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ABSTRACT 

 Neurodegeneration with brain iron accumulation (NBIA) is a heterogeneous class 

of disorders with the distinctive feature of axonal swellings throughout the central 

nervous system.  Two causative NBIA genes have been identified by linkage analysis: 

PANK2, encoding a pantothenate kinase, and PLA2G6, encoding a group VI calcium-

independent phospholipase A2 (iPLA2-VIA). Mutations in these genes are hypothesized to 

cause lipid dyshomeostasis and oxidative stress, leading to pantothenate kinase-

associated neurodegeneration (PKAN) and infantile and atypical neuroaxonal dystrophy. 

However, in order to investigate specific mechanisms of disease and develop therapies 

for NBIA, it is necessary to fully characterize each gene and its function. Toward that 

goal, my thesis research includes three projects focused on investigating the 

transcriptional regulation and expression of NBIA genes.  

First, I identified a PANK2 promoter. Historically, two nearly identical PANK2 

isoforms have been described: short PANK2 and mature PANK2. However, the 

biological relevance of these isoforms remains unclear. I have shown that their regulation 

is distinct and describe a promoter for the short isoform of PANK2. In addition, I 

identified potential regulators of PANK2 expression, including NF-Y, FOXN4 and the 

human heterogeneous nuclear ribonucleoprotein A/B family. These findings validate 

expression of the short PANK2 isoform and enable predictions about potentially 

deleterious sequence variants in the PANK2 promoter region. Furthermore, I provided 

preliminary evidence that PANK2 transcription is not effected by iron overload and 

depletion, oxidative stress induced by low dosage of hydrogen peroxide or peroxisome 

proliferator-activated receptor (PPAR) agonists. 
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 Second, I investigated the expression and function of a family of microRNAs 

(miR-103/7) conserved in pantothenate kinase genes. In recent years, miR-103 and miR-

107 have been proposed to play a role in multiple cellular processes, including 

metabolism and neurodegeneration, suggesting that their cellular role may complement 

pantothenate kinase activity. Interestingly, I demonstrated by qRT-PCR that mir-103 and 

miR-107 expression does not correlate with expression of pantothenate kinase genes in 

mouse tissues. In addition, the expression profile of miR-103 and its PANK2 encoded 

precursor, pre-miR-103, also did not correlate in mouse tissues. Therefore, miR-103-2 

expression may be regulated at the level of post-transcriptional processing.  Finally, in 

attempt to dissect miR-103/7 cellular function, I tested several predicted miR-103 targets 

by luciferase reporter assays and miR-103 over expression experiments; however, I was 

unable to confirm regulation of candidate targets.  

 Third, I analyzed the expression of PLA2G6 and PANK2 in human fetal 

development. As shown by in situ hybridization histochemistry, PLA2G6 is expressed 

throughout the developing brain in proliferative zones, as well as in the differentiated 

neurons in the developing cerebral neocortex and hindbrain. Likewise, PANK2 

expression is found in brain and eye, although technical difficulties prevented a more 

detailed study of its temporal and spatial patterning. Also, PANK2 and PLA2G6 

expression were observed in basal ganglia, lateral ventricle, midbrain and thalamus of the 

fetal brain, as well as in spinal cord, kidney, liver, eye and lung. These results suggest 

that PLA2G6 and PANK2 are positioned to play a role in early neuronal development. 

Disruption of this process may contribute to the widespread neurological problems 

observed in NBIA. 
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1.1 Neurodegeneration with Brain Iron Accumulation 

 Neurodegeneration with brain iron accumulation (NBIA) describes a spectrum of 

neurological disease in children and adults with high amounts of iron in the basal ganglia 

(Gregory et al., 2009). 

 

1.1.1 History and nomenclature 

 NBIA was first described by Drs. Hallervorden and Spatz in 1922 as a familial 

progressive extrapyramidal disorder with accumulation of iron in the globus palidus and 

neuroaxonal spheroids throughout the central nervous system (Hallervorden and Spatz, 

1922). Subsequently, Hallervorden-Spatz syndrome was used to describe a broad 

spectrum of disease involving these features (Halliday, 1995). In the 1950s, Seitelberger 

and Gross described an infantile form of the syndrome, which often lacked brain iron 

accumulation (Seitelberger and Gross, 1957). This disorder became known as infantile 

neuroaxonal dystrophy (INAD).   

 In 2003, Hallervorden-Spatz syndrome was renamed NBIA (Hayflick et al., 

2003). Under this descriptive title, the disorders are stratified by age at onset, rate of 

disease progression, and genetic basis of disease. Currently, NBIA is described as two 

clinical subtypes: early onset with rapid progression of disease and later onset with 

slower progression of disease (Figure 1.1) (Gregory et al., 2009). Notably, renaming the 

syndrome also removes honor from Julius Hallervorden and Hugo Spatz, who committed 

unethical medical practices in Nazi Germany (Shevell, 2003).   

 Early onset disorders can be stratified by their causative genes. Pantothenate 

kinase 2 (PANK2) mutations give rise to classic pantothenate kinase-associated 
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Figure 1.1:  Sub-classification of neurodegeneration with brain iron 

accumulation (NBIA) 

* Infantile neuroaxonal dystrophy (INAD) and atypical neuroaxonal dystrophy 

(NAD) are also known as PLA2G6-associated neurodegeneration (PLAN). 
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neurodegeneration (PKAN) (Zhou et al., 2001). Infantile neuroaxonal dystrophy and 

atypical neuroaxonal dystrophy are caused by mutations in the phospholipase gene 

PLA2G6 (Morgan et al., 2006). Notably, it has also been suggested to classify INAD and 

atypical NAD cases as PLA2G6-associated neurodegeneration (PLAN) (Kurian et al., 

2008). Finally, mutations in a fatty acid 2-hydroxylase gene (FA2H) were recently 

identified in early onset NBIA patients, and this subgroup has been named fatty acid 

hydroxylase-associated neurodegeneration (FAHN) (Kruer et al., 2010 ). Idiopathic 

NBIA is used to describe cases with unknown genetic basis.  

 Later onset NBIA includes atypical PKAN, neuroferritinopathy, 

aceruloplasminemia, Kufor Rakeb disease and mitochondrial protein-associated 

neurodegeneration (MPAN).  Neuroferritinopathy and aceruloplasminemia are caused by 

mutations in ferritin light chain (FTL) and ceruloplasmin (CP) genes, respectively (Curtis 

et al., 2001; Yoshida et al., 1995). Kufor Rakeb disease results from mutations in a 

lysosomal ATPase (ATP13A2) (Schneider et al., 2010). Lastly, MPAN is defined by 

mutations in a novel gene, termed mitochondrial-missing in NBIA (MIN). Idiopathic late-

onset NBIA is also common. 

 

1.1.2 Pantothenate kinase-associated neurodegeneration 

 The majority of NBIA cases are caused by PANK2 mutations, resulting in 

pantothenate kinase-associated neurodegeneration (PKAN) (Zhou et al., 2001).  This 

autosomal recessive disorder has the pathological features of neuroaxonal spheroids in 

the central nervous system and brain iron accumulation (Hayflick et al., 2003). On T2 

weighted MRI, PKAN patients have a distinctive pattern of tissue damage and iron 
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accumulation in the globus pallidus, which is coined an eye-of-the-tiger sign (Figure 1.2) 

(Hayflick et al., 2003).   

 PKAN is segmented into classic and atypical forms. Classic PKAN typically 

presents with dystonia within the first decade of life and rapidly progresses (Hayflick et 

al., 2003). Dystonia confines patients to a wheelchair within 10-15 years of symptom 

onset and eventually dysphagia causes patients to require a feeding tube (Gregory et al., 

2009). In addition, pigmentary retinopathy develops in most children, and acanthocytes 

have been reported in some cases (Ching et al., 2002; Egan et al., 2005). In contrast, the 

average onset of atypical PKAN is 13-14 years old and patients typically present with 

speech difficulties, mild gait abnormalities or prominent neuropsychiatric symptoms 

(Gregory et al., 2009; Hayflick et al., 2003). Atypical PKAN has slower progression of 

disease and patients do not become confined to a wheelchair until 15-40 years after onset 

(Gregory et al., 2009). Interestingly, classic and atypical PKAN patients tend to have 

periods of rapid physical decline interspersed with longer periods of relative stability. 

Ultimately, death occurs from secondary complications, including aspiration pneumonia 

and malnutrition.  

 

1.1.3 Infantile and atypical neuroaxonal dystrophy 

 Infantile and atypical neuroaxonal dystrophies are autosomal recessive disorders 

resulting from PLA2G6 mutations (Morgan et al., 2006). On MRI, nearly all infantile and 

atypical NAD patients have cerebellar atrophy, and a subset have brain iron accumulation 

(Figure 1.2) (Gregory et al., 2008). In addition, neuroaxonal spheroids are typically 

present throughout both the central and peripheral nervous systems, and the majority of 
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Figure 1.2:  Radiographic features of PKAN and INAD  

 A) T2-weighted MRI of a normal patient.  B) T2-weighted MRI of a PKAN patient 

showing the eye-of-the-tiger sign: a region of hypointensity (thick arrow) with a 

central region of hyperintensity (thin arrow) in the medial globus pallidus.  C) MRI 

images of an INAD patient with brain iron accumulation and cerebellar atrophy. The 

image on the left shows a region of hypointensity (arrow) in the medial globus 

pallidus.  The image on the right shows cerebellar atrophy (arrow).  These findings 

appear similarly in patients with the infantile and atypical forms of neuroaxonal 

dystrophy. Figure adapted and used with permission from (Gregory et al., 2009). 
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patients have optic atrophy.  

 Infantile and atypical neuroaxonal dystrophies differ in the age of onset and 

disease course (Gregory et al., 2008).  Infantile neuroaxonal dystrophy typically begins 

before the second year of life with psychomotor regression and truncal hypotonia, 

followed by later development of tetraparesis (Nardocci et al., 1999). Optic atrophy, 

nystagmus, strabismus and seizures also occur. INAD patients often die in their first 

decade, although some individuals survive into their early twenties (Gregory et al., 2009). 

In atypical NAD, the average age of symptom onset is 4.4 years old (Gregory et al., 

2009). Similar to INAD, optic atrophy, nystagmus, strabismus, muscular weakness, and 

seizures are common. However, speech delay, dystonia, dysarthia and autism-like 

behaviors have also been observed.  

 

1.2  Pantothenate kinase 2 

 In 2001, PANK2 was identified by linkage analysis as a causative gene for NBIA 

(Zhou et al., 2001).  

 

1.2.1  Gene and protein structure 

 In humans, pantothenate kinases are encoded by four genes. PANK1, PANK2 and 

PANK3 have nearly identical gene structure: unique initiating exons followed by six 

highly conserved exons encoding a ~355 residue catalytic domain (Zhou et al., 2001). In 

addition, PANK1, PANK2 and PANK3 each host a member of the miR-103/7 family of 

microRNAs in the 5’ region of their introns 5 (Rodriguez et al., 2004).  PANK1 gives rise 

to cytosolic PANK1 and PANK1 (Rock et al., 2002), PANK2 gives rise to 
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mitochondrial isoforms (Hortnagel et al., 2003; Johnson et al., 2004; Kotzbauer et al., 

2005) and PANK3 encodes an additional cytosolic isoform (Zhang et al., 2005). In 

contrast, PANK4 is composed of 19 exons that are homologous to pantothenate kinase 

genes in prokaryotes and Caenorhabditis elegans (Zhou et al., 2001). Based on structural 

and biochemical analysis of Staphylococcus aureus PanK (CoaA), PANK4 lacks an 

essential catalytic glutamate residue for kinase activity (Hong et al., 2006). In addition, 

PANK4 is not catalytically active in vitro (Zhang et al., 2007). Interestingly, however, 

PANK4 is capable of rescuing pantothenate kinase deficiency in E.coli and Drosophila, 

suggesting that it may be functional in vivo (Hortnagel et al., 2003; Wu et al., 2009). 

Northern blot analysis of the PANK family members indicates that they have overlapping 

expression across human tissues (Zhou et al., 2001). 

 PANK2 spans over 35 kb on human chromosome 20. In 2001, Zhou et al 

predicted five PANK2 transcript variants based on expressed sequence tag (EST) and 

5’RACE analysis (Zhou et al., 2001). However, only three PANK2 transcript variants are 

currently recognized in NCBI databases (Figure 1.3). PANK2 transcript variant 1 

(NM_153638) has three potential translation initiation codons, which give rise to short 

(sPANK2), cytosolic (cPANK2) and precursor (pPANK2) isoforms. sPANK2 is 48 kDa 

and initiates translation at a CUG leucine codon (chr20:3869748 on Human GRCh37 

Assembly (hg19)) (Zhou et al., 2001). cPANK2 initiates translation at an AUG codon 

located 42 nucleotides downstream of the CUG codon (Johnson et al., 2004). Finally, 

pPANK2 initiates with an AUG leucine codon located 330 nucleotides upstream of the 

sPANK2 initiating codon (Hortnagel et al., 2003; Kotzbauer et al., 2005).  PANK2  
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Figure 1.3: PANK2 geonomic structure and mRNA transcripts  

Transcript variants 1-3 are listed in the RefSeq database and the genomic sequence 

location is based on Human GRCh37 Assembly (hg19) (Kent et al., 2002). The 

relative location of proposed translational start sites are indicated by arrows. 
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transcript variants 2 (NM_153640) and 3 (NM_024960) utilize the same translation 

initiation site within exon 2, which produces an inactive cytosolic PANK2 isoform 

(isoform 2) (Zhang et al., 2006).  PANK2 isoforms are summarized in Figure 1.4. 

 sPANK2 was originally described as the primary PANK2 product (Zhou et al., 

2001). Prediction of the uncommon leucine start codon (CUG) for this isoform was based 

on two findings. First, the leucine start codon is flanked by an initiation consensus 

sequence and followed by a stem-loop structure, which enhances translation initiation at 

non-AUG initiation codons (Kozak, 1989; Kozak, 1990). Second, PANK2’s 

evolutionarily conserved nucleotide sequence diverges from mouse sequence 5’ of the 

leucine codon. In 2004, Johnson et al. confirmed that the leucine codon initiates sPANK2 

expression by a series of transfection experiments, and also found that sPANK2 amino 

acids 1-29 contain a mitochondrial localization signal that is necessary and sufficient for 

targeting to the mitochondria (Johnson et al., 2004).  

 While studying sPANK2 localization, Johnson et al. discovered that an AUG 

codon located 42 nucleotides downstream of the CUG start site is sufficient to drive 

cytosolic PANK2 expression (Johnson et al., 2004).  Here I identify the proposed 

cytosolic PANK2 isoform as cPANK2; however, it has not been further studied and its 

biological relevance is unknown. 

 In 2003, pPANK2 was identified as a long isoform of PANK2 (Hortnagel et al., 

2003). pPANK2 initiates translation at an AUG codon located 330 nucleotides upstream 

of the CUG codon. Similar to sPANK2, amino acids 1-46 of pPANK2 are sufficient for 

mitochondrial targeting (Hortnagel et al., 2003). In addition, pPANK2 contains two 

mitochondrial processing protein (MPP) cleavage sites at amino acids 32 and 141, which 
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Figure 1.4: PANK2 isoforms  

A)  PANK2 isoforms arising from the methionine (ATG) start codon in PANK2 

transcript variant 1   

B) Proposed PANK2  short isoforms arising from downstream  leucine (CTG) and 

methionine (ATG) start codons on transcript variant 1.  

C) PANK2 isoform 2, lacking the ATP binding motif, is predicted to arise from 

PANK2 transcript variants 2 and 3. 
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create iPANK2 and mPANK2 isoforms (Kotzbauer et al., 2005). Kotzbauer et al. 

observed these isoforms following transfection of a pPANK2 construct in 293 cells and 

subsequently demonstrated the processing of pPANK2 by pulse-chase 
35

S labeling of 

cells (Kotzbauer et al., 2005). The precursor and intermediate isoforms are short lived, 

although the 48kDa mPANK2 isoform has a half-life of ~30 hours (Kotzbauer et al., 

2005). Additionally, the 48kDa mPANK2 isoform was detected in human brain extracts 

(Kotzbauer et al., 2005). 

 Some controversy surrounds the proposed PANK2 isoforms. The lack of 

sequence conservation between mouse, rat and human upstream of the sPANK2 leucine 

codon has cast doubt on pPANK2’s biological relevance (Johnson et al., 2004). In 

addition, no spliced ESTs document the presence of a stable mRNA transcript that 

includes the 330 nucleotides upstream of the leucine codon (Rhead et al., 2010). 

However, western blot and in vitro protein analysis provide strong evidence for the 

expression, processing and stability of isoforms arising from the pPANK2 initiation 

codon (Kotzbauer et al., 2005; Zhang et al., 2006). Also, it is notable that sPANK2 

expression was not detected by Kotzbauer et al. in their pulse-chase analysis (Kotzbauer 

et al., 2005). Clarification of these discrepancies and the significance of multiple 

translation initiation codons require further study. 

 

1.2.2  Function and regulation 

 Pantothenate kinase is an essential regulatory enzyme in the biosynthesis of 

coenzyme A (coA) (Rock et al., 2000). CoA is an acyl carrier employed in protein, 

carbohydrate, fat and lipid metabolism (Leonardi et al., 2005). It is essential to glycolysis, 
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the tricarboxylic acid cycle, fatty acid synthesis, beta oxidation, and steroidogenesis. 

Within the CoA biosynthesis pathway, pantothenate kinase catalyzes the phosphorylation 

of pantothenate (vitamin B5), N-pantothenoylcysteine, and pantetheine (Figures 1.5 and 

1.6).  

 The pantothenate kinases are differentially inhibited by CoA and CoA thioesters 

(Vallari et al., 1987). PANK1 contains a unique N-terminal regulatory domain that 

increases its sensitivity to feedback inhibition in comparison with PANK1(Rock et al., 

2002), while PANK3 is more sensitive than either PANK1 isoform due to its high affinity 

for CoA thioester binding (Zhang et al., 2005). However, PANK2 is significantly more 

sensitive to inhibition than PANK1, PANK1 and PANK3. For comparison, the half 

maximal inhibitory concentration (IC50) values for CoA and CoA thioesters in PANK1, 

PANK1 and PANK3 are in the range of 1-125M (Rock et al., 2002; Zhang et al., 

2005), while the mPANK2 isoform has CoA and CoA thioester IC50 values between 250 

and 500nM (Zhang et al., 2006). According to this sensitivity, intracellular and 

intramitochondrial CoA concentrations are sufficient to inhibit PANK2 activity in vivo 

(Zhang et al., 2006). 

 Interestingly, however, PANK2 inhibition by CoA thioesters can be reversed by 

palmitoylcarnitine (Leonardi et al., 2007a).  Palmitoylcarnitine is a long-chain fatty acid 

ester of carnitine that facilitates the transfer of long-chain fatty acids from cytoplasm into 

mitochondria during the oxidation of fatty acids. Leonardi et al. found that 

palmitoylcarnitine, as well as other long-chain species of acylcarnitine, are competitive 

antagonists of acetyl-CoA (Leonardi et al., 2007a). Therefore, they hypothesize that 

PANK2 is typically inactive within the mitochondria, but an increase in long-chain 
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Figure 1.5:  Coenzyme A biosynthesis pathway  

Red arrows indicate regulatory steps catalyzed by pantothenate kinase. 
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Figure 1.6:  Coenzyme A biosynthesis pathway with chemical structures  

Adapted from (http://www.chem.qmul.ac.uk/iubmb/enzyme/reaction/misc/CoA2.html) 
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acylcarnitine activates the kinase for CoA biosynthesis. By this mechanism, PANK2 may 

function as a molecular sensor to detect the need to increase mitochondrial -oxidation. 

 

1.2.3 Mutations and hypotheses of disease 

 A variety of PANK2 mutations lead to PKAN. Null mutations correlate with 

classic PKAN, while missense mutations are seen in both classic and atypical disease 

(Hayflick et al., 2003).  

 In 2007, Hong et al. superimposed PANK2 mutations onto the crystal structure of 

PANK3 (Hong et al., 2007). They found that mutations disrupting the pantothenate 

kinase active site result in an improperly folded and catalytically inactive kinase. 

Additionally, mutations found in the homodimer interface and protein interior affect 

protein stability. Most early-onset PKAN cases are due to missense mutations in these 

regions, suggesting that disrupting PANK2 kinase activity correlates with severe disease.  

In contrast, protein surface mutations correlate with both early and late-onset disease. 

These mutations may disrupt binding of undefined regulatory ligands or association with 

partner proteins. 

 In PKAN, PANK2 mutations are predicted to lead to mitochondrial CoA 

deficiency and thereby hinder -oxidation of fatty acids (Zhou et al., 2001). The resulting 

oxidative stress may be compounded by accumulation of cysteine, a substrate in CoA 

biosynthesis (Johnson et al., 2004). This hypothesis is supported by the observation of 

excess cysteine in the globus pallidus of NBIA patients (Perry et al., 1985).  Cysteine 

accumulation is hazardous to cells because cysteine undergoes rapid auto-oxidation in the 

presence of free iron, generating free radicals and causing oxidative stress.  
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 Notably, the tissue-specific clinical features of PKAN are unexpected in light of 

the broad cellular processes that are predicted to be impaired by disruption of CoA 

biosynthesis. Perhaps the vulnerability of the basal ganglia and other tissues is from their 

high metabolic demands and exposure to oxidative stressors, including normally high 

iron in basal ganglia, and light in retina. 

 

1.3 Pantothenate kinase intronic microRNAs: miR-103/7 family 

1.3.1 microRNA biogenesis and function 

 MicroRNAs (miRNAs) are ~22 nucleotide non-coding RNAs that negatively 

regulate gene expression (Bartel, 2004).  These small RNAs are found in the human 

genome as independent genes (Cai et al., 2004; Lee et al., 2004) or embedded in the 

introns of protein-coding genes (Rodriguez et al., 2004). Intronic miRNAs can be co-

transcribed with the host gene (Morlando et al., 2008) or transcribed independently 

(Monteys et al., 2010). Following transcription by RNA polymerase II (Lee et al., 2004) 

or RNA polymerase III (Borchert et al., 2006), miRNA biogenesis is a multistep process 

(Figure 1.7). The primary miRNA transcript (pri-miRNA) folds into a hair pin structure 

and is cleaved by the Drosha-DGCR8 microprocessor complex to release a ~70 

nucleotide hairpin structure, termed the precursor miRNA (pre-miRNA) (Denli et al., 

2004). Interestingly, some small spliced introns containing microRNAs readily form ~70 

nucleotide hairpins (mirtrons) and bypass Drosha-DGCR8 cleavage (Ruby et al., 2007). 

pre-miRNAs are exported from the nucleus by Exportin5 (Bohnsack et al., 2004) and 

cleaved by Dicer to create ~20 nucleotide miRNA duplexes (Chendrimada et al., 2005). 

One strand functions as the mature miRNA and is incorporated into a RNA-induced 
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Figure 1.7: Intronic microRNA biogenesis 

Intronic miRNA can be co-transcribed with its host gene or transcribed from an 

independent promoter. The intron or primary transcript is cleaved by the Drosha-

DGCR8 microprocessor complex to yield a ~70 nucleotide pre-miRNA. The pre-

miRNA is transported to cytoplasm by Exportin 5 where the stem loop is cleaved by 

Dicer and one strand is preferentially selected for incorporation into the RNA-induced 

silencing complex (RISC). 
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silencing complex (RISC), while the other strand is degraded (Schwarz et al., 2003). 

Typically, the mature miRNA functions by inhibiting translation or stability of mRNA 

transcripts within the cytoplasm (Filipowicz et al., 2008). 

 

1.3.2 miR-103/7 structure and conservation 

 Pantothenate kinase genes PANK1, PANK2 and PANK3 host the highly conserved 

miR-103/7 microRNA family (Figure 1.8). miR-103 arises from miR-103-1 and miR-

103-2 pre-miRNA sequences located within intron 5 of PANK3 and PANK2, respectively. 

miR-107 differs from miR-103 by a single nucleotide and is located within PANK1 intron 

5. These microRNAs are conserved in all known vertebrates but not found in 

invertebrates (Wilfred et al., 2007). The conservation of miR-103-2, located within 

PANK2, is shown in Figure 1.9. 

 

1.3.3 miR-103/7 expression  

 miR-103 and miR-107, first cloned from HeLa cells in 2002 (Mourelatos et al., 

2002), have been detected in a multitude of tissues and cell lines.  (Notably, high 

homology between miR-103 and miR-107 make it likely that they cross-hybridize in 

microarray, Northern and in situ hybridization histochemistry experiments; therefore, I 

will generalize the results from these experiments as representing miR-103/7 expression.) 

miR-103/7 are ubiquitously expressed (Babak et al., 2004; Baskerville and Bartel, 2005; 

Peltier and Latham, 2008), although miR-103/7 expression is enriched in the brain in 

humans (Babak et al., 2004; Baskerville and Bartel, 2005; Mellios et al., 2008; Wang, 

2006) and mouse (Krichevsky et al., 2003; Miska et al., 2004).  Recently, Peltier et al. 
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Figure 1.8: miR-103/7 family 

The location of miR-107, miR-103-2 and miR-103-1 within exon 5 of PANK1, 

PANK2 and PANK3 are indicated by red octagons. The pre-miRNA sequences for 

these microRNAs are listed and nucleotides conserved in all  miR-103/7 family 

members are highlighted. The mature microRNA sequences are underlined. 

 

 

10 

5 



21 
 

Figure 1.9: miR-103-2 conservation within PANK2 intron 5  

Conservation diagrams are adjusted from rVista Genome Browser (Ovcharenko et al., 

2004) and UCSC Human Genome Browser (Rhead et al., 2010).  The miR-103-2 

nucleotide sequence is shown and mature miR-103 sequence is highlighted. 

 

 

 



22 
 

recommended miR-103 as a suitable reference gene for miRNA qRT-PCR due to its high 

and consistent expression across 13 human normal tissues and 5 pair of distinct 

tumor/normal adjacent tissue (miR-107 had similar expression, but at lower levels) 

(Peltier and Latham, 2008). However, differential expression and functional roles for 

miR-103 and miR-107 have been reported in a variety disease and cellular contexts.  

 As predicted by their conservation within pantothenate kinase genes (Wilfred et 

al., 2007), miR-103/7 show dynamic expression in cells governing lipid and energy 

metabolism. In particular, miR-103/7 expression is induced during adipogenesis and 

ectopic miR-103 expression in preadipocytes results in accelerated adipogenesis (Xie et 

al., 2009).  In addition, miR-103/7 expression is up-regulated in the presence of high 

glucose in pancreatic  cells (Tang et al., 2009) and in the liver of rats with increased 

susceptibility to diabetes (Herrera et al., 2010). 

 Differential miR-103/7 expression has also been detected in many cancers, 

including pancreatic, lung, breast, colon and prostate cancer (Roldo et al., 2006; Volinia 

et al., 2006; Yamakuchi et al., 2010). Takahshi et al. recently reported that miR-103/7 

expression is lower in lung tumors and lung cancer cell lines than in normal lung, and 

overexpression of miR-107 induces G1 cell cycle arrest (Takahashi et al., 2009). 

However, miR-103/7 levels are also reported to be increased (Volinia et al., 2006) or 

unchanged (Peltier and Latham, 2008) in lung cancer, making it difficult to draw general 

conclusions on miR-103/7 expression. Likewise, elevated miR-103/7 has been detected in 

pancreatic tumors (Roldo et al., 2006), but another report suggests that miR-107 is 

epigenetically inactivated in pancreatic cancer cell lines (Lee et al., 2009). Notably, miR-

103/7 expression is also responsive to estrogen (Cicatiello et al., 2010), hypoxia 
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(Yamakuchi et al., 2010) and hot and cold stress (Marsit et al., 2006), which may 

influence miR-103/7 expression in oncogenesis. 

 In contrast to cancer, in neurological disease miR-103/7 is clearly down regulated. 

Nelson et al. have recently demonstrated by in situ hybridization that miR-103/7 are 

found in human entorhinal cortex (EC) and transentorhinal cortex (TEC), two regions 

that are often impacted by neurodegeneration (Nelson et al., 2010). Interestingly, there is 

a correlation of decreased miR-103/7 expression and increased neurotic plaques and 

neurofirillary tangles in Alzheimer’s disease (AD) brains (Nelson and Wang, 2010; Wang 

et al., 2008). Notably, miR-103/7 are also down regulated in mouse hippocampus 

following traumatic brain injury (Redell et al., 2009) and in human fetuses with 

anencephaly (Zhang et al., 2010), indicating  that expression is affected by a range of 

neuronal insults.  

 The differential expression of miR-103/7 in these physiological contexts begs the 

question: what regulates miR-103/7 expression?  In addition, are miR-103 and miR-107 

co-regulated with their host genes? There is precedence to think not. Several reports 

conclude that ~30% of intronic microRNA are transcriptionally regulated independently 

of their host promoters (Monteys et al., 2010; Ozsolak et al., 2008; Wang and Li, 2009). 

Indeed, there is low correlation of miR-103 expression with PANK2 and PANK3 or miR-

107 with PANK1 on miRNA and mRNA microarrays (Baskerville and Bartel, 2005; 

Wang et al., 2008). Likewise, co-expression is not predicted in silico, based on the host 

genes’ intron size and miR-103/7 location within introns (Wang et al., 2009).   

 Recently, Monteys et al. have described an independent miR-107 promoter 

(Monteys et al., 2010).  They identified a putative transcriptional start site (TSS) ~1kb 
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upstream of miR-107 (within PANK1 exon 5) that is sufficient to drive miR-107 

expression in a promoterless plasmid (Monteys et al., 2010).  In addition, p53 and 

C/EBPalpha binding sites are located near the putative TSS (Monteys et al., 2010). This 

finding is significant because recent studies have also shown that miR-107 expression is 

up regulated by p53 following cellular exposure to etoposide, a telomerase II inhibitor 

(Yamakuchi et al., 2010). A functional p53 binding site within the PANK1 promoter has 

been credited with p53 mediated miR-107 regulation (Yamakuchi et al., 2010); however, 

future studies will be necessary to differentiate p53 regulation through PANK1 and the 

intronic miR-107 promoter.  

 In contrast to miR-107, miR-103 may be dependent on PANK2 and PANK3 

promoters for transcription. Interestingly, Monteys et al. did not identify a transcriptional 

start site or transcriptional regulatory elements upstream of miR-103-1 or miR-103-2 

(Monteys et al., 2010).  Likewise, Ozsolak et al. predict that miR-103-1 relies on the 

PANK3 promoter for expression (Ozsolak et al., 2008). If miR-103 transcription is 

dependent on host gene transcription, differential expression of the microRNA and host 

gene may also be explained by post-transcriptional regulation. 

 

1.3.4 miR-103/7 targets  

 Several microRNA target prediction programs are available for in silico 

identification of putative miR-103/7 MREs (Yue et al., 2009). These programs predict 

hundreds of possible miR-103/7 targets. However, three targets with possible roles in 

neurodegeneration have recently been experimentally validated (Wang et al., 2008; Wang 

et al., 2010; Yamakuchi et al., 2010). 
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 In 2008, Wang et al. identified -site precursor protein cleaving enzyme (BACE1) 

as a miR-103/7 target (Wang et al., 2008). BACE1 cleaves -amyloid precursor protein 

to generate the neurotoxic -amyloid peptide A  (Haniu et al., 2000) and its 

dysregulation may play a role in AD pathogenesis (Guo and Hobbs, 2006). BACE1 

mRNA levels are inversely proportional to miR-103/7 expression in Alzheimer’s brains 

(Nelson and Wang, 2010; Wang et al., 2008) and putative miR-103/7 microRNA 

recognition elements (MRE) are predicted within the BACE1 3’UTR (Wang et al., 2008).  

miR-103/7 regulation through the MRE was validated by inserting it in the 3’UTR of a 

luciferase reporter and measuring change in activity compared with a mutant MRE in 

HeLa cells (Wang et al., 2008).  

 In April 2010, Yamakuchi et al. identified hypoxia inducible factor 1 as a miR-

103/7 target (Yamakuchi et al., 2010). HIF-1 and HIF-1 make the heterodimer HIF-1, 

which is a transcription factor that mediates cellular response to hypoxia (Pugh and 

Ratcliffe, 2003). HIF-1 has a highly conserved miR-107 recognition element in its 

3’UTR and down regulation of HIF-1 results in a block of hypoxic signaling within the 

cells (Yamakuchi et al., 2010). miR-107 overexpression and inhibition experiments 

confirm that it inhibits HIF-1 expression (Yamakuchi et al., 2010). In addition, miR-107 

overexpression in mice results in decreased tumor size and number of vessels 

(Yamakuchi et al., 2010). Interestingly, HIF has also recently been proposed as target for 

neuroprotective therapies due to its roles in cellular survival (Correia and Moreira, 2010). 

 In July 2010, Wang et al. identified a third miR-103/7 target: granulin (GRN) 

(Wang et al., 2010). Granulin is an extracellular glycoprotein that plays a role in cell 

growth, inflammation and wound repair (Bateman and Bennett, 2009). In addition, GRN 
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mutations lead to neuronal atrophy and frontotemporal lobar dementia, an autosomal 

dominant disease (Snowden et al., 2006). This target was identified by overexpressing 

miR-107 in H4 cancer cells, which have a partial glial/neuronal phenotype, 

immunoprecipitating microribonuclear particles (mRNPs) and identifying bound mRNA 

transcripts by microarray (Wang et al., 2010).  GRN regulation was confirmed by 

luciferase reporter assays and GRN protein levels following miR-107 overexpression and 

inhibition in cell culture (Wang et al., 2010). In addition, an increase in GRN expression 

correlated with miR-107 down regulation following cortical brain injury in mouse (Wang 

et al., 2010).  

 

1.4 Phospholipase A2 group VIA 

 In 2006, PLA2G6 was identified as the INAD causative gene by linkage analysis 

of a large consanguineous Pakistani family with NBIA and 12 smaller families with 

INAD (Morgan et al., 2006). PLA2G6 encodes calcium-independent phospholipase A2 

group VIA (iPLA2-VIA).  

 

1.4.1 Gene and protein structure 

 The large phospholipase A2 superfamily can be subdivided into four major 

families: secreted PLA2s, cytosolic calcium-dependent PLA2s, platelet activating factor 

acetylhydrolases, and calcium-independent PLA2 (iPLA2) (Six and Dennis, 2000).  As the 

name implies, the iPLA2 family is unique because its family members do not require Ca
2+

 

for enzyme activity. The iPLA2 family has six members: iPLA2-VIA (also called 

iPLA2), iPLA2-VIB (iPLA2), iPLA2-VIC (neuropathy target esterase (NTE)), iPLA2-
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VID (adiponutrin), iPLA2-VIE (TTS-2.2) and iPLA2-VIF (GS2) (Ackermann et al., 1994; 

Mancuso et al., 2000; Schaloske and Dennis, 2006). cPLA2 is also a calcium-

independent PLA2, however it is not included in the phospholipase A2 VI group because 

it has greater sequence homology with group IV phospholipases (Balboa and Balsinde, 

2002).  Of note, iPLA2 is a non-mammalian glycoprotein of the patatin family and was 

named based on sequence similarity to a cytosolic calcium-dependent PLA2 but does not 

belong in the iPLA2 family (Andrews et al., 1988).   

 Human PLA2G6 includes 17 exons spanning over 69 kb on chromosome 22 and 

gives rise to multiple splice variants (Figure 1.10) (Larsson Forsell et al., 1999; Larsson 

et al., 1998). iPLA2-VIA-1 (A-1) encodes a cytosolic ~85 kDa enzyme with eight 

ankyrin-like repeats, a lipase consensus sequence motif (Gly-X-Ser-X-Gly), calmodulin 

binding domain, ATP-binding domain, bipartite nuclear localization sequence and 

caspase cleavage sites (Atsumi et al., 2000; Lauber et al., 2003; Ma and Turk, 2001). 

iPLA2-VIA-2 (A-2) is identical to A-1 with the exception of an insertion within the 

eighth ankyrin repeat that adds a proline-rich 54-amino acid stretch upstream of the lipase 

consensus sequence (Ma et al., 1999).  iPLA2-VIA-3 (A-3) is identical to A-2 except that 

a C-terminal 158 nucleotide insertion introduces a premature stop codon; the enzymatic 

activity of this truncated isoform has not been investigated (Balsinde and Balboa, 2005). 

Finally, two catalytically inactive iPLA2-VIA variants (Ank-1 and Ank-2) contain only 

the ankyrin repeats and lack an active site.  

 iPLA2-VIA and iPLA2-VIB are the predominant iPLA2 family members. 

However, iPLA2-VIB lacks ankyrin repeats and contains competing mitochondrial and 

peroxisomal localization signals (Mancuso et al., 2000; Mancuso et al., 2004). 
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Figure 1.10: iPLA2-VIA splicing variants 

Identical sequences in all variants are shown in yellow. Sequence changes with 

respect to iPLA2-VIA-1 are shown as pink, green, and blue rectangles. The ankyrin 

repeats are represented as blue circles, and the catalytic serines within the lipase 

consensus sequence motif (Gly-X-Ser-X-Gly) are shown as pink diamonds. The 

relative location of caspase cleavage sites (red arrow), ATP binding domain (green 

wedge), nuclear localization signal (orange wedge) and the calmodulin binding site 

(purple hexagon) are also shown. Amino acid number and the calculated molecular 

mass of each variant are indicated.  Figure adapted and used with permission from 

(Balsinde and Balboa, 2005). 
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Historically, the iPLA2 inhibitor bromoenol lactone (BEL) has been used to study these 

proteins; however, the selectivity of BEL in vivo is unclear (Balsinde and Dennis, 1996). 

In 2002, Jenkins et al. found that iPLA2-VIA and IPLA2-VIB show different sensitivities 

towards the BEL enantiomers, which has enabled some dissection of iPLA2 function 

(Jenkins et al., 2002). In addition, recent studies using antisense technologies have begun 

to clarify iPLA2-VIA cellular roles. 

 

1.4.2 Function and regulation 

 Phospholipase A2 enzymes catalyze the hydrolysis of sn-2 ester bonds of 

glycerophospholipids, producing free fatty acids and lysophospholipids  (Figure 1.11) 

(Dennis, 1994). iPLA2-VIA can cleave any phospholipid because it lacks specificity for 

the fatty acid at the sn-2 position (Ackermann et al., 1994; Tang et al., 1997).  Therefore, 

iPLA2-VIA is implicated in multiple cellular processes. iPLA2-VIA is important for 

membrane homeostasis and remodeling (Balsinde et al., 1997; Balsinde et al., 1995). In 

addition, iPLA2-VIA has been implicated in apoptosis (Balsinde et al., 2006), 

inflammation (Sun et al., 2009), cell growth (Sun et al., 2009), chemotaxis (Carnevale 

and Cathcart, 2001) and secretion (Balboa et al., 2003). 

 iPLA2-VIA regulation involves ankyrin domain-regulated oligomerization, 

calmodulin binding and caspase cleavage (Balsinde and Balboa, 2005). iPLA2-VIA 

functions as a tetramer, and deletion of its ankyrin repeats, which may facilitate protein-

protein interactions, results in an inactive enzyme (Tang et al., 1997).  Interestingly, 

splice variants comprised solely of ankyrin repeats may regulate iPLA2 activity by 

interfering with oligomerization of the active proteins (Larsson et al., 1998). 
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Figure 1.11: Phospholipase A2 activity 

Phospholipid on the left is hydrolyzed at the sn-2 position to yield lysophospholipid 

and free fatty acid on the right. Figure adapted and used with permission from (Burke 

and Dennis, 2009) 
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Additionally, calmodulin reversibly binds and inhibits iPLA2-VIA in the presence of Ca
2+

 

(Jenkins et al., 2001). By this mechanism, iPLA2-VIA may trigger Ca
2+

 entry following 

depletion of intracellular Ca
2+

 stores (Smani et al., 2003). Finally, caspase cleavage has 

been found to increase iPLA2-VIA activity; this increase may accelerate phospholipid 

turnover and lead to apoptotic membranous changes (Atsumi et al., 2000).  

 iPLA2-VIA is ubiquitously expressed. In the original PLA2G6 gene 

characterization, iPLA2-VIA expression was present in all 23 tissues examined by 

Northern blot although each splice variant had a unique tissue distribution (Larsson 

Forsell et al., 1999). iPLA2-VIA expression has also been detected in numerous cell lines 

including the human retinal pigment epithelium (RPE) cell line ARPE-19 (Kolko et al., 

2009), murine macrophages cell line P388D1(Ackermann et al., 1994), pancreatic cells 

(Ma et al., 1997; Ramanadham et al., 2004), human astrocytic cells (A172) (Peterson et 

al., 2007) and renal cells (Cummings et al., 2004). In addition, iPLA2-VIA, as well as 

iPLA2-VIB, expression has been detected in the adult human eye, rat brain and monkey 

brain by immunohistochemistry (Kolko et al., 2007; Ong et al., 2005a; Ong et al., 2005b; 

Shirai and Ito, 2004).  

 

1.4.3 Mutations and hypotheses of disease 

 In INAD, defects in iPLA2-VIA may disrupt phospholipid membrane 

homeostasis and a number of signaling pathways, leading to pathological changes. 

PLA2G6 deletion, missense, splice site and nonsense mutations are found in INAD 

patients (Morgan et al., 2006). However, homozygous null mutations are only found in 

classic INAD patients, suggesting that complete lack of iPLA2-VIA may cause early 
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onset disease (Morgan et al., 2006). Deletion, missense or splice site PLA2G6 mutations 

may cause less severe disease by having a limited effect on iPLA2-VIA enzymatic 

activity, regulation or cellular localization.  

 

1.5. Objectives of current study and approach 

 The long term goal of the Hayflick laboratory is to develop effective treatment for 

NBIA. In the past ten years, significant strides toward this goal have been made by the 

PANK2 and PLA2G6 gene discoveries.  However, much remains unclear about these 

genes and the mechanism by which their mutation causes neurodegeneration.  

Characterizing the expression and function of PANK2 and PLA2G6 informs the difficult 

task of developing and testing potential treatments. Toward this goal, my thesis projects 

focus on three questions.  First, what controls the transcriptional regulation of PANK2? 

Second, is the miR-103/7 family co-expressed with pantothenate kinases? Third, is 

PLA2G6 expressed in prenatal human neuronal development?  
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Transcriptional regulation of PANK2 
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Characterization of the human PANK2 promoter 
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ABSTRACT 

Pantothenate kinase 2 (PANK2) is an essential regulatory enzyme in coenzyme A 

biosynthesis. PANK2 mutations cause pantothenate kinase-associated neurodegeneration 

(PKAN), which leads to pigmentary retinopathy, progressive dystonia and other 

abnormalities. Two nearly identical PANK2 isoforms have been described: short PANK2 

and mature PANK2, which are processed from a precursor isoform. Since the biological 

relevance of these isoforms remains unclear, we sought to explore their transcriptional 

regulation. Here we show that their regulation is distinct and describe a promoter for the 

short isoform of PANK2. Moreover, we identify potential regulators of PANK2 

expression, including NF-Y, FOXN4 and the human heterogeneous nuclear 

ribonucleoprotein A/B family. These findings validate expression of the short PANK2 

isoform and enable predictions about potentially deleterious sequence variants in the 

regulatory region of this human disease gene. 

 

Keywords: pantothenate kinase, hnRNPA/B, FOXN4, NF-Y, PKAN 

 

Abbreviations: PKAN, pantothenate kinase-associated neurodegeneration; PANK, 

pantothenate kinase; EMSA, electrophoresis mobility shift assay. 
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1. INTRODUCTION 

 

 Pantothenate kinase (PANK) is the rate limiting enzyme in the biosynthesis of 

coenzyme A. The pantothenate kinase gene family includes PANK1, PANK2, PANK3 and 

PANK4, which give rise to five functional isoforms; PANK1a, PANK1b, PANK2, 

PANK3 and PANK4 (Rock et al., 2002; Zhou et al., 2001). PANK1, PANK2 and PANK3 

are functional kinases encoded from six conserved core exons preceded by differing 

initiation exons (Zhou et al., 2001). Also, PANK2 differs from other pantothenate kinases 

in its mitochondrial localization and its regulation by acyl-CoA and palmitoylcarnitine 

(Hortnagel et al., 2003; Johnson et al., 2004; Leonardi et al., 2007a; Rock et al., 2000).  

 We investigated the transcriptional regulation of PANK2, the causative gene for 

pantothenate kinase-associated neurodegeneration (PKAN), an autosomal recessive 

disease characterized by dystonia and retinal degeneration (Zhou et al., 2001).  A critical 

question in PKAN pathogenesis is why disruption of a ubiquitously expressed gene 

causes a neurological-specific disease. Thus we sought to identify regulatory factors 

controlling PANK2 expression.  

 Multiple PANK2 isoforms have been identified (Hortnagel et al., 2003; Kotzbauer 

et al., 2005; Zhou et al., 2001). Initially, we described a mitochondrial 50.6 kDa PANK2 

isoform with a leucine initiation codon (CTG) (Zhou et al., 2001). This protein has 

become known as the PANK2 short form (sPANK2) (Zhang et al., 2006).  Subsequently, 

a larger precursor isoform (pPANK2) was identified that begins translation 330 

nucleotides upsteam with a methionine initiation codon (ATG) (Hortnagel et al., 2003). 

This precursor isoform is sequentially cleaved at two sites by the mitochondrial 

processing peptidase, yielding intermediate (iPANK2) and mature (mPANK2, 48 kDa) 
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isoforms (Kotzbauer et al., 2005). sPANK2 and mPANK2 both localize to mitochondria, 

although they utilize different localization signals and may be subject to distinct 

transcriptional, translational and post-translational regulation (Hortnagel et al., 2003; 

Johnson et al., 2004; Kotzbauer et al., 2005).  

 In this work, we sought to characterize the transcriptional regulation of PANK2. 

These studies advance our understanding of the regulation of short and mature PANK2 

isoforms and allow us to test, for the first time, whether sequence variants in the region 

affect transcription. 

 

2. MATERIALS AND METHODS 

2.1 Database Searches 

 Human PANK2 genomic organization was obtained from the UCSC Human 

Genome Browser (Kent et al., 2002) and sequence comparisons were performed using the 

ECR Browser (Ovcharenko et al., 2004) , Mulan (Ovcharenko et al., 2005) and 

ClustalW2 (Larkin et al., 2007). The transcription factor binding sites in the promoter 

region were analyzed using MatInspector (Cartharius et al., 2005). Prediction of CpG 

islands and TATA-dependent transcription initiation sites were generated by CpG Island 

Searcher and CorePromoter (Takai and Jones, 2003; Zhang, 2005).  

 

2.2 Plasmid Construction 

 We employed three methods for constructing plasmids. The PANK2 promoter 

fragments in plasmids -2351/-301, -2351/+13, -1332/+13, -1332/-301, -633/+13, 

-327/+13, -102/+13, -327/-76, -180/-76, -327/-144, -327/-217 and -247/-144 were 
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amplified from human genomic DNA by PCR using primers (Table 2.1) containing NheI 

(forward primers) or HindIII (reverse primers) recognition sites. The promoter fragments 

were cloned into a promoter-less luciferase reporter vector, pGL3-Basic (Promega). We 

created additional reporter plasmids (-262/+13, -216/+13, -162/+13) using the Erase-a-

Base Kit (Promega). Briefly, the -633/+13 plasmid was linearized with NheI and SacI and 

digested with Exonuclease III. The digestion was stopped by S1 Nuclease, treated with 

Klenow DNA polymerase, ligated and transformed into competent cells. To create the 

-254/-76, -237/-76, and -211/-76 truncation plasmids, we generated novel NheI restriction 

sites (GCTAGC) in the -327/-76 plasmid with the QuikChange Site-Directed 

Mutagenesis Kit (Stratagene). Briefly, we designed oligonucleotides with our desired 

nucleotide change (Table 2.2), annealed the oligonucleotides to the plasmid template 

(-327/-76), transcribed with PfuTurbo polymerase, treated with DpnI endonuclease and 

transformed into competent cells.  NheI digestion and re-ligation of the plasmids 

generated the truncated plasmids. We also used the QuikChange Site-Directed 

Mutagenesis Kit to alter putative transcription factor binding sites (Ets1, IRF4, NF-Y, 

FOXN4, NFkB) with the -327/-76 plasmid.  

 

2.3 RNA Ligase-mediated Rapid Amplification of cDNA Ends (RACE) 

 Total RNA from human brain (Ambion) was used to identify the transcriptional 

start points with the GeneRacer Kit (Invitrogen). Briefly, 5 mg RNA was treated with calf 

intestine alkaline phosphatase and tobacco acid pyrophosphatase, ligated with an RNA 

adapter oligonucleotide using T4 RNA ligase,  and random-primed for reverse  
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Table 2.1 

PCR primer sequences for plasmid construction 

Name Sequence 

Hp2prom5F  (-2351)  AGGCTAGCGATTACAGGCACGCACCACTACGCCCAGCTAAG 

Hp2prom6F  (-1332) AGGCTAGCCACAAGCGAAGCTCAACCTTTTTGTTCAGCC 

Hp2prom3F  (-633) AGGCTAGCTCTCTCCAACGCAGGCGGAAAGGAGG 

Hp2prom2F  (-327) AGGCTAGCAGGAGGCTCGGGCCCTTCCACCCACG 

Hp2prom9F  (-247) AGGCTAGCCCTCCGCGGAACCCGGATCCCCTCCTCCACCACCC  

Hp2prom10F  (-180) AGGCTAGCGACGGAGGCACGGTCAATCCTCCTCGAGTTAGGGAG 

Hp2prom1F  (-102) AGGCTAGCGATTGGCTTCCTGCGCGTTGGCGCAAC 

Hp2prom7R  (-217) GCAAGCTTGGGTGGAGGAGGGGATCCGGGTTCCGCGGAGG  

Hp2prom8R  (-144) GCAAGCTTGCTCCCTAACTCGAGGAGGATTGACCGTGCCTCCGTC 

Hp2prom4R  (-76) GCAAGCTTGGTTGCGCCAACGCGCAGGAAGCCAATC 

Hp2prom3R  (-301) GCAAGCTTGGCGTGGGTGGAAGGGCCCGAGCCTCCTCAT 

Hp2prom1R  (+13) GCAAGCTTGCAAGCCCCCCAGCGTCGGATTCCTTCTCGCC 

 

 

 

Table 2.2 

Oligonucleotides for QuikChange Site-Directed Mutagenesis  

Plasmid Primer Sequence* 

-254/-76 hp2promqct3F CCATCACTCTCTTCTGGGCTACGCTAGCTTCTCTTCCTCCGC 

 hp2promqct3R GCGGAGGAAGAGAAGCTAGCGTAGCCCAGAAGAGAGTGATGG 

-237/-76 hp2promqct4F GGGCTACACCGCCTTCTCTTCCTCGCTAGCACCCGGATCCCC 

 hp2promqct4R GGGGATCCGGGTGCTAGCGAGGAAGAGAAGGCGGTGTAGCCC 

-211/-76 hp2promqct6F CGGATCCCCTCCTCCACGCTAGCCTCCCCGCCCCGTCAC  

 hp2promqct6R GTGACGGGGCGGGGAGGCTAGCGTGGAGGAGGGGATCCG 

Ets1 hp2promETS_mt1f    CTACACCGCCTTCTcttaaTCCGCGGAACCCGG 

 hp2promETS_mt1r    CCGGGTTCCGCGGAttaagAGAAGGCGGTGTAG 

IRF4 hp2promIRF4_mt1f   CTCTTCCTCCGCGaaatCCGGATCCCCTCCTC 

 hp2promIRF4_mt1r   GAGGAGGGGATCCGGatttCGCGGAGGAAGAG 

5’ NF-Y hp2promNFY_mt1f CACGATAGCCTCTCatgtgACGGAGGCACGGTC 

 hp2promNFY_mt1r GACCGTGCCTCCGTcacatGAGAGGCTATCGTG 

FOXN4 hp2promWHN_mt1f GTTAGGGAGCCGACTGGaatcGAGGCCTTTGGG 

 hp2promWHN_mt1r CCCAAAGGCCTCgattCCAGTCGGCTCCCTAAC 

NfkB hp2promNFk_mt1f GGCCTTTGGGCCGtaacCAGCCTCGTCGG 

 hp2promNFk_mt1r CCGACGAGGCTGgttaCGGCCCAAAGGCC 

3’ NF-Y hp2promNFY2_mt1f CAGCCTCGTCGGatgtgCTTCCTGCGCGTTG 

 hp2promNFY2_mt1r CAACGCGCAGGAAGcacatCCGACGAGGCTG 

 

*Nucleotide changes are underlined and putative transcription factor binding sites are in 

lowercase italics. 
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transcription. cDNA was amplified by nested PCR. The PCR products were cloned into 

pCRII TOPO TA cloning vector (Invitrogen) and sequenced. 

 

2.4 Cell Culture, Transient Transfections and Luciferase Assays 

 Human neuroblastoma (SH-SY5Y) cells were cultured in RPMI with 10% FBS, 

10 ng/ml human neuron growth factor, non-essential amino acids and 

penicillin/streptomycin antibiotics at 37ºC and 5% CO2. Cells were seeded in 12-well 

plates, grown to 90% confluency, and transfected using Lipofectamine 2000 (Invitrogen) 

according to manufacturer’s instructions. Each well was transfected with 0.4 µg CMV--

galactosidase and 0.4 µg of pGL3-Basic or luciferase reporter plasmids containing the 

5’flanking fragments of human PANK2 gene. Cells were harvested in 100 µl Passive 

Lysis Buffer (Promega) 24 hours after transfection. To assay for -galactosidase activity, 

50 µl of cell lysate was combined with 60 µl Z buffer (60mM Na2HPO4, 40mM 

NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50mM 2-Mercaptoethanol, pH 7.5) and 40 µl 

ONPG substrate (Sigma) (4 mg/ml in 60 mM Na2HPO4, 40mM NaH2PO4, pH 7.5 buffer) 

and incubated at 30ºC for 30 minutes. The reaction was quenched by adding 100 µl of 1 

M Na2CO3 and measured at A420. To assay for luciferase activity, 20 µl of cell lysate 

was combined with 300 µl of GlyGly-ATP (25mM Glycylglycine, 15 mM MgSO4, 5 mM 

ATP) and 100 µl of luciferin (Promega) (300 µg/ml) and measured on a luminometer. 

The luciferase values were normalized to -galactosidase activity. Each transfection was 

performed in triplicate and repeated at least 3 times. 
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2.5 Electrophoresis Mobility Shift Assay (EMSA) 

 Nuclear extracts were prepared from SH-SY5Y cells. Briefly, ~2 x 10
7
 cells were 

washed with ice cold PBS, harvested in CE buffer (1 mM HEPES KOH, 6 mM KCl, 100 

µM EDTA, 100 µM DTT, 100 µM PMSF, Complete Protease Inhibitors EDTA-free 

(Roche)) plus 0.5% NP-40 and centrifuged to pellet the nuclei. The pellet was washed in 

CE buffer, resuspended in 200ul NE buffer (250 µM Tris HCl, 60 µM KCl, 1 mM DTT, 

1 mM PMSF, Complete Protease Inhibitors EDTA-free (Roche)), lysed by freeze/thaw 

cycles in liquid nitrogen, and centrifuged. The final supernatant was frozen in liquid 

nitrogen and stored at -80ºC.  

 Single stranded probes labeled with IRDye-700 were designed to contain the 

putative binding sites for predicted transcription factors within the PANK2 promoter 

(Table 3).The probes were annealed at 95ºC, cooled to room temperature, and used in 

DNA-protein binding reactions according to the Odyssey Infrared EMSA Kit (LiCor 

Biosciences). Briefly, the labeled oligonucleotides were incubated with ~10ug SH-SY5Y 

nuclear extract at room temperature for 20 minutes and resolved on a 4% TBE native 

acrylamide gel at 4ºC, avoiding light exposure. For competitor assays, oligonucleotides 

with identical sequence to EMSA1, EMSA2, EMSA3, EMSA4 and EMSA5 forward and 

reverse oligonucleotides were ordered from Invitrogen. Additional competitor 

oligonucleotides were designed (Table 2.3) to contain putative or mutated binding sites 

for NF-Y and FOXN4 (Schlake et al., 1997; Zhu et al., 2004). The oligonucleotides were 

annealed at 95ºC, cooled to room temperature, and added in to the DNA-protein binding 

reaction in 200-fold excess of IRDye-700 labeled probes. For antibody binding, the  
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Table 2.3 

Oligonucleotides for EMSA  

 

reaction mixture was incubated with 2 µg of hnRNPA/B (Santa Cruz Biotechnology, cs-

15385) or STAT3 (kind gift from Dr. David Farrell, OHSU) antibody prior to addition of  

labeled oligonucleotides. As a control for binding conditions, the reaction was also 

incubated with labeled oligonucleotides prior to the addition of 2 µg of antibody. The 

gels were imaged at 700 nm using the LiCor Odyssey Imaging System. 

 

2.6 Proteomic Analysis  

 We submitted native 4% acrylamide TBE gel slices to the OHSU Proteomics 

Shared Resource for analysis. The samples were digested with trypsin and analyzed by 

LC-MS using an Agilent 1100 series capillary LC system (Agilent Technolgies) to elute 

EMSA 

probe 

oligonucleotide Sequence 

EMSA1 hp2promEMSA1F GACTGGACGCGAGGCCTTTGGGCCGTCCCCAGCCTCGTCG 

 hp2promEMSA1R CGACGAGGCTGGGGACGGCCCAAAGGCCTCGCGTCCAGTC 

EMSA2 hp2promEMSA2F TCGTCGGATTGGCTTCCTGCGCGTTGGCGCAAC 

 hp2promEMSA2R GTTGCGCCAACGCGCAGGAAGCCAATCCGACGA 

EMSA3 hp2promEMSA3F CGCCTTCTCTTCCTCCGCGGAACCCGGATC 

 hp2promEMSA3R GATCCGGGTTCCGCGGAGGAAGAGAAGGCG 

EMSA4 hp2promEMSA4F AGCCTCTCATTGGACGGAGGC 

 hp2promEMSA4R GCCTCCGTCCAATGAGAGGCT 

EMSA5 hp2promEMSA5F GGGAGCCGACTGGACGCGAGGCCTTTGGGC 

 hp2promEMSA5R GCCCAAAGGCCTCGCGTCCAGTCGGCTCCC 

FOXN4 FOXN1siteF ATAGGGCGAATTGGGTACCAAAGGGACGCTATCGAGCTCCAGCTTT 

 FOXN1siteR AAAGCTGGAGCTCGATAGCGTCCCTTTGGTACCCAATTCGCCCTAT 

NF-Y NFYsiteF AGACCGTACGTGATTGGTTAATCTCTT 

 NFYsiteR AAGAGATTAACCAATCACGTACGGTCT 

FOXN4 mt FOXN1mt1F ATAGGGCGAATTGGGTACCAAAGGGAGCCTATCGAGCTCCAGCTTT 

 FOXN1mt1R AAAGCTGGAGCTCGATAGGCTCCCTTTGGTACCCAATTCGCCCTAT 

NF-Y mt NFYmt1F AGACCGTACGTGATCAGTTAATCTCTT 

 NFYmt1R AAGAGATTAACTGATCACGTACGGTCT 
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the peptides from a Zorbax SB-C18 column (Agilent Technologies, cat. No. 5064-

8258) into an LTQ linear ion trap mass spectrometer (ThermoFisher).  Electrospray 

ionization was performed with an ion max source fitted with a 34 gauge metal needle 

(ThermoFisher, cat. No. 97144-20040). Peptides were identified by comparing the 

observed MS/MS spectra to theoretical MS/MS spectra of peptides using the program 

Sequest (Version 27, rev. 12, ThermoFisher). Lists of identified proteins were assembled 

using the program Scaffold (version 2_06_00, Proteome Software).  

 

3. RESULTS 

 

3.1 In silico analysis of PANK2  

 

28 out of 39 PANK2 spliced expressed sequence tags (ESTs) correspond to the 

initiating exon of PANK2 transcript variant 1 (NM_153638) in the UCSC Human 

Genome Browser (Figure 2.1a). This transcript gives rise to the mitochondrial PANK2 

isoforms sPANK2 and pPANK2. The less abundant PANK2 transcript variants 2 

(NM_153640) and 3 (NM_024960) are predicted to encode a non-functional cytosolic 

PANK2 isoform (Zhang et al., 2006). The dominance of variant 1 expression is supported 

by the mitochondrial localization of PANK2 in human brain sections and tissue culture 

models (Hortnagel et al., 2003; Johnson et al., 2004; Kotzbauer et al., 2005). In silico 

analysis of the PANK2 5’ region reveals the presence of a large CpG island spanning the 

initiating exons for PANK2 transcript variants 1, 2 and 3, suggesting that PANK2 

expression is driven by a TATA-less promoter (Takai and Jones, 2003).  

In addition, there is a lack of sequence conservation in the 5’end of PANK2 

transcript variant 1(Figure 2.1a) (Ovcharenko et al., 2004). Overall, PANK2 variant 1 has 
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Figure 2.1: PANK2 structure and 

transcriptional activity  

(A) PANK2 genomic structure, RefSeq 

mRNA variants, human spliced ESTs 

and sequence conservation. The 

sPANK2 leucine initiation codon 

(arrow) and pPANK2 methionine 

initiation codon (triangle) are 

designated. The enhanced region is 

adapted from the UCSC Human 

Genome Browser 

(http://genome.ucsc.edu) and 

corresponds to chr20:3869450-

3870650 on Human GRCh37 

Assembly (hg19)(Kent et al., 2002). 

The conservation summary is adapted 

from the ECR Browser 

(ecrbrowser.dcode.org) (Ovcharenko 

et al., 2004). 

 (B) Luciferase activity in SH-SY5Y 

cells driven by serial truncation of 

PANK2. Luciferase activity was 

normalized to -galactosidase activity 

and results are shown as fold change 

from the empty pGL3 vector. The 

error bars represent standard error of 

three independent experiments. 
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87% identity to mouse Pank2 cDNA, although the sequence conservation ends 

downstream of the pPANK2 translation initiation site.  In fact, mouse, cat, dog and cow 

PANK2 transcripts do not contain the pPANK2 mitochondrial localization signal and are 

predicted to initiate translation near the 5’ end of exon 1 (Leonardi et al., 2007b). 

3.2 Identification of a promoter for sPANK2 expression 

In search of a promoter, we analyzed the transcriptional activity of DNA 

fragments from the 5’ end of PANK2 in the human neuroblastoma cell line, SH-SY5Y. 

We designated nucleotide numbering with +1 corresponding to the cytosine in the 

sPANK2 translation initiation codon (CTG) (chr20:3870078 on Human GRCh37). We 

found that the -2351/+13 and -1332/+13 fragments showed strong promoter activity, 

while -2351/-301 and -1332/-301 fragments did not demonstrate promoter activity 

(Figure 2.1b). 

To further characterize this region, we tested truncations of the 2.3 kb fragment 

(Figure 2.1b). The -2351/+13 and -1332/+13 fragments produced half the transcriptional 

activity of -633/+13 fragments, indicating that the DNA upstream of -633 may contain 

negative regulatory elements. In contrast, 5’ truncations of the region downstream of -327 

resulted in decreasing promoter activity, suggesting that the sequence contains essential 

positive regulatory elements. We also assayed the luciferase activity of a 3’truncation 

construct (-327/-76), which demonstrated similar promoter activity to the -327/+13 

fragment. To identify transcription initiation sites for the PANK2 gene, 5’RACE was 

performed. We identified three sites (-78, -87, -122) upstream of the sPANK2 

translational start site (Figure 2.2). The -327/-76 promoter region has 62.9% identity to 

mouse, with the highest sequence conservation centering around the transcription 
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Figure 2.2: Mammalian conservation of PANK2 5’genomic sequence.  

The cytosine of the sPANK2 leucine initiation codon (CTG) is labeled as +1. The 

sPANK2 leucine initiation (arrow) and the pPANK2 methionine initiation codon 

(triangle) are designated. Transcriptional start sites identified by 5’RACE are marked 

by diamonds and boundaries of the -327/-76 promoter region are indicated with 

brackets. The locations of putative binding sites for transcription factors are boxed and 

the core binding regions are underlined. PANK2 sequence variants are highlighted in 

grey. The sequence corresponds to chr20:3869748-3870083 on Human GRCh37 

Assembly (hg19). The sequence alignment was created with Mulan (mulan.dcode.org) 

and ClustalW2. 
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initiation sites and sPANK2 leucine initiation codon (Figure 2.2) (Ovcharenko et al., 

2005). 

3.3 Analysis of PANK2 promoter for potential transcription factors 

We performed additional truncation analysis of the -327/-76 PANK2 region, 

which revealed several potential regulatory elements within the promoter. The -180/-76, 

-247/-144 and -327/-217 fragments displayed less than 50% of the transcriptional activity 

of -327/-76 (Figure 2.3a). We used MatInspector to identify factors that may interact with 

these promoter elements (Cartharius et al., 2005).  Putative ETS1 and IRF4 sites 

(disrupted in -180/-76), NF-Y, FOXN4 and NF-кB sites (eliminated in -327/-217) and a 

second NF-Y (disrupted in -247/-144) were identified (Figure 2.2, 2.3b). The FOXN4 site 

was described as a WHN (FOXN1) binding site in MatInspector; however, we were able 

to detect FOXN4, but not FOXN1, mRNA in SH-SY5Y cells (data not shown). FOXN1 

and FOXN4 share a similar DNA binding domain, which is distinct from the rest of the 

FOX family members (Katoh, 2004). Two NF-Y sites were identified and we reference 

them as the 5’ or 3’ NF-Y sites within the promoter. The NF-Y sites are highly conserved 

in mammals, although the binding sites for ETS1, IRF4, FOXN4 and NF-B are less 

conserved (Figure 2.2). 

We created constructs with point mutations in these predicted regulatory elements 

and assayed the effect on promoter activity. Disruption of the ETS1 and NF-кB binding 

sites caused an increase in promoter activity, while disruption of IRF4, FOXN4 and the 

5’ residing NF-Y binding sites caused a decrease in promoter activity (Figure 2.3c).   

Next, we performed electrophoresis mobility shift assays (EMSA) to investigate 

whether SH-SY5Y nuclear proteins could bind to the regulatory elements in the 
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Figure 2.3: Deletion and mutational analysis of the PANK2 minimal promoter.  

(A) Luciferase activity in SH-SY5Y cells driven by fragments of the -327/-76 minimal 

promoter region.  (B) Diagram of predicted transcription factor binding sites within 

the PANK2 minimal promoter.  (C) Luciferase activity in SH-SY5Y cells driven by 

constructs containing mutant transcription factor binding sites. Luciferase activity was 

normalized to -galactosidase activity and results are shown relative to -327/-76 

activity. Error bars represent standard error of three independent experiments. 

Not included in published manuscript: Groups were tested and compared using 

ANOVA and Bonferroni post-hoc test. P values <0.05 were taken as significant and 

(*) indicates a significant change from the wildtype -327/-76 construct in (A) and (C). 
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promoter. We designed probes to contain the predicted transcription factor binding sites 

within the PANK2 promoter (Figure 2.4a) and found that the probes containing 

IRF4/ETS1 sites (EMSA3), 3’NF-Y site (EMSA4) and FOXN4 site (EMSA5) form 

DNA-protein complexes and cause a band shift upon gel electrophoresis (Figure 2.5).  

We chose to further examine the EMSA4 and EMSA5 regions because NF-Y is a 

common regulator of CG rich promoters and FOXN4 plays a role in neuronal tissues. We 

found that 200-fold excess of unlabeled oligonucleotides containing NF-Y or FOXN4 

binding sites competes with the EMSA4 and EMSA5 probes, respectively (Figure 

2.4b,c). We investigated the specificity of this competition by adding 200-fold excess of 

unlabeled oligonucleotides containing mutated NF-Y or FOXN4 binding sites, and found 

they did not compete with the EMSA4 and EMSA5 probes (Figure 2.4b,c). These results 

suggest that NF-Y and FOXN4 are responsible for the shifted EMSA4 and EMSA5 bands 

upon electrophoresis, and may bind the PANK2 promoter.  

Interestingly, upon attempting to confirm FOXN4 binding to the EMSA5 probe, 

we identified hnRNPA/B as an additional potential regulator of the PANK2 promoter. 

The addition of a FOXN4 antibody to the DNA-protein binding reaction did not result in 

additional shifting of the EMSA5 band (data not shown). Therefore, we excised the 

shifted EMSA5 band following gel electrophoresis and analyzed the protein content by 

mass spectrometry; FOXN4 was not found in the sample. However, one protein was 

identified in two replicate EMSA5 analyses: the heterogeneous Nuclear 

Ribonucleoprotein A/B (hnRNPA/B) family. The binding of hnRNPA/B to the EMSA5 

oligo was confirmed by addition of hnRNPA/B antibody to the DNA-protein binding 

reaction, which caused a supershift of the EMSA5 band upon electrophoresis (Figure 
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Figure 2.4: Binding of SH-SY5Y nuclear proteins to DNA probes EMSA4 and 

EMSA5 

 (A)Diagram of predicted transcription factor binding sites within the PANK2 minimal 

promoter and relative location of EMSA probes.  

(B, C)Binding of SH-SY5Y nuclear proteins to DNA probes EMSA4 and EMSA5. 

Unlabeled oligonucleotide competitors were added to the reactions, as indicated. The 

reactions were resolved on a 4% TBE native acrylamide gel at 4ºC. 
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Figure 2.5: Binding of SH-SY5Y nuclear proteins to DNA probes EMSA1, 

EMSA2, EMSA3, EMSA4 and EMSA5.  

Unlabeled oligonucleotide competitors were added to the reactions, as indicated. The 

reactions were resolved on a 4% TBE native acrylamide gel at 4ºC. (Supplemental 

Figure 1 in published manuscript) 
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2.6).  Of note, the STAT3 antibody negative control for the EMSA5 supershift inhibits 

protein binding to the EMSA5 probe when added after lysates. Therefore, the antibody 

may interfere with protein-DNA binding, either non-specifically or by disrupting STAT3 

protein associations.  

3.4 Predicting the effect of PANK2 sequence variants on promoter activity 

We also investigated the effects of two PANK2 sequence variants found in 

patients with brain iron accumulation. One sequence variant located -55 relative to the 

leucine initiation codon (276G>A in NM_153639) was found in a PKAN patient with 

only one identified PANK2 mutant allele (785-788del in exon 3)(Zhou et al., 2001). A 

second variant located at -193 (138A>T in NM_153639) was identified in a patient with a 

related disorder being tested for PKAN. In silico analysis reveals that these variants do 

not reside in PANK2 promoter regulatory elements and are not conserved in mouse and 

rat. Indeed, neither variant had a demonstrable effect on PANK2 promoter activity (data 

not shown).  

 

4. DISCUSSION 

 

 Our results describe a GC-rich PANK2 promoter that drives expression of the 

sPANK2 isoform. Most of the PANK2 spliced ESTs listed in the UCSC Genome Browser 

overlap with the sPANK2 transcript and support the presence of a promoter in the region 

we identified. The -327/-76 promoter region has 62.9% identity to mouse, which is 

typical for core promoter elements conserved in human and mouse orthologs (Jin et al., 

2006).  In contrast, PANK2 transcript has ~87% identity to mouse PANK2 cDNA.  
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Figure 2.6: Binding of SH-SY5Y nuclear proteins to EMSA5 probe and 

supershift by hnRNPA/B antibody. 

2 µg of antibody was added before or after (*) the binding reaction. A STAT3 

antibody was included as a control and unlabeled oligonucleotide competitors were 

added to the reactions, as indicated. The reactions were resolved on a 4% TBE native 

acrylamide gel at 4ºC. 
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 Although an alternate promoter for pPANK2 may exist, we were unable to 

identify one within the 2 kb region we studied. TATA sites are predicted further than 2 

kb upstream of the pPANK2 transcript, suggesting the presence of alternate promoters 

(Takai and Jones, 2003; Zhang, 2005). The presence of an additional TATA-dependent 

PANK2 promoter would provide an intriguing mechanism for tissue specific expression 

of the pPANK2 isoform.  This idea is not unprecedented, as recent studies have suggested 

that over half of RefSeq genes are regulated by alternative promoters, and in 17% of 

those genes a tissue specific alternative promoter was observed (Kimura et al., 2006). 

Interestingly, the long PANK2 transcript encoding pPANK2 has been identified in human 

brain tissues, and a single 48 kDa PANK2 isoform (mPANK2) was detected in cortical 

brain extracts, raising the possibility of tissue specific expression (Hortnagel et al., 2003; 

Kotzbauer et al., 2005). In contrast, the 50.6 kDa sPANK2 isoform has only been 

reported in HeLa cell extracts (Johnson et al., 2004). A direct comparison of pPANK2 

and sPANK2 expression across tissues has not been published, and further investigation 

would be necessary to clarify the biological significance of two putative mitochondrial 

PANK2 isoforms. 

 Our results suggest that the PANK2 promoter may be regulated by NF-Y. 

MatInspector predicted two highly conserved CCAAT boxes in the PANK2 minimal 

promoter, although only one site affected promoter activity and was able to bind SH-

SY5Y nuclear lysates (Figure 2.4). This CCAAT-box is located 58-100 nucleotides 

upstream of the PANK2 transcriptional start sites, which is typical for a functional NF-Y 

binding site (Figure 2.3)(Bucher, 1990). NF-Y is composed of three subunits (NF-YA, 

NF-YB and NF-YC) and is implicated in the regulation of 30% of eukaryotic promoters 
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(Bucher, 1990; Sinha et al., 1995). CCAAT boxes are found in the promoters of several 

types of genes, including those that are developmentally controlled, tissue specific, 

housekeeping, inducible and cell cycle regulated (Mantovani, 1999). Although NF-Y is a 

major CCAAT box recognizing protein, numerous other transcription factors can also 

regulate gene expression through this common regulatory element (Mantovani, 1998). 

Therefore, further investigation is necessary to characterize the regulation of PANK2 

through the CCAAT box.  

 We also identified FOXN4 as a potential regulator of PANK2 transcription. 

FOXN4 is a forkhead/wing helix transcription factor with a role in the specification of 

cells in retinogenesis and spinal neurogenesis in mouse (Gouge et al., 2001; Li et al., 

2005). Interestingly, recent studies have also shown that Foxn4 regulates the expression 

of Nr4a2, a nuclear receptor that is associated with familial Parkinsons disease (Jiang and 

Xiang, 2009). We were unable to confirm FOXN4 binding to the PANK2 promoter by 

EMSA supershift or mass spectrometry. In addition, the FOXN4 core binding site is not 

well conserved in mouse and rat. However, these results do not eliminate FOXN4 as a 

potential PANK2 transcriptional regulator and further investigation is warranted. 

 While not predicted in silico, our proteomic analysis revealed that the hnRNPA/B 

family may regulate PANK2 expression. The hnRNPA/B family of proteins play a role in 

RNA processing/trafficking, telomere maintenance, and transcriptional regulation (He 

and Smith, 2009). hnRNPA1 has been identified by mass spectrometry as a 

transcriptional regulator for several genes, including gamma-fibrinogen, thymidine 

kinase, apoE and vitamin D receptor (Campillos et al., 2003; Chen et al., 2003; Lau et al., 

2000; Xia, 2005). Recently, hnRNPA2 was found to function as a transcriptional 
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activator in response to mitochondrial respiratory stress (Guha et al., 2009). A possible 

link between mitochondrial stress and PANK2 expression is intriguing in light of current 

hypotheses of PKAN pathogenesis(Johnson et al., 2004; Zhou et al., 2001).  

  Finally, characterization of the PANK2 promoter enables prediction of the 

consequences of PANK2 sequence variants on transcriptional activity. We did not detect 

any consequence of two PANK2 sequence variants that lie outside key promoter 

regulatory elements. However, we predict that sequence variants disrupting key 

regulatory elements or a transcriptional start site would alter PANK2 expression and 

could cause PKAN.   

 

5. CONCLUSION  

 Our work provides the first description of PANK2 transcriptional regulation. We 

conclude that sPANK2 and pPANK2 are controlled by distinct promoters. The sPANK2 

promoter may be regulated by NF-Y, FOXN4 and hnRNPA/B. These findings validate 

the biological relevance of sPANK2, serve as a reference for interpreting regulatory 

sequence variants, and provide insight to the regulation of this disease-associated gene. 
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2.2.1 Effects of cellular stress and PPAR agonists on PANK2 expression 

 In addition to the promoter characterization described in Chapter 2.1, I conducted 

preliminary investigations into the regulation of PANK2 expression by cellular stress and 

peroxisome proliferator-activated receptor (PPAR) agonists. A limited number of 

experiments were conducted and the preliminary results did not inspire further 

investigation. However, I have included these experiments for discussion. 

 

Experimental Rationale 

Oxidative stress and iron overload/depletion 

 Two hallmarks of neurodegenerative disease are oxidative damage and disrupted 

metal homeostasis (Calabrese et al., 2010). Accordingly, altered expression of genes that 

regulate oxidative stress and brain iron metabolism often correlates with neuronal 

pathogenesis. For example, changes in LfR (lactotransferrin receptor), MTf 

(melanotransferrin), CP (ceruloplasmin) and DCT1 (divalent cation transporter) 

expression correlate with brain iron accumulation (Qian and Wang, 1998).  In addition, 

Gao et al. have shown that increased susceptibility to oxidative stress in primary cultured 

neurons is induced, in part, by downregulation of thioredoxin, an enzyme that helps 

maintain the redox homeostatic state of cells (Gao et al., 2005).  Changes in the 

expression of these genes may be mediated by cells’ transcriptional response to 

intracellular iron (Eisenstein, 2000) and oxidative stress (Ma, 2010). 

 Our current hypothesis for PKAN pathogenesis involves iron and oxidative stress; 

PANK2 mutations are predicted to cause mitochondrial CoA deficiency and disruption of 

fatty acid -oxidation, leading to oxidative stress that is exacerbated by high iron content 
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in the globus pallidus (Johnson et al., 2004).  Indeed, a drosophila PANK2 mutant, 

dPANK/fumble, is hyper-sensitive to cysteine, paraquat, dithiothreitol (DTT) and H2O2 

compared with wildtype, which supports a role for PANK2 in mediating oxidative stress 

(Bosveld et al., 2008).  Oxidative stress triggers a range of adaptive responses as a result 

of cellular damage (Ma, 2010). Perhaps, in response to oxidative stress, increased PANK2 

expression may boost mitochondrial CoA production and provide a cellular defense 

against mitochondrial dysfunction and stress.  Toward investigating this hypothesis, I 

measured PANK2 promoter activity and PANK2 mRNA levels in neuroblastoma cell 

lines following treatment with H2O2. 

 In addition, due to the association of PANK2 mutation with brain iron 

accumulation, we were interested in confirming whether PANK2 expression correlates 

with cellular iron levels.  Excess iron can be a source of oxidative stress because free iron 

catalyzes the formation of highly reactive radicals that damage membranes and DNA. 

Accordingly, the genes involved in iron metabolism are under tight regulation. 

Specifically, iron responsive elements (IREs) in mRNA are recognized by iron-regulatory 

proteins (IRPs) that control the rate of mRNA translation or stability (Eisenstein, 2000). I 

did not identify an IRE within the PANK2 promoter; regardless, we decided to conduct 

preliminary investigations into the effects of iron overload and chelation on PANK2 

expression with the hypothesis that oxidative stress induced by iron perturbations may 

affect PANK2 expression. 
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PPAR agonist experiments 

 Upon in silico analysis of the 5’ flanking region of PANK2, I observed a PPAR 

response element located within 1kb of the PANK2 transcriptional start sites. The PPAR 

family of ligand-dependent transcription factors includes PPAR, also called  and . 

Upon binding with fatty acids, PPARs bind as a heterodimer with the retinoid X receptor 

(RXR) to a PPAR response element in the enhancer regions of genes, resulting in 

regulation of gene transcription (Bragt and Popeijus, 2008).  Although all PPAR isoforms 

recognize the same basic PPAR response element, the consensus sequence can differ 

slightly for each PPAR (Heinaniemi et al., 2007). 

 In general, PPAR gene targets belong to pathways of lipid transport and 

metabolism (Kersten et al., 2000).  Pantothenate kinases, which regulate the rate limiting 

step of coenzyme A biosynthesis, easily fit the description of a predicted PPAR target 

based on cellular function. Indeed, PANK1 expression is regulated by PPAR activation 

in human hepatoblastoma (HepG2) cells; however, PANK1, PANK2 and PANK3 

regulation is not observed in the cells (Ramaswamy et al., 2004).   Despite the lack of 

PANK2 regulation by PPARs in these liver-derived cells, I hypothesized that PANK2 may 

be regulated by PPARs in neuronal cells.  

 The rationale for my hypothesis is that PPAR isoforms are differentially 

expressed in various tissues and stages of development, which may cause tissue specific 

regulation of target genes. For example, PPAR is predominately expressed in the liver 

(Auboeuf et al., 1997), while all three PPAR isoforms are expressed in the central 

nervous system (Heneka and Landreth, 2007).  As a pilot study, I treated neuroblastoma 
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cells with bezafibrate (PPAR, , agonist), fenofibrate (PPAR agonist) or troglitazone 

(PPAR agonist) and measured promoter activity and PANK2 mRNA. 

 

Materials and Methods 

Cell culture 

 Human neuroblastoma (SH-SY5Y) cells were cultured in RPMI with 10% FBS, 

10 ng/ml human neuron growth factor, non-essential amino acids and 

penicillin/streptomycin antibiotics at 37ºC and 5% CO2.  Mouse neuroblastoma (N2a) 

cells were cultured in MEM with L-glutamine + Earle’s BSS, 1.5 g/L sodium 

bicarbonate, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 10% FBS and 

penicillin/streptomycin antibiotics at 37ºC and 5% CO2.   

 

Cell transfections and treatments 

 For H2O2 experiments, SH-SY5Y cells were plated at 7 x 10
5
 cells/ml in 6 and 12 

well plates. The 6 well plates were grown for ~48 hours, treated with H2O2 dissolved in 

SH-SY5Y media and RNA was harvested in RNA-STAT60. Final concentration of H2O2 

and duration of treatment are as indicated in Figures 2.7 and 2.8.  For PANK2 promoter 

assays, the 12 well plates were grown for ~24 hours and transfected with Lipofectamine 

2000 according to the manufacturer’s instructions. Each well was transfected with 0.8g 

of luciferase reporter plasmid containing a 2kb fragment of the PANK2 5’ region 

(construct -2351/+13 in Chapter 2.1). The cells were grown for another 24 hours, treated 

with H2O2 dissolved in SH-SY5Y media and harvested in 100 µl Passive Lysis Buffer 

(Promega) for luciferase and -galactosidase assays or RNA-STAT60 for gene 
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expression assays. Final concentration of H2O2 and duration of treatment are as indicated 

in figures 2.7 and 2.8.  

 For iron overload and depletion experiments, N2a cells were plated at 2.7 x 10
5
 

cells/ml in 12 well plates. For RNA harvest, 12 well plates were grown for ~48 hours, 

treated with 100g/ml FAC (Ammonium Iron (III) Citrate, Sigma #F5879) or 0.5mM 

DFO (deferozamine mesylate, Sigma #D9533) for 24 hours and RNA was harvested in 

RNA-STAT60.  For PANK2 promoter assays, the 12 well plates were grown for ~24 

hours and transfected with Lipofectamine 2000 according to the manufacturer’s 

instructions. Each well was transfected with 0.5g of pRSV-gal and 0.5g of luciferase 

reporter plasmid containing a 2kb fragment of the PANK2 5’ region (construct -2351/+13 

in Chapter 2.1). The cells were grown for another 24 hours, treated with 100g/ml FAC 

(Ammonium Iron (III) Citrate, Sigma #F5879) or 0.5mM DFO (deferozamine mesylate, 

Sigma #D9533) for 19 hours and harvested in 100 µl Passive Lysis Buffer (Promega) for 

luciferase and -galactosidase assays or RNA-STAT60 for gene expression assays. 

 For PPAR agonist experiments, SH-SY5Y and N2a cells were plated and 

transfected as described in oxidative stress and iron overload/depletion experiments. For 

N2a experiments, 48 hours after plating the cells in 12 well plates (or 24 hours after 

transfection), the cells were treated with various doses of bezafibrate (BF) for 24 hours.  

For SH-SY5Y experiments, 48 hours after plating the cells in 12 well plates, the cells 

were treated with 750M bezafibrate (BF), 250M fenofibrate 100M troglitazone (TG) 

or DMSO (as a control) for 24 hours. All cells were harvested in Passive Lysis buffer 

(Promega) for luciferase and -galactosidase assays or RNA-STAT60 for gene 

expression assays. 
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Luciferase and -galactosidase assays 

 To assay for luciferase activity, 20 µl of cell lysate was combined with 300 µl of 

GlyGly-ATP (25mM Glycylglycine, 15 mM MgSO4, 5 mM ATP) and 100 µl of luciferin 

(Promega) (300 µg/ml) and measured on a luminometer. To assay for -galactosidase 

activity, 50 µl of cell lysate was combined with 60 µl Z buffer (60mM Na2HPO4, 40mM 

NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50mM 2-Mercaptoethanol, pH 7.5) and 40 µl 

ONPG substrate (Sigma) (4 mg/ml in 60 mM Na2HPO4, 40mM NaH2PO4, pH 7.5 buffer) 

and incubated at 30ºC for 30 minutes. The reaction was quenched by adding 100 µl of 1 

M Na2CO3 and measured at A420. To assay for luciferase activity, 20 µl of cell lysate was 

combined with 300 µl of GlyGly-ATP (25mM Glycylglycine, 15 mM MgSO4, 5 mM 

ATP) and 100 µl of luciferin (Promega) (300 µg/ml) and measured on a luminometer. 

The luciferase values were normalized to -galactosidase activity and shown as relative 

light units.  However, a -galactosidase control was not used for the H2O2 experiments in 

SH-SY5Y cells and the results are shown as raw light units. 

 

TaqMan Gene Expression Assays 

 For each sample, 200ng of total RNA was reverse transcribed using the 

SuperScript First-Strand Synthesis System (Invitrogen) and TaqMan Gene Expression 

Assays for Pank2, TfR, Hprt, HPRT, GAPDH, RPLP0, PANK2, and TfR were ran using 

TaqMan Universal Master Mix, according to the manufacturer’s instructions.  Hprt was 

used to normalize all TaqMan Gene Expression Assays on N2a RNA. For SH-SY5Y 

RNA, GAPDH, RPLP0 and HPRT were used to normalize data in Figures 2.7a, 2.8a and 

2.11, respectively. 
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Results and Conclusions 

H2O2 

 To investigate the effect of oxidative stress on PANK2 expression, I exposed SH-

SY5Y cells to hydrogen peroxide and measured PANK2 promoter activity and PANK2 

mRNA expression at select time points.  Treating cells with brief and low doses of 

hydrogen peroxide is an established model system to investigate neuronal cell death via 

oxidative damage and stress.  For example, treating primary cortical neurons with 100 

M H2O2 for 3 hours is sufficient to induce apoptotic mechanisms (Whittemore et al., 

1995). In SH-SY5Y cells, 2.5 hour treatment with 100 M H2O2 is sufficient to activate 

caspase-3 (a key player in intrinsic and extrinsic apoptotic pathways (Ghavami et al., 

2009)), and cell death is prominent after 8 hours of 100 M H2O2 treatment (De Sarno et 

al., 2003). I hypothesized that PANK2 expression may be induced in the early stages of 

cellular stress. Therefore, I treated SH-SY5Y cells with 10-250 M H2O2 for 2-9 hours 

and assayed the effects on PANK2 expression. 

 I failed to see a robust change in PANK2 expression with the brief and low H2O2 

treatments. PANK2 mRNA levels were not affected by 2 hour treatment with 10M-

250M H2O2 and PANK2 promoter activity was not affected (p> 0.05) by 2 hour 

treatment with 10M, 50M or 150M H2O2 (Figure 2.7).  Interestingly, I did see a 

suggestion of increased PANK2 expression following 3 hour treatment with 100M H2O2 

(p=0.05), and a ~20% increase in PANK2 promoter activity after 5 hours of 100M H2O2 

treatment (p=0.05)(Figure 2.8).  However, I did not follow up with investigation of these 

later time points.  
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Figure 2.7:  PANK2 expression and PANK2 promoter activity following 2 hour 

treatment with various doses of H2O2 in SH-SY5Y cells.  

A) SH-SY5Y cells were exposed to varying doses of H2O2 for 2 hours. RNA was 

harvested and analyzed with Gene Expression Assays. The data is normalized to 

GAPDH and error bars represent standard deviation. B) SH-SY5Y cells were 

transfected with a luciferase reporter construct containing 2kb of the PANK2 5’ region 

and exposed to varying doses of H2O2 for 2 hours. Luciferase activity was determined 

for each treatment and error bars represent standard deviation. Changes in expression 

were not significant (p>0.05) by student t-test. 

 

A 

B 

10 M       50M       100M      150M      250M 

10 M             50M             150M    



67 
 

A 

B 

Figure 2.8:  PANK2 expression and PANK2 promoter activity following 100M 

H2O2 treatment for various lengths of time in SH-SY5Y cells. 

A) SH-SY5Y cells were exposed to 100M H2O2 for 3, 6 or 9 hours. RNA was 

harvested and analyzed with Gene Expression Assays. The data is normalized to 

RPLP0 and error bars represent standard deviation. B) SH-SY5Y cells were 

transfected with a luciferase reporter construct containing 2kb of the PANK2 5’ region 

and exposed to 100M H2O2 for 2.5 or 5 hours. Luciferase activity was determined for 

each treatment and error bars represent standard deviation. * p=0.05 by student t-test. 

 

 

100M    

100M    

* 

* 
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 Although I did not observe a change in PANK2 transcription with low, brief H2O2 

treatments, PANK2 could still be regulated by oxidative stress. Recently, induction of the 

p63 transcription factor (Heo et al., 2009) and down regulation of thioredoxin (Ding et 

al., 2008) has been observed in SH-SY5Y cells following treatment with 400-750M 

H2O2. Therefore, there is precedence for investigating PANK2 transcriptional regulation 

under additional experimental parameters using H2O2.  Further investigation of PANK2 

expression and function following oxidative damage or stress may be interesting, in light 

of our hypotheses of PKAN pathogenesis. 

 

Iron 

 To investigate the effect of iron on PANK2 expression,  I measured PANK2 

promoter activity and Pank2 mRNA expression in mouse neuroblastoma (N2a) cells 

following treatment with 100g/ml FAC (ammonium iron (III) citrate) or 0.5mM DFO 

(deferozamine mesylate).  The experiments were conducted in N2a cells for two reasons. 

First, established experimental protocols for N2a iron overload (Fernaeus and Land, 

2005) and iron depletion (Chang et al., 2007) were available. Second, at the time of 

experiments I was encountering repeated technical difficulties with the SH-SY5Y cells.  

 I did not observe a correlation between cellular iron levels, Pank2 expression and 

PANK2 promoter activity. In the PANK2 luciferase reporter assay, there was a significant 

decrease in promoter activity following iron overload; however I did not observe a 

significant effect on relative Pank2 mRNA levels (Figure 2.9). For the gene expression 

assays, the transferrin receptor (Tfr) was included as a control. Low iron levels promote 

increased Tfr expression, while excess iron leads to Tfr mRNA degradation 
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A 

B 

Figure 2.9:  PANK2 expression and PANK2 promoter activity following iron 

depletion and overload in N2a cells. 

A)  N2a cells were transfected with a -galactosidase reporter construct and a 

luciferase reporter construct containing 2kb of the PANK2 5’ region, and exposed to 

100g/ml FAC (iron overload) or 0.5mM DFO (iron depletion) for 24 hours. 

Luciferase activity was normalized to -galactosidase activity and error bars represent 

standard deviation. B) N2a cells were exposed to 100g/ml FAC (iron overload) or 

0.5mM DFO (iron depletion) for 24 hours. RNA was harvested and analyzed with 

Gene Expression Assays. Transferrin receptor (TfR) was included as a positive control 

for iron mediated gene regulation. The data is normalized to Hprt and error bars 

represent standard deviation. *p<0.05 by student t-test. 

 

 

* 

* 

* 
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(Casey et al., 1988).  Therefore, iron was successfully overloaded and deleted in N2a 

cells, and PANK2 does not appear to be regulated by iron. 

 

PPAR 

 I used three PPAR agonists to investigate PPAR regulation of PANK2: 

bezafibrate, fenofibrate and troglitazone. Bezafibrate is a widely used PPAR agonist, 

which activates all three PPAR isoforms (Tenenbaum et al., 2005). Fenofibrate, in 

contrast, is an agonist specific for PPAR (Schoonjans et al., 1996). Troglitazone, a 

thiazolidinedione derivative, is a PPAR specific agonist (Lehmann et al., 1995).  Doses 

and duration of treatment were selected based on previous cell culture studies, which 

have demonstrated PPAR regulation of target genes (Martin et al., 1997; Ramaswamy et 

al., 2004) or effects of PPAR agonists on cell growth  in neuroblastoma cell lines 

(Valentiner et al., 2005).   

 Initial experiments in mouse neuroblastoma (N2a) cells suggested that PANK2 

may be regulated by PPAR.  For these experiments, I treated N2a cells with 250-750M 

bezafibrate treatment for 24 hours. This pan-PPAR agonist caused a significant increase 

in PANK2 promoter activity at 750M (Figure 2.10). In addition, endogenous levels of 

Pank2 increased 2 fold with 750M bezafibrate treatment and 2.5 fold with 1.25mM 

bezafibrate treatment (Figure 2.10).  In comparison, Ramasway et al. had observed a 5.5 

fold increase in PANK1 expression following 24 hour treatment with 700M 

bezafibrate treatment in HepG2 cells (Ramaswamy et al., 2004). Therefore, these results 
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A 

B 

Figure 2.10:  PANK2 expression and PANK2 promoter activity and relative 

expression following bezafibrate treatment in N2a cells  

A) N2a cells were transfected with a -galactosidase reporter construct and a 

luciferase reporter construct containing 2kb of the PANK2 5’ region, and exposed to 

various doses of bezafibrate (BF) for 24 hours. Luciferase activity was normalized to 

-galactosidase activity and error bars represent standard deviation. B) N2a cells were 

exposed to various doses of bezafibrate (BF) for 24 hours. RNA was harvested and 

analyzed with Gene Expression Assays. The data is normalized to Hprt and error bars 

represent standard deviation. *p<0.05 by student t-test. 

no treatment       250M            500M           750M       

* 

* 

* * 
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were suggestive of PANK2 regulation by PPAR, but with less sensitivity than 

PANK1regulation.  

 However, I was unable to detect PPAR regulation of PANK2 in SH-SY5Y cells.  

For these experiments, I treated cells with bezafibrate, as well as fenofibrate (PPAR 

specific agonist) and troglitazone (PPAR specific agonist) and investigated the effect on 

endogenous PANK2 expression by TaqMan Gene Expression Assays. Due to the 

regulation of PANK1 in HepG2 cells by bezafibrate, I also measured PANK1 expression 

in these experiments. However, I did not observe a change in PANK2 or PANK1 

expression following 24 treatment with the PPAR agonists (Figure 2.11). The lack of 

PANK1 regulation may be due to differential regulation of PANK1 in SH-SY5Y cells 

compared with HpG2 cells. However, the PANK1 gene expression assay used for these 

experiments detects  and forms of PANK1, and this non-specificity may also mask the 

regulation of PANK1. Regardless, the lack PANK2 regulation in these preliminary SH-

SY5Y experiments persuaded us to discontinue the investigation. 
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Figure 2.11: PANK2 and PANK1 expression following treatment with PPAR 

agonists in SH-SY5Y cells. 

SH-SY5Y cells were exposed to 750M bezafibrate (BF), 250M fenofibrate (FF) or 

100M troglitazone for 24 hours. RNA was harvested and analyzed with Gene 

Expression Assays. The data is normalized to HPRT and error bars represent standard 

deviation. 

 

no treatment    750M BF    250M  FF   100M TG      
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2.2.2 Investigating PANK2 regulation by hnRNPA/B 

Experimental Rationale 

 As described in Chapter 2.1, the hnRNPA/B family was identified as a potential 

PANK2 transcription regulator.  The hnRNPA/B proteins are among the most abundant 

RNA-binding proteins (Steiner et al., 1996), although they also bind to double stranded 

DNA (Kumar et al., 1986).  Similar to the experimental journey that lead to our 

identification of hnRNPA/B proteins as potential PANK2 transcriptional regulators, 

proteomic analysis of proteins bound to various other gene promoters have identified 

hnRNPA/B proteins.  In particular, hnRNPA1 has been identified as binding the promoter 

regions of c-myc (Takimoto et al., 1993), APOE (Campillos et al., 2003), thymidine 

kinase (Lau et al., 2000), -fibrinogen (Xia, 2005) and vitamin D receptor (Chen et al., 

2003). hnRNPA2 has been identified as binding BRCA1 (Thakur et al., 2003) and GnRH1 

promoters (Zhao et al., 2008), and hnRNPA3 binds regulatory regions of the Hoxc8 gene 

(Makeyev et al., 2005).  However, a consistent DNA binding motif for hnRNPA/B 

proteins has not been identified, and direct and indirect mechanisms of hnRNPA/B 

mediated transcriptional regulation have been proposed (He and Smith, 2009).  

 To further investigate the proposed regulation of PANK2 by hnRNPA/B proteins, 

I conducted several experiments.   First, I investigated the effect of overexpressing 

hnRNPA1 on PANK2 promoter activity. In addition, I inhibited expression of three 

hnRNPA/B family members (hnRNPA1, A2 and A3) by transient transfection of shRNA 

and determined the effect on PANK2 promoter activity. Finally, I investigated the binding 

of hnRNPA/B proteins to the PANK2 promoter by chromatin immunoprecipitation.  
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Materials and Methods 

Cell culture and transfections 

The hnRNPA1 overexpression construct (SC321092) and pCMV6-AC control vector 

(PS100020) were purchased from Origene.  shRNA constructs to knockdown hnRNPA1 

(psA1), hnRNPA2 (psA2) and hnRNPA2 (psA3) and an empty vector control 

(psEMPTY) were received as a kind gift from Dr. Lexie Friend at the University of 

Queensland .  

 SH-SY5Y cells were cultured as described in Ch2.2.1 materials and methods. 

Cells were seeded in 24-well plates, grown to 80% confluency, and transfected using 

Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. For shRNA 

experiments, each well was transfected with 0.8g psA, psA2, psA3 or psEMPTY, 0.1g 

of the PANK2 minimal promoter (hp2prom2F/4R) and 0.1 g CMV--galactosidase. For 

hnRNPA1 overexpression, each well was transfected with 0.8g of hnRNPA1 or 

pCMV6-AC, 0.1g of the PANK2 minimal promoter (the -327/-76 reporter construct, as 

described in Chapter 2.1) and 0.1 g CMV--galactosidase. Cells were harvested in 100 

µl Passive Lysis Buffer (Promega) 48 hours after transfection. -galactosidase and 

luciferase activity were assayed as described in Ch2.2.1 materials and methods. The 

luciferase values were normalized to -galactosidase activity. Each transfection was 

performed in triplicate and repeated 3 times. 

 

Chromatin immunoprecipitation 

Chromatin immunoprecipitations were performed using the EZ-ChIP
TM

 kit 

(Upstate/Millipore). Briefly, SH-SY5Y cells were plated in a T75 flask, grown to ~90% 
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confluence, rinsed with PBS and crosslinked in 1% formaldehyde for 10 minutes. 

Unreacted formaldehyde was quenched by the addition of glycine. The cells were washed 

with cold PBS (containing protease inhibitors) and harvested. The cells were sonicated on 

wet ice (8-10 pulses using 30% max power, 3.5 output on Branson Sonifier 450) and 

stored at -80°C. A portion of the sample was uncrosslinked and the DNA was ran on a 

1% agarose gel to confirm sheering to ~600-1500bp. The crosslinked protein/DNA was 

immunoprecipitated with 3g (rabbit) hnRNPA/B antibody, 3g rabbit IgG, 1g (mouse) 

RNA polymerase II antibody or 1g mouse IgG. Then, the crosslinks were reversed by 

addition of NaCl and incubation overnight at 65°C. Finally, the DNA was purified using 

a spin column and stored at -20°C. The process was repeated three times (beginning with 

plating cells) to yield three SH-SY5Y harvests that represent three biological replicates. 

The DNA was amplified using a variety of PANK2 promoter primers surrounding the 

predicted hnRNPA/B binding region (Table 2.4, Figure 2.14).  

 

Results and Conclusions 

 I investigated the effect of hnRNPA1 overexpression on PANK2 promoter activity 

because it is the hnRNPA/B family member that has been identified most frequently to 

function as a transcriptional regulator.  Successful overexpression of hnRNPA1 was 

confirmed by RT-PCR (data not shown). However, hnRNPA1 overexpression did not 

have an effect on PANK2 promoter activity in SH-SY5Y cells (Figure 2.12).   

 As a complementary approach to identifying an hnRNPA/B protein that regulates 

PANK2 transcription, I knocked down hnRNPA1, hnRNPA2 or hnRNPA3 by shRNA 

and determined the effect on PANK2 promoter activity.  In agreement with the hnRNPA1 
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Figure 2.12:  PANK2 promoter activity following transient transfection with 

hnRNPA1. 

SH-SY5Y cells were so-transfected with hnRNPA1 or empty vector control (pcmV6-

Ac), a -galactosidase reporter construct and a luciferase reporter construct containing 

the minimal PANK2 promoter. Luciferase activity was normalized to -galactosidase 

activity and error bars represent standard deviation. 



78 
 

overexpression experiments, hnRNPA1 knockdown did not have an effect on PANK2 

promoter activity (Figure 2.13). In contrast, knockdown of hnRNPA2 and hnRNPA3 

resulted in a 50% increase in activity of the PANK2 promoter , although only the 

hnRNPA3 result was significant by student t-test (Figure 2.13).  Unfortunately, I cannot 

interpret these results with confidence because I was unable to confirm that the shRNA 

transfections successfully knocked down hnRNPA1, hnRNPA2 or hnRNPA3. I saw no 

change in expression of these isoforms by RT-PCR and I was unsuccessful in monitoring 

expression of the proteins by western blot. Therefore, the results suggest that hnRNPA2 

and hnRNPA3 may negatively regulate PANK2 expression, but confirmation of 

knockdown is required to validate the findings. 

 Finally, chromatin immunoprecipitation experiments to detect interaction of 

hnRNPA/B with the PANK2 promoter were also inconclusive.  For these experiments, I 

immunoprecipitated SH-SY5Y protein/DNA with an hnRNPA/B (rabbit) antibody, a 

control IgG rabbit antibody, a DNA polymerase II (mouse) antibody and a control IgG 

mouse antibody.  Immunoprecipitation with the RNA polymerase II antibody repeated ly 

pulled down more PANK2 promoter sequence than an IgG mouse control antibody 

(Figure 2.15a). This result suggests that RNA polymerase II binds to the PANK2 minimal 

promoter region, as we would predict. However, I obtained inconsistent results from 

hnRNPA/B immunopreciptiations. Initially, I did two immunopreciptiations on the same 

SH-SY5Y DNA-protein harvest and saw enrichment of  the PANK2 promoter (using 

hp2prom10F/1R primers) in the first, but not the second experimental attempts (Figure 

2.15a). Therefore, I expanded my ChIP analysis to include three independent SH-SY5Y 

protein-DNA harvests and analyzed the immunoprecipitated DNA with four PANK2  
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Figure 2.13:  PANK2 promoter activity following transfection with hnRNPA1, 

hnRNPA2 and hnRNPA3 shRNA. 

SH-SY5Y cells were so-transfected with shRNA plasmids against hnRNPA1 (psA1), 

hnRNPA2 (psA2), hnRNPA2 (psA3) or empty vector control (psEmpty), a -

galactosidase reporter construct and a luciferase reporter construct containing the 

minimal PANK2 promoter. Luciferase activity was normalized to -galactosidase 

activity and error bars represent standard error. *p<0.05 by student t-test. 

 

 

* 
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Table 2.4: primers for DNA ChIP PCR 

 

 

 

Name Sequence 

Hp2prom2F   AGGCTAGCAGGAGGCTCGGGCCCTTCCACCCACG 

Hp2prom9F   AGGCTAGCCCTCCGCGGAACCCGGATCCCCTCCTCCACCACCC  

Hp2prom10F   AGGCTAGCGACGGAGGCACGGTCAATCCTCCTCGAGTTAGGGAG 

Hp2prom4R   GCAAGCTTGGTTGCGCCAACGCGCAGGAAGCCAATC 

Hp2prom1R   GCAAGCTTGCAAGCCCCCCAGCGTCGGATTCCTTCTCGCC 

Figure 2.14:  Location of PANK2 primers for ChIP PCR within the PANK2 

promoter. 

PANK2 5’genomic sequence with primer locations marked with blue arrows and PANK2 

EMSA5 probe sequence highlighted in orange. The sequence corresponds to chr20:3,869,746-

3,870,125 on Human GRCh37 Assembly (hg19). 
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A 

B 

Figure 2.15:  Summary of ChIP experiments to detect hnRNPA/B proteins 

bound to the PANK2 promoter in SH-SY5Y cells.  

A) Representative PCR result of two separate chromatin immunoprecipitations 

performed on SH-SY5Y cell harvest 1 with 10F/1R primers.  B) Summary of 

hnRNPA/B ChIP results from three independent SH-SY5Y platings and 

crosslinking. “Positive” results indicate that more DNA was amplified from 

hnRNPA/B immunoprecipitation than the IgG rabbit immunoprecipitation, while 

“negative” indicates that equal or less DNA was amplified from hnRNPA/B 

immunoprecipitation than the IgG rabbit immunoprecipitation.   
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promoter primer sets. As summarized in Figure 2.15b, I continued to obtain inconsistent 

results from these experiments.  

 The inconsistent ChIP results, combined with my failure to validate hnRNPA/B 

knockdown by shRNA, resulted in our decision to publish the PANK2 promoter 

characterization studies without conclusive evidence of PANK2 transcriptional regulation 

by hnRNPA/B proteins.  
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Chapter 3 

Expression and function of miR-103/7 
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Chapter 3.1 

Discordant expression of miR-103/7 and 

pantothenate kinase host genes in mouse 
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Abstract 

 

miR-103 and miR-107, microRNAs hosted by pantothenate kinase genes, are proposed to 

regulate cellular lipid  metabolism. microRNA-mediated regulation is complex, 

potentially affecting expression of the host gene, related enzymes within the same 

pathway, or apparently distinct targets. Using qRT-PCR, we demonstrate that miR-103 

and miR-107 expression does not correlate with expression of host pantothenate kinase 

genes in mouse tissues. The miR-103/7 family thus provides an intriguing model for 

dissecting microRNA transcription, processing and coordinated function within host 

genes.   

 

 

Keywords: intronic microRNA, pantothenate kinase  

Abbreviations: miRNA, microRNA; PANK, pantothenate kinase; PKAN, pantothenate 

kinase-associated neurodegeneration; preliminary microRNA, pre-miRNA; UTRs, 

untranslated regions. 
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1. Introduction  

 Mammalian microRNAs (miRNAs) are post-transcriptional regulators that bind to 

complementary regions generally within 3’ untranslated regions (UTRs) of messenger 

RNA transcripts (mRNAs), forming double-stranded RNA complexes that ultimately 

result in gene silencing. Approximately 37% of mammalian miRNAs are located within 

the introns of protein-coding genes (Griffiths-Jones et al., 2006).. Initially, intronic 

miRNAs were predicted to be co-transcribed with their host transcript because many 

miRNAs and their host genes have been shown to have similar expression patterns 

(Rodriguez et al., 2004). However, not all miRNA expression correlates with host gene 

expression (Baskerville and Bartel, 2005; Liang et al., 2007). miRNAs thus likely 

represent an integral part of a complex regulatory network controlling many key cellular 

pathways, including metabolism. Differential miRNA expression may be governed by 

post-transcriptional regulation (Obernosterer et al., 2006), independent promoters 

(Monteys et al., 2010) or disparate transcript stabilities (Jung et al., 2010).  

 miR-103 and  miR-107 are highly conserved miRNAs that map to intron 5 of 

three distinct pantothenate kinase (PANK) genes.  PANK2 and PANK3 host the 

preliminary miRNA (pre-miRNA) sequences miR-103-2 and miR-103-1, respectively, 

which are processed into miR-103.  PANK1 encodes miR-107, which differs from miR-

103 by a single nucleotide.  Pantothenate kinase is the rate limiting enzyme in the 

biosynthesis of coenzyme A, a cofactor that is involved in over 100 metabolic reactions 

(Robishaw and Neely, 1985). In addition, PANK2 is the causative gene in pantothenate 

kinase-associated neurodegeneration (PKAN), which is characterized by dystonia, brain 

iron accumulation and neuroaxonal spheroid deposition (Zhou et al., 2001).  
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 The conservation of miR-103/7 within pantothenate kinase genes suggests a role 

for these miRNAs in metabolism and neurodegeneration. miR-103 and miR-107 are both 

ubiquitously expressed, with relative abundance in the brain (Babak et al., 2004; 

Baskerville and Bartel, 2005). However, differential expression of miR-103 and miR-107 

has been reported in adipogenesis (Xie et al., 2009), models of diabetes (Herrera et al., 

2010) and following glucose treatment in a pancreatic  cell line (Tang et al., 2009), as 

well as in neurological disease (Nelson and Wang, 2010; Wang et al., 2008) and cancer 

(Lee et al., 2009; Roldo et al., 2006; Takahashi et al., 2009; Volinia et al., 2006; 

Yamakuchi et al., 2010). Functionally, miR-103/7 are predicted to target many enzymes 

that are important in regulating metabolism (Wilfred et al., 2007). Moreover, 

experimentally validated miR-103/7 targets include -site amyloid precursor protein-

cleaving enzyme 1 (BACE1) (Wang et al., 2008), granulin (GRN) (Wang et al., 2010) 

and hypoxia inducible factor-1β (HIF-1β) (Yamakuchi et al., 2010), which have all been 

implicated in neurodegeneration. 

 Microarray analyses of miRNA and mRNA profiles in human tissues previously 

revealed a low correlation between the ubiquitously expressed miR-103/7 family and 

their host genes (Baskerville and Bartel, 2005; Liang et al., 2007). However, in cell 

culture, correlated expression has been observed. For example, there is similar induction 

of miR-103/7, Pank1, Pank2 and Pank3 expression during differentiation of 3T3-

fibroblasts to adipocytes (Xie et al., 2009). Also, p53 can induce expression of PANK1 

and miR-107; presumably, through a p53 element located ~1kb upstream of the PANK1 

transcriptional start site (Yamakuchi et al., 2010). Finally, studies in a pancreatic cancer 



88 
 

cell line suggest that miR-107 expression can be regulated through epigenetic silencing of 

the PANK1 promoter (Lee et al., 2009).   

 However, evidence is also surfacing for independent transcription of miR-107 and 

Pank1. In particular, Monteys et al. recently described an independent miR-107 promoter 

that is sufficient to drive miR-107 expression in a promoterless plasmid (Monteys et al., 

2010).  In another study, Corcoran et al. also predicted miR-107 to have an independent 

promoter, based on RNA polymerase II chromatin immunoprecipitation experiments 

(Corcoran et al., 2009). Interestingly, however, miR-103-1 and miR-103-2 are not 

predicted to have promoters independent of Pank3 and Pank2, respectively (Corcoran et 

al., 2009).  

 In this short report, we present the relative expression of the pantothenate kinase 

genes and their intronic miRNAs in various mouse tissues and discuss the relationship of 

these expression levels to the regulation and function of these miRNAs. 

 

2. Material and Methods 

qRT-PCR 

 Total RNA was harvested from three 100 day old C.D2 Es-Hba wildtype mice 

using RNAqueous-Micro kit (Ambion, Inc.) for retinal tissue and RNA-STAT60 (Tel-

Test, Inc.) for all other tissue.  

 To quantify Pank1, Pank2 and Pank3 mRNA levels, cDNA was synthesized from 

50ng total RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Inc.) according to the manufacturer’s instructions. For PCR, cDNA was 

diluted using RNase free water, mixed with primer/probe sets for Pank1 
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(Mm00458408_m1), Pank2 (Mm00463258_m1), Pank3 (Mm00461298_m1) or Gusb 

(Mm03003537_s1) and 2× PCR Universal Master Mix (Applied Biosystems, Inc.). PCR 

reactions were performed in triplicate on an ABI Prism 7000 Sequence Detections 

System following the manufacturer's directions. 

 To quantify miRNAs, cDNA was reverse transcribed from 4ng total RNA using 

primers from miR-103 (assay ID 439), miR-107 (assay ID 443) or snoRNA234 (assay ID 

1234) TaqMan MicroRNA Assays and reagents from the TaqMan MicroRNA Reverse 

Transcription kit (Applied Biosystems, Inc.). The resulting cDNA was amplified by PCR 

using primer/probe sets supplied with the TaqMan MicroRNA Assays and 2x TaqMan 

Universal PCR Master Mix (Applied Biosystems, Inc.). PCR reactions were performed in 

triplicate on an ABI Prism 7000 Sequence Detections System following the 

manufacturer's directions. 

 Gusb and snoRNA234 were endogenous controls for the analysis of Pank and 

miRNA expression, respectively. For each tissue, the mean Ctcontrol value was subtracted 

from the mean Ctexperimental value (Ct). Spleen was chosen as a reference tissue and the 

mean Ct value for spleen was subtracted from each tissue Ct value (Ct). Relative 

expression (RE) in each tissue was calculated as RE = 2
-Ct

. The mean of the RE for 

three biological replicates is plotted in Figure 1 and error bars represent the standard error 

of the mean. 

 

 

3. Results & Discussion 

 To determine whether miR-103 and miR-107 are co-expressed with their host 

genes in mouse, we measured relative miR-103, miR-107, Pank1, Pank2 and Pank3 
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expression by qRT-PCR (Figure 3.1). We detected widespread expression of all 

pantothenate kinase genes. Pank2 has highest expression in brain, retina and testis, three 

tissues that are affected by PKAN (Hayflick et al., 2003). Pank3, in contrast, is most 

abundantly expressed in the small intestine, and Pank1 has relative abundance in the 

liver.  Notably, the relative expression patterns of Pank1, Pank2 and Pank3 in testis, 

brain and liver differ from a previously published report (Leonardi et al., 2007b). miR-

103 is broadly expressed across mouse tissues with highest relative expression in brain 

and lung, consistent with previous findings using microarrays (Babak et al., 2004). In 

contrast, miR-107 was most abundant in brain and kidney.  

 Despite the shared characteristic of ubiquitous expression, miR-103 and miR-107 

expression profiles poorly correlate with that of their host genes.  For miR-107, this result 

supports the recent model of transcription from an independent promoter (Monteys et al., 

2010). For miR-103, the discordant expression is likely attributed, at least in part, to its 

redundant expression from Pank2 and Pank3 transcripts. However, post-transcriptional 

factors may also play a role in controlling the relative abundance of the mature transcript. 

In support of this concept, Lee et al have demonstrated that regulation at the level of 

microRNA processing is common and often controls tissue-specific regulation of 

ubiquitously expressed miRNA precursor transcripts (Lee et al., 2008). 

 The miR-103/7 family represents an intriguing model of disease-associated 

intronic microRNA.  They are highly conserved within pantothenate kinase genes; one of 

which, PANK2, is associated with a neurodegenerative disease. Moreover, miR-103/7 

likely regulates proteins involved in acetyl-coA metabolism, as well as 

neurodegeneration. However, expression of the mature microRNAs is not synchronized 
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A 

B 

Figure 3.1: Relative expression of miR-103, miR-107 and their host genes in 

mouse tissues.  

RNA was harvested from mouse tissues (n=3) and analyzed by qRT-PCR. Error bars 

represent standard error. 

Not included in submitted manuscript: Groups were tested and compared using 

ANOVA and Bonferroni post-hoc test. P values <0.05 were taken as significant and 

(*) indicates a significant pairwise change. Select pairwise comparisons are shown to 

emphasize differences in expression patterns. 

 
 

* 

* 

* 
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with that of the host genes.  These distinct expression patterns are likely due to multiple 

factors, including the existence of alternate promoters, variable stabilities of the RNA 

transcripts and regulation of post transcriptional processing. Therefore, the miR-103/7 

family provides an intriguing model for dissecting miRNA transcription, processing and 

coordinated function with host genes.   
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Chapter 3.2 

Additional miR-103 studies 
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3.2.1 Precursor and mature miR-103 expression in mouse  

Experimental Rationale 

 In cases where intronic miRNA expression does not correlate with host gene 

expression, the differential expression may be governed by post-transcriptional regulation 

of miRNA processing. miRNA processing involves cleavage of the primary precursor 

transcript (pre-miRNA) to a ~70 nucleotide precursor (pre-miRNA) (Denli et al., 2004) 

within the nucleus. Then, the pre-miRNA is exported to the cytoplasm (Bohnsack et al., 

2004), where it is further cleaved and processed to yield the mature miRNA 

(Chendrimada et al., 2005).  In the past years, several instances of cell and tissue-specific 

regulation of this process have been observed (Lee et al., 2008; Michael et al., 2003; 

Obernosterer et al., 2006).  Therefore, I hypothesized that the disparate expression 

profiles of miR-103/7 and pantothenate kinase genes observed in Chapter 3.1 may be 

caused by tissue specific regulation of miRNA processing. To test this hypothesis, I 

analyzed RNA from mouse tissues by Northern blot to visualize the relative expression of 

pre-miR-103-2, encoded by PANK2 intron 5, and the mature miR-103. 

 

Materials and Methods 

Northern blot 

 Total RNA was harvested in Trizol from 100 day old Hba wildtype mouse tissues 

and stored at -20C.  For Northern blot analysis, 5g of RNA was run on a 15% 

denaturing polyacrylamide gel at 150V for ~1.5 hours. The RNA was transferred to a 

positively charged nylon membrane (BrightStar-Plus membrane (Ambion)) for 45 

minutes at 200mA, using an Invitrogen XCellII Blot Module. The membrane was 
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crosslinked using the UV Stratalinker 1800, allowed to dry and prehybridized in 

ULTRAhyb-Oligo hybrdiziation buffer (Ambion) with rotation for 30 minutes at 42°C. 

Then, the membrane was hybridized with rotation at 42°C overnight in 100ng/ml 3’DIG 

labeled miRCURY probes (Exiqon) to detect mature miR-103 

(5’TCATAGCCCTGTACAATGCTGCT 3’) or miR-103-2 

(5’GACCTGAATGCTACAAG 3’).  The membrane was washed, twice, for 30 minutes 

in 2x SSC with 0.5% SDS at 42°C. Finally, the miRCURY probe was detected using the 

DIG Wash and Block buffer set (Roche), DIG Luminescent Detection kit (Roche) and 

exposure to film (X-Omat Blue XB-1 (Kodak)).   

 

Results and Discussion 

 To investigate whether miR-103-2 is subject to post-transcriptional regulation, I 

compared miR-103-2 and miR-103 expression in mouse tissues by Northern blot (Figure 

3.2). As expected, the pattern of miR-103 expression observed by Northern blot matched 

the expression pattern measured by qRT-PCR on the same tissues, with highest 

expression observed in brain and lung (Chapter 3.1, Figure 3.1). However, miR-103-2 

had higher expression in all tissues that miR-103.  Most strikingly, miR-103-2 expression 

was much higher in intestine, kidney, liver and spleen than miR-103. This result suggests 

that miR-103-2 may be post-transcriptionally regulated for tissue specific expression. 

However, as with the qRT-PCR results discussed in Chapter 3.1, interpretation of the 

results is complicated by the fact that two miR-103 precursor species (miR-103-2 from 

PANK2 and miR-103-1 from PANK1) give rise to the mature miR-103 sequence.  
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Figure 3.2: Discordant expression of precursor (miR-103-2) and mature (miR-

103) transcripts in mouse tissue by Northern blot.  

5g of total RNA from each mouse tissue was loaded onto a 15% denaturing 

polyacrylamide, transferred to a positively charge nylon membrane and hybridized 

with DIG-labeled probes to pre-miR-103-2 and miR-103.  
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3.2.2 The search for miR-103 targets 

Experimental Rationale 

 MicroRNAs function by imperfect pairing to nucleotide sequences, which can 

result in the inhibition of mRNA translation or affect mRNA transcript stability 

(Filipowicz et al., 2008).  Therefore, a common approach to delineating miRNA function 

is to identify the proteins that it regulates. Soon after the identification of mammalian 

miRNAs, many microRNA target prediction programs became available to predict 

miRNA recognition elements (MREs) (John et al., 2004; Kiriakidou et al., 2004; Lewis et 

al., 2003). Common methods to experimentally validate regulation of the predicted 

miRNA targets include luciferase reporter assays and monitoring endogenous levels of 

the predicted targets following miRNA overexpression or inhibition. I used these two 

experimental approaches in attempt to confirm miR-103 regulation of predicted targets.  

 In total, I investigated nine predicted miR-103 targets. Initially, I investigated 

AXIN2, OTX1, SMYD5, ANXA11, FBXW1B, FMR2 and CKB by luciferase reporter 

assays. Next, I investigated PRPF4b and BDNF regulation by over expressing miR-103 

in SH-SY5Y cells and monitoring the level of the endogenous targets by western blot. 

 

Materials and Methods 

microRNA target prediction 

 miR-103 target predictions were obtained from TargetScan 

(http://genes.mit.edu/targetscan) (Lewis et al., 2003), miRanda (www.microrna.org) 

(John et al., 2004) and DIANA-microT (http://diana.cslab.ece.ntua.gr/microT/) 

(Kiriakidou et al., 2004; Maragkakis et al., 2009) .  Conservation of the miR-103 
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recognition elements was analyzed using the UCSC Human Genome Browser (Kent et 

al., 2002).  

 

Plasmid Construction 

 For AXIN2, OTX1 and SMYD5 constructs, the genes’ 3’UTR were amplified 

from human genomic DNA by PCR (primers in Table 3.1).  For the Lin41 constructs, a 

185 bp region of the Lin41 3’UTR was amplified from C.elegans genomic DNA using 

primers (Table 3.1) as previously described (Vella et al., 2004). The PCR products were 

purified and cloned into pCR-TOPO (Invitrogen), digested  with NheI and SacI 

restriction enzymes and subcloned into pISO (kind gift from David Bartel) (Lewis et al., 

2003). Identical reporter plasmids containing mutated MRE(s) were created by 

amplifying DNA from the Lin41, AXIN2, OTX1 and SMYD5 pCR-TOPO clones using 

primers that overlap the predicted MRE and contain mutated sequence (Table 3.1). Then, 

the PCR products containing mutations were purified and used as a template for PCR. 

The reconstructed mutant 3’UTR fragments were purified, cloned into pCR-TOPO, and 

subcloned into pISO using NheI and SacI restriction enzymes.  

 Reporter constructs for ANXA11, FBXW1B, FMR2, CKB , OTX1 and miR103T 

were created by embedding the predicted MRE (or mutated MRE) into a common DNA 

backbone containing restriction sites for Sac1, EcoR1, Pst1 and NheI.  For each 

construct, complementary oligonucleotides (Table 3.2) were annealed and ligated into 

pISO that had been NheI/SacI digested and purified. The sequences of all constructs were 

confirmed by sequencing. 
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Table 3.1:  

PCR primers for luciferase reporter constructs  

Target Primer name sequence 

Axin2 Axin2F AAAGTGGAGCGGATCGATTGAG 

 Axin2R CTACATGAGGGGGAGCCTCAGT 

 Axin2mt1f GGCTATTGAAGAAGTTACCTGTATTTGAGAGAC 

 Axin2mt1r GTCTCTCAAATACAGGTAACTTCTTCAATAGCC 

 Axin2mt2f CAGTTTATGGATAAGTTACTTTAAACTTGG 

 Axin2mt2r CCAAGTTTAAAGTAACTTATCCATAAACTG 

 Axin2mt3f TCCTAAGTTACTCTGTTTTGTC 

 Axin2mt3r GGTCAACCCTCAAGACCTTTAAGACAAAACAGAGTAACTTAGGAAA

AA OTX1 OTX1F CGTTGGAGCTCCTCTGGGCTTGCCTTCAACTCTG 

 OTX1R AGTTGGCTAGCGTATAGAATGTGTAGGCCAAGCCG 

 OTX1MT1F 

 

CCCGATCCTGTTGAAGTTACTGCACCGCCCG 

 
 OTX1MT1R 

 

CGGGCGGTGCAGTAACTTCAACAGGATCGGG 

 
SMYD

5 

SMYD5F CGTTGGAGCTCCAGCTACTTGGACTGCTGTCAGCG 

 SMYD5R AGTTGGCTAGCGAAGAAACACTGTTAGGCCCTG 

 SMYD5MT1

F 

 

CATGCCCTGGACAAAGTTACTGAGTTGGCTC 

 
 SMYD5MT1

R 

 

GAGCCAACTCAGTAACTTTGTCCAGGGCATGAGG 

 
LIN41

F 

LIN41F CGTTGGAGCTCTCTCACCATTTTAATGGTTTCCCA 

 
 LIN41R AGTTGGCTAGCGAGCTTAAATGAACACTGGGGACA 

 
 LIN-41MT1R 

 

TTGCGATATTTACATCGCGTTGAGTTGAGAACGGATGTATAA 

 
 LIN-41MT2F 

 

GTAAATATCGCAATCCCTTTTTATACATCCATTCTCGCTC 
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Table 3.2: Oligonucleotides for luciferase reporter constructs  

TARGET Oligonucleotide Sequence 

AXIN2 Anxa11mref 

 

CACTAAATGACTCGAATTCACATCACAGCCTCTTGCTGCTACGCTGCAGG 

 
 Anxa11mrer 

 

CTAGCCTGCAGCGTAGCAGCAAGAGGCTGTGATGTGAATTCGAGTCATTTAGTGAGCT 

 
 Anxa11mremtf 

 

CACTAAATGACTCGAATTCACAACGCTGACTCGTACGGTTACGCTGCAGG 

 
 Anxa11mremtr 

 

CTAGCCTGCAGCGTAACCGTACGAGTCAGCGTTGTGAATTCGAGTCATTTAGTGAGCT 

 
FBXW1B Fbxw1bmref 

 

CACTAAATGACTCGAATTCACATCATGACAGCTTTGTACTGTGGAATGTGCTACGCTGCAGG 

 
 Fbxw1bmrer 

 

CTAGCCTGCAGCGTAGCACATTCCACAGTACAAAGCTGTCATGATGTGAATTCGAGTCATTTAG

TGAGCT 

 

 Fbxw1bmremtf 

 

CACTAAATGACTCGAATTCACATCATGACATCATCGGACTGTGGACTATTCAACGCTGCAGG 

 
 Fbxw1bmremtr 

 

CTAGCCTGCAGCGTTGAATAGTCCACAGTCCGATGATGTCATGATGTGAATTCGAGTCATTTAG

TGAGCT 

 
FMR2 Fmr2mref 

 

CACTAAATGACTCGAATTCACATCCAGGCCCCTGACAGGATGCTGCACGCTGCAGG 

 
 Fmr2mrer 

 

CTAGCCTGCAGCGTGCAGCATCCTGTCAGGGGCCTGGATGTGAATTCGAGTCATTTAGTGAGCT 

 
 Fmr2mremtf 

 

CACTAAATGACTCGAATTCACAACCATGCATCGGTCGGGTTACGGAACGCTGCAGG 

 
 Fmr2mremtr 

 

CTAGCCTGCAGCGTTCCGTAACCCGACCGATGCATGGTTGTGAATTCGAGTCATTTAGTGAGCT 

 
CKB Ckbmref 

 

CACTAAATGACTCGAATTCACAACCAGCCCTGCTGCTACGCTGCAGG 

 
 Ckbmrer 

 

CTAGCCTGCAGCGTAGCAGCAGGGCTGGTTGTGAATTCGAGTCATTTAGTGAGCT 

 
 Ckbmremtf 

 

CACTAAATGACTCGAATTCACAGCCTGGCATCCAGATACGCTGCAGG 

 
 Ckbmremtr 

 

CTAGCCTGCAGCGTATCTGGATGCCAGGCTGTGAATTCGAGTCATTTAGTGAGCT 

 
OTX1 Otx1mref 

 

CACTAAATGACTCGAATTCACATGGTCCCGATCCTGTTGCTGCTGCTACGCTGCAGG 

 
 Otx1mrer 

 

CTAGCCTGCAGCGTAGCAGCAGCAACAGGATCGGGACCATGTGAATTCGAGTCATTTAGTGAG

CT 

 

 Otx1mremt1f 

 

CACTAAATGACTCGAATTCACATGGTCCCGATCCTGTTGAAGTTACTACGCTGCAGG 

 
 Otx1mremt1r 

 

CTAGCCTGCAGCGTAGTAACTTCAACAGGATCGGGACCATGTGAATTCGAGTCATTTAGTGAGC

T 

 
 Otx1mremt2f 

 

CACTAAATGACTCGAATTCACATGGACCCTAGCATCTAGATACAGCAACGCTGCAGG 

 
SMYD5 Smyd5mref CACTAAATGACTCGAATTCACATCATGCCCTGGACACTGCTGCTACGCTGCAGG 

 Smyd5mrer CTAGCCTGCAGCGTAGCAGCAGTGTCCAGGGCATGATGTGAATTCGAGTCATTTAGTGAGCT 

 
 Smyd5mremt1f CACTAAATGACTCGAATTCACATCATGCCCTGGACAAAGTTACTACGCTGCAGG 

 Smyd5mremt1r CTAGCCTGCAGCGTAGTAACTTTGTCCAGGGCATGATGTGAATTCGAGTCATTTAGTGAGCT 

 Smyd5mremt2f CACTAAATGACTCGAATTCACATAAGGGCATTGCCTCTCCAGGTACGCTGCAGG 

 Smyd5mremt2r CTAGCCTGCAGCGTACCTGGAGAGGCAATGCCCTTATGTGAATTCGAGTCATTTAGTGAGCT 

miR103T

T 

Mir103targetf CACTAAATGACTCGAATTCACATCATAGCCCTGTACAATGCTGCTACGCTGCAGG 

 Mir103targetr 

 

CTAGCCTGCAGCGTAGCAGCATTGTACAGGGCTATGATGTGAATTCGAGTCATTTAGTGAGCT 
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miR-103 over expression and inhibition reagents 

 Pre-miR™ miRNA Precursors were ordered from Ambion, Inc. (pre-miR™103, 

cat#17100; Pre-miR™ negative control #1, cat# 17110) and miRIDIAN™ MicroRNA 

Mimics were ordered from Dharmacon, Inc. (miR-103 Mimic, custom order C-300039-

02-005; miRIDIAN™ microRNA Mimic Negative Control #1, CN-001000-01-05).  2’O 

methyl oligonucleotides were synthesized by the OSYN MMI Core facility at OHSU 

(2’OMe miR103 AS, 5’GCUUUCAGCUUCUUUACAGUGCUGCCUUGUA3’; 2’OMe 

miR103 S, CCAGUUCGUCGUAACAUGUCCCGAUACUUUC3’)).  

 

Cell culture and transfection 

 Human neuroblastoma (SH-SY5Y) cells were cultured in RPMI with 10% FBS, 

10 ng/ml human neuron growth factor, non-essential amino acids and 

penicillin/streptomycin antibiotics at 37ºC and 5% CO2.  Mouse neuroblastoma (N2a) 

cells were cultured in MEM with L-glutamine + Earle’s BSS, 1.5 g/L sodium 

bicarbonate, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 10% FBS and 

penicillin/streptomycin antibiotics at 37ºC and 5% CO2.  HeLa cells were cultured in high 

glucose DMEM with L-glutamine, 10% FBS and penicillin/streptomycin antibiotics at 

37ºC and 5% CO2.  

 To assay the activity of endogenous miR-103, HeLa cells were seeded in 12-well 

plates, grown to 90% confluency, and transfected with 0.4 µg CMV--galactosidase and 

0.4 µg of pISO reporter plasmids using Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s instructions. Cells were harvested in 100 µl Passive Lysis Buffer 

(Promega) 24 hours after transfection.  
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 To assay the activity of miR-103 following inhibition and over expression , HeLa 

cells were seeded in 24-well plates, grown to 80% confluency and transfected with 5nM 

pre-miR™103 or Pre-miR™ negative control #1 and 0.8g RSV-gal. Then, the cells 

were grown for 24 hours and re-transfected with 5nM 2’OMe miR103 AS  or 2’OMe 

miR103 S and 0.8g miR103T. Both transfections were conducted using lipofectamine 

2000 according to the manufacturer’s instructions. 24 hours after the second transfection, 

the cells were harvested in 100l passive lysis buffer 

 To verify miR-103 overexpression by Northern blot, SH-SY5Y cells were seeded 

in 12-well plates, grown to 90% confluency and transfected with  1.6g pISO and 1-

20nM pre-miR™103 with lipofectamine 2000, according to the manufacturer’s 

instructions . RNA was harvested 24 hours later using the mirVana™ Paris Kit 

(Ambion). 

 To verify miR-103 over expression by qRT-PCR, N2a cells were seeded in 24-

well plates, grown to 80% confluency and transfected with 0.8g pISO and pre-

miR™103, Pre-miR™ negative control #1, miR-103 Mimic, or miRIDIAN™ microRNA 

Mimic Negative Control #1. RNA was harvested in RNA-STAT60 24 hours later. 

 To assay the effect of miR-103 over expression on predicted targets, N2a cells 

were seeded in 60mm plates at 3x10
5
 cells/ml, grown 24 hours, and transfected with 8g 

pISO and  pre-miR™103, Pre-miR™ negative control #1, miR-103 Mimic, or 

miRIDIAN™ microRNA Mimic Negative Control #1. 24 hours later, protein was 

harvested for luciferase assays and western blot. 
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Luciferase and -galactosidase assays 

 To assay for -galactosidase activity, 50 µl of cell lysate was combined with 60 µl 

Z buffer (60mM Na2HPO4, 40mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50mM 2-

Mercaptoethanol, pH 7.5) and 40 µl ONPG substrate (Sigma) (4 mg/ml in 60 mM 

Na2HPO4, 40mM NaH2PO4, pH 7.5 buffer) and incubated at 30ºC for 30 minutes. The 

reaction was quenched by adding 100 µl of 1 M Na2CO3 and measured at A420. To assay 

for luciferase activity, 20 µl of cell lysate was combined with 300 µl of GlyGly-ATP 

(25mM Glycylglycine, 15 mM MgSO4, 5 mM ATP) and 100 µl of luciferin (Promega) 

(300 µg/ml) and measured on a luminometer.  

 

qRT-PCR 

 To quantify miR-103, cDNA was reverse transcribed from total RNA using 

specific miRNA primers from the hsa-miR-103 TaqMan MicroRNA Assay (Applied 

Biosystems) and reagents from the TaqMan MicroRNA Reverse Transcription kit 

(Applied Biosystems). The resulting cDNA was amplified by PCR using TaqMan 

MicroRNA Assay primers with the TaqMan Universal PCR Master Mix according to the 

manufacturer's instructions. The relative levels of miRNA expression were normalized to 

snoRNA135 and relative expression was calculated by the ΔΔCt method. 

 For PRPF4b detection in mouse tissues, 2g of RNA was DNase treated and 

reverse transcribed using High-capacity cDNA Reverse Transcription kit (Applied 

Biosystems).  Relative expression of PRPF4b mRNA was quantified using TaqMan Gene 

Expression Assays (Applied Biosystems). TBP, HMBS and RPLP0 were used to 
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normalize PRPF4b expression across tissues. The data was analyzed using the 

comparative Ct method in the qBasePlus software. 

 

Northern blot 

 RNA was harvested from each well of a 12 well plate of SH-SY5Y cells using the 

mirVana™ Paris Kit (Ambion) and resuspended in a final volume of 100l elution 

buffer. 20ml of each RNA sample was analyzed by Northern blot as described in Ch 3.2.1 

Materials and Methods.  

Western blot 

 N2a cells were transfected as described above. 24 hours after transfection, cells 

were washed with PBS and lysed in ice cold cell disruption buffer (Ambion PARIS™ kit) 

containing protease inhibitors (Complete Mini EDTA-free protein inhibitor cocktail, 

Roche). Equivalent volumes of cell lysates were separated using 10% (for PRPF4b) or 

15% (for BDNF) SDS-PAGE. Protein was transferred to a nitrocellulose membrane and 

the membrane was probed using rabbit anti-human PRP4 (Abgent cat#AP7551b) or 

chicken anti-human BDNF (Promega cat#G1641) and mouse anti--Actin (Sigma, 

cat#A5441) antibodies. Goat anti-rabbit Alexafluor 680 (Molecular Probes cat#A21058), 

IRDye800 goat anti-mouse (Rockland code#610-131-121), and IRDye800 goat anti-

chicken (Rockland  code#603-132-126) secondary antibodies were used and membranes 

were imaged using the LiCor Odyssey Imaging System. 
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Results and Discussion 

Investigation of predicted targets by luciferase reporter assays  

 Multiple prediction programs are currently available to identify miRNA targets 

(Yue et al., 2009). However, at the onset of this project, in 2004, only a few prediction 

programs for mammalian miRNA targets were available; using these tools, I identified 

seven targets for preliminary investigation. AXIN2 was predicted by TargetScan, which 

combined thermodynamics-based modeling of RNA:RNA interactions with comparative 

sequence analysis to predict miRNA targets conserved across multiple genomes (Lewis et 

al., 2003). ANXA11, FMR2, FBXW1B and CKB were predicted by Diana-microT, 

which predicted targets based on experimental evaluation of the significance of 

individual miRNA bases in target recognition (Kiriakidou et al., 2004).  Finally, OTX1 

and SMYD5 were investigated based on their co-expression with miR-103 in the brain 

and region of complementarities with miR-103 in their 3’UTRs (Krichevsky et al., 2003).   

 A luciferase reporter system was used to investigate miR-103 regulation of these 

targets (Figure 3.3). Briefly, I inserted predicted miR-103 MRE(s) downstream of a 

firefly luciferase gene and transfected the constructs into HeLa cells, which endogenously 

express miR-103 (Mourelatos et al., 2002). Luciferase activity was compared to that of an 

analogous reporter with point mutations within the MRE(s) to determine miR-103 

regulation through the MRE. As a positive control, experiments were performed using a 

124nt segment of c.elegans lin-41 3’UTR that contains two let-7 miRNA recognition 

elements (Lewis et al., 2003).  Notably, I used two reporter construct designs for these 

assays (Figure 3.4). AXIN2, OTX1 and SMYD5 reporter constructs contain ~500-1000 

nucleotides of the genes’ 3’UTR.  However, to increase efficiency of cloning, I created 
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Figure 3.3: Luciferase reporter assay for miR-103 regulation of predicted miRNA 

recognition elements (MRE).   

Luciferase reporter constructs containing wildtype or mutated miR-103 recognition 

elements were co-transfected with pRSV-gal into HeLa cells, which endogenously 

express miR-103.  miR-103 regulation through the predicted MRE was determined by 

comparing the relative luciferase activity (RLU) of wildtype and mutant reporter 

constructs.  
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Figure 3.4:  miR-103 MRE reporter construct design  

A) Reporter constructs for AXIN2, OTX1 and SMYD5 were created to contain ~500-

1000 nucleotides of the genes’ 3’UTR. 

 B) Reporter constructs for ANXA11, FMR3, FBXW1B and CKB were created by 

inserting the predicted MRE sequence into a ~70 nucleotide common DNA backbone 

for direct cloning into the pISO 3’UTR.  
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reporter constructs for ANXA11, FMR3, FBXW1B and CKB by another established 

miRNA reporter assay protocol (Kiriakidou et al., 2004), which involves inserting the 

predicted MRE sequence into a ~70 nucleotide common DNA backbone for direct 

cloning into the pISO 3’UTR.  

 Mutation of the predicted MREs resulted in a significant increase in luciferase 

activity for the Lin41 control, AXIN2 and OTX1, and a significant decrease in activity 

for SMYD5, FBXW1B and FMR2 (Figure 3.5).  These results indicate that miR-103 

down-regulates AXIN2 and OTX1 through the MRE(s) in their 3’UTRs, but increases 

cellular levels of SMYD5, FBXW1B and FMR2. However, while the results were 

statistically significant by a one sample t-test, I did not feel comfortable drawing 

conclusions from the very small changes in luciferase activity.  Therefore, I tested 

additional reporter constructs to confirm miR-103 regulation of OTX1 and SMYD5 

(Figure 3.6a). Briefly, I compared the results of the original experimental design 

(constructs containing ~500 nucleotide of the 3’UTR) with results generated with 

reporter constructs lacking the 3’UTR context (“mre” constructs) and containing different 

point mutations in the MRE.  

 For both OTX1 and SMYD5, the additional experiments did not confirm 

regulation by miR-103 (Figure 3.6b). OTX1mreMT1, which contains the same MRE 

point mutations as the original experimental design, caused a decrease in luciferase 

activity compared to OTX1mre. However, the differentially mutated OTX1mreMT2 

construct did not demonstrate a significant change in luciferase activity from OTX1mre. 

For the SMYD5 constructs, SMYD5mreMT1 had similar luciferase activity as 

SMYD5mre, while SMYD5mreMT2 gave increased luciferase activity. Therefore, 
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* 

* 
* 

* 
* * 

Figure 3.5: Regulation of predicted miR-103 targets.  

Relative luciferase activity of MRE target constructs. For each predicted target, the 

colored bar represents the luciferase activity of the reporter construct containing the 

mutated miR-103 MRE. The wildtype MRE construct values were set to one and 

shown to the left of each mutant construct result. Luciferase activity was normalized 

to -galactosidase activity and error bars represent standard deviation of three 

experiments performed in triplicate. *indicates a significant (p<0.05) change in 

wildtype versus mutant construct luciferase activity according to a one sample t-test. 
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* 

* 

* * 
* * 

Figure 3.6: Effects of construct and mutation design on luciferase reporter assays  

A) Comparison of MRE target construct and mutation designs  

B) Relative luciferase activity of MRE target constructs. Luciferase activity is 

normalized to -galactosidase activity and error bars represent standard deviation of 

two experiments performed in triplicate. *indicates a significant (p<0.05) change in 

luciferase activity from OTX1 or SMYD5 constructs according to a one sample t-test.  
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varying the reporter constructs’ design induced changes in luciferase activities that are 

similar in magnitude to the changes seen for AXIN2,OTX1, SMYD5, FBXW1B and 

FMR2 (Figure 3.5).   

 As a result of these experimental inconsistencies, I am unable to confirm AXIN2, 

OTX1, SMYD5, ANXA11, FBXW1B, FMR2 or CKB as miR-103 targets.   

 

miR-103 over expression and inhibition  

In developing a new approach to identify miR-103 targets, I attempted to over 

express miR-103 and inhibit miR-103 activity in cell culture.   

 I used two reagents for miR-103 over expression: Pre-miR™ miRNA Precursor 

Molecules from Ambion, Inc. and miRIDIAN™ MicroRNA Mimic oligonucleotides 

from Dharmacon, Inc. Both of these reagents are advertised as double-stranded, 

chemically modified oligonucleotides designed to mimic the endogenous mature 

microRNAs (www.ambion.com, www.dharmacon.com).  miR-103 over expression 

following transfection with pre-miR™103 was confirmed by Northern blot and qRT-

PCR; miR-103 over expression following transfection with miR-103 Mimic was 

confirmed by qRT-PCR (Figure 3.7).  

 To inhibit miR-103 activity, I used 2’O-methyl oligoribonucleotides, which are 

nuclease resistant and function as irreversible, stoichiometric inhibitors of siRNA and 

miRNA function (Hutvagner et al., 2004; Meister et al., 2004).  The miR-103 inhibitor, 

2’OMe miR103 AS, is complementary to the mature miR-103 sequence, while a 2’O-

methyl oligoribonucleotide identical to the mature miR-103 sequence (2’OMe miR103 S) 

serves as a negative control.  
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B 

Figure 3.7: Evidence of miR-103 over expression   

A)  Northern blot analysis of SH-SY5Y cells transfected with 1-20nM of pre-

miR™103. RNA was harvested from each well of a 12 well plate of SH-SY5Y cells 

using the mirVana™ Paris Kit (Ambion) and resuspended in a final volume of 100l 

elution buffer. 20ml of each RNA sample was loaded per well. B) Fold change (RQ) 

in the relative expression of miR-103 following transfection of N2a cells with pre-

miR™103, pre-miR™NC, miR-103 Mimic and miRIDIAN mimic oligonucleotide 

negative control (NC). Error bars represent standard deviation. 

 
 

A 
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 To verify miR-103 inhibition, I sequentially transfected HeLa cells with 5nM pre-

miR™103 or pre-miR™ negative control (NC), a luciferase reporter containing the 

miR103 complement sequence (mir103T) and 5nM 2’O-methyl oligonucleotides (Figure 

3.8a). Cells that were transfected with pre-miR™103 had significantly less luciferase 

activity than cells transfected with a pre-miR™NC, indicating that miR-103 over 

expression caused significant degradation of the reporter transcript. However, 2’OMe103 

AS did not inhibit the miR-103 activity (Figure 3.8b).  Likewise, additional experiments 

with increasing ratio of 2’OMe103 AS to pre-miR™103 (2:1, 4:1, 10:1 and 50:1) did not 

demonstrate miR-103 inhibition (data not shown). Therefore, I was not able to verify 

miR-103 inhibition by 2’OMe103. 

 

 Investigation of highly conserved miR-103 MREs 

 Next, I identified miR-103 targets with near-perfect conservation of the MRE 

using miRanda target prediction software. miRanda prediction algorithms optimize 

sequence complementarity using position-specific rules and rely on strict requirements of 

interspecies conservation (John et al., 2004). However, only a handful of miRanda 

predicted recognition elements showed significant conservation in zebrafish, including 

p250-GAP, CPEB3, BDNF, PRPF4B, JARID2 and RUNX1T1. From this list, I 

investigated the effects of miR-103 over expression on BDNF and PRPF4B because 

antibodies for the proteins were commercially available. 

 Initially, I investigated miR-103 regulation of BDNF (brain-derived neurotrophic 

factor). The predicted BDNF miR-103 MRE is located 285 nucleotides from the 

translational stop codon and shows high conservation through zebrafish (Figure 3.9a). 
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A 

B 

Figure 3.8: Functional assay to detect miR-103 over expression and inhibition 

A) HeLa cells were transfected with RSV-Gal and pre-miR™103 or pre-miR™NC, 

allowed to grow for 24 hours, transfected with 2’OMe103(AS) or negative control 

(2’OMe103 S) and the premir103T luciferase reporter construct, grown another 24 

hours and harvested for luciferase and -galactosidase assays.  

B) Relative luciferase activity of premir103T reporter construct. Luciferase activity is 

normalized to -galactosidase activity and error bars represent standard deviation. 
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However, over expression of miR-103 in N2a cells did not change the abundance of pre-

BDNF (37kDa) or mature BDNF (15kDa), as determined by western blot (Figure 3.9b). 

Interestingly, Mellios et al. also identified miR-103 as a potential regulator of BDNF, but 

were unable to validate the regulation by luciferase reporter assays (Mellios et al., 2008).   

 Next, I investigated miR-103 regulation of PRPF4B (serine/threonine-protein 

kinase PRP4 homolog). PRPF4b is involved in pre-mRNA splicing and signal 

transduction. It is not associated with disease; however, mutations in three other pre-

mRNA-processing factor gene homologs (PRPF31, PRPF8 and HPRP3) are associated 

with familial retinitis pigmentosa (Chakarova et al., 2002; McKie et al., 2001; Vithana et 

al., 2001), a common feature of PKAN.  

 The predicted PRPF4B miR-103 MRE is located 357 nucleotides downstream of 

the translational stop codon and shows high conservation through zebrafish (Figure 

3.10a).  miR-103 over expression experiments suggest that PRPF4B may be regulated by 

miR-103, but the results from replicate experiments were inconsistent.  Figure 3.10b is an 

example of western blots demonstrating down regulation of PRPF4B protein following 

transfection with 5nM pre-miR™103and 50nM miR-103 Mimic.  However, significant 

PRPF4b down regulation was only observed in 2 out of 3 experimental replicates with 

pre-miR™103 and 1 out of 3 replicates with miR-103 Mimics (Figure 3.10c). Therefore, 

I was unable to confirm PRPF4B as a miR-103 target. 

 Despite this ambiguous result, I compared the relative expression of miR-103, 

miR-107 and PRPF4b in mouse tissues with the hypothesis that PRPF4b expression may 

be inversely correlated with miR-103/7.  However, there was no obvious correlation 

between expression of miR-103/7 and this predicted target (Figure 3.11). 
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Figure 3.9: BDNF is a potential miR-103 target  

A) Conservation of the predicted miR-103 MRE in the BDNF 3’UTR.  

B) Western blot analysis of BDNF expression following transfection of N2a cells with 

5nM pre-miR™103 or pre-miR™NC.  
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A 

B 

C 

Figure 3.10: PRPF4b is a predicted target for miR-103 

A) Conservation of the predicted miR-103 MRE in the PRPF4b 3’UTR. 

 B) Western blot analysis of PRPF4b expression following transfection of N2a cells 

with 5nM pre-miR™103 or pre-miR™NC and 50nM miR-103 Mimic or mirIDIAN 

mimic negative control.  

C) Summary of six independent experiments to measure the effect of miR-103 over 

expression on PRPF4B expression. PRPF4b protein detected by western blot was 

quantified using the LiCor Odyssey Imaging system. Error bars represent standard 

deviation. 
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Figure 3.11: Relative expression of PRPF4b in mouse tissues.  

RNA was harvested from mouse tissues (n=3) and analyzed by qRT-PCR. Error bars 

represent standard error. 
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ABSTRACT 

 Mutations in PLA2G6, which encodes calcium-independent phospholipase A2 

group VIA (iPLA2-VIA), underlie the autosomal recessive disorder infantile neuroaxonal 

dystrophy (INAD). INAD typically presents in the first year of life, and leads to optic 

atrophy and psychomotor regression.  We have examined PLA2G6 expression in early 

human embryonic development by in situ hybridization. At CS19 (approximately 7 post 

conception weeks [PCW]), strong expression is evident in the ventricular zone (VZ) of 

midbrain and forebrain, suggestive of expression in neural stem and progenitor cells.  At 

CS23 (8 PCW) expression is also detectable in the VZ of the hindbrain and the 

subventricular zone (SVZ) of the developing neocortex, ganglionic eminences and 

diencephalon. By 9 PCW strong expression in the post-mitotic cells of the cortical plate 

can be seen in the developing neocortex. In the eye, expression is seen in the lens and 

retina at all stages examined. PLA2G6 expression is also evident in the alar plate of the 

spinal cord, dorsal root ganglia, the retina and lens in the eye and and several non-

neuronal tissues, including developing bones, lung, kidney and gut. These findings 

suggest a role for PLA2G6 in neuronal proliferation throughout the developing brain and 

in maturing neurons in the cortical plate and hindbrain. Although widespread PLA2G6 

expression is detected in neuronal tissues, the pattern shows dynamic changes with time 

and indicates that INAD pathogenesis may begin prior to birth.  

 

Keywords: PLA2G6, INAD, neurodegeneration, development, in situ hybridization 

Abbreviations: INAD, infantile neuroaxonal dystrophy; NBIA, neurodegeneration with 

brain iron accumulation; PCW, post weeks conception;; PKAN, pantothenate-kinase 

associated neurodegeneration, SVZ, subventricular zone; VZ, ventricular zone. 
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1. INTRODUCTION 

 Infantile neuroaxonal dystrophy (INAD) is an autosomal recessive disease with 

early onset and rapid progression of hypotonia, hyperreflexia and tetraparesis. INAD 

belongs to a larger class of neuroaxonal dystrophies, which include pantothenate-kinase 

associated neurodegeneration (PKAN), idiopathic neurodegeneration with brain iron 

accumulation (NBIA), and Schindler disease.  Within this group, INAD has the earliest 

onset, with motor and cognitive skill regression presenting at a median age of 15 months 

(Gregory et al., 2008; Kurian et al., 2008). Optic atrophy is also commonly observed.  

Historically, INAD was diagnosed from histological evidence of neuroaxonal spheroids 

in peripheral nerves (Nardocci et al., 1999). The detection of cerebellar atrophy and iron 

accumulation in the globus palidus by MRI is also diagnostic of INAD, although iron 

accumulation often is not observed until later in the disease (Gregory et al., 2008; Kurian 

et al., 2008; Morgan et al., 2006).  

 In 2006, the causative gene for INAD was identified as PLA2G6, which encodes a 

calcium-independent phospholipase (A2 group VIA) (Morgan et al., 2006).  PLA2G6 

mutations are found in the vast majority of INAD patients and have also been described 

in individuals previously diagnosed with idiopathic NBIA (Gregory et al., 2008), as well 

as individuals with adult-onset dystonia-parkinsonism (Paisan-Ruiz et al., 2009). 

Phospholipases A2 comprise a large family of enzymes that catalyze the hydrolysis of sn-

2 ester bonds of glycerophospholipids, producing free fatty acids and lysophospholipids 

(Dennis, 1994).  Arachidonic acid and other fatty acids released by iPLA2-VIA can 

initiate apoptosis, inflammation, and cell growth (Balsinde et al., 2006; Sun et al., 2009). 

The lysophospholipid remaining in the cell membrane can also trigger cellular processes, 
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including chemotaxis and fusion of biological membranes (Balboa et al., 2003; Carnevale 

and Cathcart, 2001).  

 The early presentation of INAD suggests that PLA2G6 may have a developmental 

role. Malik and colleagues (Malik et al., 2008) showed that the Pla2g6 knockout mouse 

(Bao et al., 2004) develops neurological impairments by 13 months and accumulates 

neuroaxonal spheroids similar to those in human INAD patients. In a second INAD 

mouse model, point mutations within Pla2g6 result in moter dysfunction and neuroaxonal 

spheroids as early as 7 weeks of age (Wada et al., 2009). These studies, however, did not 

examine Pla2g6 expression during mouse development. Pla2g6 expression has been 

shown in mouse sagittal sections at embryonic day 14.5 as part of the high-throughput 

Eurexpress project (Visel et al., 2004). At this stage, the strongest expression seen in the 

brain is in the alar plate of the developing hindbrain with prominent expression also in an 

analogous region of the midbrain. Pla2g6 also appears to be expressed weakly in the 

developing diencephalon and telencephalon of the forebrain. Expression was also 

detected in spinal cord and the bones of the developing skull, face, ribcage and limbs 

(EMAGE entry 18166; genex.hgu.mrc.ac.uk).    

 To better understand the potential role for PLA2G6 in neuronal development and 

pathogenic mechanisms underlying disease, we examined PLA2G6 expression, by in situ 

hybridization, across several stages of human embryonic and early fetal development.  
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2. MATERIALS AND METHODS 

2.1 Human tissue collection and processing 

Human embryonic and fetal tissues were obtained from the MRC-Wellcome Trust 

Human Developmental Biology Resource (www.hdbr.org), Institute of Human Genetics, 

Newcastle University. The samples were collected with appropriate maternal consents 

and ethical approval by the Newcastle and North Tyneside Research Ethics Committee. 

Tissue sections from 7 samples were analysed: Carnegie Stage (CS) 19 (~7 PCW, n=2), 

CS23 (8PCW, n=3) and 9 PCW (n=2).  The stage of embryonic development (CS19 and 

CS23) was determined by assessment of external morphology as described (Bullen and 

Wilson, 1997; O'Rahilly et al., 1987). For fetal samples (9PCW) age was estimated from 

measurements of foot length and heel to knee length. These were compared with a 

standard growth chart (Hern, 1984). 

2.2 In situ hybridization histochemistry 

 Three fragments of the cDNA for human PLA2G6; 453 bp of PLA2G6 exon 2- 

exon4 (probe 1), 517 bp of PLA2G6 exon 11-15 (probe2) and 557 bp of the PLA2G6 

3’UTR (probe3) were amplified from homo sapiens PLA2G6 mRNA (Accession: 

CU013143) and cloned into pCR-BluntII-TOPO (Invitrogen). The construct sequences 

were verified and prepared using HiSpeed Plasmid Midi kit (Qiagen). To create the 

PLA2G6 antisense probe, the plasmid was linearized with SpeI and amplified from the T7 

promoter. To create the PLA2G6 control probe, the plasmid was linearized with Not1 and 

amplified from the Sp6 promoter. Probes were labeled with digoxygenin (DIG) using the 

DIG-RNA labeling kit (Roche Applied Science) according to manufacturer’s instructions. 
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All probes were tested and PLA2G6 probe 3 was selected for the studies subsequently 

described. 

 In situ hybridizations were preformed as previously described (Moorman et al., 

2001) with some modifications. Briefly, sections were dewaxed in xylene, gradually 

hydrated in decreasing ethanol concentrations before incubation in Proteinase K 

(20µg/ml) at room temperature (RT), followed by fixation in 4% paraformaldehyde in 

PBS. Background was reduced by treating with 0.1M triethanolamine pH 8. Sections 

were air dried and probe added (300ng labeled probe per 100ul of Dig Easy Hyb mix 

(Roche)) at 68
o
C overnight. The next day sections were washed once in 5x SSC then 

once in 2x SSC at 60
o
C then incubated with Anti-digoxigenin AP Fab fragments (Roche) 

diluted 1:1000  at 4
o
C overnight. Sections were then washed and expression detected 

using NBT/BCIP (20ul/ml Roche) in 0.1M Tris/0.1M NaCl (pH 9.5) in the dark at RT. 

Developing was stopped by rinsing slides first in 0.1M Tris/0.1M NaCl (pH 9.5) then in 

distilled H2O.  Sections were mounted using Aquamount and analyzed using a Zeiss 

Axioplan 2 microscope. Images were captured with a Zeiss Axiovision 4 imaging system.  

3. RESULTS 

 In order to characterize the potential role of PLA2G6 in fetal development, we 

examined PLA2G6 expression by in situ hybridization during human embryonic (CS19 

and CS23) and early fetal (9 PCW) development.  

3.1 PLA2G6 expression in the brain  

 At CS19, PLA2G6 expression was evident in the VZ of the pallium 

neuroepithelium (NEP) in the developing telencephalon (Figure 4.1A).  The NEP is a 

pluripotent pseudostratified tissue of neural stem cells that extends from the frontal pole 
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Figure 4.1: PLA2G6 expression in human brain at CS19, CS23 and 9 PCW. 

 Panels A-L show images of in situ hybridization with antisense probes for PLA2G6 to 

sections at CS19 (A, J), CS23 (B, D-I) and 9PCW (C, K, L). Signal is detected as a 

purple stain.   A)-C) PLA2G6 staining in developing neocortex. At CS19 (A), 

expression can be seen close to the lateral ventricle (VZ), by CS23 (B) expression is in 

the VZ and SVZ and by 9PCW (C) expression is also seen in the CP. D) Low 

magnification image showing developing neocortex, ganglionic eminences and 

thalamus. The boxed areas are shown at higher magnification in panels E and F. G) 

Low magnification image showing developing midbrain, isthmus, cerebellum and 

pons. The boxed areas are shown at higher magnification in panels H and I.   J) 

PLA2G6 expression is seen in the alar plate of the developing midbrain. K) PLA2G6 

expression in the hindbrain is seen in the developing cerebellum, the VZ of medulla 

and neurons in developing nuclei (IO). Boxed area is seen at higher magnification in 

panel L. No signal was detected using sense control probes (Figure 4.2). A- alar plate 

C- cerebellum, CP- cortical plate; GE- ganglionic eminences, IO- inferior olive, I- 

isthmus, LV- lateral ventricle, M- medulla, MB- midbrain, NC- neocortex, P= pons, 

SVZ- subventricular zone, T- thalamus, VZ- ventricular zone. Scale bars are: 100m 

in A,C,J,L; 200m in B,E,F,H,I; 1000m in D,G,K. 
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Figure 4.2 No signal is detected with PLA2G6 sense control probes.  
Panels A-L show images of in situ hybridization with sense probes for PLA2G6 to 

sections at CS19 (A, J), CS23 (B, D-I) and 9PCW (C, K, L). A)-C) Developing 

neocortex. D) Low magnification image showing developing neocortex, ganglionic 

eminences and thalamus. The boxed areas are shown at higher magnification in panels 

E and F. G) Low magnification image showing developing midbrain, isthmus, 

cerebellum and pons. The boxed areas are shown at higher magnification in panels H 

and I.   J) Developing midbrain. K) Developing cerebellum and medulla. Boxed area 

is seen at higher magnification in L. A- alar plate C- cerebellum, CP- cortical plate; 

GE- ganglionic eminences, IO- inferior olive, I- isthmus, LV- lateral ventricle, M- 

medulla, MB- midbrain, NC- neocortex, P= pons, SVZ- subventricular zone, T- 

thalamus, VZ- ventricular zone. Scale bars are: 100m in A,C,J,L; 200m in 

B,E,F,H,I; 1000m in D,G,K. (Supplemental Figure 1 in submitted manuscript) 
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to the spinal cord and is the source of all neurons and neuroglia of the developing nervous 

system (Bayer, 2006). By CS23, PLA2G6 expression is detected in both the VZ and SVZ 

of the pallium, while by 9PCW strong signal is also detected in the differentiating 

neurons of the cortical plate (Figure 4.1B and C respectively). Strong expression is also 

seen in proliferative zones in other regions of the developing forebrain such as the 

ganglionic eminences (Figure 4.1B, D, E) and thalamus (Figure 4.1B, E).   

 In the midbrain, PLA2G6 expression is detectable in the VZ of the alar plate at 

CS19 and persists through to 9PCW (Figure 4.1J, H and data not shown). In contrast, 

expression in the hindbrain is barely detectable at CS19. Yet at CS23 and 9PCW, 

PLA2G6 is expressed in the VZ in the isthmus, cerebellum, pons and medulla oblongata 

(Figure 4.1H, I, K and L) and clearly present in differentiating neurons of developing 

nuclei in the medulla (Figure 4.1K and L).   PLA2G6 expression is also seen in the 

telencephalic choroid plexus, a glycogen-rich epithelial tissue formed by proliferative 

stem cells that may play a part in anaerobic metabolism during early development (Bayer, 

2006) (data not shown).  

3.2 PLA2G6 expression in the eye and spinal cord  

 PLA2G6 expression was found in the lens and developing neurosensory retina at 

CS19, CS23 and PCW9 (Figure 4.3). Expression in the retina was sparse initially but 

became stronger and more widespread throughout the developing retina by 9PCW. 

Interestingly, in one CS23 sample, we also observed strong staining in the optic nerve 

(Figure 4.3B). The optic nerve comprises axons from retinal ganglion cells and glial 

precursors: astrocyte precursors arising from the optic stalk and oligodendrocyte 

precursors from the preoptic area (Ono et al., 1997; Small et al., 1987).   However, the 
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Figure 4.3 PLA2G6 expression in human eye and spinal cord at CS19 (A,E) CS23 

(B, F) and 9PCW (C,D).  

Each panel has 2 images, the top one showing in situ hybridization using antisense 

(AS) probes and the lower one using sense (S) probes for PLA2G6. No signal was 

detected using sense control probes   A) PLA2G6 staining in retina and lens at CS19. 

B) PLA2G6 staining in lens, retina and optic nerve at CS23. C-D) PLA2G6 staining in 

retina at PCW9. E) PLA2G6 staining in dorsal root ganglia at CS19.  F) PLA2G6 

staining in dorsal root ganglia at 9PCW  A- alar plate, AS- antisense, DRG- dorsal 

root ganglia, L- lens, ON- optic nerve, R-retina, S-sense, Scale bars are:  100m in 

A,E; 200m in B,C,D,F 
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optic nerve only begins to be myelinated at five months of gestation (Edward and 

Kaufman, 2003).  PLA2G6 expression was detected in the spinal cord, principally in the 

alar plate, as well as in the dorsal root ganglia at CS19 and CS23. Spinal cord expression 

was not analyzed at 9PCW; however, we did observe it throughout the spinal cord and in 

dorsal root ganglia at 13PCW (data not shown). 

3.3 PLA2G6 in non-neuronal tissues 

 Results from RT-PCR experiments in a battery of RNAs from different tissues at 

9PCW suggested that PLA2G6 was expressed widely in non-neuronal tissues (data not 

shown). This was confirmed by tissue in situ hybridisation as shown in Figure 4.4. 

PLA2G6 expression was detected in lung (Figure 4.4A), kidney (both metanephros and 

mesonephros Figure 4.4B and C respectively), gonad (Figure 4.4C), muscles in the 

tongue and surrounding the eye (Figure 4.4 D and H), nasal epithelium (Figure 4.4E), 

surrounding the developing bones (Figure 4.4F) and in the intestine (Figure 4.4G). 

4. DISCUSSION 

 The present study was carried out to characterize PLA2G6 expression in the 

developing human embryonic and fetal nervous system. We found that PLA2G6 has a 

dynamic expression pattern both in terms of the location of expression and the 

differentiation state of expressing cells. PLA2G6 is expressed in forebrain and midbrain 

before it is detectable in hindbrain. Throughout the developing brain, PLA2G6 is 

expressed in proliferative zones: VZ in all regions, as well as the SVZ in the developing 

telencephalon including the ganglionic eminences. In the diencephalon there is strong 

expression in the thalamus and hypothalamus. This expression pattern is in contrast to the 

only available comparative data derived from studies in developing mouse: in murine 
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Figure 4.4 Expression of PLA2G6 in non-neuronal tissues.  

Each panel has 2 images, the top one showing in situ hybridization using AS probes 

and the lower one using S probes for PLA2G6. No signal was detected using sense 

control probes. Panels A, B and D-H are of sections at 9PCW. Panel C is of a section 

from a CS23 embryo.  A) Lung  B) Metanephros C) Gonad and mesonephros D) 

Tongue E) Nasal area F) Upper limb  G) Intestine H) Eye muscle. NE- nasal 

epithelium, OM=- ocular muscles. Scale bars are: 100m in B,C,D,G; 200m in 

A,E,F,H. 
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studies expression in the alar plate VZ of the midbrain and hindbrain has been described, 

but none is seen in the VZ of the forebrain (diencephalon or telencephalon) and there is 

only weak expression in the outer cortical plate/mantle layer in the developing neocortex 

(EMAGE entry ID 18166). However, this mouse data is only from a single stage and 

does not capture the dynamic changes in expression pattern seen in human as described 

above. In our studies of the human forebrain, PLA2G6 was also detected in the 

differentiated neurons of the cortical plate in the developing cerebral neocortex.  

Similarly, expression is seen in differentiated neurons in the hindbrain; for example, in 

the inferior olives of the medulla. At the stages examined, there is no PLA2G6 expression 

in differentiated neurons of the midbrain.  

 Broad expression of iPLA2 in the brain has also been reported in adult mammals. 

In adult monkey brain, high iPLA2 expression was detected in the cerebral neocortex, 

hippocampus, cerebellum and brain stem, with lower expression in the thalamus and 

hypothalamus (Ong et al., 2005b). Within the basal ganglia, the caudate nucleus, putamen 

and nucleus accumbens were densely labeled while the globus pallidus, subthalamic 

nucleus and substantia niagra pars compacta were lightly labelled (Ong et al., 2005b). 

Within these tissues, iPLA2 expression was predominately localized to the nuclear 

envelope of neurons, dendritic spines or axon terminals, while expression was sparse or 

absent in myelinated axons, large diameter dendrites, glial cells and endothelial cells 

(Ong et al., 2005b). iPLA2 expression has also been reported in rat cerebellum, with 

strong expression in the nuclei of Purkinje cells and granule and stellate cells (Shirai and 

Ito, 2004). These findings are consistent with an ongoing role for iPLA2 in signal 

transduction and lipid metabolism in a variety of CNS cell types.   
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 In the adult eye, iPLA2-VIA expression has previously been reported as very 

strong in the retinal pigment epithelium, strong in the optic nerve axons and cornea, and 

moderate in the iris, ciliary body and lens (Kolko et al., 2007). Interestingly, iPLA2-VIA 

is proposed to regulate RPE proliferation and migration, and may play a role in 

proliferative vitreoretinopathy (Kolko et al., 2009).  Our data indicates that PLA2G6 is 

expressed in retina and lens as early as CS19 (approx 7 PCW).  In addition, we observed 

expression in the sheath of the optic nerve in one sample. Although retinopathy is not 

common in PLA2G6-associated disease, optic atrophy is typical (Gregory et al., 2008). 

Indeed, Kurian et al observed reduced volume in the optic chiasm and optic nerves on 

radiographical imaging in eight out of ten PLA2G6 mutation-positive patients (Kurian et 

al., 2008), consistent with an important postnatal role for PLA2G6 in maintaining optic 

nerve integrity. 

 A survey of non-neuronal embryonic tissues revealed broad PLA2G6 expression. 

Previously, PLA2G6 was detected in all 23 adult human tissues examined by Northern 

blot (Larsson Forsell et al., 1999). In our study, strong expression was detected 

surrounding the developing bones of the arm and in the lung, kidney, gut and muscles of 

the tongue and surrounding the eye. At the stages examined, we did not detect strong 

expression in the developing bones of the face and skull. Again, this result is in contrast 

with the available data in developing mouse. However, the latter data are limited and 

differences between the species may be temporal rather than spatial. In other studies, 

iPLA2-VIA is shown to be expressed in numerous cell lines including macrophages 

(Ackermann et al., 1994), pancreatic cells (Ramanadham et al., 2004), astrocytes 

(Peterson et al., 2007) and renal cells (Cummings et al., 2004). Broad PLA2G6 
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expression is consistent with its role in membrane phospholipid maintenance and 

divergent signaling pathways (Balsinde and Balboa, 2005).   

 Several disorders with predominantly neurodevelopmental defects are caused by 

genes with a widespread expression pattern during human development (Miyake et al., 

2008; Tischfield et al.).  In addition, degenerative neurological disorders can be caused 

by mutations in a widely expressed gene, exemplified by Rett syndrome and pantothenate 

kinase-associated neurodegeneration (Shahbazian et al., 2002; Zhou et al., 2001). 

Similarly, in several trinucleotide repeat disorders, expanded polyglutamine proteins are 

ubiquitously expressed but cause selective neurodegeneration in specific brain regions 

(Orr and Zoghbi, 2007).  

 Our results suggest that PLA2G6 is positioned to play a role in early neuronal 

development. Disruption of this process may contribute to the widespread neurological 

problems observed in INAD. In fact, embryonic and fetal PLA2G6 expression suggests 

that INAD pathogenesis could initiate in utero. Several INAD mouse models are 

available to further investigate the effect of PLA2G6 mutations on embryonic 

development (Bouley et al., 2006; Malik et al., 2008; Shinzawa et al., 2008; Wada et al., 

2009). Certainly, in utero PLA2G6 function should be considered when treatment 

strategies for INAD are in development.  
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4.2.1 Pilot study on PANK2 expression in human fetal development 

Experimental Rationale 

 The effects of PANK2 mutation in mouse and human suggest that the gene is 

important in early stages of development. In patients with classic PKAN, disease onset is 

within the first six years of life (Gregory et al., 2009) and parents with several affected 

children report a peculiar cry in their affected newborns before overt neurological signs 

are present.  These patients have the eye-of-the-tiger sign on MRI, which indicates iron 

accumulation and necrosis within the globus pallidus (McNeill et al., 2008). In 

comparison, Pank2 knockout mice lack a neurodegenerative phenotype, but male mice 

are infertile due to azoospermia (Kuo et al., 2005). Our laboratory has observed 

disorganization and increased apoptosis in the testis as early as 3 weeks after birth and we 

predict that the underlying pathogenesis begins in utero.  Due to these early onset 

phenotypes, we hypothesize that PANK2 has critical function before birth and PKAN 

pathogenesis may initiate in the uterus.  In this study, we attempted to examine PANK2 

expression in early human development.  

 

Materials and Methods 

 I designed two PANK2 probes for in situ hybridization. “PANK2 probe 5” 

corresponds to 400bp of unique sequence in exon 1 of PANK2 transcript variant 1 

(nucleotides 235-634 in NM_153638) and “PANK2 probe 3” corresponds to 535bp of 

unique sequence in the PANK2 3’UTR, beginning with the PANK2 stop codon 

(nucleotides 1717-2251 in NM_153638).  The sequences were amplified from human 

genomic DNA and cloned into pBluescriptIISK (+) (Strategene). The construct sequences 
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were verified by sequencing, prepared using HiSpeed Plasmid Midi kit (Qiagen) and sent 

to MRC-Wellcome Trust Human Developmental Biology Resource (HDBR).  At the 

HDBR, sense and antisense probes were created and samples handled as described in 

Chapter 4 Materials and Methods.  

 

Results and Discussion 

 The preliminary results from PANK2 in situ hybridization studies suggest strong 

expression in neuronal tissue.  Results generated with PANK2 probe 3 are shown in 

Figure 4.5a. On a saggital section of a CS19 (7 post conception weeks) embryo, PANK2 

expression is evident throughout the brain from lateral ventricles to the cerebellum, as 

well as in the hand and mantle layer of the lower back. Transverse section of a second 

CS19 embryo reveals expression in the eye and optic groove. Finally, a CS23 (8 post 

conception weeks) embryo demonstrated expression in the retina, lens, olfactory 

epithelium, hypothalamus and lateral cerebellum. Similar results were obtained with the 

PANK2 probe 5, as shown in Figure 4.5b. I’ve include the results from two saggital CS19 

sections that demonstrate PANK2 staining in the fourth ventricle, ganglia in the neck, 

digits of the hand and eye.  

 Unfortunately, the PANK2 sense control probes demonstrated staining patterns 

similar to the antisense probe in all samples (Figure 4.5). The HDBR tested the probe sets 

on several CS19 and CS23 embryos, with a variety of hybridization conditions, and 

repeatedly found problematic sense staining. As part of their troubleshooting protocols, 

the HDBR tried reducing the amount of probe used for hybridization.  However, 70ng 
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Figure 4.5:  PANK2 expression in CS19 and CS23 human fetal tissues  

A) In-situ hybridization for PANK2 expression using PANK2 probe 3. The left and 

center images are CS19 samples and the image on the right is a CS23 sample.  

B) In-situ hybridization for PANK2 expression using PANK2 probe 5. The samples are 

CS19.  
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and 140ng of sense and antisense probes still gave background signal (Figure 4.6a). 

Possible reasons for the sense probe background include hybridizing to another gene or 

hybridizing to a common regulatory element, although I did not predict such 

complications by in silico analysis of the probe sequence. 

 In light of these complications, the HDBR also conducted a competition 

experiment to verify PANK2 probe 3 specificity. They labeled antisense PANK2 probe 3 

with a non-DIG label and used it with the DIG labeled probe in ratios of 0:1, 1:1, 10:1 

and 100:1 (Figure 4.6b). They found that 100X of non-DIG labeled probe competes out 

most of the expression, indicating that the signal detected with the antisense probe is 

specific.  

 These preliminary results suggest that PANK2 is expressed in human neuronal 

tissues at CS19 and CS23; however, this project did not advance beyond the pilot study 

stage due to problematic staining by PANK2 sense probes.  
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Figure 4.6:  Optimization and specificity of PANK2 probe 3 

A) In-situ hybridization for PANK2 expression in CS19 saggital sections using 

140ng and 70ng of PANK2 probe 3. Sense staining is observed at both 

concentrations. B) Competition experiment in CS19 saggital sections to 

demonstrate PANK2 probe 3 specificity. 70ng of DIG-labeled PANK2 probe 3 

was competed with unlabeled probe, as indicated. 
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4.2.2 Relative expression of PANK2 and PLA2G6 in human fetal tissues 

Experimental Rationale 

 As a compliment to in situ hybridization studies, I measured the relative 

expression of PANK2 and PLA2G6 mRNA in human fetal brain, spinal cord, kidney, 

liver, eye and lung. I also measured relative gene expression in various regions of the 

brain, including basal ganglia, lateral ventricle, midbrain and thalamus. The purpose of 

these experiments was twofold. First, the results helped to guide PLA2G6 in situ 

hybridization experiments on non-neuronal tissues. Second, we aimed to compare the 

relative levels of PANK2 and PLA2G6 expression in fetal tissues. Since mutations in 

these genes lead to similar disease, we are interested to evaluate whether the genes have 

similar patterns of expression. Previously, ubiquitous PANK2 (Zhou et al., 2001) and 

PLA2G6 (Larsson Forsell et al., 1999) expression has been demonstrated by northern blot 

on adult human tissues. However, expression of these genes has not been studied in early 

human development.  

 

Materials and Methods 

 The HDBR harvested total RNA from human fetal tissues. Lung, kidney, spinal 

cord, liver and total brain RNA were from the F2 stage sample, N868. Basal ganglia, 

lateral ventricle, midbrain and thalamus RNA were from the F2 stage sample, N1046. 

The spinal cord RNA was from an F1 stage sample, N1084. I measured the RNA 

integrity of each sample using an Agilent 2100 Bioanalyzer, and confined my analysis to 

samples with an RNA integrity number (RIN) of 5 of higher.  2g of RNA was DNase 

treated and reverse transcribed using High-capacity cDNA Reverse Transcription kit 
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(Applied Biosystems).  Relative expression of PANK2 and PLA2G6 mRNA was 

quantified using TaqMan Gene Expression Assays (Applied Biosystems). TBP, HMBS 

and RPLP0 were used to normalize PLA2G6 and PANK2 expression across tissues. All 

data was analyzed using the comparative Ct method in the qBasePlus software. 

Unfortunately, due to the scarcity of human fetal RNA samples, I was unable to examine 

gene expression in biological replicates. The data shown in Figure 4.7 is representative of 

a single fetal sample for each tissue, although the PCR reactions were preformed in 

triplicate. 

 

Results and Discussion 

 PANK2 and PLA2G6 expression were detected in fetal brain, eye, spinal cord, 

kidney, liver and lung (Figure 4.7). PANK2 showed very similar expression levels across 

all the tissues, while PLA2G6 had enriched expression in the eye and lower expression in 

spinal cord and liver. Analysis of specific regions of the brain revealed that PANK2 and 

PLA2G6 have similar relative expression in the basal ganglia, lateral ventricle, midbrain 

and thalamus. These results are in agreement with our in situ hybridization results.  
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Figure 4.7:  Relative expression of PANK2 and PLA2G6 in human fetal tissues  

Each bar represents gene expression in a single biological sample. Brain, eye, kidney, 

liver, lung, basal ganglia, lateral ventricle, midbrain and thalamus samples are from a 

F2 stage human fetus. The spinal cord sample is from an F1 stage human fetus. 

PLA2G6 and PANK2 expression levels were normalized to TBP, HMBS and RPLP0. 
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 Neurodegeneration with brain iron accumulation (NBIA) describes a spectrum of 

neurological disease in children and adults with high amounts of iron in the basal ganglia. 

Within this spectrum, mutations in PANK2 and PLA2G6 are the genetic basis for classic 

and atypical PKAN and infantile and atypical neuroaxonal dystrophy, respectively. 

PANK2 and PLA2G6 play important roles in lipid metabolism; PANK2 encodes a 

mitochondrial pantothenate kinase, which is the rate limiting enzyme in the biosynthesis 

of coenzyme A, and PLA2G6 encodes a calcium independent phospholipase, which plays 

roles in membrane homeostasis and other processes. In my thesis research, I investigated 

the transcriptional regulation of PANK2 and expression of PLA2G6 in human fetal 

development. In addition, I examined the expression and function of miR-103/7, a family 

of microRNAs conserved within pantothenate kinase genes. 

 

Transcriptional regulation of PANK2 

 As presented in Chapter 2.1, I have identified a PANK2 promoter and potential 

transcriptional regulators of the short isoform of PANK2 (sPANK2). Luciferase reporter 

assays established the presence of a minimal promoter located -327/-76 nucleotides 

upstream of the sPANK2 translational start site, and 5’RACE confirmed at least three 

transcriptional start sites in the region (-78, -87, -122). The -327/-76 promoter region has 

62.9% identity to mouse, which is typical for core promoter elements conserved in 

human and mouse orthologs (Jin et al., 2006).  In addition, by mutational analysis, 

electrophoresis mobility shift assays and proteomic analysis of the promoter, I identified 

potential regulators of PANK2 expression, including NF-Y, FOXN4 and the human 

heterogeneous nuclear ribonucleoprotein A/B family. 
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 A significant finding in this work is that sPANK2 and pPANK2 are transcribed 

from different promoters. This differential expression may mediate specialized function 

of the short and long isoforms. Therefore, an intriguing future direction from these 

studies is to identify the pPANK2 promoter and examine whether pPANK2 and sPANK2 

are differentially expressed in human tissues.  

 Additionally, further study is necessary to confirm PANK2 transcriptional 

regulation by specific transcription factors. As described in Chapter 2.2, I have 

preliminary evidence that hnRNPA2 and hnRNPA3 may inhibit PANK2 transcription. 

Interestingly, hnRNPA2 has recently been identified as a coactivator in the nuclear 

transcription response to mitochondrial respiratory stress (Guha et al., 2009). Therefore, 

confirmation of PANK2 regulation by hnRNPA2 may provide a mechanism by which 

PANK2 transcription is mediated by cellular stress. 

 As presented in Chapter 2.2, my preliminary investigations did not reveal PANK2 

regulation by hydrogen peroxoide-induced oxidative stress. However, due to the 

mitochondrial localization of PANK2, it would be interesting to determine whether 

specifically compromising mitochondrial function has an effect on PANK2 expression. 

There are several methods for compromising mitochondria in cell culture, such as 

treatment with NaN3, an inhibitor of cytochrome c oxidase, or rotenone, an inhibitor of 

mitochondrial complex I (Ding et al., 2008; Sherer et al., 2002). 

 Likewise, as presented in Chapter 2.2, my preliminary investigations did not 

reveal PANK2 regulation by metabolic signaling through PPAR. However, I hypothesize 

that PANK2 could be transcriptionally regulated through other metabolic signaling 

pathways. Interestingly, PLA2G6 is transcriptionally regulated by sterol regulatory 
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element binding protein (SREPB). I could investigate PANK2 regulation through this 

pathway by depleting sterol in cell culture media, which activates SREPBs.  

 

Expression and function of miR-103/7 

 In the third chapter my thesis research, I presented evidence that the miR-103/7 

family is not co-expressed with pantothenate kinase genes. In Chapter 3.1, I demonstrated 

by qRT-PCR that mir-103 and miR-107 expression does not correlate with the expression 

of their host pantothenate kinase genes in mouse tissues. In Chapter 3.2, I demonstrated 

by Northern blot that miR-103-2 and miR-103 expression patterns also did not correlate 

in mouse tissues. Therefore, post-transcriptional processing of miR-103-2 may modify 

miR-103 expression. Continuation of these studies by comparing miR-103-1, pre-miR-

107 and mature miR-107 expression in tissues may clarify whether the regulation of post-

transcriptional processing is unique to miR-103-2.  

 Also, as presented in Chapter 3.2, I was unable to validate a miR-103 target by 

luciferase reporter assay and over expression experiments. However, my results indicate 

that PRPF4b may be regulated by miR-103. If this is the case, it has interesting 

implications for miR-103 function. PRPF4b is involved in pre-mRNA splicing and signal 

transduction. It is not associated with disease; however, mutations in three other pre-

mRNA-processing factor gene homologs (PRPF31, PRPF8 and HPRP3) are associated 

with familial retinitis pigmentosa (Chakarova et al., 2002; McKie et al., 2001; Vithana et 

al., 2001), a common feature of PKAN. Therefore, miR-103 mediated-regulation of 

PRPF4b may tie into PKAN pathogenesis. 
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 Interestingly, several recent reports support the hypothesis that miR-103/7 plays a 

role in neurodegeneration. For example, miR-103/7 is expressed in brain regions that are 

often impacted by neurodegeneration (Nelson et al., 2010), and there is a correlation of 

decreased miR-103/7 expression and increased neurotic plaques and neurofibrillary 

tangles in Alzheimer’s disease (AD) brains (Nelson and Wang, 2010; Wang et al., 2008).  

In addition, validated miR-103/7 targets include BACE1 (Wang et al., 2008), HIF1 

(Yamakuchi et al., 2010) and granulin (GRN) (Wang et al., 2010): three proteins with 

proposed roles in neurodegeneration. These results strengthen the likelihood that miR-

103/7 may play a role in NBIA pathogenesis. 

 To investigate the role of miR-103/7 in PKAN, I propose the following 

experiments. First, miR-103/7 expression could be compared in normal and PKAN 

human brain to determine whether there is a correlation with neuropathy, similar to AD. 

Second, I propose that the pantothenate kinase Drosophila mutant, fumble (Afshar et al., 

2001), could be exploited to determine whether miR-103/7 function complements 

pantothenate kinase function, and if it can rescue neurodegeneration.  In Drosophila, 

there is only one pantothenate kinase gene and miR-103 and miR-107 are not found. 

Therefore, I propose to transiently express miR-103 in Drosophila and determine whether 

it has an effect on the defects typically observed in fumble, such as movement defects and 

decreased life expectancy (Bosveld et al., 2008; Wu et al., 2009). I hypothesize that if 

miR-103 and pantothenate kinase have complementary functions, transient expression of 

miR-103 will increase life expectancy and improve the movement abnormalieies 

observerd in fumble mutants.  
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Expression of NBIA genes in human fetal development 

 In the fourth chapter of my thesis research, I analyzed the expression of PLA2G6 

and PANK2 in human fetal development. As described in Chapter 4.1, PLA2G6 has a 

dynamic expression pattern both in terms of the location of expression and the 

differentiation state of expressing cells. Throughout the developing brain, PLA2G6 is 

expressed in proliferative zones, as well as in the differentiated neurons in the developing 

cerebral neocortex and hindbrain. As described in Chapter 4.2, the PANK2 results were 

limited to a preliminary study due to technical difficulties, but expression was noted in 

the brain and eye. Also, PANK2 and PLA2G6 expression were observed in basal ganglia, 

lateral ventricle, midbrain and thalamus of the fetal brain, as well as in spinal cord, 

kidney, liver, eye and lung. These results suggest that PLA2G6 and PANK2 are 

positioned to play a role in early neuronal development. Disruption of this process may 

contribute to the widespread neurological problems observed in NBIA.  

 An important application of these results lies in the development of therapy to 

treat NBIA. Notably, fetal PLA2G6 and PANK2 expression suggests that NBIA 

pathogenesis could initiate in utero.   Indeed, our laboratory observes disorganization and 

increased apoptosis in the Pank2 knockout mice as young as 3 weeks old. Therefore, an 

obstacle to delivering neuroprotective therapy may be timing of treatment in both mouse 

models and human patients. A study of the temporal and spatial expression of PANK2 

and PLA2G6 in mouse neurodevelopment will inform future studies to develop of 

effective treatments.  
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Final Conclusions  

 All together, this diverse group of experiments makes a significant contribution to 

our understanding of the transcriptional regulation and expression of NBIA genes. My 

results bring to light new questions and considerations for continued research in NBIA 

pathogenesis. In particular, are pPANK2 and sPANK2 regulated by distinct mechanisms 

and do they serve specialized functions within the cell? What is the role of miR-103/7 in 

PKAN pathogenesis? How does the early expression pattern of PLA2G6 and PANK2 

contribute to NBIA pathogenesis and how can we leverage this information to develop 

effective treatments?  The answers to these questions will continue to bring us closer to 

the ultimate goal: developing effective treatment for NBIA. 
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Appendix A 

 

Additional PLA2G6 in situ hybridization 

histochemistry images received from the MRC-

Wellcome Trust Human Developmental Biology 

Resource (HDBR) 

*image descriptions are the verbatim commentaries provided by HDBR 

 

A.1: Initial test of PLA2G6 probe 1b and probe 3b on CS19 saggital sections 

A.2: Additional images of PLA2G6 expression in CS19 samples 

A.3: Additional images of PLA2G6 expression in 9PCW samples (N268 ) 

A.4: Additional images of PLA2G6 expression in 9PCW samples (N477) 

A.5: Additional images of PLA2G6 expression in spinal cord 
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Appendix A.1:  

Initial test of PLA2G6 probe 1b and probe 3b on CS19 saggital sections 

 



168 
 

Appendix A.1: Initial test of PLA2G6 probes 1b and probe 3b on CS19 saggital 

sections 

A) Positive control: PAX6; Sample N457, CS19, x1.25 

AS: Expression seen in lateral ventricle and roof of midbrain. Expression in 

dorsal root ganglia and digits of hand. 

S: Palisade of cells in ganglionic eminence remains and there seems to be some 

staining in the choroid plexus 

B) PLA2G6 probe 1b; sample N457, CS19, x1.25 

AS: Expression seen in a palisade of cells lining the ganglionic eminence and the 

resulting choroid plexus. Mild expression is also seen in the 4th ventricle 

S: no comment 

C) PLA2G6 probe 1b; sample N457, CS19, x2.5 

AS: Expression seen in a palisade of cells lining the ganglionic eminence and the 

resulting choroid plexus. Mild expression is also seen around the 4th ventricle 

S: no comment 

D) PLA2G6 probe 1b; sample N457, CS19, x5 

AS: Expression seen in a palisade of cells lining the ganglionic eminence and the 

resulting choroid plexus. 

S: no comment 

E) PLA2G6 probe 1b; sample N457, CS19, x5 

AS: Very pale expresssion around the 4th ventricle 

S: 4th ventricle 

F) PLA2G6 probe 3b; sample N457, CS19, x1.25 

AS: Expression of this probe looks different to probe 1B. Expression is seen in 

the inner ventricular layer and outer layer of the preplate of the lateral ventricle. 

Mild expression also seen around the 4th ventricle and in the limbs which appears 

stronger in the lowers. 

S: Some staining is observed in the ganglionic eminence 

G) PLA2G6 probe 3b; sample N457, CS19, x2.5 

AS: Expression of this probe looks different to probe 1B. Expression is seen in 

the inner ventricular layer and outer layer of the preplate of the lateral ventricle. 

Mild expression is also seen around the 4th ventricle 

S: no comment 

H) PLA2G6 probe 3b; sample N457, CS19, x5 

AS: Expression of this probe looks different to probe 1B. Expression is seen in 

the inner ventricular layer and outer layer of the preplate of the lateral ventricle. 

S: no comment 

I) PLA2G6 probe 3b; sample N457, CS19, x5 

AS: Pale expression in 4th ventricle 

S: 4th ventricle 
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Appendix A.2: 

Additional images of PLA2G6 expression in CS19 samples 

 



170 
 

Appendix A.2: Additional images of PLA2G6 expression in CS19 samples 

A) PLA2G6 probe 3b; sample N206, CS19, x1.25 

AS: no comment 

S: no comment 

B) PLA2G6 probe 3b; sample N206, CS19, x5 

AS: venticle 

S: ventricle 

C) Repeat image of PLA2G6 probe 3b; sample N206, CS19, x5 

AS: venticle 

S: ventricle 

D) PLA2G6 probe 3b; sample N206, CS19, x10 

AS: ventricle 

S: ventricle 

E) PLA2G6 probe 3b; sample N206, CS19, x5 

AS: eye 

S: eye 

F) PLA2G6 probe 3b; sample N206, CS19, x5 

AS: neural tube 

S: neural tube 

G) Repeat image of PLA2G6 probe 3b; sample N206, CS19, x5 

AS:spinal cord 

S: spinal cord 

H) PLA2G6 probe 3b; sample N206, CS19, x1.25 

AS: midbrain and hindbrain 

S: midbrain and hindbrain 

I) PLA2G6 probe 3b; sample N206, CS19, x5 

AS: midbrain 

S: midbrain 

J) Repeat image of PLA2G6 probe 3b; sample N206, CS19, x5 

AS: midbrain 

S: midbrain 

K) PLA2G6 probe 3b; sample N206, CS19, x5 

AS: hindbrain 

S: hindbrain 

L) PLA2G6 probe 3b; sample N206, CS19, x5 

AS: hindbrain 

S: hindbrain 

 

 

 

  



171 
 

Appendix A.3: 

Additional images of PLA2G6 expression in 9PCW samples (N268) 
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Appendix A.3: Additional images of PLA2G6 expression in 9PCW samples (N268) 

A) PLA2G6 probe 3b; sample N268, F1, x1.25 

AS: Expression seen at the roof and neuroepithelium of the midbrain and in the 

cerebellum and expression in the cerebellum and in the neuroepithelium of the 

pons and attached choroid plexus 

S: no comment 

B) PLA2G6 probe 3b; sample N268, F1, x1.25 

AS:expression seen in the layers of the ventricles, the thalamus, choroid plexus 

and the ganglionic eminences and expression seen in the hypothalamus 

neuroepithelium, the eye and the tongue 

S: no comment 

C) PLA2G6 probe 3b; sample N268, F1, x5 

AS: Expression seen in the cerebellum 

S: no comment 

D) PLA2G6 probe 3b; sample N268, F1, x20 

AS: 9wk midbrain  
S: no comment 

E) PLA2G6 probe 3b; sample N268, F1, x10 

AS: 9wk rombencephalic choroid plexus 

S: 9wk rombencephalic choroid plexus 

F) PLA2G6 probe 3b; sample N268, F1, x5 

AS: Expression seen in ganglionic neuroepithelium,weaker expression in 

differentated neurones 

S: no comment 

G) PLA2G6 probe 3b; sample N268, F1,  x5 

AS: Expression seen in the neural retina..The optic nerve is at the top of the photo 

but is at rather an oblique angle  

S: N/A 

H) PLA2G6 probe 3b; sample N268, F1, x10 

AS: 9wk thalamus/hypothalamus 

S: 9wk thalamus/hypothalamus 
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Appendix A.4: 

Additional images of PLA2G6 expression in 9PCW samples (N477) 
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Appendix A.4: Additional images of PLA2G6 expression in 9PCW samples (N477) 

A) PLA2G6 probe 3b; sample N477, F1, x2.5 

AS: Expression is seen in cortical plate but not as it approaches medial wall. Area 

of basal ganglia appears weak. Expression seen in ventricular layer of dorsal 

pallium and in the ganglionic eminences. 

S: no comment 

B) PLA2G6 probe 3b; sample N477, F1, x2.5 

AS: Expression seen in the cortical plate, hippocampus, ventricular layer of dorsal 

pallium and ganglionic eminences.  
S: no comment 

C) PLA2G6 probe 3b; sample N477, F1, x2.5 

AS: There is distinct expression in the medial wall and an area in the cortical 

plate. There is also expression restricted to the anterior diencephalon 

S: no comment 

D) PLA2G6 probe 3b; sample N477, F1, x1.25 

AS: Expression seen in the ventriclar layers, ganglionic neuroepithelium and the 

eye. The tongue is very pale compared to the previous embryo. 
S: no comment 

E) PLA2G6 probe 3b; sample N477, F1, x5 

AS: Expression seen in the subcortical plate and the ventricular and 

subventricular layers further down the ventricle 

F) PLA2G6 probe 3b; sample N477, F1, x5 

AS: Expression seen in the ganglionic neuroepithelium 

G) PLA2G6 probe 3b; sample N477, F1,  x5 

AS: Expression seen in the eye, optic nerve remains clear 

H) PLA2G6 probe 3b; sample N477, F1, x1.25 

AS: no comment, S: no comment 

I) PLA2G6 probe 3b; sample N477, F1, x5 

AS: Ventricle and skin 

J) PLA2G6 probe 3b; sample N477, F1, x5 

AS: no comment 

K) PLA2G6 probe 3b; sample N477, F1, x5 

AS:eye 

L) PLA2G6 probe 3b; sample N477, F1, x5 

AS: eye 

M) PLA2G6 probe 3b; sample N477, F1, x1.25 

AS: Expression in cerebellum and neuroepithelium of pons and choroid plexus 

S: no comment 

N) PLA2G6 probe 3b; sample N477, F1, x5 

AS: Cerebellum and choroid plexus 
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Appendix A.5: 

Additional images of PLA2G6 expression in spinal cord 
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Appendix A.5: Additional images of PLA2G6 expression in spinal cord 

A) PLA2G6 probe 3b; sample H53, F3, x1.25 

AS: Stage F3 dissected spinal cord, saggital 

Expression seen in dorsal root ganglia and in the body of the spinal cord 

S: F3 dissected spinal cord saggital 

B) PLA2G6 probe 3b; sample N923, F1, x5 

AS: Expression seen in spinal cord 

S: no comment 

C) PLA2G6 probe 3b; sample N477, F1, x10 

AS: Expression in spinal ganglion connected to femoral nerve 

S: no comment 

 

 

 

 

 

 

 

 


