the biogenesis of all miRNAs, namely Drosha and 
Dicer.  In the linear miRNA biogenesis pathway (Figure 1.2) Drosha cleaves the 
nascent miRNA transcript, termed the primary miRNA, within the nucleus, and 
generates a premature miRNA transcript, while Dicer cleaves the premature 
miRNA transcript within the cytoplasm, generating a mature miRNA duplex ~22 
nucleotides long. Dicer also assists in the loading of a single strand of this duplex 
into the RISC effecter complex [20].  The RISC complex inhibits mRNA 
translation and degrades mRNA transcripts through Watson-Crick base-pairing 
within the mRNA 3’ untranslated region [21].   
 
Studies utilizing this approach in the mouse embryo show normal specification of 
stem cells, but show defects in their ability to maintain self renewal, defects in 
differentiation during gastrulation, and an increase in cell death [22]–[26].  In the 
developing nervous system, loss of miRNA production does not affect stem cell 
specification; however, the ability of stem cells to self renew and differentiate into 
neural progeny is greatly reduced, leading to defects in the CNS such as 
hypotrophic growth, neural mis-targeting and an increase in cell death [27], [28].  
In the developing OE, loss of miRNA production does not affect stem cell 
specification but inhibits their ability to generate mature progeny and self renew 
[17].  These data show that a critical function of miRNAs in developing stem cell 
pools is to maintain self-renewing cell divisions, promote differentiation and 
inhibit cell death.  
 
Dicer knock out analysis of the developing OE show defects in stem cell 
maintenance and differentiation in the developing OE [11].  These defects occur 
concurrently with horizontal basal cell specification during mid-gestation [17]; 
however, the authors of these studies did not address if horizontal basal cell 
specification was perturbed.  To our knowledge, no study has looked at the role 
of global miRNA production in the horizontal basal cell and miR contribution to 
neuroregeneration in the adult. Hence we proceeded to analyze the global role of 
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miRNAs in horizontal basal cell integrity during quiescence by cell-type targeted 
knock-out of Dicer, a gene essential for miRNA biogenesis.  
 
Methods 
Transgenic Mice 
Mouse Genotypes: Krt5-CrePR transgenic mice [29], Dicer-flox [30]; Jackson 
Laboratories, and Rosa26-lox-stop-lox-YFP (Rosa26YFP) reporter mice [31]; 
Jackson Laboratories were bred and maintained on a mixed B6;129;FVB 
background. The following genotypes of mice were utilized for further 
experimentation: 
Krt5-CrePRTg/+; Dicerfl/fl; Rosa26YFP/+ 

Krt5-CrePRTg/+; Dicerfl/+; Rosa26YFP/+ 

 
Immunohistochemistry 
Tissue from mice post natal 30 day old, 14 week old and 16 week old mice was 
fixed with 4% paraformaldehyde overnight at 4°C followed by 3 washes with 
phosphate-buffered saline (PBS).  Cryopreservation was performed by 
incubating tissue with a 30% sucrose solution overnight at 4°C before mounting 
and freezing in tissue-freezing medium (Triangle Biomedical Sciences). Tissue 
sections were prepared at 16 micron thickness. Tissue sections were treated with 
PBS containing 0.1% Triton X-100 with primary antibodies diluted in 10% goat 
serum, followed by detection with Alexa 488, 568, or 594 secondary antibodies 
(Invitrogen), as described [32]. The following primary antibodies and dilutions 
were utilized for analysis: chicken anti-GFP, 1:500 (Abcam); mouse anti-Trp63, 
1:100 (4A4; Santa Cruz Biotechnology [SCBT]); and rabbit anti-Ki67.  Nuclei 
were counterstained using Hoechst 33342, and slides were sealed using 
VECTASHIELD HardSet (Vector Labs) mounting compound. Staining with Trp63 
requires an antigen retrieval step (steaming for 20 min in 0.01 M sodium citrate, 
pH 6.0) prior to antibody incubation. .  Imaging was performed by 
epifluorescence or scanning confocal microscopy and analyzed in Adobe 
Photoshop or National Institute of Health ImageJ.  Representative images shown 
for analysis and quantification were taken from two mice per control condition 
and three per experimental.  A total of at least 4.5 millimeters of OE per condition 
was analyzed for quantification. 
 
Results 
In this study, we take a direct look at the role of miRNAs in the maintenance of 
the HBCs during quiescence.  Based on our transcriptome profiling analysis of 
HBCs, we predict the loss of miRNAs may lead to defects in maintenance of 
HBC quiescence, as many of the genes targeted by miRNAs enriched in the 
HBCs are associated with neuronal processes.  To assess the global role of 
miRNAs in the maintenance of quiescent HBCs, we utilized mouse genetic tools 
to specifically ablate Dicer in the horizontal stem cell population, followed by 
immunohistochemical analysis of markers for HBCs and entry into the cell cycle.   
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To knock out Dicer specifically in the horizontal basal cells, mice containing a Cre 
recombinase gene knocked into the Keratin5 gene locus, a gene exclusively 
expressed by the horizontal basal cells in the olfactory system, were crossed to 
mice containing floxed alleles of the Dicer gene. A flox-stop-flox-yellow 
fluorescent protein expression cassette knocked into the Rosa26 gene locus was 
also present in these animals.  Cre-recombinase specifically recognizes the lox-p 
sites of the floxed alleles and excises the DNA between the two sites.  The 
progeny of this cross will lose Dicer expression at roughly post natal day 5 when 
the Keratin5 promoter activates cre expression and targets the lox-p sites 
flanking the Dicer gene. In addition, yellow fluorescent protein will also become 
activated when the stop codon flanked by loxp sites is excised, making yellow 
fluorescent protein an identifier of the horizontal basal cell and a lineage tracer 
for its progeny.  We have previously demonstrated the specificity of YFP 
expression to the HBC population within the OE in [12]. 
 
Immunohistochemical analysis of mice containing one flanked Dicer allele, our 
control, or two –an effective knock out of Dicer- at post natal day 30 showed little 
morphological difference based on expression of yellow fluorescent protein and 
maintained expression of Trp63, a gene essential for HBC stem cell maintenance 
(Figure 3.1) [12].  These data indicate that loss of miRNAs in the HBCs at post 
natal day 30 did not lead to aberrant differentiation into mature progeny or the 
loss of the stem cell population during quiescence.  
 
To address the ability of horizontal basal cells to repress re-entry into the cell 
cycle during quiescence immunohistochemical anylsis for expression of Ki67 
(Figure 3.2), a marker of cells in any active stage of the cell cycle, was 
undertaken.  In wild type OE, horizontal basal cells repress reentry into the cell 
cycle until severe injury triggers proliferation as evident by the relatively low 
levels of staining with Ki67.  However, at post natal day 30, the age of mice 
analyzed, Keratin5-cre;Dicer flox/flox mice showed a slight increase in 
expression of Ki67, ~5 (+/- 1.87; standard deviation) cells per millimeter of OE 
compared to ~3.5 (+/- 1.67; standard deviation)  in heterozygous controls (Figure 
3.2B).  This discrepancy is statistically significant with a p-value less than 0.05 
based on the Kruskal-Wallis test, a nonparametric equivalent to the student t-
test. We interpret this difference to mean that HBC maintenance of quiescence is 
dependent on miRNA expression so that in the absence of miRNAs HBCs 
reenter the cell cycle even when the epithelium has not been injured.   
 
The relatively subtle increase in proliferation in the horizontal basal cell combined 
with the lack of apically localized progeny of the marked clone such as is seen 
regeneration, led us to suspect that we may be observing an incomplete 
phenotype, perhaps reflecting a relatively long half life of miRNAs.  Indeed, many 
studies have shown that some miRNAs can be retained long after Dicer has 
been knocked out, with miRNAs in hippocampal neurons persisting up to 12 
weeks after Dicer knock out [33]–[35].  To assess the possibility that these 
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phenotypes are merely beginning to manifest at post natal day, we decided to 
examine olfactory tissue in 14 and 16 weeks post natal animals.  
 
To assess for defects in stem cell pool maintenance, Dicer knock out mice were 
assayed for Trp63 expression using immunohistochemistry.  Qualitative analysis 
shows very little immunostaining for Trp63 in 14 (Figure 3.3) and 16 (Figure 3.4) 
week old Dicer deficient mice while the control OE maintains homogenous basal 
expression of Trp63 within the YFP labeled cell population. Futhermore, staining 
for Trp63 appears to be more reduced in 16 week old Dicer deficient mice 
compared to 14 week old Dicer deficient mice.  The loss of Trp63 would indicated 
that a depletion in the stem cell pool is occurring, a phenotype that is consistent 
with Trp63 knockout analysis [12].  However, quantitative analysis, e.g. western 
or northern blot analysis, would provide more definitive proof of the loss of Trp63 
expression. If this preliminary finding is supported by more direct analysis, it 
would demonstrate that miRNAs are necessary to maintain Trp63 expression 
and HBC maintenance through the promotion of self renewal. 
 
To assess reentry into the cell cycle at these later stages, we returned to our 
analysis for the expression of Ki67 via immunohistochemistry. 14 weeks old 
Dicer deficient mice have horizontal basal cells that are highly proliferative, ~17 
(+/- 6.75; standard deviation) cells/millimeter of OE compared to ~5 
cells/millimeter (+/- 1.92; standard deviation) of control OE (Figure 3.5).  This 
finding was highly significant with a p value of less than 0.001 using the Kruskal-
Wallis test.  At 16 weeks, proliferation further increased to ~27 (+/- 14.38; 
standard deviation) cells/millimeter compared to ~4.5 (+/- 2.19; standard 
deviation) cells/millimeter of control OE (Figure 3.6). This finding was highly 
significant with a p value of less than 0.002 using the Kruskal-Wallis test.   These 
data show that by 14 and 16 weeks, large amounts of proliferation are occurring 
within the horizontal basal cell typically not seen during quiescence.  It is 
noteworthy that proliferation has increased at each time point assayed.  We 
believe this may be suggestive of an incomplete phenotype at post natal day 30 
and are intrigued by the possibility that this may be due to the slow decay of 
miRNAs within the HBC.  If this is the case, it would be worth performing further 
analysis to define which miRNAs are still present at post natal day 30 as a way to 
further refine our list of candidate miRNAs responsible for this phenotype. 
 
Discussion 
Taken together our study provides preliminary evidence supporting a role for 
miRNAs in the suppression of cell cycle re-entry.  HBCs containing two floxed 
Dicer alleles along with the Cre recombinase driven under the Keratin5 promoter 
show a continual increase in proliferation in the absence of injury.  We believe 
that slow development of this effect may be due to the effect of lingering miRNAs 
after the depletion of Dicer protein; however, direct miRNA expression analysis is 
needed to confirm this hypothesis from alternatives.  For instance, alternative 
explanations could be the differentiation of horizontal basal cells into a more 
proliferative progenitor such as the GBCs, an incomplete ablation of Dicer 
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expression, or the slow decay of Dicer protein after gene ablation.  Our data do 
not exclude these alternative hypotheses, and antibody staining for GBC markers 
and Dicer protein can test these alternative explanations.  Nonetheless, these 
findings are intriguing when contrasted with developmental stem cell behavior, 
where loss of miRNA production reduces the proliferative potential.   
 
The aberrant HBC re-entry into the cell cycle as assayed through co-staining of 
Ki67 may also be accompanied by an increase in YFP positive cells.  To clarify if 
there is indeed an increase in YFP-expressing cells, one can count the number 
of YFP positive nuclei in Dicer ablation vs control olfactory epithelium.  To identify 
if these cells are an expansion of the HBC stem cell pool or the result of aberrant 
differentiation, follow up experiments staining for markers of GBCs, the neuro-
committed precursor, or the mature olfactory receptor neuron and assaying for 
co-expression of YFP would provide evidence for differentiation.  Staining for an 
HBC specific marker such as Trp63 within the YFP labeled cells already 
suggests this is not an increase in the stem cell pool; however, careful 
quantification is still necessary to confirm this finding.   
 
The ability to identify individual miRNA candidates that may be responsible for 
the observed phenotype as well as their mRNA targets will be greatly eased by 
the number of candidates generated in our transcriptome profiling.  These 
profiles could be compared to new gene array profiles compiled at 30 day, 14 
week, and 16 week old mice lacking Dicer expression to look for genes that were 
initially repressed, but are now enriched in the horizontal basal cell.  These gene 
targets can be analyzed for binding sites of enriched miRNAs.  The ability to 
perturb miRNA family expression will require novel assays developed in which 
something akin to an antago-mir (an antisense miR that can antagonize miR 
function by competing with target genes for endogenous miRs) can be stably 
expressed in the horizontal basal cell to disrupt targeting of specific miRNA 
families.  Discovering roles of individual miRNAs in the regulation of adult 
neurogenesis and regeneration would be of great importance for understanding 
how these relatively mysterious molecules regulate essential biological 
mechanisms. The OE has many unique advantages such as its 
neuroregenerative capacity that make it well-suited for further miRNA and stem 
cell research. 
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Figure 3.1 Loss of miRNA production in horizontal basal cell (HBC) population does not visibly 
affect suppression of differentiation or stem cell maintenance at 30 days post natal.
*In the panel above, as will be the case for all figures following unless otherwise noted, coronal 
sections of the olfactory epithelium were analyzed along the septum line.  The boundary between the 
basal layer of the olfactory epithelium and the underlying mesenchyme and septum is indicated by the 
upright black arrows.  Apical progression through the olfactory epithelium occurs laterally from these 
boundaries.  
Mice expressing Yellow Fluorescent Protein (YFP) and containing one functional copy of Dicer specifically 
within the HBC population  (Krt5cre; Dcr fl/+; Rsa Y/+) were compared to mice expressing YFP and 
containing no functional copy of Dicer (Krt5cre; Dcr fl/fl; Rsa Y/+) for YFP and Transforming Protein 63 
(Trp63) expression at post natal day 30. Olfactory epithelium of both geneotypes show YFP overlap with
Trp63 expression (white arrows) indicating that miRNA has no effect on stem cell specification at this time
point.

K5cre;
Dcr fl/+;
Rsa26 Y/+

YFP Trp63 YFP/Trp63

K5cre;
Dcr fl/fl;
Rsa26 Y/+

75



Figure 3.2 Loss of miRNA production in HBC population induces reentry into the cell cycle.
Mice expressing YFP and containing one functional copy of Dicer specifically within the HBC population 
(Krt5cre; Dcr fl/+; Rsa Y/+) were compared to mice expressing YFP and containing no functional copy of 
Dicer (Krt5cre; Dcr fl/fl; Rsa Y/+) for YFP and Ki67, a marker of cells in any active part of the cell cycle,  
expression at post natal day 30 (A).  While visual inspection reveals little difference (overlap indicated with 
white arrows), quantification of the number of cells that colabel for both YFP and Ki67 show a slight 
increase in the number of HBCs that have reentered the cell cycle (B); ~5 cells per millimeter compared to 
~3.5 cells/millimeter in controls. This finding was significant with a p value less than 0.05 based on the 
Kruskal-Wallis test. Error bars represent standard deviation.
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Figure 3.3 Loss of mIRNA production in HBC population may affect maintenance of the stem cell 
pool at 14 weeks post natal.  
Mice expressing Yellow Fluorescent Protein (YFP) and containing one functional copy of Dicer specifically 
within the HBC population (Krt5cre; Dcr fl/+; Rsa Y/+) were compared to mice expressing YFP and 
containing no functional copy of Dicer (Krt5cre; Dcr fl/fl; Rsa Y/+) for YFP and Transforming Protein 63 
(Trp63) expression at post natal week 14.  Analysis of Trp63 expression shows that much of the 
basal cell layer no longer expresses distinct nuclear staining in Dicer deficient mice (white arrows).  These 
data suggest that miRNAs may be necessary for the maintenance of the HBC population in the olfactory 
epithelium.  Images displayed in this figure were taken at the same magnification (20x), dashed line 
indicates location of midline septum for orientation of tissue.   
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Figure 3.4 Loss of mIRNA production in HBC population may affect maintenance of the stem cell 
pool at 16 weeks post natal.  
Mice expressing Yellow Fluorescent Protein (YFP) and containing one functional copy of Dicer specifically 
within the HBC population (Krt5cre; Dcr fl/+; Rsa Y/+) were compared to mice expressing YFP and 
containing no functional copy of Dicer (Krt5cre; Dcr fl/fl; Rsa Y/+) for YFP and Transforming Protein 63 
(Trp63) expression at post natal week 16.  Analysis of Trp63 expression shows that much of the 
basal cell layer no longer expresses distinct nuclear staining in Dicer deficient mice (white arrows), a 
result that seems to be more severe than Dicer deficient mice analyzed at 14wks (Fig.3.3).  These data 
reinforce the suggestion that miRNAs may be necessary for the maintenance of the HBC population in the 
olfactory epithelium.  Images displayed in this figure were taken at the same magnification (20x), dashed 
line indicates location of midline septum for orientation of tissue.   
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Figure 3.5 Loss of miRNA production in HBC population induces reentry into the cell cycle at 14 
weeks post natal.
Mice expressing YFP and containing one functional copy of Dicer specifically within the HBC population 
(Krt5cre; Dcr fl/+; Rsa Y/+) were compared to mice expressing YFP and containing no functional copy of 
Dicer (Krt5cre; Dcr fl/fl; Rsa Y/+) for YFP and Ki67 expression at post natal week 14 (A).  Quantification of 
cells labeled with YFP and Ki67 reveal a large number of Dicer deficient HBCs have entered the cell cycle
(indicated in images with white arrows), ~17 cells/millimeter compared to ~5 cells/millimeter in controls (B).  
This phenotype is not characteristic of quiescent HBCs and indicates that miRNAs are necessary to 
prevent aberrant reentry into the cell cycle in the HBC stem cell population.  This finding was significant 
with a p value less than 0.001 based on the Kruskal-Wallis test. Error bars represent standard deviation.
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Figure 3.6 Loss of miRNA production in HBC population induces reentry into the cell cycle at 16 
weeks post natal.
Mice expressing YFP and containing one functional copy of Dicer specifically within the HBC population 
(Krt5cre; Dcr fl/+; Rsa Y/+) were compared to mice expressing YFP and containing no functional copy of 
Dicer (Krt5cre; Dcr fl/fl; Rsa Y/+) for YFP and Ki67 expression at post natal week 16 (A).  Quantification of 
cells labeled with YFP and Ki67 (indicated in images with white arrows), reveal a large number of Dicer 
deficient HBCs have entered the cell cycle, ~28 cells/millimeter compared to ~4.5 cells/millimeter in 
controls.  As time progresses from 30 days (Fig3.2) to 14 weeks (Fig3.5) to 16 weeks the number of 
HBCs entering the cell cycle continues to increase suggesting that the phenotype continues to worsen as 
time progress.  This finding was significant with a p value less than 0.002 based on the Kruskal-Wallis 
test. Error bars represent standard deviation.
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