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Preface 

  

 In the spring semester of 2006, while hunting for available research positions, my 

advisor, Dr. Sandra Gilchrist, presented me with the opportunity of interning at Lovelace 

Respiratory Research Institute (LRRI) in Albuquerque, NM.  Dr. Gilchrist had been 

contacted by LRRI‟s CEO and President, Dr. Robert Rubin, who taught at New College 

of Florida in 1972, and discussed the possibility of an undergraduate research program at 

the institute.  Being that I was raised in New Mexico and knew the institute well due to 

the publicity surrounding the institute‟s discovery of the Hantavirus, I was more than 

happy to take advantage of the opportunity.  After speaking in great length with Dr. 

Rubin, we decided that interning in the infectious disease department would be the best 

fit for my interests. 

 The summer of that same year I traveled to New Mexico, pioneering the 

Lovelace-New College partnership, for a month and a half long internship at the institute.  

I was only expected to shadow multiple scientists and graduate students, ask questions 

and seek answers, no set guidelines to be met and no projects to be explored.  I grew 

impatient with gaining so little hands-on experience that I sought the guidance of the 

department‟s director, Dr. Kevin Harrod.  After a lengthy discussion, we agreed 

involvement in a project of some kind would greatly benefit my internship experience, 

and I began working with Dr. Juanita Martinez in the newly emerging field of 

bioinformatics. 

 I was given the simple, though laborious, task of computational predictions in 

regards to Dr. Martinez‟s research at the time and finished the assignment two weeks 
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earlier than predicted.  With my newly available time on my hands, I began reading 

papers that were either referenced or related to Dr. Martinez‟s work and began forming 

my own hypotheses.  Determined to prove undergraduate students capabilities in 

research, I presented a paper detailing my hypothesis, supported with peer-reviewed 

evidence, to Dr. Rubin.  My motivation and willingness to learn was clearly demonstrated 

and it was that paper that resulted in LRRI asking me to come back to the institute to 

perform research for my thesis. 

 In the summer of 2007, I traveled back to LRRI with two additional New College 

students in tow, all ready to prove our worth in advanced scientific research.  I continued 

to work in the Infectious Disease department under the supervision of Dr. Martinez and 

Dr. Harrod and began the quest for my thesis topic.  Knowing that I wanted to continue in 

bioinformatics, Dr. Martinez presented me with a peer-reviewed article that listed 37 

human lung ciliary genes and I was instructed to determine if any of the genes contained 

microRNA targeting sites.  We discussed various miRNA computational tools, and 

information on target motif location, but beyond that no further instruction, information, 

or details were given; it was clear to me that I was on my own from that point forward. 

 Having no idea what microRNAs are or how to find their targeting sites on a 

gene, I began reading anything that I could get my hands on, slowly but surely educating 

myself on all aspects of miRNAs.  After exploring algorithms, computer software, and 

websites dedicated to finding miRNA targeting sites I finally settled on one, TargetScan.  

TargetScan‟s user-friendly interface, combined with the most up to date miRNA 

database, made it the most preferred program for my project‟s needs. 



v 

 

 I began by inputting the gene name or accession number in to TargetScan in order 

to find which genes had miRNA target sites, noting alternate gene names and the number 

of miRNAs that targeted the gene, if any.  Omitting genes without miRNA target sites, I 

ended up with 33 genes with anywhere from 1-500 miRNAs potentially targeting a single 

gene.  It was then clear that further specifications were needed to condense the number of 

miRNAs with target sites to a more manageable size.  By reading literature regarding 

TargetScan I was able to conclude that genes with a context percent score below 50% 

could be omitted from my study as it meant that the miRNA target site on a gene was not 

as favorable (highly conserved) as those scoring above 50%.  Genes with 8-mer miRNA 

seed matches would be ideal, but that genes with7mer-m8 miRNA seed matches should 

also be considered and decided on a new context percent score of 75%.  By doing this I 

ended up with 6 miRNAs that collectively potentially targeted 3 genes of the ciliary 

axoneme. 

 I then met with Dr. Harrod and Dr. Martinez to discuss my results and to request 

approval to continue my research as I hypothesized that these miRNAs could possibly 

coincide with the formation of new cilia.  Under the guidance of Dr. Martinez I was then 

able to take my computationally derived results into the lab, in an attempt to validate my 

data experimentally.  My desire to figure out if the 6 candidate miRNAs were up-

regulated or down-regulated during ciliogenesis quickly became the driving force for my 

research and eventually became the subject of my thesis. 

This thesis is divided into two major sections; a brief literature review to place the  

thesis into context as well as a section on the specific experimental work that was done at 

Lovelace Respiratory Research Institute. 
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ABSTRACT 

 

MicroRNAs (miRNAs) are short (~22nt), endogenous, non-coding RNAs that 

play an important gene regulatory role in animals and plants by targeting mRNAs for 

degradation or translational repression. Mucociliary clearance is an essential mechanism 

of lung defense against inhaled chemical particulate toxins and infectious organisms.   

Ciliated cells are among several differentiated cell types within the lung epithelium.  To 

maintain normal mucociliary clearance, ciliogenesis is essential.  Through computational 

data mining the expression of miRNAs during ciliogenesis was investigated and found 6 

miRNAs (miR-15a, miR-15b, miR-16, miR-195, miR-424, miR-497) with targeting sites 

on 3 genes (GHR, TUBA1A, CGI-38) of the ciliary axoneme of the human lung. 

Experimental validation revealed that the expression of the 6 miRNAs did indeed 

coincide with ciliogenesis being down-regulated during cell differentiation. 
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Literature Review 

 

 

 

 

 Less than 150 years ago the idea of “spontaneous generation” of living organisms 

through “life forces” in the air was an acceptable explanation for the genesis of new life 

such as flies emerging from rotting flesh.  It was in 1864 that Louis Pasteur refuted this 

belief system by a simple experiment that exposed sterile broth, contained within either a 

straight-neck or swan-neck flask, to the surrounding air. “Life is a germ, and a germ is 

Life. Never will the doctrine of spontaneous generation recover from the mortal blow of 

this simple experiment.” (Vallery-Radot 1901, vol. 1, p. 142)  

Pasteur‟s experiments provided evidence for a new theory that all life must arise 

from pre-existing “units of life”, cells, via reproduction.  It was this theory that piqued the 

interest of an Augustinian monk, Gregor Mendel, in 1865, who experimented with cross-

breeding pea plants to understand how heredity in offspring was influenced by individual 

trait “factors”, genes, contained within these “units of life.”  Mendel‟s experiments 

pioneered European the study of genetics as we know it and advances in the field of 

genetics are now constant and ever-growing. 

Once the three dimensional chemical structure of deoxyribonucleic acid (DNA) 

was elucidated (Watson & Crick, 1953) the importance of learning the information stored 

within this macromolecule became a priority.  Each individual gene corresponds to a 

particular segment of DNA so, in theory, DNA is a storage unit filled with the sum of 

genetic information that an organism inherits from each of its parents at the moment of 

fertilization.  Knowing this, scientists began studying DNA‟s structure in depth realizing 

the breadth of genetic information stored within, in order to formulate genomes unique to 
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each individual organism. Table 1 illustrates the fairly recent advances scientists have 

made in the field of genetics. 

 

1969 Ciliogenesis of primary cilia of cells lines studied in vitro (Wheatley, 1969) 

1972 First recombinant DNA molecules are produced (Jackson et al., 1972) 

1973 DNA Electrophoresis using EtBr & Agarose Gels (Sharp et al, 1973) 

1977 Chain termination method for DNA Sequencing Developed (Sanger, 1977); First 

genetic engineering company, Genentech, is founded  

1981 Discovery of human oncogenes 

1986 Polymerase Chain Reaction (PCR) described as most sensitive DNA assay 

(Mullis, 1986) 

1988 Human Genome Project founded by NIH and DOE 

1989 DNA fingerprinting technique described (Hillel et al, 1989) 

1991 Use of Expressed Sequence Tags (ESTs) begins (Adams et al., 1991) 

1993 Genetically modified tomatoes are first GMO available to public; microRNA 

discovered in C. elegans (Lee et al 1993) 

1995 Haemophilus influenzae Rd is first free-living organism with completely 

sequenced genome (Fleishmann, 1995) 

1996 Saccharomyces cerevisiae genome is sequenced 

1998 C. elegans is first multi-cellular organism to have genome sequenced; RNAi 

described (Fire et al 1998) 

1999 Drosophila genome is sequenced and is found to contain 177 genes closely related 

to human genes; Comparative Genomics is realized 

2000 Human genome is sequenced; Discovery of approximately 30,000 human genes 

2002 Mouse genome is sequenced and is found to contain 700 genes also found in the 

human genome in approximately the same order;  

Novel components of human cilia are identified;  

miRNA reported in plants (Reinhart et al., 2002) 

2004 Rough draft of rat genome is sequenced 

2007 Research suggests defects of renal cilium lead to Polycystic Kidney Disease 

characterization. (Yoder, 2007) 

2008 Research suggests miRNAs play important role in underlying pathways of PKD 

(Chu & Friedman, 2008) 
Table 1.  Technological advances in genetics. Selected technological advances in the field of 

genetics over the last three decades. 

 

 

 Sequencing the human genome has revealed 20,000-25,000 protein coding genes 

stored on 23 chromosomal pairs; 22 autosomal chromosome pairs plus a 23rd sex-

determining X and Y chromosome pair (Lander et al., 2001).  In addition to protein 

coding genes within the human genome, there are thousands of ribonucleic acid (RNA) 
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encoding genes, although the exact number is yet to be determined.   Armed with this 

information, geneticists have the ability to study genetic disorders via gene expression, 

the process of a gene product, proteins or RNAs, being produced from a DNA sequence 

of inheritable information extrapolated from a gene. 

 Similar to DNA, RNA is a single stranded structure containing ribose that is 

synthesized through a process called transcription using DNA as a template.  There are 

many different types of RNAs involved in translation and RNA processing as well as 

regulatory RNAs involved in RNA interference (RNAi), such as double stranded small 

interfering RNAs (siRNAs) and single stranded microRNAs (Peculis et al., 1993; Shen et 

al., 2008).  MicroRNAs (miRNAs) are endogenous RNAs approximately 22 nucleotides 

(nt) in length that direct posttranscriptional repression of messenger RNAs (mRNAs) by 

pairing to protein-coding gene messages (Bartel, 2004).  To understand miRNAs 

recognition of their target messages and how they function, it is important to understand 

why many genetic messages decrease upon miRNA expression and increase upon 

miRNA knockdown.  Upregulated and downregulated messages have matches to the 

miRNA seed sequence, base positions 2-8, located at the 3‟ UTR upstream of the stop 

codon and polyadenylation signal of the gene.  It is for this reason that it is important to 

understand how to interpret miRNA targeting sites according to their seed matches 

(Krutzfeldtet al., 2005; Lim et al., 2005; Giraldez et al., 2006; Rodriguez et al., 2007).   

Using the conserved Watson-Crick pairing method, pairing the 5‟ region of the 

miRNA, which includes the miRNA seed, scientists are able to predict miRNA targeting 

sites (Lewis et al,. 2003, 2005; Brennecke et al., 2005; Krek et al., 2005).  There are four 

major types of miRNA targeting sites; 6mer, 7mer-m8, 7mer-A1, and 8mer. The 6mer 
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miRNA targeting site is a perfect 6 nucleotide match to the miRNA seed (Lewis et al., 

2005).  The 7mer-m8 miRNA targeting site is an exact match to the miRNA seed along 

with a match to nucleotide position 8 (Lewis et al., 2003, 2005; Brennecke et al., 2005; 

Krek et al., 2005).  The 7mer-A1 miRNA targeting site is an exact match to the miRNA 

seed along with a downstream „A‟ across from nucleotide position 1 of the miRNA 

(Lewis et al., 2005).  The 8mer miRNA targeting site is an exact match of the miRNA, 

nucleotide positions 2-8 along with a downstream „A‟ across from nucleotide position 1 

of the miRNA (Figure 1) (Lewis et al., 2005). 

 

Figure 1.  MicroRNA seed matches. The four major types of miRNA targeting site seed 

matches: 6-mer, 7mer-m8, 7mer-A1, and 8mer . 
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Seed pairing is important in recognizing miRNA targeting sites; however it is 

only one determinant in miRNA targeting specificity in mammals and does not 

necessarily indicate repression of miRNAs if seed pairing is not 7mer-m8 or 8mer 

(Doench & Sharp, 2004; Brennecke et al., 2005; Lai et al., 2005).  Sites of conservation 

for miRNA families in orthologous untranslated regions (UTRs) of genes, conserved 

within human, mouse, rat, and dog genomes assist in identifying miRNA targeting 

specificity in genes with depleted sites along the 3‟UTR, thus a less than ideal seed 

pairing (Farh et al., 2005; Krek et al., 2005; Krutzfeldt et al., 2005; Lewis et al., 2005; 

Giraldez et al., 2006).  Therefore, it would be ideal to study one of the most highly 

conserved cellular structures, cilia, as a model for studying miRNAs and their targeting 

specificity in mammals. 

Cilia and flagella are motile organelles with hair-like structures that project from 

the surface of several types of eukaryotic cells and are essentially identical in internal 

structure (Figure 2).  Externally, flagella are longer with a whip-like tail and are found 

singularly or in pairs while cilia are shorter structures and are found in clusters. 

 

Figure 2.  Internal structure of cilia and flagella.  Graphic representation of a cross-section of 

cilium and flagellum, demonstrating identical internal structures. 
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Both consist of a cylindrical array of nine filaments and a pair of single 

microtubules running through the center of the bundle, producing a 9+2 arrangement 

(Costello, 1973).  Flagella are extracellular and are usually found singularly with a 

variety of cell-specific wave-like beating patterns, one example being sperm.  On the 

other hand cilia, excluding single non-motile primary cilium, are found in clusters on a 

cell‟s surface and move the cell in a perpendicular direction to the cilia itself.  In female 

mammals, motile cilia are found in the fallopian tubes, moving the ovum from the ovary 

and into the uterus.  In all mammals, motile cilia are found in mucociliary cells in the 

lung epithelium, moving debris up the airway and out of the lungs (Ross et al., 2007).  In 

addition to cell motility, cilia are involved in cilium-based signaling in which signals are 

transmitted to the nucleus and cytoplasm of a cell in order to control gene expression 

however, the manner in which this function is performed is still unknown (French et al., 

2005).  Important historical landmarks in cilia research are shown in Table 2. 

Ciliogenesis, or the formation of cilia, occurs in eukaryotic cells and is 

sequentially coupled with mitosis in early development (Kirk, 1998).  All ciliated cells 

lose their cilia by one of two mechanisms; resorption, in which the cilium is retracted into 

the cell prior to cell division or deciliation, the process in which cilia is shed from a cell 

due to exposure to stimuli (Mahjoub et al., 2002).  Sea urchin embryo development is a 

model system to explore ciliogenesis as ciliogenesis is the first morphogenetic event that 

a sea urchin embryo will undergo.  Prior to hatching, a sea urchin embryo will produce its 

first structure, subsequent to telophase, by growing a single cilium, creating a 9+2 

axoneme on each blastomere (Lepage & Gache, 1990).  The process of deciliation 

triggers the re-synthesis of tubulin and dynein, the 9+2 ciliary primary components which 
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pre-exist in great amounts within the embryo, thereby replenishing large pools of these 

axonemal building blocks.  As a result the embryo is required to synthesize diminutive 

amounts of tubulin and dynein for expedient assemblage of cilia, thus avoiding disruption 

of de novo ciliogenesis (Auclair & Siegel, 1966; Raff et al., 1971; Stephens, 1977).  This 

efficient system of de novo ciliogenesis and regeneration of lost cilia serves as a 

subroutine during the process of development in order to avoid disruption of major 

routines of embryonic development amidst the constant regeneration of cilia (Stephens, 

1994).   

In addition to ciliogenesis, microRNA post-transcriptional gene silencing is 

important in embryonic development as well, playing a critical role in intercellular 

coordination (Levine et al., 2007).  The connection between microRNA and mammalian 

ciliary cells in the kidneys (Chu & Friedman, 2008) and in the female oviduct (Carletti & 

Christenson, 2008) have been widely experimentally studied, however their relationship 

within mucociliary cells of airway epithelial cells is still relatively unexplored.  Airway 

epithelial cells are critical in defense against pathogens inhaled and maintain the channel 

of airflow to and from the alveoli with the mutual function of ciliary cells providing 

mucociliary clearance in the lungs (Thompson et al., 1995; Knight & Holgate, 2003; 

LeSimple et al., 2006).  As well as the major defense roles that airway epithelial cells and 

mucociliary cells play, these cells are central in the pathogenesis of major lung diseases 

such as asthma, chronic obstructive pulmonary disease (COPD), and bronchogenic 

carcinoma (Thompson et al., 1995; Puchelle et al., 2006).  It is the search for microRNA 

regulation of human lung ciliated genes, specifically airway epithelial cells, that is the 

focus of exploration in this thesis. 
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Year Landmark in Cilia Research 

1675 Living protozoan with flat belly and thin 

feet was observed by Leeuwenhoek.  

(Translated by Dobell, 1958) 

1786 The term “cilia” is first used (Muller, 1786) 

1835 Ciliary movement in amphibia is studied;  

Cilia of the mammalian oviduct is 

described; First definitive treatises on 

ciliary motility formed (Purkynĕ & 

Valentin, 1835) 

1909 Cilia shown to consist of a number of 

filaments (Dellinger, 1909) 

1927 Fixation of the metachronal wave is 

invented (Gelei, 1927) 

1928 Compiled evidence shows that cilia are 

active organelles in themselves (Gray, 

1928) 

1930 Microphotographs of the phases of a single 

ciliary beat are published (Gray, 1930) 

1952 First electron micrographs of cilia confirm 

that cilia is composed of fibrils (Manton, 

1952; Manton & Clarke, 1952) 

1954 9+2 Arrangement is demonstrated to be 

universal for motile cilia.  

(Fawcett & Porter, 1954) 

1955 Microphotography with sea urchin 

spermatozoan (Gray, 1955); Hydrodynamic 

theory to explain spermatozoan propulsion 

is developed. (Gray & Hancock, 1955) 

1961 Definitive proof of activity in isolated 

cilium. (Brokaw, 1961) 

1965 Bends along 9+2 sea urchin axoneme are 

shown to be circular arcs (Brokaw, 1965); 

Cilia in different positions shown to 

consistently have different tip patterns 

(Satir, 1965); Description and naming of 

Dynein (Gibbons & Rowe, 1965) 

1976 Screening of human mutants leads to an 

understanding of cilia‟s role in human 

health. (Afzelius, 1976) 
Table 2.  Important historical landmarks in cilia research.  Cilia was first observed in 1675 by 

Antony Van Leeuwenhoek which led to extensive study of the organelle. 
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Systems Biology:  

The Search for MicroRNA Regulation of Lung Ciliated Genes 

INTRODUCTION 

Cilia in the Lung 

Mucociliary clearance is an essential mechanism of lung defense against inhaled 

chemical particulate toxins and infectious organisms.  Ciliated cells are among several 

differentiated cell types within the lung epithelium. Multiple cells work in concert to 

provide a regularly beating ciliary ladder that moves debris mixed with mucus and 

periciliary fluid up the airway. Defects in lung cilia can be due to genetics as with 

primary cilia dyskinesia (PCD), resulting in non-motile cilia.   

In mammals, non-motile cilia results in four manifestations: failure of embryonic 

turning resulting in early embryonic death, reproductive sterility, abnormal ciliary 

beating resulting in hydrocephalus, and respiratory dysfunction (Badano et al., 2006).  

Cilia dysfunction is associated with bronchitis, rhinitis, sinusitis and otitis (Afzelius, 

2004) and can lead to chronic infections.  Multiple human diseases including Bardet-

Biedl syndrome, polycystic kidney disease, and retinal degeneration are all associated 

with defective cilia (Katsanis et al., 2001; Praetorius & Spring, 2001; Grimm et al., 

2003; Nauli et al., 2003; Praetorius & Spring, 2003; Liu et al., 2005; Low et al., 2006; 

Shillingford et al., 2006). 

Cilia structures are found on a wide variety of eukaryotic cells.  They are located 

throughout the body and are among the most highly conserved cellular structures from 

single celled organisms (Chlamydomonas) to human (Pazour et al., 2005).  A proteomics 

http://genesdev.cshlp.org/content/18/13/1630.long#ref-17
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study described the human cilia axoneme to be composed of over 210 proteins 

(Ostrowski, 2002), while in early work it is estimated that there are over 250 proteins in 

the blue-green algae model, Chlamydomonas (Dutcher et al., 1984).  The transcription 

factor, FoxJ1, is considered the quintessential marker of ciliated cells in human lung; 

FoxJ1 appears in air-liquid interface cultures around 2 days after being exposed to air 

(Look et al., 2001).  

   In early evolution, cilia provided unicellular organisms motility in water and as 

plants adapted to non-aquatic life, the organelle faced almost complete elimination with 

the exception of gamete transport of protozoans belonging to the phylum Ciliophora.  

However, the organelle‟s importance remained with its role of fluid movement within 

tissue or organs of complex multi-cellular animals.  Cilia play a vital role in many 

biological processes, including cerebrospinal fluid flow, renal physiology, sensory 

reception, and mucociliary clearance (Ibañez et al., 2003). 

MicroRNAs 

MicroRNAs (miRNAs) are short (~22nt), endogenous, non-coding RNAs that 

play an important gene regulatory role in animals and plants by targeting mRNAs for 

degradation or translational repression. Almost all plant miRNAs regulate their targets by 

directing mRNA cleavage at single sites within the coding regions. In contrast, animal 

miRNAs repress gene expression by mediating translational attenuation, a mechanism of 

regulating levels of transcription by interfering with mRNA elongation to allow for the 

formation of a secondary RNA structure, through (multiple) miRNA-binding sites located 

within the 3' untranslated region (UTR) of the target gene.  Some miRNAs are encoded 
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by genes located in regions of the genome distant from other coding regions, implying 

that they derive from independent transcription units (Lagos-Quintana et al., 2001; Lau et 

al., 2001; Lee et al., 2001). MicroRNAs were first discovered in mutants of the nematode 

Caenorhabditis elegans that lacked the ability to control the timing of specific cell fate 

switches during development (Bartel, 2004; He et al., 2004).  There is evidence 

indicating that miRNAs are important in many human diseases, including cancers 

(Ambros, 2003; Poy et al., 2004; Vella et al., 2004; He et al., 2005; Lu, 2005). There are 

presently thousands of miRNAs from invertebrates (C. elegans, Drosophila 

melanogaster), plants, and mammals that have been identified through computational and 

cloning approaches (Ambros, 2003; Ambros, 2004; Saini et al., 2007)  

In animal cells, microRNAs are expressed in the nucleus as parts of long primary 

miRNA (pri-miRNA) transcripts that have 5‟ methylguanosine caps and 3‟ poly-A tails. 

A hairpin-like precursor miRNA (pre-miRNA) forms around the miRNA sequence of the 

pri-miRNA and acts as a signal for digestion by Drosha, the double stranded (ds)-

ribonuclease, to produce the pre-miRNA (Lee, 2003). Exportin-5, a dsRNA binding 

protein, then mediates nuclear export of pre-miRNAs (Yi, 2003). Dicer, a cytoplasmic 

dsRNA nuclease, then cleaves the pre-miRNA into two single stranded molecules (Lee, 

2002). The coding strand of one of the single stranded mature miRNA associates with the 

RNA Induced Silencing Complex (RiSC). The resulting miRNA/RiSC represses protein 

translation by binding to sequences in the 3‟ untranslated region (UTR) of the specific 

mRNAs using short 7-8 base pair “seed” sequences of the single stranded miRNA, 

leaving 1-4 nucleotide (nt) overhangs on the miRNA (Figure 3) (Khvorova et al., 2003; 

Matranga et al., 2005).  
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Within the 3‟ UTR target sites of eukaryotic mRNA, there can be multiple target 

sites for multiple miRNAs; this cooperative action makes inhibition more efficient 

(Doench et al., 2003; Lin et al., 2003).  The same miRNA can also inhibit multiple target 

mRNAs; enabling it to regulate many genes in a pathway of a physiological process 

simultaneously (Lee, 2003). 

 

Figure 3.  MicroRNA processing pathway.  From pri-miRNA in the nucleus to mature miRNA 

in the cytoplasm.  (Ambion, Applied Biosystems; Foster City, CA) 

 

Cleavage of the target mRNA, translational inhibition, and mRNA deadenylation, 

are all actions of miRNAs (Chen, 2004). The exact mechanism of translational inhibition 

is still undefined, but it is suspected to be the result of the miRNA-induced silencing 

complexes (miRISC) inhibiting translation by binding imperfectly matched sequences in 

the 3′ UTR of target mRNA (Llave et al., 2002; Yekta et al., 2004; Chu et al., 2006; 
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Giraldez et al., 2006; Wu et al., 2006). MiRNAs are typically not fully complementary to 

the mRNA target although miRNA must have a specific sequence that recognizes the 

target mRNA; allowing for a single miRNA to bind to potentially many targets 

(Hutvagner et al., 2002). 

This thesis describes a systems biology approach to search for miRNAs that may 

be involved in regulating (repressing) ciliogenesis in human lung epithelial cells. A 

genome wide computational search performed for miRNAs that would be predicted to 

target 37 ciliary gene transcripts that encode proteins of the cilia axoneme (Xiao, 2006) 

was conducted by use of the application TargetScan 4.0 (www.Targetscan.org). Genes 

with conserved miRNA target sites scoring above a 75th percentile are reported here. 

Three genes; GHR, CGI-38, and TUBA1A contained highly conserved miRNA target 

sites for one or more of six miRNAs; miR-16, miR-15a, miR-15b, miR-195, miR-424, 

miR-497.  

To validate our computational predictions experimentally, a hypothesis was 

formed to ask whether the six miRNAs are expressed in human epithelial cells, and if 

their expression coincides with ciliogenesis. Quantitative real-time PCR was used to 

detect the expression product of all six miRNAs in differentiating human epithelial cells 

purchased from Cambrex/Lonza (Walkersville, MD; University of Miami, FL). These 

results showed that the expression of all six miRNAs decrease during the course of time 

until the cells complete differentiation at 28 days, consistent with the hypothesis that 

miRNAs are repressors of ciliary genes. 
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MATERIALS & METHODS 

Computational Prediction of miRNA Regulation 

Thirty seven genes of the ciliary axoneme of the human lung were identified by 

Ross and colleagues to have increased mRNA levels over 28 days of differentiation in 

air-liquid interface cultures (Ross et al 2007).  Fifteen databases were used in a trial to 

test one of the ciliary genes to decide which of the databases were the most up to date 

with respect to miRNA registry. This was done by inputting the accession number or 

name of each ciliary gene into each database and reviewing the outcome based on 

number of miRNA within the database.  

TargetScan 4.0 was chosen to search for miRNAs that target the 37 ciliary genes 

described by Ross and colleagues (Table 3) (Appendix I) (Ross et al 2007). Each gene 

was queried with TargetScan; in the event that the gene was not recognized by 

TargetScan, UCSC Genome Browser (http://genome.ucsc.edu/) was used to search for 

alias gene names. Five genes had multiple names found that were then entered in to 

TargetScan while one gene, KPL2 (AK026817), could not be found in miRBase and was 

omitted from the study.  
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Gene Name Accession Number Gene Name Accession Number 

DNAI1 NM_012144 CGI-38 NM_016140 

DNAI2 NM_023036 C6ORF97 NM_025059 

EFHC1 NM_018100 CLUAP1 NM_024793 

TTC30A  

FLJ13946 

NM_152275 DNALI1 

IDLC 

NM_003462 

IFT57 NM_018010_1 EFHC2 NM_025184 

IFT81 NM_014055 LRRC23 NM_006992 

IFT88 NM_006531 NME5 NM_003551 

FLJ23577 NM_144722 RIBC2 NM_015653 

KPL2 AK026817 ROPN1 NM_031916 

MNS1 NM_018365 SPAG6 NM_012443 

MLF1 NM_022443 

AY848702 

CAPS NM_004058 

RABL5 NM_022777 CETN2 NM_004344 

SPA17  

SP17 

NM_017425 DYDC1 

DPY30 

AK125908 

TEKT2 NM_014466 C10ORF63 NM_145010 

TUBA1A 

TUBA3 

NM_006009 DNAH9 

Dynien 

NM_001372 

TUBA4 

 

NM_025019 

NM_006000   

RTDR1 

RTD 

NM_014433 

GHR NM_000163 TUBB2C NM_006088 

HSPA1A NM_005345 ZMYND12 NM_032257 

RABL4 NM_006860 IQCE NM_152558 
 

Table 3.  Ciliary gene list.  Thirty seven genes of the ciliary axoneme of the human lung 

identified to have increased mRNA levels over 28 days of differentiation in air-liquid interface 

cultures (Ross et al 2007). 

Cell Culture 

One vial of human bronchial epithelial cells from Cambrex/Lonza (Walkersville, 

MD; Miami, FL) was split and grown in two collagen coated 100mL dishes in 25 mL of 

BEGM (Bronchial Epithelial Growth Medium). Media were changed every other day 

until cells reached confluency (7-10 days). The cells were then expanded 1:4 and 

distributed to 8 new 100mL dishes until 60-80% confluency.  Cells were then transferred 

to 12-well plates with collagen coated transwell inserts and grown in 1:1 DMEM 
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(Dulbecco's Modified Eagle's Medium) and BEBM (Bronchial Epithelial cell Basal 

Medium) without antibiotic at approximately 5x10
5
 cells per well. Every other day the 

apical surfaces of the cells were washed and the medium was changed. 

Once cells reached confluency (4-7 days) the medium from the top of the cells 

was removed exposing the cells to air with continued contact with medium under the 

transwell. The transwell cultures were harvested for total RNA as well as histology 

blocks 0, 2, 4, and 28 days after exposing the cells to air. For RNA harvest, cells were 

treated with trypsin for about 10-20 minutes at 37°C to loosen them from the collagen 

surface. The cells were then spun at 4,000xg, re-suspended in RNA-later (Ambion, 

Applied Biosystems; Foster City, CA) and stored at -70°C until RNA preparation. 

RNA Preparation 

RNASE-zap was used to decontaminate lab bench and materials (Ambion, 

Applied Biosystems; Foster City, CA) according to protocol, to inhibit Rnase activity. 

Total RNA was prepared using the MiRVana miRNA Isolation Kit (Ambion, Applied 

Biosystems; Foster City, CA) according to the manufacturer‟s protocol.  Briefly, cells 

were thawed on ice and spun at 15,000xg and the RNA-later supernatant was removed, 

cells were then disrupted in a denaturing lysis buffer. The lysates were then subjected to 

acid-phenol:chloroform extraction which removes most DNA and protein. Ethanol, 95%, 

was then added to the aqueous solution and then the mixture passed through a filter 

cartridge by centrifugation, and the flow-through was discarded. Samples were then put 

through a series of 95% ethanol washes, and the flow-through was discarded.  
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Finally, the filter cartridge was transferred into a fresh collection tube and 100µL 

RNASE-free water was added to the filters, containing bound RNA. The filter cartridge 

was centrifuged and the eluate containing the total RNA was collected and stored at         

-20°C. The purified RNA was quantified using the Beckman DU-600 spectrophotometer. 

The absorbance at 260nm (A260) was measured to determine the concentration of the 

RNA; a ratio of A260/A280 >1.8 indicated a pure RNA sample, free of protein. 

The total RNA was examined for quality using the Agilent 2100 bioanalyzer 

(Agilent Technologies, Germany) to ensure that the total RNA samples were not 

degraded. The samples were analyzed using the RNA 6000 Nano LabChip assay, and 

was performed according to the Agilent RNA 6000 Nano Assay protocol. The software 

calculates the ratio of the small and large ribosomal RNA peaks. A ratio of 1.8, or 

greater, indicated intact RNA; all time point samples displayed a ratio greater than 1.8 

(Figures 4, 5) (Agilent 2100 Bioanalyzer Expert User‟s Guide). 

 

Figure 4.  RNA 6000 Nano Assay.  Gel visualization of ALI RNA T0-T28. 
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Figure 5.  RNA 6000 Nano Ladder of ALI RNA.  Ribosomal peaks  of T0-T28; first two peaks 

represent RNA 6000 Nano Marker. 

Primer Design 

For each miRNA analyzed; miR-16, miR-15a, miR-15b, miR-424, miR-195, miR-

497, forward (sense) orientation primers were designed using the 22nt mature miRNA 

sequence found in miRBase. For each miRNA sequence, each “U” was converted to a 

“T” in the designed oligo sequence (Table 4). Primers were synthesized by IDT-DNA 

(www.IDTDNA.com) for use in end-point PCR. 

miRNA Mature miRNA Sequence DNA Oligo 

miR-497 CAGCAGCACACUGUGGUUUGU CAGCAGCACACTGTGGTTTGT 

miR-16 UAGCAGCACGUAAAUAUUGGCG TAGCAGCACGTAAATATTGGCG 

miR-15b UAGCAGCACAUCAUGGUUUACA TAGCAGCACATCATGGTTTACA 

miR-195 CCAAUAUUGGCUGUGCUGCUCC CCAATATTGGCTGTGCTGCTCC 

miR-15a UAGCAGCACAUAAUGGUUUGUG TAGCAGCACATAATGGTTTGTG 

miR-424 CAGCAGCAAUUCAUGUUUUGAA CAGCAGCAATTCATGTTTTGAA 

Table 4.  Primer sequences.  Mature miRNA primer sequences designed from corresponding 

DNA oligo. 
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Pilot Study Experiment 

The presence of miR-16, miR-15a, miR-15b, miR-424, miR-497 and miR-195 

was assayed from T0 total RNA (Figure 6).  This experiment was performed according to 

the Quantimir RT kit (Systems Biosciences; Mountain View, CA) protocol and the 

resulting products were visually examined by ethidium bromide stained 1% Agarose gel 

electrophoresis. 

 

Figure 6.  Preparation for QRT-PCR assays.   QuantiMir RT kit process of synthesis of cDNA 

to prepare for qPCR assays. 

 

Quantitative Real-Time PCR  

The cDNAs for all time points (0, 2, 4, 28) were synthesized according to the 

Quantimir RT kit protocol. Specifically, 10ng of total RNA were added to a 20µL total 

reaction, to perform poly-A tail synthesis of the miRNAs. The RNA was incubated with 

poly-A polymerase for 30 minutes at 37°C. Oligo dT anchor was annealed to each         

A-tailed cDNA for 5 minutes at 60°C and cooled to room temperature. Finally, reverse 

transcriptase was added, and incubated for 60 minutes at 42°C then heated for 10 minutes 

at 95°C. For negative controls (no-RT), additional reactions using RNA for time points 0, 
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2, and 4 were performed as described above, except that the reverse transcriptase enzyme 

was omitted (Figure 7). 

 

Figure 7.  Quantimir RT Kit Protocol. Step by step synthesis of cDNA templates from total ALI 

RNA for QRT-PCR. 

Polymerase chain reaction (PCR) was performed according to the Quantimir 

protocol conditions for real-time quantitative PCR using Brilliant II SYBR Green 

(Stratagene; La Jolla, CA). All PCR reactions, for all cDNAs, including no-RT controls 

were performed in duplicate. QRT-PCR detection of U6 snRNA was used to control for 

the total RNA levels, sample to sample. The reactions, plus controls, were put in one 96-
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well plate to perform quantitative PCR using a 7900HT Applied Biosciences real time 

PCR machine according to the Quantimir protocol. Specifically, the samples underwent 

initial heat denaturing at 95°C for 10 minutes and then run for 30 cycles of heat 

denaturing at 95°C for 15 seconds and primer annealing and extension at 60°C for 1 

minute. At the conclusion of the PCR cycling a melting curve experiment was performed 

to determine the purity of the products. The resulting products were visually examined by 

ethidium bromide stained 3.5% Agarose gel electrophoresis. 

RESULTS 

Computational Prediction of miRNAs Involved in Ciliogenesis 

 The TargetScan 4.0 application was chosen because it searches the largest and 

most current miRNA database available, miRBase 

(http://microrna.sanger.ac.uk/sequences/). TargetScan also takes the phylogenetic 

conservation of target sites and the sequence of the miRNA seed match into account 

(Lewis et al., 2003; Grimson et al., 2007). 

Only those ciliary genes with conserved target sites that scored in the 75th 

percentile, or higher, were considered for further study.  TargetScan calculates a total 

context score based on four features: site-type contribution, local AU contribution, 3‟ 

pairing contribution, and position contribution. Site-type contribution reflects the type of 

seed match, the seed being positions 2-7 of a mature miRNA; there are three different 

seed matches, 8mer, 7mer-m8, and 7-mer1a. A 8mer seed match is an exact match to 

positions 2-8 of the mature miRNA (the seed + position 8) with a downstream 'A' across 
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from base position 1 of the miRNA. A 7mer-m8 seed match is an exact match to 

positions 2-8 of the mature miRNA (the seed + position 8) and a 7mer-1A seed match is 

an exact match to positions 2-7 of the mature miRNA (the seed) with a downstream 'A' 

across from base position 1 of the miRNA. Local AU contribution reflects transcript AU 

content ~30nt upstream and downstream of the predicted site. 3‟ pairing contribution 

reflects consequential miRNA-target complementarity outside the seed region, and 

position contribution reflects the distance to the nearest end of the annotated untranslated 

region (UTR) of the target (Grimson et al., 2007). 

TargetScan produces predicted miRNA targets divided into two category lists; 

“conserved” and “poorly conserved”. A target, defined as conserved, has 100% 

homology across the 8 base pair seed sequence in human, mouse, rat, and dog while, 

poorly conserved targets are those that are not conserved across these four mammals. 

Additional features are considered to better predict target specificity; sites that are within 

~15nt of the stop codon are flagged as they are less effective that those on the rest of the 

3‟UTR.  

The cutoff omitted the weaker 7mer-1a seed matches which have exact matches 

only on positions 2-7 of the seed region whereas 8mer and 7mer-m8 have exact matches 

on positions 2-8 of the mature miRNA. Within the 75-100 percentile context score 

percentile, there were 3 ciliary genes; GHR (growth hormone receptor), TUBA1A 

(Tubulin alpha 1a), and CGI-38 (Hypothetical Protein LOC52673) targeting miRNA; 

miR-16, miR-15a, miR-15b, miR-424, miR-195, miR-497 (Table 5).  Experimental 

validation of the hypothesis, that these miRNAs are expressed in undifferentiated human 
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lung cells and that the timing of their down-regulation of these miRNAs coincides with 

up-regulation of ciliary genes during differentiation, was then performed. 

Gene Name miRNA Seed Match Context % 

GHR miR-497 8mer 98 

GHR miR-16 8mer 98 

GHR  miR-15b 8mer 98 

GHR miR-195 8mer 98 

GHR miR-15a 8mer 98 

GHR miR-424 8mer 98 

TUBA1A miR-497 7mer-m8 86 

CGI-38 miR-16 7mer-m8 84 

MLF1 miR-29a 7mer-m8 82 

CGI-38 miR-195 7mer-m8 81 

MLF1 miR-29c 7mer-m8 81 

MLF1 miR-29b 7mer-m8 81 

TUBA1A miR-424 7mer-m8 81 

TTC30A miR-548b 7mer-m8 78 

TUBA1A miR-15b 7mer-m8 75 

TUBA1A miR-15a 7mer-m8 75 

Table 5.  Candidate gene list.  Genes with miRNA target site context scores of above 75%. 

 

Pilot Study: Detection of miRNAs in Undifferentiated Human Epithelial Cells 

The purpose of the pilot study was to determine if any miRNA predicted to be 

targets of ciliary axoneme genes are expressed in undifferentiated human epithelial lung 

cells.  PCR amplification of miR-16, miR-15a, miR-15b, miR-424, miR-195, and miR-

497 was performed on undifferentiated cells (See Materials & Methods) and were then 

visualized by 3.5% Agarose gel electrophoresis to verify a base pair size of 

approximately 55.   

Cell miRNAs tested were all amplified to a different extent.  We observed that 

our miR-16 primer amplified more than the kit‟s miR-16 control, indicating the assay to 
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be successful.  These data indicate that miRNAs that target cilia genes are expressed in 

undifferentiated human air-liquid interface cells.  

Double-banding was observed for miR-195 and miR-497.  This is likely the 

amplification product of a pri-miRNA or mature miRNA (Figure 8). The miRNA specific 

primer anneals at the same location in pri-miRNA and processed miRNA, but cannot 

distinguish between pri-miRNA and mature miRNA.  Therefore, the lower migrating 

band could represent smaller product of miR-195 and miR-497, most likely mature 

miRNA. The results of the pilot study indicated that our six candidate miRNAs are 

expressed in undifferentiated human air- liquid interface epithelial cells.  

 

Figure 8.  Visualization of pilot experiment.  Agarose gel electrophoresis visualization of pilot 

experiment. (miR-424‟s band was present although faint.) 

 

QRT-PCR Analysis of MicroRNA in Differentiating ALI Cultures 

To quantify the six miRNAs of interest quantitative real-time PCR was performed 

using Brilliant II SYBR Green QRT-PCR kit (Stratagene; La Jolla, CA). SYBR Green 

Base Pair Size 
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binds to double stranded DNA and fluoresces.  All six miRNA time points (0, 2, 4, 28) 

and no-RT control time points (0, 2, 4) were performed in duplicate.  These data are 

collected to formulate an amplification plot which reflects the cycle in which 

fluorescence of all samples greatly increases from the baseline, which occurred 

approximately between 1.000 E
-1

 ∆Rn and 1.000 ∆Rn, beginning at the 27
th

 cycle (Figure 

9).  Fluorescence data are then collected from the thermal cycler.  

 

 

 

 

 

 

 

Figure 9.  Amplification plot of data. The line of delineation indicates a cycle threshold (Ct), and 

data is collected at the time in which the sample crosses the threshold. 

 

In addition, a dissociation curve is formulated by the PCR samples being 

subjected to a stepwise increase in temperature from 55° to 95° with fluorescence 

measurements taken at every temperature increment at the beginning of the melting phase 

and again at the end of the melting phase (Figure 10).  Ideally, only one peak should be 
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present in the dissociation curve to indicate that all samples have the same melting point. 

The two major peaks formulated by the results of the experiment indicate that there was 

one product that melted at 70°C and another product melting at 78°C, with several 

solitary peaks also present at approximately 75°C (Figure 10).  According to the 

manufacturer‟s protocol, the first major peak along with the subsequent minor peaks may 

have been primer-dimers, double stranded molecules that synthesize as a result of two 

primers annealing to each other and are not specific to the miRNAs.  The Quantimir RT 

kit does not filter out larger product and a more sensitive kit should be used for future 

experimentation with miRNAs. 

 

 

 

 

 

 

 

 

Figure 10.  Dissociation curve of products. Two peaks in dissociation curve; first melting point 

peak of 70°C and the second melting point peak at 75°C indicate primer-dimers, the third melting 

point peak of 78°C indicates melting point of all miRNAs to be identical. 
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The results of the QRT-PCR for each time point were normalized to T0 using the  

∆∆CT method.  Relative to T0, the expression of the miRNAs decreased at T28 from 2-5 

fold (Figure 11).  

Over time, the expression of the six miRNAs appeared to remain unchanged over 

T2 to T4, and decrease at T28.  This supports my hypothesis that the expression of the 

miRNAs decreases to allow for ciliogenesis. The results of the QRT-PCR were also 

visualized by 3.5% Agarose gel electrophoresis (Figures 12ab, 13ab, 14ab). 

 

 

Figure 11.  Quantitation of data by ∆∆CT method.  Normalized QRT-PCR results indicate 

global decrease of miRNA expression at total cell differentiation,T28. 
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Figure 12.  A.  miR-15b. Agarose gel electrophoresis visualization, from T0 toT28.  B.  miR-424.  

Agarose gel electrophoresis visualization, from T0 toT28; NORT = no reverse transcriptase. 

 

Figure 13.  A.  miR-16.  Agarose gel electrophoresis visualization, from T0 toT28.  B.  miR-15a.  

Agarose gel electrophoresis visualization, from T0 toT28. 

Base Pair Size 
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A. 
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Figure 14.  A. miR-497.  Agarose gel electrophoresis visualization, from T0 toT28.  B. miR-195.  

Agarose gel electrophoresis visualization, from T0 toT28. 

 

DISCUSSION 

 MicroRNAs have recently been found to contribute to gene regulation by 

sequestering or targeting mRNAs for degradation (Cui et al., 2007), however, the 

contribution of miRNA regulation in lung epithelial differentiation had not been studied 

until now.  Using a computational approach, multiple miRNAs were predicted to target 

genes of the cilia proteome known to be transcriptionally regulated in a human model of 

ciliated cell differentiation.  The 3‟ UTRs of thirty-seven ciliary transcripts, which were 

previously shown to be up-regulated during ciliogenesis, were investigated for conserved 

miRNA target sites.  

Base Pair Size 

A. 

B. 
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Using TargetScan six miRNAs, miR-497, miR195, miR-16, miR-15a, miR-15b, 

and miR-424 were predicted to target the 3‟UTR of five genes of the cilia axoneme.  The 

3‟UTR targets were conserved across human, rat, dog and mouse.  This suggests that the 

miRNA presence, and therefore function, to be an important regulatory mechanism in 

mammals.  Quantitative real time PCR results indicated which miRNAs were detectable 

in undifferentiated lung epithelia, and showed that they decreased as the cells 

differentiated; consistent with a model of cilia gene repression (Ostrowski et al., 1998). 

These findings provide evidence for computational approaches to elucidate candidate 

miRNA regulators of ciliogenesis during differentiation of the airway epithelium. 

According to the results using SYBER Green for fluorescence during QRT-PCR, 

miRNA expression increased until fully differentiated at day 28.  As a result, more 

advanced experimental procedures were performed, by Dr. Juanita Martinez at Lovelace 

Respiratory Research Institute, using TaqMan Gene Expression Assays (Appendix II).  At 

the time that my experiment was performed, no experiments had been conducted to 

amplify miRNAs by QRT-PCR.  SYBER Green was a commonly used method as well as 

cost-efficient for most applications and seemed to be the best option for miRNA 

detection.  Now that miRNA QRT-PCR amplification has been done using the TaqMan 

assay, it is considered a more reasonable method for miRNA amplification as it is 

apparent that SYBER Green is not as sensitive.  

The TaqMan results obtained by Dr. Martinez (personal communication) further 

support not only the hypothesis that the six miRNAs are down-regulated during 

differentiation, but that the expression of miRNAs gradually decreased beginning at T2 to 
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T28.  Given that cilia are first apparent at day 6 in ALI cultures, my results support my 

hypothesis that miR-497, miR195, miR-16, miR-15a, miR-15b, and miR-424 expression 

do indeed coincide with ciliogenesis (de Jong et al., 1994).  These results suggest that 

miRNAs must be down-regulated for ciliogenesis to occur. 

So what occurs when miRNAs are up-regulated rather than down-regulated?  

Although this question has not been explored in regards to human lung ciliated genes in 

the airway epithelium, it has been studied in great detail in other bodily systems (Table 

6).   

miRNA Up-Regulation Found: 

miR-377 To cause increased fibronectin production 

in diabetic nephropathy  (Wang et al., 2008) 

miR-155 In children with Burkitt Lymphoma  

(Metzler et al., 2003) 

miR-101, -126, -99a, -135, and -20 In Acute Megakaryoblastic Leukemia 

(AMKL) Cell Lines  (Garzón et al., 2006) 

miR-203 To suppress cytokine 3 in psoriatic plaques 

(Sonkoly et al., 2007) 

miR-17-92 In human lung cancers; enhances cell 

proliferation  (Hayashita et al., 2005) 

miR-26, -107, and -210 To decrease proapoptotic
 
signaling in a 

hypoxic environment  (Kulshreshtha et al., 

2007) 

miR-26a To induce creatine kinase activity murine 

myogenic
 
C2C12 cells, promoting 

myogenesis  (Wong et al., 2008) 

miR-21 In allergic airway inflammation  

(Lu et al., 2009) 
Table 6.  Examples of up-regulated microRNAs.  Presence and proposed function 

 

Mutations in miRNAs as well as dysregulation of miRNA biogenesis can result in 

a wide range of diseases, including cancers (Xu, 2008).  Approximately 30% of human 

protein-coding genes are potentially regulated by microRNAs and these are important 
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biological processes such as apoptosis, differentiation, and development (Sassen et al, 

2008).  Atypical cell production is a classic indication of cancer, thus it is thought that 

patterns in microRNA expression may be a key indicator in identifying cell malignancies.  

The ability of miRNAs to inhibit the translation of improperly matched target sites leads 

to the possibility of a single miRNA targeting multiple genes, thus the potential for 

several miRNAs to regulate a potential target on a given gene.  Such a role in 

translational inhibition and destruction is being investigated as playing an important role 

in human disease (Meltzer, 2005). 

While the function of miRNAs in pathogenesis of disease is still a relatively novel 

field of scientific exploration, the roles of cilia are well defined.  Normal ciliary beating 

is vital to maintain normal respiratory function; immotile or dyskinetic respiratory cilia 

can cause defective mucociliary clearance, resulting in chronic respiratory infections and 

inflammation of the airway (Ibanez-Tallon et al., 2003; Van‟s Gravesande & Omran, 

2005).  In the case of newborn, idiopathic tachypnoea, chronic rhinitis and respiratory 

distress syndrome are often indicatory of primary cilia dyskinesia (PCD).  Primary cilia 

dyskinesia will eventually progress to become bronchiectasis, typically leading to lung 

failure in adulthood (Badano et al., 2006).   

 

 Bardet-Biedl syndrome (BBS), a recessive genetic condition which is a significant 

cause of end-stage renal failure in children, is also due to dysfunction of the primary cilia.  

Characteristic symptoms of this disease include obesity, diabetes, rod-cone dystrophy, 

polydactyly, cognitive impairment and cardiomyopathy (Katsanis et al., 2001).  Defects 

of modified centrioles at the base of cilia, basal bodies, are linked to Bardet-Biedl 

http://genesdev.cshlp.org/content/18/13/1630.long#ref-17
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syndrome (Blacque et al., 2004).  Genes associated with BBS (BBS1, BBS1, and BBS7) 

encode proteins (bbs-7, bbs-8) and are found predominantly at the base of cilia 

(Nishimura et al. 2001; Mykytyn et al. 2002; Badano et al. 2003).  Loss of function 

mutations of the bbs-7 and bbs-8 proteins result in functional and structural ciliary 

defects such as shortened or abnormal cilia and chemosensory abnormalities (Blacque et 

al., 2004).   

Mutations of BBS related proteins result in ciliary defects, but what causes mutations 

in these proteins?  The proteins associated with BBS are located at the base of cilia and 

for these proteins to function normally it can be assumed that the cilium that they are 

located on must be healthy and normal for the proteins to function properly.  If miRNA 

down-regulation coincides with ciliogenesis, it is possible that, in the case of Bardet-

Biedl syndrome, miRNA expression is upregulated in BBS associated genes thus 

encoding for mutant BBS proteins and ultimately resulting in ciliary defects.   

 Many proteins that are involved in cystic diseases localize to basal bodies found 

at the base of cilia, including polycystic kidney disease (PKD) (Huang et al., 2007).  In 

the kidneys, primary cilia are found on the apical surface of the epithelium and are 

present on cells of the nephron, the basic functional unit of the kidneys.  The proteins 

polycystin-1 and polycystin-2, which are involved in PKD, localize to the cilia of sensory 

neurons and are thought to be imperative in preserving behavioral responses that require 

cilia function (Barr & Sternberg 1999).  There are many models relating cilia and PKD 

indicating that cilia are important for normal maintenance of renal physiology and play a 

considerably important role in renal development (Praetorius & Spring, 2001; Grimm et 

http://genesdev.cshlp.org/content/18/13/1630.long#ref-23
http://genesdev.cshlp.org/content/18/13/1630.long#ref-22
http://genesdev.cshlp.org/content/18/13/1630.long#ref-2
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al., 2003; Nauli et al., 2003; Praetorius & Spring, 2003; Liu et al., 2005; Low et al., 2006; 

Shillingford et al., 2006). 

 Both BBS and Polycystic Kidney disease are caused by loss of function mutations 

of their associated proteins thus resulting in abnormal ciliary function and/or ciliary 

defects.  Considering the role of cilia in both BBS and PKD, one can hypothesize that 

perhaps the alteration of proteins in both are associated with miRNA expression.  In both 

cases if miRNAs are up-regulated, rather than down-regulated, it is possible that 

improper ciliogenesis will result in abnormal maintenance and development of these 

systems.  

It is clear that cilia are essential in maintaining normal tissue and organ function 

within the body, thus the formation of new cilia, or ciliogenesis, is equally as important.  

Abnormal or the absence of ciliogenesis can result in a wide range of diseases, disorders, 

and syndromes due to defective or immotile cilia.  Thus understanding the pathway 

involved in the formation of new cilia could very well lead to early intervention or even 

prevention of these ailments.  This experiment supports my hypothesis that miRNA 

expression coincides with ciliogenesis and is down-regulated with the formation of cilia 

and provides evidence to support the idea that miRNAs may soon become a therapeutic 

target and intervention tool of the future (Liu et al., 2008). 



 

A-I 

 

Appendix I. 

Gene  Description 
C10orf63 Chromosome 10 open reading frame 63 

C6orf97 Chromosome 6 open reading frame 97 

CAPS Calcyphosine 

CETN2 Centrin, EF-hand protein, 2 

CGI-38 Brain-specific protein 

CLUAP1 Clusterin-associated protein 1 

DNAH9 Dynein, axonemal, heavy polypeptide 9 

DNAI1 Dynein, axonemal, intermediate polypeptide 1 

DNAI2 Dynein, axonemal, intermediate polypeptide 2 

DNALI1 Dynein, axonemal, light intermediate 

polypeptide 1 

DYDC2 DPY30 domain containing 2 

EFHC1 EF-hand domain (C-terminal) containing 1 

EFHC2 EF-hand domain (C-terminal) containing 2 

FLJ13946 Hypothetical protein FLJ13946 

FLJ23577 KPL2 protein 

GHR Growth hormone receptor 

HSPA1A Heat shock 70-kD protein 1A 

IFT57 Intraflagellar transport 57 homolog 

(Chlamydomonas) 

IFT81 Intraflagellar transport 81 homolog 

(Chlamydomonas) 

IFT88 Intraflagellar transport 88 homolog 

(Chlamydomonas) 

IQCE Homo sapiens IQ motif containing E (IQCE), 

mRNA 

LRRC23 Leucine-rich repeat containing 23 

MLF1 Myeloid leukemia factor 1 

MNS1 Meiosis-specific nuclear structural protein 1 

NME5 Non-metastatic cells 5, protein expressed in 

(nucleoside-diphosphate kinase) 

RABL4 RAB, member of RAS oncogene family-like 4 

RABL5 RAB, member of RAS oncogene family-like 5 

RIBC2 RIB43A domain with coiled-coils 2 

ROPN1L Ropporin 1-like 

RTDR1 Rhabdoid tumor deletion region gene 1 

SPA17 Sperm autoantigenic protein 17 

SPAG6 Sperm-associated antigen 6 

TEKT2 Tektin 2 (testicular) 

TUBA3 Tubulin, alpha 3 

TUBA4 Tubulin, alpha 4 

TUBB2 Tubulin, beta, 2 

ZEMND12 Zinc finger, MYND domain containing 12 
Table A-I.  Ciliary Gene Descriptions.  Thirty seven genes of the ciliary axoneme of the human 

lung (Ross et al 2007). 
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Appendix II. 

TaqMan Assay Experiment 

Data Generated by Dr. Juanita Martinez 

 

A total of 369 TaqMan assays were performed by Dr. Juanita Martinez, on a 

single Applied Biosystems low density miRNA array; 365 of these were human miRNAs 

and the rest were controls. TaqMan expression data was normalized to the small nuclear 

RNA U6, an RNA whose abundance is expected to only change with respect to cell 

growth but not cell signaling (differentiation). Next, the dataset was normalized to T0 and 

the data were clustered (K-Means and SmoothTree) by expression in Genespring 7.3. 

Black indicates downregulation relative to T0, while red indicates upregulation, yellow 

indicates no change.  K-Means clusters are shown as colored groups.  The yellow K-

means cluster indicates miRNAs that are downregulated beginning at T2 and continue to 

be downregulated to T28. Among these miRNAs are the 6 miRNAs that are predicted to 

target ciliary axoneme genes.  

  

 

          Figure A-II.  Data by TaqMan assays.  Genespring 7.3 global real-time PCR expression 

analysis of miRNAs during differentiation; clustered (complete average) K-Means and 

SmoothTree data.

K-Means: 

Fold Change Key: 
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