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Abstract 
The development and function of the nervous system relies on complex 

regulation of gene expression programs. MicroRNAs (miRNAs) are small RNAs that 

have diverse functions in mammalian development and disease. In concert with the 

RNA-induced silencing complex, miRNAs repress translation by binding to target 

mRNAs. The nervous system contains the largest proportion of miRNAs, yet few have 

been functionally characterized in vivo.  

miR-133b is a highly conserved miRNA embedded in the sequence of 7H4, a 

noncoding RNA that is enriched at the neuromuscular junction (NMJ), a large synapse 

that is essential for eliciting muscle contraction and movement. I have found that, like 

7H4, miR-133b expression is enriched at the NMJ and upregulated postnatally, 

coinciding with important events in synaptic maturation, including synaptic growth and 

elimination. Knockdown of miR-133b in postnatal muscle by electroporation of modified 

antisense oligonucleotides gave rise to abnormally large synapses, indicating a role for 

miR-133b in synaptic maturation. To specifically remove miR-133b in vivo, I generated a 

mouse containing a targeted deletion of the miR-133b stemloop. NMJ maturation and 

synapse elimination proceeded normally in miR-133b knockout mice, suggesting that 

miR-133b may have other functions at the synapse. The expression of 7H4 and miR-133b 

is upregulated following nerve transection, consistent with a role in synaptic 
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regeneration. Indeed, NMJ reinnervation is delayed in miR-133b KO mice following 

nerve crush, but not nerve cut. These data suggest that miR-133b may have a specific 

protective function at the synapse that could be relevant to disease states, including 

amyotrophic lateral sclerosis (ALS), where NMJ denervation occurs following motor 

neuron cell death. However, loss of miR-133b did not affect survival or disease 

progression in the SOD1(G93A) mouse model, differentiating its role from that of miR-

206, another miRNA found in 7H4. 

miR-133b has recently been proposed to regulate the development and 

maintenance of midbrain dopaminergic (mDA) neurons. mDA neurons have critical 

functions in the control of movement and emotion, and their degeneration leads to 

motor and cognitive defects in Parkinson’s disease. miR-133b is enriched in the midbrain 

and regulates mDA neuron differentiation in vitro by targeting Pitx3, a transcription 

factor required for appropriate development of substantia nigra DA neurons. However, 

the function of miR-133b in the intact midbrain has not been determined. miR-133b KO 

mice have normal numbers of midbrain dopaminergic neurons during development and 

aging. Moreover, dopamine neurotransmitter levels are unchanged in the striatum and 

other brain regions, while expression of dopaminergic genes including Pitx3 is also 

unaffected. Finally, miR-133b null mice display normal motor coordination and activity, 

suggesting that miR-133b does not play a significant role in the development or 

maintenance of the mDA neuron population.
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1. Introduction  

1.1 Neuromuscular Junction Development 

1.1.1 Synapse development in the mammalian nervous system 

The ability of the nervous system to sense and respond to the environment relies 

on electrochemical communication across synapses, highly specialized junctions of 

neural circuitry. During synapse formation, the presynaptic and postsynaptic sites must 

become tightly apposed and differentiate into highly complex structures that are poised 

to release and respond to neurotransmitter, respectively (Li and Sheng, 2003; McAllister, 

2007). Critical for this functionality is the recruitment, organization and restriction of 

receptor proteins on the postsynaptic membrane, and their tight association with 

scaffolding, adaptor, adhesion and signaling molecules. In order to adapt to 

environmental changes, synapses can be strengthened, weakened, added or lost, often in 

an activity-dependent manner and relying on mechanisms underlying synapse 

development (Waites et al., 2005).  

Impairments in central synapse development, plasticity and maintenance can 

cause severe cognitive and behavioral deficits, and are implicated in numerous 

neuropsychiatric and neurological disorders such as autism, schizophrenia, epilepsy and 

Alzheimer’s disease (Lau and Zukin, 2007; Lin and Koleske, 2010; van Spronsen and 

Hoogenraad, 2010; Bayes et al., 2011). Although there have been recent advances, 

remarkably little is known about the mechanisms of synaptic development in the central 



 

2 

nervous system; yet this knowledge is crucial for insights into potential targets for 

therapeutic intervention. Due to the inherent technical difficulties in studying the 

minute (less than a micron in diameter), densely packed (up to several billion synapses 

per mm3) and highly diverse central synapses, the bulk of our knowledge of the general 

principles and molecular mechanisms underlying synapse development and function 

has come from analysis of the neuromuscular junction (NMJ), which is a large, relatively 

simple and experimentally accessible synapse. Indeed, several molecules and 

mechanisms initially characterized at the NMJ have been implicated in central synapse 

formation (Lai and Ip, 2003; Scheiffele, 2003).  

1.1.2 The neuromuscular junction is a model synapse 

The mammalian NMJ is a chemical synapse that mediates communication 

between a motor neuron and a muscle fiber, eliciting movement and behavior. It consists 

of a motor neuron terminal that releases acetylcholine (ACh) neurotransmitter, terminal 

Schwann cell processes that provide trophic support and a postsynaptic muscle fiber 

that contains densely clustered nicotinic ACh receptors (nAChRs). The motor neuron 

terminal contains synaptic vesicles that dock at active zones, where terminal 

depolarization causes fusion of synaptic vesicles and the release of approximately 6000–

8000 molecules of ACh per synaptic vesicle into the synaptic cleft. ACh molecules 

diffuse across the cleft and bind to nAChRs on the postsynaptic membrane. In adult 

muscle, nAChRs are composed of two α, one β, one γ and one δ subunit. Once ACh 
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binds, ligand-gated ion channels open, allowing Na+ ions to flow through the channel 

pore  into the muscle fiber, causing excitation, influx of Ca2+ and fiber contraction. 

Acetylcholinesterase (AChE) is localized to the basal lamina of the synaptic cleft, where 

it hydrolyzes ACh to limit activation of nAChRs to a brief temporal window.  

The shape of the NMJ is conducive to highly efficient communication between 

nerve and muscle. Motor nerve terminals are located in pit-like depressions in the 

muscle membrane, which is further invaginated into junctional folds, forming a large 

synaptic surface area. Thus, the NMJ contains a single primary and multiple secondary 

synaptic clefts, lined by the basal lamina. nAChRs are highly concentrated at the peaks 

of the folds opposite active zones of the presynaptic membrane, while sodium channels 

and other postsynaptic proteins are enriched at the troughs. The positioning of active 

zones opposite junctional fold openings ensures that a high concentration of ACh meets 

a high density of nAChRs, resulting in robust and faithful synaptic transmission. These 

complex and complementary pre- and postsynaptic structures require sophisticated and 

coordinated mechanisms underlying their development and maintenance (Sanes and 

Lichtman, 1999, 2001; Burden, 2002; Wu et al., 2010). 

1.1.3 NMJ formation 

The development of the synapse between a motor neuron in the spinal cord and 

a muscle fiber in the periphery is remarkable in its specificity, morphology and 

adaptability. At the E11 stage of mouse development, precursor myoblasts fuse together 
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to form multinucleated muscle fibers, and begin to express nAChR subunit genes. 

Between E12–E13, before the arrival of motor neurons, nAChRs accumulate in aneural 

clusters in the central region of the muscle fibers, a phenomenon called prepatterning. 

Motor axons grow into the central region of the muscle, bundled together in the main 

intramuscular nerve. The axons branch and terminate near the nerve, forming a narrow, 

central endplate zone that is perpendicular to the long axis of the myotubes. A 

proportion of prepatterned nAChR clusters become innervated, and these are then 

enlarged while aneural clusters are dispersed. In late embryonic stages, borders of 

nAChR clusters become more defined, receptor density increases and clusters become 

more compact. In mammals, each muscle fiber contains only one NMJ; however, one 

motor neuron usually forms synapses with multiple fibers. The group of muscle fibers 

recruited by the activity of one motor neuron is termed a motor unit.  

Schwann cells are required for myelination of motor axons, and terminal 

Schwann cell processes buffer ACh and other molecules, and provide trophic support 

for the synapse. Terminal Schwann cells have other critical functions in synaptogenesis, 

axon regeneration, clearance of degenerating axon debris and sprouting (Reynolds and 

Woolf, 1992; Son and Thompson, 1995a, b; Reddy et al., 2003; Feng and Ko, 2008). 

1.1.4 Signaling mechanisms in NMJ development 

The density of nAChRs is approximately 1000/μm2 in the membrane of 

developing muscle fibers, but reaches above 10,000/μm2 at the adult NMJ and less than 
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10/μm2 in the extrasynaptic membrane. Three mechanisms are believed to contribute to 

the remarkable enrichment of postsynaptic nAChRs: (1) rearrangement and 

accumulation of receptors in the synaptic membrane; (2) stabilization of nAChRs in the 

synaptic membrane; and (3) enrichment of synaptic components through 

compartmentalization of gene expression. These mechanisms rely on a general 

paradigm of positive signaling at the synapse and negative signaling throughout the 

muscle fiber, generating highly refined and tightly apposed pre- and postsynaptic 

apparatuses.  

The primary positive signal in NMJ development is the activation of Muscle-

specific kinase (MuSK), a receptor tyrosine kinase selectively expressed in differentiated 

skeletal muscle, and whose expression is restricted to the NMJ in adult muscle and 

dramatically increased after denervation (Valenzuela et al., 1995). MuSK signaling is 

stimulated by Agrin, a heparin sulfate proteoglycan that is released from motor nerve 

terminals into the synaptic basal lamina, stimulating postsynaptic differentiation and 

nAChR clustering (Anderson and Cohen, 1977; Frank and Fischbach, 1979; Glass et al., 

1996). Agrin binds directly to low density lipoprotein-related protein 4 (Lrp4) in the 

postsynaptic membrane, which is associated with MuSK and couples Agrin binding to 

activation of MuSK (Kim et al., 2008; Zhang et al., 2008). Various adapter molecules are 

required for MuSK activation and downstream signaling, including the PTB domain-

containing protein Dok7 (Okada et al., 2006). Activated MuSK is regulated by 
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endocytosis and proteasomal degradation following ubiquitination by synaptic E3 

ligases including PAUL and Pdzrn3 (Bromann et al., 2004; Lu et al., 2007). 

Negative signaling of synaptic differentiation is mediated by depolarization and 

Ca2+ influx throughout the muscle fiber following ACh release by the nerve terminal. 

Increased intracellular  Ca2+ activates Cyclin-dependent kinase 5 (Cdk5) and 

Calcium/calmodulin-dependent protein kinase II α (CaMKIIα), which signal 

downstream to prevent synaptic specialization (Wu et al., 2010).  

1.1.4.1 Clustering of nAChRs 

 Postsynaptic clustering of nAChRs is mediated by the Agrin-MuSK-Rapsyn 

pathway. MuSK and Lrp4 are both absolutely required for prepatterned and nerve-

induced nAChR clustering (DeChiara et al., 1996; Weatherbee et al., 2006).  Signaling 

downstream of MuSK activation causes cytoskeletal rearrangement and nAChR 

redistribution and anchoring via Receptor associated protein at the synapse (Rapsyn). 

Rapsyn is a membrane-associated cytoplasmic protein that binds directly to nAChRs 

and is required for nAChR clustering (Gautam et al., 1995). MuSK activation enhances 

the binding of Rapsyn to nAChRs and its stability in the membrane (Moransard et al., 

2003). Agrin can induce nAChR clusters in cultured myotubes in the absence of nerve 

(Cohen et al., 1997; Meier et al., 1997), and is required for nerve-induced but not 

prepatterned nAChR clustering in vivo (Gautam et al., 1996; Yang et al., 2000; Lin et al., 

2001; Yang et al., 2001). Spontaneous MuSK activation in newly differentiated muscle 
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positively regulates itself and may be sufficient for nAChR cluster prepatterning (Kim 

and Burden, 2008).  

Enrichment of nAChRs at the synapse also requires dispersal of extrasynaptic 

nAChRs. ACh negatively regulates aneural nAChR clustering through muscle 

depolarization, influx of Ca2+, activation of Cdk5 and CaMKII signaling pathways and 

nAChR degradation (Misgeld et al., 2002; Lin et al., 2005). This negative signaling 

ensures that the pre- and post-synaptic regions are tightly matched, because they only 

develop in direct apposition to highly localized nerve terminal-derived Agrin signaling. 

1.1.4.2 Stabilization of nAChRs  

nAChRs within clusters are highly stabilized, with a slower turnover rate 

compared to those in extrajunctional regions (Akaaboune et al., 2002). This stability is 

dependent on neuromuscular transmission; denervation or application of bungarotoxin 

decreases the half-life of nAChRs in the synaptic membrane and increases their turnover 

(Levitt and Salpeter, 1981; Akaaboune et al., 1999). In addition, MuSK activation 

increases nAChR stability in the membrane via nAChR phosphorylation mediated by 

kinases including the Src family (Mohamed et al., 2001; Smith et al., 2001).  

1.1.4.3 Synapse-specific transcription 

 During NMJ formation, transcription of mRNAs encoding synaptic components 

such as nAChR subunits, Acetylcholinesterase (AChE), MuSK, Rapsyn and Utrophin is 

upregulated in myonuclei underlying the synapse, termed synaptic or fundamental 
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nuclei (Schaeffer et al., 2001; Burden, 2002; Mejat et al., 2003; Sunesen and Changeux, 

2003). This phenomenon was first described for the nAChRα subunit, which is 

exclusively expressed in subsynaptic nuclei (Merlie and Sanes, 1985; Duclert and 

Changeux, 1995). Synapse-specific transcription occurs downstream of MuSK activation, 

but Rapsyn is not required (DeChiara et al., 1996; Gautam et al., 1996; Lin et al., 2001). 

Synapse-associated transcription requires the N-box motif, a single six base pair element 

that is found in the enhancer region of synaptically expressed genes (Koike et al., 1995; 

Gramolini et al., 1997; Fromm and Burden, 1998; Chan et al., 1999). A point mutation in 

the nAChRε N-box leads to reduced expression of nAChRε and congenital myasthenia 

in humans, highlighting the importance of synaptic transcription for NMJ function 

(Nichols et al., 1999; Ohno et al., 1999).  

 The E-twenty-six (Ets) family of transcription factors can bind to the N-box and 

activate transcription. Erm, a member of the Pea3 family of Ets transcription factors, is 

critical for synapse-specific transcription (Hippenmeyer et al., 2002; Hippenmeyer et al., 

2007). Erm knockout mice display an expanded central band of nAChR clusters, 

fragmentation of clusters, defects in synaptic transmission and muscle weakness. Very 

little is known about the signaling pathways linking MuSK activation to Ets family 

transcription factors and synaptic transcription. 

 Synaptic genes are transcriptionally repressed outside the NMJ due to signaling 

downstream of nerve-stimulated muscle depolarization and calcium entry (Klarsfeld 
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and Changeux, 1985; Goldman et al., 1988). Denervation or block of neurotransmission 

leads to increased nAChR transcription and surface expression throughout the muscle 

fiber, and “denervation supersensitivity” to ACh (Thesleff and Sellin, 1980). Presence of 

the E-box element in gene enhancer regions is required for muscle-specific and 

denervation-dependent extrasynaptic expression (Tang et al., 1994). Basic helix-loop-

helix (bHLH) myogenic transcription factors bind to the E-box, including MyoD, Myf5, 

MRF4 and Myogenin (Arnold and Winter, 1998). Myf5 and MyoD are thought to be 

important for muscle cell fate determination, while Myogenin is critical for terminal 

differentiation of myoblasts (Braun and Gautel, 2011). The Myocyte enhancer factor 2 

(MEF2) family of transcription factors associates with myogenic transcription factors to 

activate skeletal myogenesis (Molkentin et al., 1995). Class II histone deacetylases 

HDAC4 and HDAC5 bind to MEF2 and repress MEF2-dependent gene transcription. 

During myogenesis, CaMK-dependent signaling is required to phosphorylate HDAC4, 

causing it to be exported from the nucleus, and therefore promoting myogenic 

expression and differentiation of myoblasts (McKinsey et al., 2000).  

 HDACs appear to play a different role in neuronal activity-dependent repression 

of gene expression. HDAC inhibitors prevent induction of activity-regulated genes 

following denervation, implying that HDACs are required for upregulation of gene 

expression (Tang and Goldman, 2006). In innervated muscle, HDAC4 is phosphorylated 

by CaMKII and exported from the nucleus, while MEF2-dependent gene expression is 
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inhibited by the Dach2 and MITR corepressors, which bind and sequester MEF2 from 

the Myogenin promoter. Once muscle is denervated, HDAC4 is dephosphorylated and 

translocates to the nucleus where it inhibits MITR and Dach2, allowing MEF2 to access 

the Myogenin promoter and activate transcription of muscle-specific genes, including 

those normally restricted to the synapse (Tang and Goldman, 2006; Cohen et al., 2007).  

1.1.5 NMJ maturation 

Between birth and adulthood, the NMJ transforms in order to accommodate 

more advanced motor coordination and more powerful muscle contraction. First, the 

shape of the NMJ undergoes extensive elaboration (Balice-Gordon and Lichtman, 1990; 

Marques et al., 2000).  The neonatal postsynaptic nAChR cluster is shaped as a relatively 

flat, oval plaque. After birth, the plaque becomes perforated as nAChRs are lost from 

some regions, and branched, forming a pretzel-like structure (Marques et al., 2000). As 

the muscle fibers enlarge with growth of the animal, the postsynaptic region expands 

while maintaining a high density of nAChRs. Meanwhile, the motor neuron terminal 

sinks into a depression in the muscle fiber, and the postsynaptic junctional membrane 

becomes invaginated to form junction folds with segregated domains of synaptic 

components (Flucher and Daniels, 1989). The pre- and postsynaptic sites become tightly 

aligned; at birth, axon sprouting is common, where the axon extends beyond the 

postsynaptic region, and Schwann cell processes are highly dynamic. Eventual 

perforation of the postsynaptic site occurs in parallel with synapse elimination, and may 
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be linked such that nAChRs are retained only at sites of permanent nerve-muscle contact 

(Balice-Gordon et al., 1993).  

The composition of the nAChR, much like other ligand-gated ion channels of 

central synapses, undergoes a subunit exchange postnatally. At around P7, the 

embryonic γ subunit is replaced by the adult ε subunit via a transcriptional switch (Gu 

and Hall, 1988). During this switch, the nAChR is converted from a slow channel with a 

long open time and low conductance, to a fast channel that has a short open time and 

high conductance (Mishina et al., 1986). Deletion of the epsilon subunit in mice does not 

impede early synapse development including synapse elimination, but postsynaptic 

maturation is impaired (Witzemann et al., 1996; Missias et al., 1997). In addition to 

altered channel properties, the stability of membrane nAChRs is altered postnatally; 

having greater than one week retention time in the adult, but less than one day in the 

embryo. Synaptic nAChRs remain clustered in the membrane for many weeks following 

denervation in the adult, but are rapidly lost in the embryo (Frank et al., 1976). Basal 

lamina components of the Dystrophin-glycoprotein complex (DGC) may act to stabilize 

and maintain synaptic nAChRs, supported by the fact that DGC mutations lead to NMJ 

deterioration and muscular dystrophy (Grady et al., 1997; Grady et al., 2000; Jacobson et 

al., 2001). Presynaptically, terminals become more efficient, axons become myelinated 

and synapse elimination occurs, all in order to meet the demands of growing muscle 

fibers and the need for more rapid and coordinated motor responses. 
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1.1.6 Synapse elimination 

In mammals, each adult muscle fiber contains one neuromuscular synapse, and 

each synapse contains input from only one motor axon. However, at birth, each synapse 

is initially innervated by multiple motor axon terminals that undergo a series of changes 

in morphology and synaptic strength that eventually lead to the loss of all but one axon 

per muscle fiber; this process is called synapse elimination (Brown et al., 1976; Wyatt 

and Balice-Gordon, 2003). Elimination of axonal connections occurs at other synapses 

during development; for example, thalamocortical axons withdraw from cortical layer 

IV cells (Hubel et al., 1977), climbing fibers from Purkinje cells (Crepel et al., 1976), and 

preganglionic axons from ganglion cells (Lichtman, 1977). Synapse elimination is 

thought to be one method of refinement of neural circuitry, allowing for development of 

precise and robust connectivity from initially diffuse and redundant inputs (Lichtman 

and Colman, 2000). 

At the NMJ, synapse elimination occurs in the first two weeks postnatally, well 

after the period of motor neuron cell death, resulting in loss of axon branches and a 

reduction in motor unit size. This is required for the orderly recruitment of muscle fibers 

that occurs during muscle contraction (Mendell, 2005). At birth, competing terminals 

occupy a similar area of synaptic territory, have a comparable nAChR density and are 

intermingled. Axon terminals then segregate and the “losing” axon gives up territory to 

the “winning” axon, finally undergoing atrophy and withdrawing, often as a retraction 
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bulb (Riley, 1977; Gan and Lichtman, 1998). The weakening of the losing axon’s 

morphology parallels a similar weakening in its spontaneous and evoked synaptic 

transmission. 

Competition between axons at the NMJ and other synapses relies on 

asynchronous activity; temporally correlated activity slows competition, while 

uncorrelated/asynchronous activity enhances competition (Wyatt and Balice-Gordon, 

2003). For example, blocking neurotransmission from one input via focal application of 

BTX leads to loss of that input, while blocking the entire NMJ prevents synapse 

elimination, consistent with a requirement for a relative difference in synaptic activity 

(Balice-Gordon and Lichtman, 1994). In another example, synchronous stimulation and 

firing of both axons also prevents elimination (Busetto et al., 2000), while deletion of 

Connexin 40, a gap junction protein, induces more asynchronous firing and accelerates 

synapse elimination (Personius et al., 2007). 

The signaling pathways governing synapse elimination are still unclear, but are 

thought to involve target-derived retrograde factors termed “synaptotrophins” and 

“synaptotoxins” that prevent or induce axon withdrawal, respectively (Lichtman and 

Colman, 2000). In vivo evidence for synaptotoxins is still lacking, but several candidate 

synaptotrophins have been proposed. Trophic factors could be released in limiting 

quantities and taken up in an activity-dependent manner, thus protecting active axons 

while sequestering the factors from the competitor. Interestingly, blocking local protein 
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synthesis in muscle leads to axon retraction, consistent with the need for retrograde 

signaling by a muscle-derived trophic factor (McCann et al., 2007).  

1.1.7 Neurotrophic factors in motor neuron and synapse development 

 Neurotrophic factors play important roles in the development of the nervous 

system. Competition for limited availability of target-derived neurotrophic factors is an 

overriding theme in development, with two main functions: (1) survival of a subset of 

neurons from a larger population and (2) formation and maintenance of appropriate 

synaptic connectivity with target tissue. Motor neuron innervation of skeletal muscle is 

no exception. Neurotrophic factors and their receptors have been shown to be important 

for the development and maintenance of presynaptic motor neurons, muscle fibers and 

Schwann cells (Pitts et al., 2006). Muscle-derived factors are required for survival of 

motor neurons during the period of programmed cell death, when 50% of motor 

neurons are lost after making contact with target muscle.  

Glial cell line-derived neurotrophic factor (GDNF) is a Transforming growth 

factor β (TGF-β) superfamily secreted protein that is a potent survival factor for motor 

neurons in vitro and for developing embryonic spinal motor neurons in vivo. The GDNF 

co-receptors GFRα and Ret are localized to the pre- and postsynaptic membrane at the 

NMJ, and GDNF is expressed in embryonic and postnatal skeletal muscle (Trupp et al., 

1995; Nosrat et al., 1996; Nagano and Suzuki, 2003; Baudet et al., 2008). Deletion of 

GDNF, GFRα or Ret leads to a 25% reduction in spinal motor neurons in development, 
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especially subsets of motor neurons innervating the limbs (Henderson et al., 1994; 

Moore et al., 1996; Garces et al., 2000; Oppenheim et al., 2000). Viral GDNF expression in 

muscle prevents motor neuron degeneration and axon retraction in a mouse model of 

amyotrophic lateral sclerosis, prolonging disease onset and increasing lifespan of the 

animals (Wang et al., 2002b). In transgenic mice overexpressing GDNF in muscle and in 

mice injected with GDNF, motor neurons have increased branching, postnatal NMJs are 

hyperinnervated and synapse elimination is delayed (Nguyen et al., 1998; Keller-Peck et 

al., 2001), suggesting that limiting the amount of muscle-derived GDNF may be one 

mechanism regulating the timing of synapse elimination.  

GDNF may also be important for NMJ maturation. GDNF application in vitro 

enhances clustering of presynaptic vesicles and postsynaptic AChRs, and increases the 

frequency and amplitude of synaptic transmission (Ribchester et al., 1998; Wang et al., 

2002a; Yang and Nelson, 2004). Conditional deletion of Ret in cranial motor neurons 

causes motor neuron cell death and defects in presynaptic terminal maturation and 

specialization at the NMJ during development and after regeneration (Baudet et al., 

2008). Therefore, precise control of neurotrophic factors such as GDNF may underlie 

critical postsynaptic events such as synapse elimination and maturation. 

1.1.8 Regeneration of the NMJ after injury 

After peripheral nerve injury, neurons undergo a stereotyped process of axonal 

degeneration, new axon regrowth and reinnervation of target organs to restore function. 
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Following lesion of peripheral nerves by cut or crush, axons distal to the point of injury 

degenerate in an anterograde process termed Wallerian degeneration, whereby the 

axons and myelin sheath are degraded and cleared by Schwann cells and infiltrating 

macrophages (Coleman and Freeman, 2010). Schwann cells then proliferate, forming 

tubes that serve as an adhesive substrate and provide trophic support for regenerating 

axons. Several days after injury, the proximal axon begins to send out sprouts and can 

travel by about 1 mm per day. As axons reach their target, terminal Schwann cells send 

out processes that guide the axon to its synaptic site (Kang et al., 2003). As in 

development, synapses become multiply innervated and synapse elimination occurs 

through activity-dependent competition between axons. Axons preferentially innervate 

their original synaptic site and appropriate muscle fiber type; the mechanisms 

underlying this specificity are unclear (Sanes and Covault, 1985; Navarro et al., 2007).  

NMJ reinnervation is most likely regulated by muscle-derived signals; for 

example, innervated muscle cannot be hyperinnervated, while denervated muscle is 

readily reinnervated (Frank et al., 1975; Sanes and Covault, 1985). Reinnervation 

following nerve lesion has been extensively used as a model system to approximate 

some aspects of development, as well as to elucidate mechanisms underlying synaptic 

recovery that may be of therapeutic interest. Understanding signaling pathways that 

promote regeneration after injury or in disease is critical for developing treatments for 
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peripheral reinnervation and may also aid in the design of new strategies for central 

nervous system regeneration. 

1.1.9 NMJ dysfunction in human disease 

Studies of the NMJ have greatly contributed to our understanding of the 

principles and components of the synapse required for its development, function and 

maintenance. They have also shed light on the pathophysiology of muscular disorders 

where the NMJ is dysfunctional. The critical need for appropriate mechanisms of 

neuromuscular synapse formation is highlighted by myasthenic disorders resulting 

from disruption of NMJ development, function and maintenance. Myasthenic disorders 

include Myasthenia Gravis (MG) and Congenital Myasthenia Syndrome (CMS), 

devastating diseases characterized by excessive weakness and fatigue of voluntary 

muscle (Hirsch, 2007; Engel et al., 2008). MG is an autoimmune disorder caused by 

generation of antibodies that bind to synaptic components such as nAChRs and MuSK, 

causing inhibition of synaptic transmission. CMS is a heritable disease that is often 

caused by mutations in key NMJ components or N-box elements of their promoter 

regions, leading to defective nAChR production, targeting or function. Genes mutated in 

CMS include nAChR subunits, MuSK, Dok-7, Rapsyn, ChAT and AChE (Hirsch, 2007; 

Engel, 2008).  These mutations impair the development, maintenance and function of the 

NMJ, resulting in weak synaptic transmission and minimal muscle excitation. Discovery 

of mutations responsible for CMS has shed light on our understanding of the genes 
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required for synaptic development, while characterization of known and novel synaptic 

genes is a basis for the development of new therapeutic avenues. 

1.1.10 Identification of 7H4  

Synaptically enriched mRNAs are excellent candidates for molecules likely to be 

involved in synapse development and function. Indeed, transcripts of several molecules 

critical for NMJ formation, such as nAChR subunits, MuSK and Rapsyn, are synaptically 

enriched. Screens comparing mRNAs of isolated synaptic and extrasynaptic regions of 

muscle have yielded novel and important synaptic components (Velleca et al., 1994; 

Kishi et al., 2005; McGeachie et al., 2005; Jevsek and Burden, 2006; Jevsek et al., 2006). 

Many of these studies exploited the unique anatomy of the thin, flat diaphragm muscle, 

whose innervation runs perpendicular to and across the center of the muscle fibers. 

Thus, the middle segment of the muscle contains the vast majority of synapses and 

nAChR clusters. This central synaptic band, when stained with fluorescently tagged α-

bungarotoxin for AChRs, can be easily distinguished and dissected for comparative 

analysis by microarray or northern blot of RNA levels in the synaptic and extrasynaptic 

tissue. In the first of such a screen, cDNA pools from synaptic and extrasynaptic rat 

diaphragm were subtractively hybridized, resulting in the discovery of a conserved, 

synapse-associated, and polyadenylated mRNA called 7H4 (Velleca et al., 1994).  

The 7H4 mRNA transcript is expressed at threefold higher levels in the synaptic 

region and is specific to differentiated skeletal muscle; it is undetectable in the sciatic 
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nerve, Schwann cells or fibroblast cell lines. In addition, its expression is 

developmentally regulated, peaking at postnatal day 7 (P7), with lower levels neonatally 

and in the adult. This expression pattern may reflect a critical role for 7H4 in key events 

in early postnatal NMJ development, such as synapse elimination and synaptic 

maturation. Moreover, 7H4 mRNA levels are dramatically increased after sciatic nerve 

lesion in the adult, consistent with neuronal regulation of expression. The synaptic 

enrichment and regulation of 7H4 expression during development and denervation are 

consistent with a potentially important role for 7H4 in synapse development, function 

and regeneration. Surprisingly, although polyadenylated, the sequence of the 7H4 

transcript contains no open reading frames or introns, and thus it was deemed to be a 

noncoding RNA of unknown function (Velleca et al., 1994). Further studies of 7H4 were 

hindered by the limited knowledge of mammalian noncoding RNAs at that time.   

There has been a recent expansion in the study of noncoding RNAs; indeed, they 

are now known to have dynamic and critical roles in nervous system development and 

function (Cao et al., 2006; Kosik, 2006; Mehler and Mattick, 2007). Intriguingly, the 

noncoding 7H4 transcript contains the sequence of two conserved skeletal muscle-

specific microRNAs, miR-206 and miR-133b (Figure 1A) (Lagos-Quintana et al., 2002).  

MicroRNAs (miRNAs), a class of noncoding, single-stranded, 21–23 nucleotide RNAs, 

have emerged in the last decade as key regulators of gene expression, with a wide 

variety of functions in development, physiology and disease. 
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Figure 1: The noncoding RNA 7H4 contains the sequence of two highly 
conserved microRNAs. (A) Schematic of 7H4, including stemloop regions of miR-206 
and miR-133b. (B–C) Alignment of miR-206 (A) and miR-133b (B) to their respective 
orthologs in other species and to their conserved miR-1 and miR-133a microRNA 
paralogs. Nonconserved nucleotides are highlighted in orange. miR-206 and miR-133b 
show 100% sequence homology among all vertebrate orthologs examined thus far. 

 

1.2 Regulation of Gene Expression by MicroRNAs 

1.2.1 Discovery of miRNAs 

The first microRNA, lin-4, was discovered in C. elegans in 1992. lin-4 controls 

developmental timing by binding to complementary sequences in the 3’UTR of its target 

lin-14, thereby repressing its expression posttranscriptionally (Lee et al., 1993; Wightman 
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et al., 1993). In 1998, RNA interference, the silencing of gene expression by double 

stranded, short interfering RNAs (siRNAs), was discovered in C. elegans (Fire et al., 

1998). lin-4 remained the only example of an endogenous small regulatory RNA in 

animals until the discovery of C. elegans let-7 in 2000, which also regulates 

developmental timing (Reinhart et al., 2000). Soon after, let-7 was found to be conserved 

across many animal species (Pasquinelli et al., 2000).  After screening cDNA libraries of 

small RNAs, more examples of miRNAs were cloned from C. elegans and found to be 

conserved across many phyla, including mammals (Lagos-Quintana et al., 2001; Lau et 

al., 2001; Lee and Ambros, 2001).  Hundreds of animal miRNAs have now been 

identified in mammals, constituting a new and widespread mechanism for regulation of 

gene expression (Berezikov et al., 2006; Ruby et al., 2006). siRNAs and RNA interference 

are thought to have evolved in order to protect the cell by degrading foreign or invasive 

double stranded RNA such as viruses and transposons (Carthew and Sontheimer, 2009). 

miRNAs may have evolved from this machinery in order to provide additional levels of 

gene regulation that can contribute to organism complexity. 

1.2.2 MiRNA biogenesis 

The machinery for the generation and function of miRNAs has been extensively 

characterized (Filipowicz et al., 2008; Brodersen and Voinnet, 2009; Fabian et al., 2010; 

Krol et al., 2010; Saj and Lai, 2011). microRNAs are transcribed by RNA polymerase II as 

long primary transcripts (pri-miRNA) that are subsequently capped and 
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polyadenylated. Many miRNAs are expressed in clusters as bi- or multi-cistronic 

primary transcripts. Primary miRNA transcripts form an imperfectly base paired 

stemloop containing the miRNA, which is recognized and cleaved by the 

microprocessor complex of Drosha and its cofactor DGCR8 in the nucleus. Drosha 

excises the stemloop region, leaving a short, 3’ overhang, which is recognized by a 

second RNase III enzyme, Dicer, in the cytoplasm. Dicer cleaves the terminal loop to 

produce a duplex of the miRNA and its antisense sequence (miRNA*). The miRNA 

duplex is unwound and Dicer feeds the single stranded, mature microRNA into the 

RNA-induced silencing complex (RISC), where it associates with an Argonaute (Ago) 

protein. The miRNA then acts as a guide strand, directing the RISC to a specific mRNA 

target by binding with imperfect complementarity to sites usually found in the 3’UTR 

(Bartel, 2009). miRNA nucleotides 2–8 are called the seed region, and bind with a higher 

degree of complementarity to the target site than the rest of the miRNA. When the 

miRNA/RISC is recruited to an mRNA target, several mechanisms of translational 

repression and mRNA destabilization can occur. Components of the RISC can bind to 

the mRNA cap, recruit deadenylation factors, block ribosomal assembly, and promote 

sequestration or cleavage of the miRNA target. Some target mRNA levels are decreased 

by miRNA, while others are unchanged and only translation is repressed (Filipowicz et 

al., 2008; Bartel, 2009; Brodersen and Voinnet, 2009; Fabian et al., 2010). 
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Under certain cellular conditions, some miRNAs deviate from canonical actions, 

for example, activating, rather than repressing, translation, and/or binding to the 5’UTR 

rather than the 3’UTR (Vasudevan and Steitz, 2007; Vasudevan et al., 2007; Orom et al., 

2008). These noncanonical functions often occur under conditions of cellular stress, and 

miRNAs are increasingly being found to play important roles in cellular responses to 

stress (Leung and Sharp, 2007). 

1.2.3 Functions of miRNAs in development and disease 

Hundreds of microRNAs have been cloned and thousands predicted, with each 

miRNA potentially regulating hundreds of targets; some estimates predict that 30% of 

animal genes may be miRNA targets (Sethupathy et al., 2006). Many miRNAs exhibit 

interesting expression patterns that are specific to certain tissues, developmental stages 

and physiological conditions, suggesting their involvement in these processes. Indeed, 

miRNAs regulate diverse aspects of development, cell physiology and disease, including 

cell proliferation, differentiation and survival (Kloosterman and Plasterk, 2006; Bushati 

and Cohen, 2007; Chang and Mendell, 2007).  

Some of the strongest evidence for roles of mammalian miRNAs in vivo has come 

from deletion of the obligatory miRNA processing enzyme, Dicer, in the intact animal, 

which results in loss of all miRNAs. Dicer null mouse embryos die at E7.5 (Bernstein et 

al., 2003), and maternal-zygotic Dicer mutant zebrafish have severe defects in 

morphogenesis during gastrulation and development of brain, somites and heart 
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(Giraldez et al., 2005). Therefore, miRNAs have essential roles in vertebrate 

development. Conditional Dicer deletion in mice has been used to examine the role of 

miRNAs in a variety of tissues. Dicer has been found to be critical for the development 

and/or survival of hair follicles (Andl et al., 2006), vascular smooth muscle (Pan et al., 

2011), stomach (Kim et al., 2011), Schwann cells (Bremer et al., 2010), adipose tissue 

(Mudhasani et al., 2011), limb (Harfe et al., 2005), lung epithelium (Harris et al., 2006), 

skeletal muscle (O'Rourke et al., 2007) and heart (Chen et al., 2008).  In order to 

determine the roles of miRNAs in vivo, several mutant mice have now been generated 

with targeted deletions of specific miRNAs. Individual miRNA knockout mice display a 

variety of general and context-dependent phenotypes in the immune, cardiovascular 

and nervous systems, and a range of severity, with some miRNA knockouts having no 

apparent phenotype unless another homologous miRNA is also deleted or the system is 

challenged (Park et al., 2010).  

1.3 miR-206 and miR-133b in Skeletal Muscle 

1.3.1 The miR-1/206 and miR-133 families of muscle miRNAs 

MicroRNAs are crucial for development of skeletal muscle; conditional deletion 

of Dicer in embryonic skeletal muscle causes perinatal lethality due to skeletal muscle 

hypoplasia (O'Rourke et al., 2007). The miR-1/206 and miR-133a/b families of 

microRNAs are highly expressed in muscle as bicistronic transcripts at three loci and 

have important roles in muscle development and function (Chen et al., 2005; Williams et 
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al., 2009a; Townley-Tilson et al., 2010). miR-1 and miR-133a are expressed in cardiac and 

skeletal muscle, while miR-206 and miR-133b are specifically expressed in skeletal 

muscle and are found in the 7H4 noncoding RNA transcript (Velleca et al., 1994). These 

miRNA families are highly conserved; miR-1 and miR-206 differ by 4 nucleotides (Fig. 1 

B), and miR-133a and miR-133b differ by only 1 nucleotide (Figure 1C). Their expression 

is upregulated during skeletal muscle differentiation due to binding by myogenic 

transcription factors MyoD and Myogenin to upstream enhancer regions (Chen et al., 

2005; Rao et al., 2006).  

miR-1 and miR-133a regulate muscle differentiation and proliferation in vitro in 

C2C12 myoblasts. miR-1 inhibits differentiation by targeting HDAC4, while miR-133a 

was promotes proliferation by targeting Serum response factor (SRF) (Chen et al., 2005). 

However, mice with a deletion of both miR-133a-1 and miR-133a-2 have cardiac defects 

due to increased proliferation, suggesting that miR-133a may act to inhibit proliferation 

(Liu et al., 2008). This discrepancy can be explained by the fact that SRF is known to 

activate proliferation in some circumstance, and may reflect multiple context-dependent 

functions of miR-133a. miR-1-2 single knockout mice also have defects in cardiac 

development and electrical conduction, with 50% lethality by the time of weaning (Zhao 

et al., 2007). 

Functions of miR-206 and miR-133b are thought to include regulation of slow 

muscle fiber identity, hypertrophy and regeneration (Williams et al., 2009a). miR-133 has 
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been found to target neuronal Polypyrimidine tract binding protein (nPTB) in vitro 

(Boutz et al., 2007). PTB regulates alternative splicing in neuronal and muscle 

differentiation; PTB prevents inclusion of neuronal exons and promotes muscle 

differentiation, while nPTB prevents inclusion of muscle-specific exons and is 

downregulated during muscle differentiation. Targeting of nPTB by miR133 ensures that 

alternative splicing is biased towards inclusion of muscle-specific exons during muscle 

differentiation. However, it is unclear whether this targeting is due to the actions of miR-

133a, miR-133b or both. miR-206 promotes C2C12 myoblast differentiation and has been 

found to target the DNA polymerase α subunit, Connexin 43, Follistatin-like 1 and 

Utrophin in vitro (Anderson et al., 2006; Kim et al., 2006; Rosenberg et al., 2006). 

Moreover, miR-206 is upregulated in skeletal muscle of the mdx mouse model of 

muscular dystrophy (McCarthy et al., 2007).  

1.3.2 miR-206 regulates NMJ reinnervation 

In a microarray screen for miRNAs whose expression is altered in the 

SOD1(G93A) mouse model of ALS, miR-206 was found to be the most strongly 

upregulated (Williams et al., 2009b). Like 7H4, miR-206 is enriched at the synapse and 

increased after denervation, due to the presence of three E-box elements in the enhancer 

region of 7H4. Surprisingly, the NMJ develops normally in miR-206 KO mice. However, 

disease progression of SOD1(G93A) mice is accelerated in a miR-206 KO background, 

and reinnervation of the NMJ after peripheral nerve lesion is delayed in miR-206 KO 
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mice, suggesting a protective function of miR-206 at the NMJ. miR-206 was proposed to 

mediate this function by targeting HDAC4. Consistent with this hypothesis, HDAC4 

expression is increased in the KO mice, and conditional deletion of HDAC4 in muscle 

causes the opposite phenotype to that of miR-206 KO, with accelerated NMJ 

reinnervation. Finally, HDAC4 may inhibit reinnervation in part through its 

transcriptional repression of Fibroblast growth factor binding protein 1 (FGFBP1). 

FGFBP1 potentiates the activity of synaptic FGFs (for example, FGF-7, -10 and -22) by 

releasing them from extracellular matrix, and thereby promoting presynaptic 

differentiation.  

1.3.3 Research objectives 

The expression pattern of 7H4 bears all the hallmarks of a gene with important 

contributions to NMJ development and function, however, the function of 7H4 at the 

synapse has not been fully elucidated. While miR-206 has been characterized in vitro in 

myoblast differentiation and at the NMJ in vivo, the specific role of miR-133b at the NMJ 

has not been examined in any context. We hypothesized that miR-133b shares a similar 

expression pattern as 7H4 and plays an important role in NMJ development and 

function. The goals of the work described in Chapter 2 were to characterize the 

expression pattern of miR-133b at the NMJ and determine its contribution to 

mammalian NMJ development, maintenance and reinnervation through generation and 

analysis of a miR-133b knockout mouse. 
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1.4 miR-133b in Midbrain Dopaminergic Neuron Development 
and Function 

1.4.1 MicroRNAs in neuronal development and maintenance 

MicroRNAs are essential for appropriate development and survival of neurons 

in a variety of brain regions, as demonstrated by studies of mice lacking all miRNAs due 

to deletion of a Dicer, the enzyme required for cleavage of mature miRNA from its 

precursor transcript. Constitutive deletion of a floxed Dicer allele in developing neurons 

in a CaMKIIα-Cre line of mice causes massive neuronal cell death after birth (Davis et 

al., 2008), while Purkinje cell-specific postnatal deletion of Dicer using transgenic Pcp2-

Cre leads to Purkinje cell death, progressive cerebellar neurodegeneration and ataxia 

(Schaefer et al., 2007). Conditional Dicer deletion in the retina gives rise to 

morphological defects and progressive degeneration (Damiani et al., 2008), and mice 

with Wnt-Cre dependent Dicer deletion display defective development of midbrain and 

cerebellum, and fail to form midbrain dopaminergic neurons (Huang et al., 2010). 

Moreover, the role of non-cell autonomous miRNAs is illustrated by deletion of Dicer 

specifically in astrocytes using mGFAP-Cre, which results in neuronal degeneration, 

cerebellar degeneration, seizures and early death (Tao et al., 2011). Therefore, miRNAs 

appear to be critical for the survival and maintenance of the nervous system. The 

progressive nature of neuronal death after Dicer deletion in cortex, cerebellum, retina 

and astrocytes suggests that defects in miRNA pathways could contribute to 

pathogenesis of some neurodegenerative diseases.  
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1.4.2 Midbrain dopaminergic neuron degeneration in Parkinson’s 
disease 

Parkinson’s disease (PD) is one of the most common neurodegenerative 

disorders, afflicting at least 500,000 people in the United States. The major symptoms of 

PD are muscle rigidity, tremor at rest and bradykinesia (slow movement). Other 

symptoms include depression and cognitive defects such as dementia (Davie, 2008). PD 

results from the progressive cell death of midbrain dopaminergic (mDA) neurons of the 

substantia nigra pars compacta (SNc) and depletion of dopamine in the caudate nucleus 

and putamen (dorsal striatum). The onset of PD occurs between 50–70 years of age, with 

death usually following 10–20 years later. PD is spontaneous or heritable, and can result 

from mutations in several genes such as α-synuclein, Parkin, LRRK2, PINK-1 and DJ-1 

(Cookson and Bandmann, 2010; Martin et al., 2010). 

Very little is known of the mechanism of PD pathogenesis and progression, and 

especially why DA neurons of the SNc are selectively vulnerable to neurodegeneration, 

while DA neurons of the neighboring ventral tegmental area (VTA) are not. 

Understanding the signaling pathways involved in mDA neuron differentiation, 

maintenance and degeneration is critical for improvements and innovations in PD 

therapy. 

1.4.3 Midbrain DA neuron development 

Midbrain DA neurons play essential roles in the control of movement, emotion, 

motivation and addiction. mDA neurons are found in the VTA, SNc and retrorubral 
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field (RRF). DA neurons in the VTA project to the nucleus accumbens and septum in the 

mesolimbic pathway, and frontal and cingulate cortex in the mesocortical pathway. VTA 

neuron activity regulates emotion, signifies reward and is affected in neurological and 

psychiatric disorders such as depression, schizophrenia and addiction. In the 

nigrostriatal pathway, SNc DA neurons project to medium spiny neurons (MSNs) of the 

caudate/putamen in a very dense innervation; approximately 80% of all DA in brain is 

found in the caudate/putamen. DA is critical for modulating cortical and thalamic 

glutamatergic synapses onto striatal MSNs; this modulation is important for many 

psychomotor functions of the basal ganglia, including habit learning and control of 

movement. DA binds to G-protein-coupled D1 and D2 receptors on MSNs, which alter 

gating and trafficking of ion channels to modulate the response of MSNs to glutamate. 

D1 receptors are expressed in striatonigral MSNs (direct pathway) and their activation 

enhance dendritic excitability, while D2 receptors are expressed in striatopallidal MSNs 

(indirect pathway) and their activation decreases excitability (Surmeier et al., 2007). 

Release of DA from SNc neurons normally increases the total disinhibition of the 

thalamus by activating the direct pathway and inhibiting the indirect pathway, thus 

positively regulating movement. The specific degeneration of SNc DA neurons is the 

hallmark of PD pathogenesis; PD brains contain one tenth the normal levels of DA in 

caudate/putamen and SNc (Davie, 2008). Depletion of DA in the caudate/putamen 
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hinders the disinhibition of the thalamus required for movement, and underlies motor 

symptoms in PD.  

mDA neurons are born at approximately E10 near the midline of ventral 

mesencephalon and migrate ventrolaterally to form the SNc and VTA (Prakash and 

Wurst, 2006). Cell fate determination of mDA neurons relies on the intersection of FGF8 

produced from the midbrain-hindbrain border (isthmus) and Sonic hedgehog (SHH) 

released from the floor plate (Hynes and Rosenthal, 1999; Smidt and Burbach, 2007).  

TGFβ, retinoic acid and Wnt1 also play important roles in the early specification of mDA 

neurons (Prakash and Wurst, 2006; Smidt and Burbach, 2007). Following neuronal 

migration, a unique temporal cascade of transcription factor expression allows mDA 

neurons to pass through stages of differentiation until they become terminally 

differentiated mDA neurons. Several transcription factors have been found to be 

important for mDA neuron differentiation and maintenance, including NURR1, 

MASH1, LMX1B/A, NGN2, EN1/2, Retinoic acid, TGFα and β, and Pitx3 (Smidt and 

Burbach, 2007). 

Pitx3 is a bHLH transcription factor expressed in mDA neurons from E11.5 

through adulthood (van Schaick et al., 1997). Aphakia mutant mice lack expression of 

Pitx3 and have arrested development of the lens and motor defects (Semina et al., 2000).  

SNc DA neurons and their projections to the caudate and putamen fail to develop after 

E12.5 in Pitx3 mutant mice and are progressively lost after birth, suggesting a specific 
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role for Pitx3 in SNc neuron differentiation and maintenance (Nunes et al., 2003; van den 

Munckhof et al., 2003; Smidt et al., 2004; Maxwell et al., 2005). Pitx3 mice have impaired 

motor function and learning (van den Munckhof et al., 2003; Singh et al., 2007), and 

some motor defects in Aphakia mice can be alleviated with L-DOPA, the DA precursor 

that is used to treat PD patients (Hwang et al., 2005). The acute locomotor response to 

cocaine is impaired in Pitx3 null mice, reflecting a loss of nigrostriatal innervation, while 

behavior in response to cocaine reinforcement is similar to wildtype mice, reflecting 

intact projections from VTA to nucleus accumbens (Beeler et al., 2009). 

1.4.4 A role for miR-133b in midbrain dopaminergic neurons 

Midbrain DA neurons are generated and maintained through complex actions of 

multiple interacting transcription factors. In many developmental scenarios, miRNAs 

provide an additional level of posttranscriptional regulation, often forming feedback 

loops with transcription factors themselves (Chen and Rajewsky, 2007). The role of 

miRNAs in the development and maintenance of mDA neurons has recently been 

explored (Kim et al., 2007). The embryoid body protocol was used as an established in 

vitro model of mDA neuron differentiation. In this protocol, neural progenitor cells are 

formed in vitro from ES cells and then induced to differentiate into a dopaminergic cell 

fate (Lee et al., 2000). ES cells from blastocysts homozygous for floxed Dicer were 

cultured according the embryoid body protocol. Infection of Dicerfl/fl differentiating cells 

with virus expressing Cre led to Dicer deletion, loss of miRNAs and prevented their 
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differentiation to a mDA phenotype (Kim et al., 2007). In vivo, mice with conditional 

deletion of Dicer in postmitotic dopaminergic neurons, through use of the DAT-Cre 

transgenic line, displayed progressive apoptosis of mDA neurons and reduced 

locomotion, with long periods of immobility. Therefore, miRNAs have critical functions 

in terminal differentiation and/or maintenance of midbrain DNs. 

In order to detect miRNAs that may have roles in mDA neurons, the expression 

of 224 miRNA precursors was compared between control adult midbrain and PD 

midbrain, which lacks mDA SNc neurons. miR-133b, but not miR-133a-1 or miR-133a-2, 

was found to be enriched in control and depleted in PD midbrain. miR-133b was also 

enriched in the midbrain of wildtype but not Aphakia mice that lack SNc neurons. 

Returning to the in vitro differentiation paradigm, Pitx3 was found to directly activate 

transcription of the miR-133b precursor, while mature miR-133b downregulated Pitx3 

by targeting its 3’UTR in a negative feedback loop that may control timing of Pitx3 

mediated gene transcription. In functional analyses, overexpression of miR-133b in vitro 

reduced the extent of mDA neuron differentiation and DA release, while knockdown of 

miR-133b by 2’-O-methyl antisense oligonucleotides had the opposite effect, consistent 

with regulation of Pitx3. The function of miR-133b in the midbrain has not been 

explored in vivo, but it may have important roles in regulating the number, function and 

survival of mDA neurons. 
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1.4.5 Research objectives 

In vitro data strongly suggests that miR-133b is involved in mDA neuron 

differentiation, and biochemical analysis links miR-133b to PD. It will be important for 

the field of PD and neurodegeneration to explore whether these findings are born up in 

vivo. We hypothesized that if miR-133b indeed regulates mDA differentiation and/or 

maintenance by targeting the Pitx3 transcription factor, that deletion of miR-133b in vivo 

would lead to perturbations of the mDA neuron system in development or aging. The 

goals of the work described in Chapter 3 were to (1) quantify the number and 

morphology of mDA neurons in developing, adult and aging miR-133b KO mice (2) 

determine whether there are alterations in dopaminergic gene expression and 

neurochemistry after miR-133b deletion and (3) analyze motor and anxiety-like 

behaviors in miR-133b KO mice in order to uncover possible defects that linked to mDA 

neuron dysfunction. 
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2. The Role of the MicroRNA miR-133b at the NMJ 

2.1 Summary 

Synapse development, plasticity and maintenance require elaborate mechanisms 

regulating gene expression, while impairments in these mechanisms contribute to many 

disorders and diseases of the nervous system. MicroRNAs are a class of regulatory small 

RNAs that have been increasingly implicated in neuronal and synaptic physiology. 7H4 

is a muscle-specific noncoding RNA that is transcriptionally enriched at the 

neuromuscular synapse and contains the sequences of two microRNAs, miR-206 and 

miR-133b. 7H4 and miR-206 expression is upregulated postnatally and after 

denervation, and miR-206 has critical roles in synaptic regeneration; however, the 

expression and function of miR-133b has not been characterized. We find that miR-133b 

shares a similar expression pattern with 7H4/miR-206 and that knockdown of miR-133b 

promotes postnatal synaptic growth in vivo. However, synaptic development, 

maturation and aging are unaffected in miR-133b knockout mice. Synaptic reinnervation 

is delayed in miR-133b knockout mice, suggesting that miR-133b may act in part to 

promote regeneration of the neuromuscular synapse. 
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2.2 Introduction 

Synapses are fundamental units of neuronal circuitry (Cowan et al., 2001). 

Synaptic physiology and plasticity underlie simple and complex neural circuitry, 

behavior and cognition, while synaptic dysfunction contributes to pathogenesis of 

neurological and psychiatric disorders (Grant, 2003; van Spronsen and Hoogenraad, 

2010). Precise regulation of gene expression is critical for synaptic development, 

plasticity and maintenance. Neurons possess intricate mechanisms for regulating gene 

expression, including transcription factor networks, local translation and epigenetic 

modifications (Qiu and Ghosh, 2008). 

Recently, microRNAs have emerged as key regulators of gene expression in the 

development and function of a wide range of tissues, including the nervous system 

(Bushati and Cohen, 2007; Christensen and Schratt, 2009). miRNAs are a class of 

noncoding, single-stranded, 21-23 nucleotide RNAs, which regulate expression of their 

mRNA targets through translational inhibition or degradation. MiRNAs are produced 

by sequential cleavage of full-length RNA polymerase II transcripts (pri-miRNA) by the 

nuclear enzyme Drosha to approximately 70 nucleotide stemloop precursors (pre-

miRNAs); these are then cleaved in the cytoplasm by Dicer to generate mature miRNAs, 

which are incorporated into the RNA-induced silencing complex (RISC) (Krol et al., 

2010). MiRNAs bind with imperfect homology to discrete regions in the 3’UTR of their 

target mRNAs, and thereby selectively induce translational inhibition, decapping, 
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deadenylation, sequestration or cleavage of their targets (Fabian et al., 2010). 

Mammalian miRNAs exhibit diverse roles in cell physiology, development and disease 

(Chang and Mendell, 2007).  Hundreds of microRNAs have been cloned and thousands 

predicted, with each miRNA potentially regulating hundreds of targets; some estimates 

predict that 30% of animal genes may be miRNA targets (Sethupathy et al., 2006; 

Friedman et al., 2009). Thus, miRNAs may play important roles in the regulation of gene 

expression in neurons and at the synapse. Several miRNAs have interesting neuronal 

expression patterns and regulate neuronal development, plasticity and survival (Schratt 

et al., 2006; Bak et al., 2008; Fineberg et al., 2009; Cohen et al., 2011). In vivo studies have 

implicated miRNAs in behaviors such as circadian rhythms, drug addiction and 

learning and memory (Cheng et al., 2007; Hollander et al., 2010; Konopka et al., 2010). 

Moreover, miRNA dysfunction has been linked to various neurological and psychiatric 

disorders (Miller and Wahlestedt, 2010). miRNA/RISC machinery is detected 

synaptically (Lugli et al., 2005), and some miRNAs have been reported to locally 

regulate translation at the synapse (Schratt et al., 2006; Cohen et al., 2011; Siegel et al., 

2011). Identification of synaptic miRNAs could lead to identification of novel 

mechanisms regulating synaptic development, plasticity and physiology. 

miR-206 and miR-133b are two microRNAs whose sequence is embedded in 7H4, 

a conserved noncoding RNA that is locally expressed at the neuromuscular junction 

(NMJ), a model synapse due to its large size, accessibility and relative simplicity (Lagos-
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Quintana et al., 2001; Sanes and Lichtman, 2001). 7H4 was identified in a screen for 

mRNAs enriched at the NMJ by synapse-specific transcription; upregulated 

transcription in specialized synaptic nuclei is a mechanism for local enrichment of 

synaptic components at the NMJ (Velleca et al., 1994; Mejat et al., 2003). 7H4 mRNA and 

miR-206 are synaptically enriched and skeletal muscle-specific. They have an intriguing 

postnatal expression pattern, peaking at P7, concurrent with key events in NMJ 

development, such as growth, maturation and synapse elimination, where multiple 

axons innervating the NMJ are pruned to just one. 7H4 and miR-206 are dramatically 

upregulated after peripheral nerve lesion, and miR-206 plays an important role in NMJ 

reinnervation by relieving HDAC4-mediated repression of FGFBP1 (Velleca et al., 1994; 

Williams et al., 2009b). miR-206 is also highly upregulated in the superoxide dismutase 1 

(SOD1) G93A transgenic mouse model of amyotrophic lateral sclerosis (ALS). 

SOD1(G93A)/miR-206 knockout mice exhibit accelerated disease progression and 

synaptic denervation, suggesting that 7H4/miR-206 play critical roles in NMJ 

degeneration and regeneration (Williams et al., 2009b).  

The function of miR-133b, the second miRNA found in the 7H4 sequence, has not 

been explored. Its levels increase with differentiation of myoblasts in vitro; however, the 

in vivo, postnatal expression pattern and activity of miR-133b are entirely unknown. The 

highly regulated and spatially restricted expression pattern of its parent RNA, 7H4, 

suggests novel roles for miR-133b in synapse development.  
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Here we characterize the in vivo expression pattern of miR-133b at the 

mammalian NMJ and find that it is synaptically enriched, upregulated postnatally and 

after denervation. We find that miR-133b targets Glial cell line-derived neurotrophic 

factor (GDNF) in vitro. GDNF has critical roles in promoting neuron survival, 

specification and connectivity and is implicated in events in postnatal NMJ development 

such as synaptic growth and synapse elimination (Nguyen et al., 1998; Airaksinen and 

Saarma, 2002). Early postnatal knockdown of miR-133b in vivo by electroporation of 

antisense oligonucleotides leads to increased nAChR area. To specifically assess the 

function of miR-133b in vivo, we generated mice with a targeted deletion of the miR-133b 

stemloop region. miR-133b knockout (KO) mice appear grossly normal and have no 

apparent defects in NMJ formation, synapse elimination or maturation; motor behavior 

and learning are also unaffected. Reinnervation in miR-133b KO mice is delayed 

following denervation by nerve crush but not cut, suggesting that, like miR-206, miR-

133b may promote NMJ regeneration. However, unlike miR-206 deletion, loss of miR-

133b does not exacerbate disease progression in a mouse model of ALS. Furthermore, 

morphological traits of NMJ aging in miR-133b mice are similar to WT. Therefore, miR-

133b appears to play a role in synaptic regeneration, but other functions at the NMJ may 

be more subtle or restricted to paradigms not explored in this study.  
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2.3 Results 

2.3.1 miR-133b is synaptically enriched and upregulated in postnatal 
muscle 

 In order to determine whether mature miR-133b, like 7H4, is synaptically 

enriched, miR-133b expression levels in the synaptic and extrasynaptic regions of mouse 

diaphragm were analyzed by miRNA northern blot. The synaptic region of postnatal 

day 21 (P21) diaphragm was visualized by motor nerve terminal fluorescence in the 

Thy1-GFP-J line of transgenic mice, which expresses GFP in motor neurons (Feng et al., 

2000). RNA was extracted from dissected synaptic and extrasynaptic tissue and 

processed for northern blot. Because miRNAs are very short in length, antisense 

oligonucleotide probes which contain locked nucleic acids (LNA) were used to improve 

the specificity and sensitivity of miRNA detection (Valoczi et al., 2004). Northern 

blotting with digoxigenin (DIG)-end-labeled LNA probes clearly showed synaptic 

enrichment of miR-133b, similar to that of 7H4 (Fig. 2A,B). In order to visualize the 

expression pattern of miR-133b, P6 diaphragm muscle was processed for whole-mount 

miRNA in situ hybridization using DIG-labeled LNA oligonucleotide probes 

(Wienholds et al., 2005; Kloosterman et al., 2006a). Signal from a probe antisense to miR-

133b was clearly higher in the central synaptic region, while signal from a scrambled 

probe was diffuse throughout the muscle (Fig. 2C). 7H4 was previously found to have 

an intriguing developmental expression pattern, peaking after the first postnatal week, 

concomitant with several significant events in NMJ maturation. To determine whether 
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miR-133b shares a similar time course of expression, RNA was extracted from postnatal 

hindlimb muscle 0, 7, 14 and 21 days after birth, and northern blot carried out using a 

miR-133b LNA probe. Mature miR-133b did indeed follow a bell-shaped expression 

pattern, with maximal expression one week after birth (Fig. 2D). Together, these data 

suggest that, like 7H4, expression of miR-133b is localized to the synapse and peaks after 

the first week of postnatal development. 

 

 

Figure 2: Expression of miR-133b at the neuromuscular junction. (A) Northern 
blot analysis of mature miR-133b expression in synaptic (+) and extrasynaptic (-) regions 
of P21 mouse diaphragm. (B) Normalized intensities of bands in (A) show synaptic 
enrichment of miR-133b. **p < 0.0005, Student’s t-test. n = 3. (C) and (D) Whole-mount 
miRNA in situ hybridization of P0 diaphragm with antisense (C) but not scrambled (D) 
DIG-labeled LNA probes shows restriction of miR-133b signal to the central synaptic 
band. Error bars indicate SEM. 
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2.3.2 Predicted targets of miR-133b 

miRNAs function by binding with imperfect complementarity to miRNA 

recognition elements (MREs) in the 3’UTR of target mRNAs, causing their degradation, 

preventing their translation, or in rare cases, activating translation. This regulation can 

have broad or specific cellular effects, depending on the number and function of the 

relevant miRNA targets. Thus, discovery of miR-133b targets will shed light on its 

functions at the synapse. Several computational algorithms are available that predict 

targets of a given miRNA, based on target complementarity and cross-species 

conservation (Sethupathy et al., 2006). Of these, TargetScan is one of the most current 

and widely used algorithms, basing its prediction on the probability of conserved 

targeting and the context score, which takes into account target site complementarity, 3' 

pairing, local AU sequences and position in the 3’UTR (Lewis et al., 2005; Grimson et al., 

2007; Bartel, 2009; Friedman et al., 2009). TargetScan predicts hundreds of putative 

targets for Mus musculus miR-133b (Table 1, Appendix A); several candidates known to 

be expressed in muscle were chosen for further study. Of import, one predicted target, 

Gdnf, has a strong context score and is highly conserved among mammals (Fig. 3A, 

Table 1, Appendix A).  

2.3.3 Gdnf is targeted in vitro 

We sought to determine whether miR-133b can downregulate Gdnf expression in 

heterologous cells. COS cells, which do not express miR-133b, were simultaneously 
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transfected with a reporter construct containing the Gdnf 3’UTR downstream of firefly 

luciferase and a miR-133b expressing or empty vector. Luciferase fused to two 

sequential sequences perfectly antisense to miR-133b was also coexpressed with the 

 

Figure 3: Prediction and testing of Gdnf as a miR-133b target in vitro. (A) 
Conserved miR-133b binding site predicted in the 3’UTR of Gdnf. (B) The Gdnf 3’UTR 
was mutated to disrupt binding of the miR-133b seed region. Mutated nucleotides are 
highlighted in orange. (C) COS cells were transfected in triplicate with firefly luciferase 
reporters containing no 3’UTR, the Gdnf 3’UTR, mutated Gdnf 3’UTR or a miR-133b 
sensor, and cotransfected with a plasmid vector expressing miR-133b and GFP or GFP 
alone. All cells were transfected with a vector expressing Renilla luciferase. The relative 
firefly to Renilla luciferase activity of triplicate samples was measured 24 h after 
transfection. Data represent the mean from three experiments (*p < 0.005; **p < 5E-13). 
Error bars indicate SEM. 
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miRNA as a “sensor” control: this perfect complementarity induces miRNA-mediated 

target degradation via the siRNA pathway. Indeed, luciferase activity was almost 

abolished when miR-133b was expressed with its sensor construct, thus demonstrating 

efficient production of functional miRNA (Fig. 3C). miR-133b caused a significant 

reduction in luciferase activity in cells cotransfected with the Gdnf 3’UTR reporter, 

consistent with its prediction as a target (Fig. 3C). Furthermore, miR-133b mediated 

knockdown of the Gdnf 3’UTR is specific to the predicted MRE: when the MRE region 

complementary to the miR-133b seed region was mutated in order to disrupt miR-133b–

target base pairing, miR-133b no longer significantly reduced expression of the reporter 

(Fig. 3B,C). These data suggest that Gdnf may be targeted by miR-133b in vivo. 

2.3.4 miR-133b knockdown in vivo perturbs NMJ development 

 The spatial and temporal expression pattern of miR-133b is suggestive of an 

important regulatory function in mammalian NMJ development. In order to determine 

whether it is critical for postnatal changes in the NMJ, miR-133b was knocked down in 

vivo using 2’O-methyl antisense oligonucleotides, which harbor a stabilizing chemical 

modification that allows tight binding and efficient knockdown of the targeted miRNA. 

Because 7H4 expression increases after birth and peaks at P7, knockdown was 

performed during this period of upregulation in living mouse muscle. The right and left 

tibialis anterior muscles of P2 mice were electroporated with antisense 2’O-methyl 

oligonucleotides or scrambled 2’O-methyl control oligonucleotides, respectively, in 
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addition to a GFP-expressing plasmid for monitoring electroporation efficiency. Animals 

were sacrificed at P6, and the tibialis muscle dissected. Muscles exhibiting GFP 

expression and therefore efficient electroporation were sectioned longitudinally; NMJs 

were then stained with Alexa-647-BTX to label postsynaptic AChRs, while the 

presynaptic nerve was visualized by Cy3 immunofluorescence staining for  

 

Figure 4: miR-133b knockdown in vivo increases nAChR cluster area at the 
NMJ. (A,B) P2 tibialis muscles were electroporated with scrambled (A) or 133b antisense 
(B) 2’O-methyl oligonucleotides. A GFP plasmid (blue) was used to indicate efficient 
electroporation. After 4 days, the presynaptic nerve was immunostained for 
Synaptophysin and Neurofilament (green) and postsynaptic nAChRs were stained with 
Alexa-647-BTX (red). Arrow heads in (B) indicate unusually large NMJs for this stage of 
development. (C) Quantification of nAChR clusters demonstrates significantly larger 
area after miR-133b knockdown (*p < 0.005, Student’s t-test). Error bars indicate SEM. 
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Neurofilament and Synaptophysin. After miR-133b knockdown, the area of postsynaptic 

BTX staining was significantly enlarged relative to control (Fig. 4). This could reflect 

increased levels of GDNF, which has been shown to increase nAChR cluster size in vitro. 

2.3.5 Generation of conditional miR-133b knockout mice 

miR-133b possesses a closely related homologue, miR-133a, which regulates 

proliferation and differentiation of cardiac and skeletal muscle (Chen et al., 2005). miR-

133b differs from miR-133a by only one base; therefore, oligonucleotides designed to 

knock down miR-133b would also be expected to interfere with miR-133a function in 

muscle. In order to specifically target miR-133b, a miR-133b conditional knockout mouse 

was generated. A targeting construct was designed containing loxP sites flanking the 

miR-133b stemloop region and a FRT-flanked pGK-Neo cassette 3′ to the floxed 

stemloop (Fig. 5A). LoxP sites were inserted around a region of the stemloop that had 

been experimentally validated as sufficient for generation of functional miR-133b (Fig. 

5B). Overexpression of this stemloop region in heterologous cells was found to cause 

robust expression of mature miR-133b, as detected by miRNA northern blot (Fig. 18) and 

luciferase reporter assays (Fig. 3). The targeting constructs were designed such that all 

other transcribed or regulatory regions of the 7H4 gene, including miR-206, were left 

unaltered. Unlike many miRNAs that are found in introns or other regions of protein-

coding genes, miR-133b is relatively isolated; thus its deletion should not have 

unwanted effects on transcription of other genes. The targeting vector was introduced 
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into ES cells and homologous recombination at the miR-133b locus was detected by 

Southern blot (Fig. 5C). Correctly targeted ES cells were used to generate chimeric mice, 

and germline transmission of the targeted allele was confirmed by PCR screening. 

 

Figure 5: Generation of a miR-133b knockout mouse. (A) Schematic of miR-
133b stemloop targeting strategy. Box containing miR-133b represents the miR-133b 
stemloop region. FLP, mouse expressing germline FLP; Cre, mouse expressing germline 
Cre. Arrows show locations of PCR primers for genotyping. (B) Sequence of the miR-
133b stemloop region flanked by loxP and Neo cassette. Mature miR-133b sequence is in 
bold. (C) Southern blot analysis following EcoRI digestion of WT and correctly targeted 
ES cell genomic DNA. The 5’ probe binding site is indicated in A. (D) PCR genotyping of 
miR-133b floxed, wildtype, heterozygous, and knockout mice. (E) RT-PCR demonstrates 
loss of miR-133b stemloop expression in brain and muscle of miR-133b KO mice. 
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The Neo cassette was excised by mating miR-133bflox-Neo/+ mice with a FLPe deleter strain, 

and subsequent miR-133bflox/+ mice were mated with a Cre deleter strain to remove the 

miR-133b stemloop. Floxed, wildtype, heterozygous and knockout mice genotypes were 

detected by PCR genotyping of tail DNA (Fig. 5D), and loss of miR-133b confirmed by 

RT-PCR for the miR-133b stemloop (Fig. 5E). Heterozygous mice were backcrossed at 

least 8 generations to C57 mice, and maintained on a C57BL/6 background. miR-133b 

KO mice were viable, fertile, and born at a Mendelian ratio. The KO mice appeared 

grossly normal, had similar weights and lifespan as their wildtype littermates and did 

not display overt behavioral defects. 

2.3.6 Postnatal NMJ maturation proceeds normally in miR-133b 
mutant mice 

 The peak in miR-133b expression after the first postnatal week suggests that it 

plays a role in concurrent events in synapse development such as synapse elimination 

and maturation. Synapse elimination occurs in the first two postnatal weeks; NMJs are 

multiply innervated at birth and by P14 all but one axon retracts. Because miR-133b 

targets GDNF in vitro, and GDNF overexpression delays synapse elimination in vivo, 

miR-133b deletion might be expected to cause increased GDNF levels and possibly 

delayed synapse elimination. P4 to P10 sternomastoid muscle from WT and KO mice 

was stained for presynaptic nerve and postsynaptic AChRs, and synaptic morphology 

quantified from confocal images (Fig. 6A). No difference was detected in the percentage  
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Figure 6: Synapse elimination proceeds normally in miR-133b KO mice. (A) 
Representative images showing NMJ maturation in P4–P10 WT and KO sternomastoid 
muscle. Immunofluorescence staining of presynaptic Neurofilament and Synaptophysin 
(green) and BTX staining of postsynaptic nAChRs (red). Filled white arrowheads, NMJs 
with multiple axon innervation. Empty arrowheads, retraction bulbs. (B) The proportion 
of sternomastoid NMJs with multiple innervation decreases from P4 to P10 at a similar 
rate in WT and KO mice. n = 21–24 images. (C) Growth in postsynaptic area of en face 
sternomastoid NMJs is similar in WT and KO mice. n = 21–24 images. (D) Proportion of 
developing sternomastoid NMJs with single, double or triple innervation is similar in 
WT and KO mice. Error bars indicate SEM. 

 

of multiple innervation at any time point or in the rate of synapse elimination between 

WT and KO mice (Fig. 6A–B). More detailed quantification of the number of axons per 

synapse also revealed no distinction between WT and KO (Fig. 6C). miR-133b could 

function to regulate postnatal growth of the NMJ. miR-133b knockdown in developing 
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muscle causes overgrowth of nAChR clusters, perhaps due to increased levels of GDNF, 

which is known to increase nAChR cluster area in vitro. However, in miR-133b KO mice, 

average postsynaptic area was equivalent to that of WT mice (Fig. 6D), suggesting that 

miR-133b does not play a role in regulating synapse elimination or nAChR cluster area 

in vivo. 

2.3.7 Motor coordination and locomotion are unaffected in miR-133b 
mutant mice 

 No morphological defects were observed at NMJs of miR-133b KO mice, but this 

does not preclude the presence of functional deficiencies, which may be revealed in the 

motor output of the animal. To explore this possibility, adult miR-133b KO and WT mice 

were trained and tested on a steady-speed and accelerating rotarod. No difference was 

observed in motor learning (Fig. 7A) or motor coordination (Fig. 7B,C) between WT and 

KO mice, even at maximal drum speeds. Spontaneous locomotion of mice was observed 

in the illuminated open field task; total distance traveled was equivalent between WT 

and KO mice (Fig. 7D). Finally, very few WT or KO mice presented with signs of 

clasping, which is associated with motor system dysfunction due to pathologies in 

motor neurons, proprioceptive neurons, basal ganglia and cerebellum (Fig. 2.6E) 

(Lalonde and Strazielle, 2011). Therefore, miR-133b KO mice appear to have normal 

motor output, suggesting that NMJ function is intact. 
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Figure 7: Motor behavior is unaltered in miR-133b KO mice. (A–C) Rotarod test 
of 5 month old male WT and miR-133b KO mice. Mice were trained on a rotarod at a 
fixed speed of 24 rpm for 4 trials per day over three days and latency to fall was 
recorded (A). On the fourth day, mice were placed on an accelerating rotarod (4–40 rpm) 
for 3 trials and the mean final drum speed (B) and latency to fall (C) were recorded.  n = 
13 WT and 9 KO mice. (D) Spontaneous locomotor activity of 3–4-month-old male WT 
and KO mice in the open field test. n = 12 WT and 12 KO mice. (E) Hindlimb clasping 
score in 6-month-old female and 8-month-old male WT and KO mice. Mice were scored 
on a scale of 0–3. 0 = no clasping and 3 = maximum clasping. n = 10–17 mice. Error bars 
indicate SEM. 

 

2.3.8 NMJ reinnervation after motor nerve lesion in miR-133b KO mice 

 7H4 expression increases dramatically after nerve lesion and loss of motor 

neuron activity, indicating that it may play a role in injury-dependent pathways; 

however, miR-133b expression after denervation has not been confirmed previously. 

Sciatic nerve of adult WT mice was unilaterally transected and RNA extracted from  
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Figure 8: Denervation-induced miR-133b expression. Semi-quantitative RT-PCR 
of cDNA from control or denervated hindlimb muscle 2, 4 and 10 days after unilateral 
sciatic nerve cut. Levels of pre-miR-133b and AChRγ increase dramatically in 
denervated muscle, while levels of pre-miR-133a-1, pre-miR-133a-2 and GAPDH are 
unchanged. 

 

control and denervated hindlimb muscle harvested 2, 4 and 10 days later. Semi-

quantitative RT-PCR revealed that the miR-133b stemloop and embryonic AChRγ 

subunit transcripts increased dramatically in denervated, but not control, muscle. 

Moreover, expression of pre-miR-133a-1/2 and GAPDH were unchanged, suggesting 

differential regulation of miR-133a and miR-133b (Fig. 8). Therefore, miR-133b is poised 

to function in processes downstream of nerve loss. miR-206 has been found to promote 

reinnervation of NMJs by relieving HDAC4 mediated repression of FGFBP, which 

potentiates neurotrophic effects of FGFs (Williams et al., 2009b). Because miR-206 and 

miR-133b are found in the same transcript, it is reasonable that they may regulate similar  
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Figure 9: Mild delay in axonal reinnervation of NMJs in miR-133b KO mice. 
(A) Representative images of NMJ reinnervation in tibialis anterior of WT and KO mice 
3 weeks after sciatic nerve cut. Presynaptic nerve was stained for Neurofilament and 
Synaptophysin (green) and postsynaptic nAChRs stained with BTX (red). Images 
courtesy of G. Valdez. (B, D, F, H/middle column) Percentage of NMJs with axonal 
reinnervation. (C,E,G,I/right column) Percentage of NMJs with zero (denervated), 
partial or full innervation, as assessed by NMJ morphology following 
immunofluorescence staining. (B,C) Sternomastoid NMJs 6 days post-accessory nerve 
crush. *p = 0.01, Student’s t-test. n = 5 WT, 4 KO mice. (D,E) Sternomastoid 9 days post 
accessory nerve crush. n = 6 WT, 5 KO mice. (F,G) Tibialis anterior 3 weeks post sciatic 
nerve cut. n = 6 WT, 6 KO mice. (H,I) Tibialis anterior 5 weeks post sciatic nerve cut. n = 
7 WT, 8 KO mice. Error bars indicate SEM. 
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processes. The reinnervation status of WT and miR-133b KO NMJs was determined in 

sternomastoid muscle following accessory nerve crush and in tibialis anterior muscle 

following sciatic nerve cut. A mild yet significant delay in reinnervation of miR-133b KO 

NMJs was observed 6 days after nerve crush (Fig. 9B). However, no difference in 

reinnervation status was detected 9 days after nerve crush or 3 or 5 weeks after nerve cut 

(Fig. 9D–I). These data suggest that miR-133b plays a more minor role in NMJ 

reinnervation than does miR-206. 

2.3.9 Disease progression is unchanged after miR-133b deletion in 
the SOD1(G93A) mouse model of ALS 

 Superoxide dismutase 1 (SOD1) is a ubiquitous antioxidant enzyme that 

catalyzes that dismutation of superoxide radicals. Overexpression of the G93A mutant 

human SOD1 in mice recapitulates many aspects of ALS, including adult onset of 

paralysis and eventual death due to loss of spinal motor neurons and denervation of 

NMJs (Gurney et al., 1994). Peak body weight is typically used to determine the onset of 

the disease, often in combination with a neurological score (Ludolph et al., 2007; Scott et 

al., 2008). miR-206 deletion has been found to accelerate NMJ denervation and disease 

progression in SOD1(G93A) mice. We sought to determine whether miR-133b deletion 

has a similar effect. No difference was detected in survival, disease onset or disease 

progression between SOD1(G93A) transgenic mice and SOD1(G93A) mice homozygous 

for the miR-133b deletion (Fig. 10). Therefore, miR-133b does not regulate ALS-like 

disease progression in mice. 
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Figure 10: Loss of miR-133b does not affect survival or disease progression in 
the (G93A)SOD1 mouse model of amyotrophic lateral sclerosis (ALS). (A) miR-133b 
KO;SOD1, miR-133b het;SOD1 and WT;SOD1 mice have a similar survival time, 
approximately 150 days. (B) Disease onset is unchanged in het:SOD1 and KO;SOD1 
mice. (C) Disease progression is also equivalent in WT;SOD1, het:SOD1 and KO;SOD1 
mice. Left column, data from female mice; middle column, data from male mice; right 
column, combined data. n = 8 female, 8 male SOD1; 10 female, 8 male miR-133b 
het;SOD1; 6 female, 9 male miR-133b KO;SOD1 mice. Error bars indicate SEM. 
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Figure 11: NMJs of miR-133b KO mice exhibit normal morphological features 
of aging. (A-O) Representative images of NMJs in tibialis anterior muscle of 12-month-
old and 18-month-old WT and miR-133b KO mice. Immunofluorescence staining of 
presynaptic nerve (green) and postsynaptic AChRs (red) reveals typical features of NMJ 
aging, including fragmentation ((A-B), quantified in (C)) and low complexity ((D-E), 
quantified in (F)) of the postsynaptic region, axonal sprouting ((G-H), quantified in (I)), 
multiple innervation ((J-K), quantified in (L)) and axonal swellings ((M-N), quantified in 
(O)). Left image column, WT; right image column, KO. n = 9 WT and 9 KO 12-month-old 
mice; and 5 WT and 7 KO 18-month-old mice. Error bars indicate SEM. 

 

2.3.10 NMJ aging in miR-133b mutant mice  

 Like many components of the nervous system, the neuromuscular synapse 

undergoes several morphological alterations as a consequence of aging, including the 

appearance of axonal swellings, axonal sprouting, multiple innervation and 

postsynaptic fragmentation (Courtney and Steinbach, 1981; Cardasis and LaFontaine, 

1987; Valdez et al., 2010).  These alterations are thought to be due to increased 

spontaneous denervation and reinnervation of NMJs as the animal becomes less active 

and nerve and muscle cells age. Age-associated NMJ degeneration and loss of muscle 

mass  have been linked to increases in oxidative stress and loss of trophic support (Jang 

and Van Remmen, 2011). We investigated the possibility that miR-133b plays a role in 

the processes involved in NMJ aging. We could detect no morphological differences in 

NMJ aging between WT and miR-133b KO mice, including NMJ fragmentation, 

complexity, axonal sprouting, multiple innervation and axonal swelling (Fig. 11). 
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2.4 Discussion 

Here we find that miR-133b is a synaptically-enriched microRNA that is 

upregulated postnatally and after denervation. We describe the generation of a 

conditional miR-133b knockout mouse and find that constitutive deletion of miR-133b 

appears to have no effects on NMJ development, function or aging. miR-133b KO mice 

do have delayed NMJ reinnervation following nerve crush, suggesting that miR-133b 

may positive regulate the process of NMJ regeneration through as yet unknown targets. 

While miR-133b and miR-206 are found in the same primary transcript, 7H4, and 

share similar expression patterns, the phenotype of miR-133b knockout mice only 

partially overlaps with that of miR-206 knockouts. First, the miR-133b KO reinnervation 

phenotype is only apparent after nerve crush, but not cut. This may reflect the fact that 

the effect is milder in the miR-133b KO and may be obscured by the large variability in 

the rate of axonal reinnervation after nerve cut. An alternate explanation is that miR-

133b may have a larger role in reinnervation of sternomastoid muscle, which was 

denervated by nerve crush, than in reinnervation of tibialis muscle, which was 

denervated by nerve cut.  

A second difference between miR-133b KO and miR-206 KO mice is that miR-206 

deletion accelerates disease progression in the SOD1(G93A) mouse model of ALS, while 

miR-133b deletion has no effect. In this case, it is likely that miR-133b does not serve a 

similar function as miR-206. However, it should be pointed out that the SOD1(G93A) 
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transgenic mice used in this study have a higher copy number and earlier disease onset 

than those used in the study of miR-206 function (Williams et al., 2009b). Thus, miR-133b 

may not be able to exert a protective effect due to the greater severity of the disease 

model.  

The mild NMJ phenotype in miR-133b KO mice suggests that miR-133b may not 

be as critical at the synapse as miR-206. Although both are highly evolutionarily 

conserved and most likely co-transcribed, miR-206 may function both at the synapse and 

in muscle differentiation, while miR-133b may be more important for muscle 

differentiation, its presence at the synapse being only a secondary consequence of the 

evolution of a synaptic function for the upstream miR-206. 

Another possibility is that there is compensation for the loss of miR-133b by a 

variety of mechanisms. Although miR-133b is predicted to target a different set of genes 

than does miR-206 (Tables 1 vs. 2, Appendix A), they could have complementary 

functions at the synapse such that miR-206 compensates for loss of miR-133b. This could 

be circumvented by tamoxifen-inducible deletion of the floxed miR-133b allele in 

developing or adult muscle using a β-actin-CreERT2 line of mice (Hayashi and 

McMahon, 2002). To determine the overall function of 7H4, it will be critical to 

characterize the NMJ phenotype of miR-206/133b double knockout mice; a more severe 

or novel phenotype than that of miR-206 KO mice will suggest that miR-133b and miR-

206 both have critical roles at the synapse.  
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The increased synaptic size observed after miR-133b knockdown was not found 

after miR-133b deletion. This could be due to possibility that the antisense 

oligonucleotides used to knock down miR-133b could also target the highly homologous 

miR-133a1 and miR-133a2. miR-133a1 and miR-133a2 double knockout mice have 

recently been reported (Liu et al., 2008). It will be interesting to observe whether similar 

or novel aberrations in NMJ development and function occur in miR-133a1, miR-133a2, 

miR-133b triple knockout animals. Another consideration is that the miR-133b 

knockdown experiments differed from targeted miR-133b deletion in that electrical 

shock was applied to the muscle to introduce the oligonucleotides. Postnatal synaptic 

and muscle maturation is highly dependent on electrical activity, and miR-133b could 

function to coordinate NMJ development with altered patterns of activity (Pette and 

Vrbova, 1999; Sanes and Lichtman, 2001). This could be assessed by examining the 

effects of postnatal electrical stimulation on NMJ and muscle development in miR-133b 

KO mice.  

These data demonstrate that loss of miR-133b causes a mild delay in NMJ 

reinnervation, but has no apparent effect on other aspects of NMJ development and 

maintenance. However, miR-133b may have critical functions at the NMJ that were not 

directly tested in this work, which could be uncovered in future through detailed 

electrophysiological, electron microscopy, morphological and behavioral tests. In 

conclusion, the NMJ serves as useful model system to explore the in vivo roles of 
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synaptic miRNAs such as miR-206 and miR-133b. Identification and characterization of 

novel miRNAs that are locally expressed at the NMJ may provide important insights 

into the mechanisms underlying mammalian synaptic development, maintenance and 

plasticity. 
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2.5 Materials and Methods 

2.5.1 Plasmids 

A miR-133b overexpression vector was constructed in the pBUDCE4.1 dual 

promoter vector (Invitrogen). The miR-133b stemloop region was amplified by PCR of 

genomic DNA and cloned into the XhoI/BglII restriction sites downstream of the EF1-α 

promoter. GFP from pEGFP-N1 (Clontech) was cloned into the HindIII/XbaI restriction 

sites downstream of the CMV promoter. Cloning primers are found in Table 4 

(Appendix B).  

2.5.2 RNA extraction and RT-PCR 

Total RNA was extracted using TRIzol reagent (Invitrogen). Small RNA enriched 

and total RNA were extracted using the mirVana kit (Ambion). Following DNaseI 

digestion (Ambion), reverse transcription was performed using AffinityScript kit 

(Stratagene). Semi-quantitative RT-PCR was carried out cDNA using primers found in 

Table 5 (Appendix B).  

2.5.3 Synapse enrichment 

To obtain synaptic and extrasynaptic RNA fractions, P21 diaphragm muscle  was 

dissected from thy1-GFP-J mice (Feng et al., 2000) and imaged under a fluorescent 

dissecting microscope (Leica). The synaptic region was clearly distinguished by the 

presence of fluorescent motor neuron terminals. Synaptic and extrasynaptic regions 
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were dissected rapidly in ice-cold PBS, flash-frozen in liquid nitrogen and stored at -

80°C until they were processed for RNA extraction and small RNA enrichment. 

2.5.4 LNA-DIG probes 

 miR-133b antisense and scrambled DNA oligonucleotides containing locked-

nucleic acid (LNA) modifications were ordered from Integrated DNA Technologies 

(Table 7, Appendix B). LNA oligos were 3’-end labeled with digoxigenin (DIG) using the 

DIG oligonucleotide 3’-end labeling kit (Roche), according to the manufacturer’s 

instructions. Unincorporated DIG was removed using sephadex Microspin G-25 

columns (GE Healthcare), according to the manufacturer’s instructions. Labeling 

efficiency was determined according to the 3’-end labeling kit instructions.  

2.5.5 miRNA Northern Blot 

Northern blotting using LNA-DIG probes against mature miRNAs was carried 

out as previously described (Valoczi et al., 2004). Briefly, 5–10 μg of total RNA or small 

RNA-enriched RNA was denatured in 2x loading buffer (80% formamide, 10 mM EDTA 

pH 8, plus bromophenol blue) at 70°C for 10 mins and chilled on ice. 10 μl of a 10 bp 

DNA ladder (Invitrogen) was similarly denatured in 2x loading buffer. RNA samples 

and ladder were separated on a denaturing 15% polyacrylamide gel (50% urea, 0.5x TBE, 

0.1% ammonium persulfate and 0.05% TEMED) in 0.5x TBE buffer at 200 V. The gel was 

stained with 4 μg/ml ethidium bromide in 0.5x TBE for 10 mins. 78 nucleotide tRNA and 

120 nucleotide 5S rRNA bands were imaged on an LAS3000 intelligent dark box 
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(Fujifilm) and represent loading controls. RNAs were transferred in 0.5x TBE to a 

Nytran nylon membrane (Schleicher & Schuell) using a semi-dry transfer apparatus 

(Biorad) at 15 V for 75 mins. The membrane was air dried for 10 mins and RNAs 

crosslinked to the membrane with 1200 mJ of UV light in a UV Stratalinker 2400 

(Stratagene). Membranes were incubated with PerfectHyb Plus hybridization buffer 

(Sigma) for 30 mins at 20–22°C below the melting temperature (Tm) of the LNA probe in 

a shaking water bath or a mini hybridization oven (Hybaid). Membranes were incubated 

with 0.1 nM of DIG-LNA probe in PerfectHyb Plus (1 pmol in 10 ml buffer) overnight at 

20–22°C below the probe Tm. After probe hybridization, membranes were washed with 

2x SSC + 0.1% SDS for 30 mins followed by 0.5x SSC + 0.1% SDS at 30°C below probe Tm. 

In some cases, an additional, high stringency wash was performed using 0.1x SSC + 0.1% 

SDS at 30°C below probe Tm. Membranes were washed in washing buffer (Tris-buffered 

saline + 0.3% Tween) and blocked in 1x blocking solution (Roche, 10x stock diluted in 

washing buffer) for 30 mins at room temperature. Membranes were incubated with an 

anti-DIG antibody conjugated to alkaline phosphatase (Roche) diluted 1:10 000 in 1x 

blocking solution for 1 hour at room temperature. Membranes were washed three times 

with washing buffer, 15 mins each, and finally washed twice with 0.1 M Tris-Cl pH 9.5 + 

0.15 M NaCl, 15 mins each. Membranes were placed on one sheet of a clear plastic sheet 

protector (Corporate Express) and covered with CSPD, ready-to-use (Roche) and a 
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second clear plastic sheet. Luminescence at 477 nm was recorded by exposure of Hyblot 

CL autoradiography film (Denville Scientific) and subsequent development. 

2.5.6 Whole mount miRNA in situ hybridization 

 Whole mount miRNA in situ hybridization of P0 diaphragm muscle was 

performed as previously described for mouse embryos (Kloosterman et al., 2006b).  

2.5.7 NMJ immunofluorescence staining 

 Mice were deeply anesthetized with isoflurane and transcardially perfused with 

lactated Ringer’s solution followed by 4% PFA in PBS. Tibialis anterior, extensor 

digitorum longus, soleus, sternomastoid, gluteus and diaphragm  muscles were 

dissected and stained as previously described (Young et al., 2005; Lu et al., 2007). 

Presynaptic motor neurons were stained with rabbit anti-Synaptophysin (Invitrogen) 

and rabbit anti-Neurofilament 200 (Sigma) primary antibodies and a goat anti-rabbit 

secondary antibody conjugated to Cy3 (Jackson Immuno Research). Postsynaptic 

nAChRs were stained with α-bungarotoxin conjugated to AlexaFluor488 (Invitrogen). 

For whole-mount immunostaining, sternomastoid muscle was stained in P0 to P10 

animals, and EDL was stained in adult animals. 30–50 μm frozen sections were collected 

of sternomastoid, tibialis anterior, EDL and soleus muscles. Mounted with Fluorogel 

(Electron Microscopy Sciences). Images acquired using an AxioImager microscope (Carl 

Zeiss Imaging) or a Nikon Eclipse confocal microscope (Nikon). 
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2.5.8 C2C12 and COS cell culture 

 C2C12 myoblasts were grown in six-well plates in high-glucose DMEM 

(Invitrogen #11965) supplemented with 20% FBS (Invitrogen) and 1x 

Penicillin/Streptomycin (Invitrogen) at 37°C and 5% CO2. When cells reached 60% 

confluence they were transfected with 2 μg DNA and 3 μl of FuGENE 6 (Roche). To 

induce differentiation into myotubes, cells were allowed to reach 100% confluence (36–

48 h after transfection). Cells were washed with warm PBS and the medium was 

changed to high-glucose DMEM supplemented with 2% horse serum (Hyclone) and 1x 

Penicillin/Streptomycin. Fusion was allowed to occur over 4–5 d. nAChR clustering in 

fused myotubes was stimulated by applying 1 nM of recombinant Agrin (R&D Systems) 

for 16 h. Cells used for biochemical analysis were scraped in ice-cold PBS and pellets 

flash frozen in liquid nitrogen and stored at -80°C until RNA extraction. Cells used for 

imaging analysis were washed with PBS and fixed with 4% PFA for 30 mins at room 

temperature, then stained with AlexaFluor 555 bungarotoxin (Invitrogen). COS cells for 

luciferase assays were plated in 24-well plates coated with 0.1% gelatin. Cells were 

grown in DMEM with 10% FBS and 1x penicillin/streptomycin and transfected using 

Fugene 6 reagent. 

2.5.9 Luciferase Assays 

pcDNA3.1(+)  plasmid containing firefly luciferase (pcDNA-luc) cloned into the 

HindIII and EcoRI sites downstream of the CMV promoter was kindly donated by Yun 
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Lu. A 1 kb region of the Gdnf 3’UTR was amplified by PCR of genomic DNA and cloned 

into the EcoRI and NotI sites downstream of the luciferase gene in pcDNA-luc. pGL3 

basic (Promega). 5 bp in the seed region of the predicted miR-133b binding site were 

mutated using the Quikchange site directed mutagenesis kit (Stratagene). An artificial 

3’UTR containing two perfect antisense binding sites of miR-133b was constructed by 

annealing long oligonucleotides containing the binding sites, extension with 

Klenow/restriction enzyme digestion and ligation into pcDNA-luc. Cloning and site-

directed mutagenesis primers are found in Table 4 (Appendix B). COS cells were grown 

in 24 well plates coated with 0.1% Gelatin (Millipore). When cells reached 60% 

confluence, they were transfected in triplicate with 0.05 μg of pcDNA-luc constructs, 0.5 

ng pRL, 0.5 μg pBUD-GFP or pBUD-GFP-133b and 0.9 μl Fugene 6 (Roche). 24 h after 

transfection, the relative firefly/Renilla luciferase levels were analyzed using the Dual-

Luciferase Reporter Assay System (Promega), according to the manufacturer’s 

instructions. Cells in each well were lysed with 100 μl of lysis buffer for 15 min at room 

temperature. 5 μl of lysate was added to the middle of each well of a 96-well white 

Lumitrac 200 assay plate (USA Scientific), and firefly and Renilla luciferase activity were 

detected using a Veritas microplate luminometer (Turner Biosystems, Sunnyvale, CA). 

2.5.10 Electroporation of tibialis anterior muscle 

 Tibialis anterior muscle of P2 wildtype mice was injected with 10 μl of 100 μM 

miR-133b antisense or scrambled 2’O-methyl RNA oligonucleotides and 70 ng/μl of 
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pEGFP-C1 in sterile 0.9% saline.  The muscle was electroporated using a pair of 0.2-mm 

diameter stainless steel needle electrodes (Genetronics) held 3 mm apart and inserted on 

either side of the injection site parallel to the muscle fibers. Two sets of ten 60 V pulses, 

each 20 ms in duration, were delivered at a frequency of 1 Hz using an ECM830 square 

wave electroporation system (BTX Harvard Apparatus). Animals were perfused after 

four days and the tibialis anterior muscle was dissected, cryoprotected, embedded in 

O.C.T. and 30 μm frozen sections collected for NMJ immunohistochemistry. GFP 

(electroporation marker), Alexa-647 conjugated αBTX and Cy3 were imaged on a Leica 

DRM IRE2 confocal microscope under a 63x objective.  

2.5.11 Generation of miR-133b knockout mice 

miR-133b conditional knockout (KO) mice were generated by homologous 

recombination of a targeting construct containing the floxed miR-133b stemloop in R1 

129/SvJ mouse embryonic stem (ES) cells using standard procedures (Nagy et al., 1993; 

Heyer et al., 2011) . A targeting vector containing a loxP-flanked miR-133b stemloop and 

a FRT-flanked pGK-Neo cassette was used to replace the endogenous miR-133b stemloop 

in ES cells. The floxed stemloop sequence was: 

5’•loxP•AGGCTTGGACAAGTGGTGCTCAAACTCCAAGGACTTCACAAGCTTCAGGCTGCAGTCACC

TCCAAAGGGAGTGGCCCCCTGCTCTGGCTGGTCAAACGGAACCAAGTCCGTCTTCCTGAGAGGTTT

GGTCCCCTTCAACCAGCTACAGCAGGGCTGGCAAAGCTCAATATTTGGAGAAAGAGAAGAGA

AGAGAAAATAGCTGCTACAGCCTTGCTTATGAAAAGTAATGCTGGTTTTGCCATCATAGCCTT•XhoI
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•FRT•Neo•FRT•loxP•3’ (mature miR-133b in bold). Correctly targeted ES cells were 

identified by PCR screening and confirmed by Southern blot of genomic DNA. A 

correctly targeted clone was injected into C57BL/6J blastocysts, and chimeras mated to 

C57BL/6J mice. Germline transmission was confirmed by PCR genotyping of tail DNA. 

miR-133bNeo-fl offspring were mated to FLPe deleter mice (The Jackson Laboratory) 

(Farley et al., 2000) to remove the neomycin resistance cassette, and miR-133bfl/+ 

offspring confirmed by PCR genotyping. miR-133bfl/+ mice were crossed with a Cre 

deleter strain (The Jackson Laboratory) (Tallquist and Soriano, 2000) to create a miR-

133b null allele, confirmed by PCR genotyping. miR-133b heterozygous mice were 

backcrossed to C57BL/6 for at least 8 generations, and all data were from wildtype (WT) 

and KO mice bred from miR-133b heterozygotes. Genotyping primers for detecting the 

floxed, WT, and null alleles were: 133b-F, CAAGCTCTGTGAGAGGTTAGTCAGG and 

133b-R, CTCGACTGCATTTCCATTGTACTG. Mice were housed 2–5 per cage in an 

AALAC-approved vivarium on a 12-h light–dark cycle.  All experiments were carried 

out according to an approved protocol from the Duke University Institutional Animal 

Care and Use Committee. 

2.5.12 Quantification of postnatal synapse elimination and maturation 

WT and miR-133b KO P4, P6, P8 and P10 pups were deeply anesthetized with 

isoflurane and perfused with lactated Ringer’s solution followed by 4% PFA. 

Sternomastoid muscle was dissected and processed for whole-mount NMJ 
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immunohistochemistry, with care being taken to mount the muscles on the slide in the 

same orientation. NMJs were imaged using a Nikon confocal microscope under a 60x 

objective. 10 images were collected per muscle, and the number of NMJs with one, two, 

or three or more innervating axons was quantified per image. To quantify maturation of 

the postsynaptic nAChR endplate, bungarotoxin staining in the same images was 

thresholded in ImageJ (NIH) and en face endplates selected using the wand tool. The 

area of the bungarotoxin staining in each selected NMJ was calculated in ImageJ. All 

analyses were performed blind to muscle age and genotype. 

2.5.13 Rotarod test 

5-month-old male WT and KO mice were tested on the rotarod task (Jones and 

Roberts, 1968). Mice were trained for 4 trials per day over three days on a rotarod device 

(Med Associates) at a steady speed of 24 rpm. The latency to fall was recorded as the 

time at which the mouse fell completely off the rod or failed to stay atop the rod. The 

inter-trial interval was 5 mins. On the fourth day the mice underwent an accelerating 

rotarod task, where rotation velocity increased from 4 to 40 rpm over 5 mins. 

Performance on the task was assessed by measuring the average latency to fall off the 

rod over three trials. 

2.5.14 Peripheral nerve lesion and quantification of reinnervation 

All surgical procedures were performed on 3 month old WT and miR-133b KO 

females deeply anesthetized with 0.7 mg/kg Tribromoethanol (Avertin, Sigma). Nerve 
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crush was carried out by crushing the right accessory nerve that innervates the 

sternomastoid muscle. The nerve was pinched with #5 fine forceps (Fine Science Tools) 

for 20 seconds (Bridge et al., 1994). Animals were perfused 6 and 9 days after nerve 

crush and control (left) and denervated (right) sternomastoid muscle dissected and 

processed for tissue section NMJ immunofluorescence staining. Nerve cut was carried 

out by cutting the right sciatic nerve, and muscles were processed for 

immunofluorescence 3 and 5 weeks later. RNA was extracted from control and 

denervated muscles of 3-month-old C57 WT females 2, 4 and 10 d after sciatic nerve cut. 

Long-term denervation was performed by removing a 3 mm section of sciatic nerve, and 

muscles were analyzed 7 weeks later. Montage images of the synaptic regions of every 

other muscle section were acquired using a 20x objective, motorized stage, AxioImager 

fluorescence microscope and the MosaiX functionality of AxioVision software (Carl 

Zeiss, Inc.). 

Reinnervation was quantified from montage images taken under a 20x objective 

of every other section throughout the entire sternomastoid muscle and in every other 

section throughout the ventral region of tibialis anterior muscle. NMJs with presynaptic 

Neurofilament/Synaptophysin staining overlapping with postsynaptic αBTX staining 

were considered to be reinnervated. NMJs were counted as fully reinnervated if there 

was >90% colocalization, partially reinnervated if there was 1–90% colocalization and 

denervated if there was <1% colocalization between pre- and post-synaptic staining. All 
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analyses were carried out blind to genotype. Approximately 300 NMJs were quantified 

per animal. 

2.5.16 SOD1(G93A) transgenic mice 

miR-133b heterozygous mice were mated with transgenic mice overexpressing a 

mutant form of  human Superoxide Dismutase (SOD1) under the control of the 

endogenous SOD1 promoter [B6SJL-Tg(SOD1*G93A)1Gur/J; The Jackson Laboratory 

#002726]. The resulting miR-133b het; SOD1(G93A) male offspring were mated to miR-

133b heterozygous females. miR-133b WT, het, KO and miR-133b WT, het and KO; 

SOD1(G93A) mice were weighed each week from one month of age until they were 

sacrificed at a humane endpoint at which the animals could not right themselves within 

15 sec of being placed on their side. Disease onset was retroactively determined as the 

age at which the mice reached their peak body weight. Disease progression was 

calculated as the duration between reaching peak body weight and when the animals 

were sacrificed. Disease progression was also followed by the hindlimb splay test and 

beam test. In the hindlimb splay test, each mouse was suspended by its tail for 5 

seconds,  at least 20 inches from any surface, and the resulting limb splay was scored 

arbitrarily based on the angle of the outstretched hindlimbs. A fully outstretched splay 

similar to that of healthy wildtype animals was given a score of 0; an acute splay angle 

where limbs were straight but angled towards the body was assigned a score of 1; 

animals whose hindlimbs were bent and tucked towards the body were given a score of 
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2; and animals whose hindlimbs were fully bent and touching the body were given a 

score of 3. In the beam-walking test, fine motor control was assessed by arbitrarily 

scoring the ability of the animals to navigate an elevated beam (Feeney et al., 1982). Each 

mouse was placed on the rim of an empty cage, with a box of food suspended on the 

opposite end of the cage to provide a goal. As the mouse moved across the rim of the 

cage, its foot placement was scored as follows: 0 = normal (feet placed on rim of cage) 1= 

mildly impaired (uses sides of cage) 2= moderately impaired (barely able to walk) 3= 

severely impaired (is not able to walk and falls). Clinical onset was defined as the time at 

which the sum of the scores for splay and beam test reached a value of 3 without going 

below 3. 

2.5.17 Quantification of NMJ aging 

12 month and 18 month old WT and miR-133b KO mice were deeply 

anesthetized with isoflurane and transcardially perfused with Ringer’s solution 

followed by 4% PFA. Tibialis anterior muscle was dissected, cryoprotected in 30% 

sucrose, embedded in O.C.T. and 50 μm frozen sections were collected and processed 

for NMJ immunofluorescence staining. Eight images were taken per muscle of the 

anterior synaptic region of the ventral part of the muscle under 20x magnification using 

a Nikon Eclipse confocal microscope. The number of NMJs with axonal swellings, 

axonal sprouting, multiple innervation, fragmented nAChR clusters and low complexity 

nAChR clusters was quantified as previously described (Valdez et al., 2010). 
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2.5.18 Statistical analyses 

All data were analyzed using Prism software (Graphpad Software, Inc.). Synaptic 

enrichment, luciferase assays, synapse elimination, NMJ area, rotarod and clasping data, 

NMJ reinnervation, SOD1 data and morphological aging were analyzed by unpaired 

two-tailed t-test. Open field data were analyzed by repeated measures ANOVA 

followed by Bonferroni post hoc test. Data are presented as means plus SEM. 



 

76 

3. The Role of miR-133b in Midbrain Dopaminergic 
Neurons 

3.1 Summary 

Midbrain dopaminergic (mDA) neurons control movement and emotion, and 

their degeneration leads to motor and cognitive defects in Parkinson’s disease (PD). 

miR-133b is a conserved microRNA that is thought to regulate mDA neuron 

differentiation by targeting Pitx3, a transcription factor required for appropriate 

development of mDA substantia nigra neurons. Moreover, miR-133b has been found to 

be depleted in the midbrain of PD patients. However, the function of miR-133b in the 

intact midbrain has not been determined. Here we show that miR-133b null mice have 

normal numbers of mDA neurons during development and aging. Dopamine levels are 

unchanged in the striatum, while expression of dopaminergic genes, including Pitx3, is 

also unaffected. Finally, motor coordination and both spontaneous and 

psychostimulant-induced locomotion are unaltered in miR-133b null mice, suggesting 

that miR-133b does not play a significant role in mDA neuron development and 

maintenance in vivo.  
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3.2 Introduction 

Midbrain dopaminergic (mDA) neurons of the substantia nigra pars compacta 

(SNc) and ventral tegmental area (VTA) are critical for the regulation of motor function 

and emotion-related behaviors. mDA neurons are affected in several debilitating 

neurological disorders including Parkinson’s disease (PD), which results from selective 

loss of SNc DA neurons (Moore et al., 2005). While much progress has been made (Smidt 

and Burbach, 2007; Andressoo and Saarma, 2008; Cookson and Bandmann, 2010), the 

molecular mechanisms underlying the development and maintenance of mDA neurons 

and their loss in PD have not been fully elucidated. 

Recently, microRNAs have been implicated in mDA neuron differentiation and 

PD (Harraz et al., 2011). microRNAs are small, noncoding RNAs with diverse roles in 

nervous system development and function (Cao et al., 2006). microRNAs regulate gene 

expression by binding to the 3’UTR of mRNA targets, decreasing mRNA stability and 

protein translation (Bushati and Cohen, 2007). Deletion of  the microRNA processing 

enzyme Dicer in postmitotic mDA neurons in mice causes extensive cell death, 

suggesting that microRNAs are critical for maintaining the mDA neuron population 

(Kim et al., 2007). One miRNA, miR-133b, is enriched in the midbrain and specifically 

depleted in PD patients (Kim et al., 2007). In a mouse embryonic stem (ES) cell culture 

system, miR-133b negatively regulated ES cell differentiation into DA neurons. miR-

133b has been proposed to mediate these effects by targeting Pitx3, a transcription factor 



 

78 

required for differentiation of SNc DA neurons; Pitx3 mutant mice lack SNc DA neurons 

and display severe motor defects (van den Munckhof et al., 2003). miR-133b is a 

promising candidate in regulating mDA neuron differentiation and degeneration, but its 

role in vivo has not been determined. Here we show that the mDA system develops 

normally in miR-133b null mice. mDA neuron morphology, number and gene 

expression are unaltered early in development, in adult, and in aged miR-133b mutant 

mice. Levels of DA, norepinephrine (NE) and 5-hydroxytryptamine (5-HT) 

neurotransmitters in the striatum are unchanged, and motor and anxiety-like behaviors 

are unaffected in miR-133b null mice. From these data we conclude that miR-133b is not 

critical for mDA neuron development and function in vivo.  
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3.3 Results 

3.3.1 Generation of miR-133b mutant mice 

miR-133b is embedded in the murine 7H4 noncoding RNA (Velleca et al., 1994). 

A targeting vector was constructed with loxP sites flanking the miR-133b stemloop, and 

a FRT-flanked pGK-Neo cassette was inserted 3′ to the floxed stemloop (Fig. 5A). 

Homologous recombination of the targeting vector in ES cells was detected by Southern 

blot (Fig. 5C). Correctly targeted ES cells were used to generate chimeric mice, and 

germline transmission of the targeted allele was confirmed by PCR screening. The Neo 

cassette was excised by mating miR-133bflox-Neo/+ mice with a FLPe deleter strain, and 

subsequent miR-133bflox/+ mice were mated with a Cre deleter strain to remove the miR-

133b stemloop. Floxed, WT, heterozygous and KO mouse genotypes were detected by 

PCR of tail DNA (Fig. 5D), and loss of miR-133b confirmed by RT-PCR of the miR-133b 

stemloop (Fig. 5E). Heterozygous mice were backcrossed at least 8 generations to 

C57BL/6 mice, and maintained on a C57BL/6 background. miR-133b KO mice were 

viable, fertile, and born at a Mendelian ratio. The KO mice appeared grossly normal, had 

similar weights and lifespan as their WT littermates, and did not display any overt 

behavioral defects. 

3.3.2 The midbrain is morphologically unchanged in miR-133b mutant 
mice 

miR-133b has been shown to negatively regulate dopaminergic neuron 

differentiation in cultured mouse ES cells (Kim et al., 2007); therefore, mDA neuron  



 

80 

 

Figure 12: Normal morphology and number of midbrain DA neurons in miR-
133b KO mice. (A,B) Tyrosine hydroxylase (TH) immunohistochemistry and Nissl 
staining of substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) 
neurons (A) and dorsal striatum (B) in coronal sections of representative 2 month old 
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WT and miR-133b KO littermates. Scale bars, 0.5 mm in A and 1 mm in B. (C) RT-PCR of 
pre-miR-133b and Pitx3 mRNA expression during embryonic and postnatal brain 
development. (D) TH and Pitx3 immunofluorescence of E18.5 SNc region in coronal 
sections of WT and miR-133b KO mice. Scale bar, 100 μm. (E) Unbiased stereological 
counts of TH immunoreactive (TH-IR) cells in SNc and VTA of 2 month old male WT 
and miR-133b KO mice. n = 4 WT and 5 KO mice. (F) Unbiased stereological counts of 
TH-IR cells in SNc of 12 month old WT and miR-133b KO mice. n = 7 WT and 5 KO mice. 
Counts performed by R. Smeyne. (G) Cell count of TH-IR and Pitx3-IR cells in SNc of 
E18.5 WT and miR-133b KO mice. Pitx3-IR cell number is slightly increased in miR-133b 
KO mice. *p <  0.05, Student’s t-test. n = 3 WT and 3 KO littermates. Error bars indicate 
SEM. 

 

number could be altered in miR-133b KO mice. The general morphology of the midbrain 

and striatum of 2-month-old male KO mice was indistinguishable from that of WT mice 

(Fig. 12A,B), while morphology and unbiased stereological counts of TH-IR cells in VTA 

and SNc were also unchanged (Fig. 12A,E). miR-133b is selectively depleted in the 

midbrain of PD patients; if loss of miR-133b contributes to PD pathogenesis, deletion of 

miR-133b could lead to altered numbers of DA neurons in aged mice. We found no 

difference in midbrain TH-IR cell number in 12-month-old WT and KO animals (Fig. 

12F), suggesting that loss of miR-133b does not cause degeneration of mDA neurons. 

The developmental expression profile of miR-133b in brain has not been determined. We 

found that miR-133b is highly expressed in E14 brain, concurrent with expression of its 

predicted target, Pitx3 (Fig. 12C). To determine whether KO mice have abnormal DA 

neuron development that is corrected postnatally, TH-IR cells were counted in E18.5 WT 

and KO SNc. No difference was observed in number or morphology of TH-IR cells (Fig. 
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12D,G), consistent with normal development of DA neurons. A small increase in the 

number of Pitx3-IR cells was observed in the KO (Fig. 12G), suggesting that miR-133b 

may target Pitx3 in vivo. 

3.3.3 Midbrain dopaminergic neuron gene expression and 
neurotransmitter levels are unaffected in miR-133b mutant mice 

While miR-133b does not appear to regulate the differentiation of DA neurons in 

vivo, it could act by regulating expression of genes that affect neuron function but not 

cell number. Therefore, we quantified the expression levels of several genes important 

for mDA neuron function. TH, DAT and Pitx3 transcripts were at WT levels in neonatal 

and adult KO brain, and levels of GAD1 and ChAT, expressed in GABAergic and 

cholinergic midbrain neurons, respectively, were also unchanged (Fig. 13B,C). 

Furthermore, expression of the related microRNAs, miR-133a1 and miR-133a2, was 

unaltered in the KO (Fig. 13A–C). Since many microRNAs act posttranscriptionally, 

miR-133b deletion could affect protein expression without altering transcript levels. 

However, no difference in neonatal or adult brain TH, GAD1, or Pitx3 protein levels was 

observed between WT and KO animals (Fig. 13D–F).  

To evaluate whether output of mDA neurons was altered in miR-133b KO mice, 

monoamine neurotransmitter levels were quantified by HPLC-ECD. DA, NE and 5-HT 

levels were unchanged in caudate/putamen , nucleus accumbens, frontal cortex, 

thalamus and thalamus of KO mice (Fig. 14). These data suggest that miR-133b does not 

regulate global expression patterns or neurotransmitter production in mDA neurons. 
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Figure 13: Unchanged dopaminergic gene expression in miR-133b KO mice. 
(A) RT-PCR shows similar expression of miR-133a1 and miR-133a2 precursor in WT and 
KO adult brain. (B,C) TH, DAT, GAD1, ChAT, Pitx3 and miR-133a1 mRNA expression in 
whole brain of 3 month old male (B) and P0 (C) WT and miR-133b KO mice. Gene 
expression is normalized to Gapdh and results are scaled to the average value of the WT 
samples (WT average, 1; n = 4 WT and 4 KO mice). (D) Western blot shows similar 
expression of TH, Gad1 and Pitx3 protein in WT and KO brain. (E,F) Quantification of 
TH, GAD1 and Pitx3 protein expression in whole brain of 3 month old male (E) and P0 
(F) WT and miR-133b KO mice. Western blot bands were quantified by densitometry 
and normalized to β-actin (for TH and GAD1) or β-tubulin (for Pitx3). Results were 
scaled to the average value of the WT samples (WT average, 1; n = 4 WT and 4 KO mice). 
Error bars indicate SEM. 
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Figure 14: Unaltered monoamine neurotransmitter levels in miR-133b KO 
mice. (A–E) Neurochemical analysis of whole-tissue monoamine contents in 
caudate/putamen (A), nucleus accumbens (B), frontal cortex (C), thalamus (D) and 
hypothalamus (E) from 2 month old male WT and KO mice. n = 8 WT and 7 KO mice. 
Neurochemical analysis was performed by A. Pani. Error bars indicate SEM. 

 

3.3.4 Locomotor and anxiety-like behaviors in miR-133b mutant mice 
are similar to wildtype 

Movement and motivation-related behaviors are directly linked to mDA neuron 

function. To determine whether miR-133b KO mice have an underlying defect in the 

dopaminergic system, mice underwent a battery of behavioral tests. KO mice exhibited 
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spontaneous locomotor behavior in the open field test that was indistinguishable from 

WT (Fig. 15A). The response of KO mice after injection of the psychostimulant 

amphetamine, which elevates extracellular DA levels, was also similar to that of WT 

(Fig. 15B). KO mice spent more time in the center of the open field during the first 30 

mins of the test as compared to WT mice (Fig. 15C), suggesting a decrease in anxiety-like 

behavior. mDA neuron dysfunction in mice has been found to cause generalized anxiety 

(Zweifel et al., 2011); to test whether KO mice were more anxious, behavior was 

observed in the elevated zero maze test (Fig. 15D,E). KO mice exhibited anxiety-like 

behavior equivalent to WT, spending less time in the open arms of the maze. The 

behavior of KO mice did not differ from that of WT in the dark-light emergence test (Fig. 

15F,G) and marble burying test (Fig. 15H), both tests of anxiety-like behavior. Finally, 

motor coordination and learning were evaluated in the rotarod test. Mice were trained 

over three days to stay on top of a rod rotating at a fixed velocity, and KO mice learned 

the task as easily as their WT counterparts (Fig. 15I). Motor coordination was tested 

further on the fourth day as the rod accelerated to its maximum velocity. The 

performance of KO mice was equivalent to that of WT mice, as assessed by the drum 

velocity when they fell and the duration of their attempt to stay on the rod (Fig. 15J,K). 

Therefore, miR-133b KO mice appear to have normal motor and anxiety-like behaviors, 

consistent with appropriate midbrain dopaminergic neuron function. 
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Figure 15: Motor and anxiety-like behaviors are similar in miR-133b WT and 
KO mice. (A) Spontaneous locomotor activity of 3–4 month old male WT and KO mice 
in the open field test. n = 12 WT and 12 KO mice. (B) Amphetamine-induced locomotor 
activity of 3–4 month old WT and KO mice in the open field test. 3 mg/kg amphetamine 
was administered by i.p. injection at 60 mins (arrow). n = 9 WT and 11 KO mice. (C) 
miR-133b KO mice spend more time in the center of the open field chamber during the 
first 30 mins of the open field test. *p < 0.05, Student’s t-test. n = 12 WT and 12 KO mice. 
(D,E) Elevated plus zero maze test of 3–4 month old WT and miR-133b KO mice, 
quantified as time spent in the open arm (D) and number of transitions to the open arm 
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(E) over 5 mins. n = 18 WT and 13 KO mice. (F,G) Dark-light emergence test of 3–4 
month old WT and miR-133b KO mice, quantified as time spent in the light versus dark 
chamber (F) and number of entries into the light chamber (G) over 5 mins. n = 15 WT 
and 10 KO mice. (H) Marble burying behavior of 5 month old male WT and miR-133b 
KO mice, quantified as the number of marbles buried beneath bedding after 30 mins. 24 
marbles were initially placed on the surface of the bedding. n = 13 WT and 9 KO mice. 
(I–K) Rotarod test of 5 month old male WT and miR-133b KO mice. Mice were trained 
on a rotarod at a fixed speed of 24 rpm for 4 trials per day over three days and latency to 
fall was recorded (I). On the fourth day, mice were placed on an accelerating rotarod (4–
40 rpm) for 3 trials and the mean final drum speed (J) and latency to fall (K) were 
recorded.  n = 13 WT and 9 KO mice. Error bars indicate SEM. 

 

3.3.5 miR-133b expression is detected in brainstem 

In this work and previously published studies, miR-133b has been detected in 

midbrain and brain, and appears to be developmentally regulated. However, whether 

miR-133b is specifically expressed in mDA neurons in vivo has not been explored. We 

performed in situ hybridization for mature miR-133b in neonatal brain using LNA 

modified antisense probes. miR-133b expression was not found to be enriched in 

midbrain at this stage (Fig. 16D–K), but we could detect expression of the neuronal 

miRNA, miR-124, especially in neocortex and cerebellum (Fig. 16A–C), in a pattern 

similar to previous findings (Pena et al., 2009). Surprisingly, miR-133b signal appeared 

to be found in a discrete population of neurons in the pontine region of brainstem (Fig. 

16G,K). To determine whether miR-133b is enriched in adult midbrain, RT-PCR was 

carried out to detect levels of pre-miR-133b in brain regions of adult WT mice. We could 

not detect an enrichment of miR-133b in midbrain; in fact, miR-133b expression 
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appeared to be stronger in cortex (Fig. 16L). While we cannot rule out the possibility that 

miR-133b is expressed at low levels in neonatal mDA neurons or in a small population 

of mDA neurons of the adult, a lack of expression in mDA neurons would be consistent 

with the absence of dopaminergic phenotype in miR-133b KO mice. Further quantitative 

expression analyses will be critical for determining the precise spatiotemporal pattern of 

miR-133b expression in brain. 
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Figure 16: Detection of miRNA expression in brain. (A–K) In situ hybridization using LNA-DIG probes against mature miR-
124a (A–C) and miR-133b (D–K) in P0 sagittal sections of WT mice. miR-124a is known to be highly expressed in neurons. (A,D) 

DAPI staining of cell nuclei. (B,E) DIG was detected by Cy3 signal following tyramide amplification. (C,F) Overlay of DAPI staining 
(blue) and Cy3 signal (red). (G) Enlarged inset region in (F) showing miR-133b signal in large cell bodies of the brainstem. (H) 20x 
confocal image of miR-133b signal in ventral midbrain region. (I) 20x confocal image of miR-133b signal in pons. (J) 60x confocal 

image of ventral midbrain region. (K) 60x confocal image of miR-133b signal in pons. (L) RT-PCR for Tyrosine hydroxylase (TH) and 
pre-miR-133b shows that miR-133b is expressed in midbrain (MB), cortex (Cx) and cerebellum (Cb), but does not appear to be 

enriched in midbrain. RT-PCR for the ribosomal RNA rig/S15 detected similar input cDNA levels for all samples.
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3.4 Discussion 

Here we show that mice with a deletion of miR-133b, a microRNA previously 

proposed to regulate differentiation and survival of mDA neurons (Kim et al., 2007), 

display no differences in development or maintenance of mDA neurons. We could 

detect no significant abnormalities in mDA neuron morphology, cell number, gene 

expression, monoamine levels, or motor and anxiety-like behaviors in these mice. These 

data suggest that the function of miR-133b in an in vitro model of DA neuron 

differentiation does not translate to a similar role in the intact animal. There are several 

explanations for this discrepancy. First, miR-133b expression in the midbrain may not 

contribute to mDA neuron function. Indeed, miR-133b is part of the miR-133 family of 

muscle microRNAs, and has been more extensively characterized in skeletal muscle 

development (Townley-Tilson et al., 2010). Overexpression of muscle microRNAs in 

heterologous cells globally inhibits brain-specific gene expression (Lim et al., 2005); 

introduction of miR-133b in a neuron culture system could be expected to inhibit 

neuronal differentiation in a more general manner without having a specific role in DA 

neurons.  

Second, while not enriched, expression of the miR-133b paralogs miR-133a1 and 

miR-133a2 has also been detected in the midbrain (Kim et al., 2007), and could 

compensate for the loss of miR-133b. miR-133a1 expression was not altered in miR-133b 

KO animals, while miR-133a2 expression was below our detection limits. Therefore, the 
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lack of miR-133b does not appear to feed back to increase expression of its paralogs, 

although we cannot rule out the possibility of compensation by existing levels of miR-

133a in midbrain. miR-133a1 and miR-133a2 double KO mice have recently been 

reported (Liu et al., 2008). It will now be possible to generate a triple KO of miR-133a1, 

miR-133a2 and miR-133b to determine whether the miR-133 family is important for 

brain development and function. Finally, miR-133b may not be expressed in mDA 

neurons or in midbrain in vivo, as we were unable to detect enrichment of miR-133b 

expression in neonatal midbrain through in situ hybridization. 

There is growing evidence that microRNAs are implicated in neurodegenerative 

disorders (Hebert and De Strooper, 2009), presenting new possibilities for therapeutic 

intervention (Seto, 2010). miR-133b depletion in the midbrain of PD patients led to the 

hypothesis that loss or dysfunction of miR-133b could promote PD progression (Kim et 

al., 2007). However, we did not detect mDA neuron degeneration or impaired motor 

function in aged miR-133b KO animals. Moreover, no association has been found 

between miR-133b genetic variants and PD (de Mena et al., 2010). Although miR-133b 

alone does not appear to play a role in neurodegeneration, loss of all microRNAs in 

mDA neurons in vivo does cause profound neuronal cell death (Kim et al., 2007). 

Therefore, other microRNAs expressed in mDA neurons may act alone or in concert to 

promote neuronal development and survival. In vivo analyses of these microRNAs may 
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pave the way for novel therapeutic strategies in PD and other disorders of the mDA 

system. 
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3.5 Materials and Methods 

3.5.1 miR-133b knockout mouse generation 

miR-133b conditional knockout (KO) mice were generated by homologous 

recombination of a targeting construct containing the floxed miR-133b stemloop in R1 

129/SvJ mouse embryonic stem (ES) cells using standard procedures (Nagy et al., 1993; 

Heyer et al., 2011) . A targeting vector containing a loxP-flanked miR-133b stemloop and 

a FRT-flanked pGK-Neo cassette was used to replace the endogenous miR-133b stemloop 

in ES cells. The floxed stemloop sequence was: 

5’•loxP•AGGCTTGGACAAGTGGTGCTCAAACTCCAAGGACTTCACAAGCTTCAGGCTGCAGTCACC

TCCAAAGGGAGTGGCCCCCTGCTCTGGCTGGTCAAACGGAACCAAGTCCGTCTTCCTGAGAGGTTT

GGTCCCCTTCAACCAGCTACAGCAGGGCTGGCAAAGCTCAATATTTGGAGAAAGAGAAGAGA

AGAGAAAATAGCTGCTACAGCCTTGCTTATGAAAAGTAATGCTGGTTTTGCCATCATAGCCTT•XhoI

•FRT•loxP•3’ (mature miR-133b in bold). Correctly targeted ES cells were identified by 

PCR screening and confirmed by Southern blot of genomic DNA. A correctly targeted 

clone was injected into C57BL/6J blastocysts, and chimeras mated to C57BL/6J mice. 

Germline transmission was confirmed by PCR genotyping of tail DNA. miR-133bNeo-fl 

offspring were mated to FLPe deleter mice (The Jackson Laboratory) (Farley et al., 2000) 

to remove the neomycin resistance cassette, and miR-133bfl/+ offspring confirmed by PCR 

genotyping. miR-133bfl/+ mice were crossed with a Cre deleter strain (The Jackson 

Laboratory) (Tallquist and Soriano, 2000) to create a miR-133b null allele, confirmed by 

PCR genotyping. miR-133b heterozygous mice were backcrossed to C57BL/6 for at least 
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8 generations, and all data were from wildtype (WT) and KO mice bred from miR-133b 

heterozygotes. Genotyping primers for detecting the floxed, WT, and null alleles were: 

133b-F, CAAGCTCTGTGAGAGGTTAGTCAGG and 133b-R, 

CTCGACTGCATTTCCATTGTACTG. Mice were housed 2–5 per cage in an AALAC-

approved vivarium on a 12-h light–dark cycle.  All experiments were carried out 

according to an approved protocol from the Duke University Institutional Animal Care 

and Use Committee. 

3.5.2 Antibodies 

Mouse monoclonal anti-tyrosine hydroxylase (TH) antibody (1:10,000, 

Immunostar) and rabbit anti-Pitx3 antibody (1:400, Dr. Marten Smidt, University 

Medical Center Utrecht) were used for immunostaining and western blot. Cy3 

conjugated anti-rabbit antibody (1:400, Jackson ImmunoResearch) and AlexaFluor-488 

conjugated anti-mouse antibody (1:400, Invitrogen) were used for immunostaining. 

Mouse anti-GAD1 (1:1000, Millipore), anti-β-tubulin (1:5000, Sigma), anti-β-actin (1:5000, 

Sigma), and HRP-conjugated goat anti-mouse and anti-rabbit (1:5000, Jackson 

ImmunoResearch) antibodies were used for western blot. 

3.5.3 Tyrosine hydroxylase immunohistochemistry 

Two-month-old male WT and miR-133b KO mice were deeply anesthetized with 

isoflurane (Butler Animal Health Supply) and transcardially perfused with physiological 

Ringer’s solution followed by fixative (4% paraformaldehyde in PBS). Whole brain was 
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fixed overnight, equilibrated in 30% sucrose and embedded in O.C.T. (Sakura). 30-μm 

frozen coronal serial sections were collected using a cryostat (Leica CM1850). Heat-

mediated antigen retrieval was performed by autoclaving in 1.8 mM citric acid + 8.2 mM 

sodium citrate. TH immunohistochemistry was performed as previously described 

(Johnson et al., 2010). Montage images were acquired using an AxioImager microscope 

fitted with a motorized stage controlled by the MosaiX functionality within AxioVision 

5.1 software (Carl Zeiss MicroImaging, Inc.). 

3.5.4 Unbiased stereology and cell counting 

Unbiased stereological estimation of the total number of TH-IR cell bodies in the 

SNc and VTA was performed using the optical fractionator method, as previously 

described (Johnson et al., 2010). Every second section was collected through the 

midbrain, and every fourth section was analyzed for cell counting, totaling ten sections 

per animal. Cells at least 10 μm in diameter stained for TH were classified as TH-IR. 

E18.5 embryos were fixed in 4% PFA overnight at 4°C, equilibrated in 30% sucrose, and 

embedded in O.C.T. Frozen 20-μm coronal serial sections were collected throughout the 

midbrain region. After heat-mediated antigen retrieval, sections were incubated with 

anti-TH and anti-Pitx3 primary antibodies in 5% normal goat serum, 2% BSA and 0.1% 

Triton-X 100 in PBS overnight at 4°C. Sections were incubated with Cy3 anti-rabbit and 

AlexaFluor-488 anti-mouse antibodies and mounted with Fluorogel (Electron 

Microscopy Sciences). Montage images were acquired of every second section 
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throughout the rostral region of the SNc, before the appearance of the VTA, totaling 5 

images per animal. All SNc TH-IR and Pitx3-IR cells were counted in each image using 

the counter tool in Photoshop (Adobe). All analyses were performed blind to genotype. 

3.5.5 Western blotting 

3-month-old male and P0 WT and KO mice were sacrificed and whole brain 

flash-frozen in liquid nitrogen. Tissue was homogenized in RIPA buffer (Sigma) 

supplemented with protease inhibitors (Complete, Roche). 20 μg of whole brain lysate 

were run on 10–12% SDS-polyacrylamide gels and western blotting carried out 

according to standard procedures. Bands were visualized using ECL Plus (GE 

Healthcare Life Sciences) and a LAS-3000 Intelligent Dark Box (Fugifilm). Bands were 

quantified by densitometry analysis using ImageJ software and normalized to beta-actin 

(for TH and GAD1) or beta-tubulin (for Pitx3). 

3.5.6 RNA extraction and real-time PCR 

3-month-old male and P0 WT and KO mice were sacrificed and whole brain 

flash-frozen in liquid nitrogen. Total RNA was extracted using TRIzol reagent 

(Invitrogen) and treated with Turbo DNaseI (Ambion). 1 μg of RNA was used for 

reverse transcription with oligo-dT and random primers and AffinityScript enzyme 

(Stratagene). cDNA was used for quantitative PCR (Power SYBR Green, ABI 7300 real-

time PCR machine, Applied Biosystems). Sequences of the intron-spanning primers that 

were used are found in Table 6 (Appendix B). 
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3.5.7 Neurochemical analysis of whole tissue 

Two-month-old male WT and miR-133b KO mice were deeply anesthetized with 

isoflurane and sacrificed by decapitation. Frontal cortex, nucleus accumbens, 

caudate/putamen, and thalamus were rapidly dissected on a cold plate, flash-frozen in 

liquid nitrogen, and stored at -80°C until high performance liquid chromatography with 

electrochemical detection (HPLC-ECD) analysis. A modified chromatographic 

procedure was employed, as described previously (Pani, 2009). All procedures were 

performed blind to genotype. 

3.5.8 Behavioral analyses 

3.5.8.1 Open field 

The open field test was performed as described previously (Peca et al., 2011). 

Briefly, total distance traveled (cm) and time spent in the center of an automated 16 x 16 

in chamber (AccuScan Instruments) by 3–4-month-old WT and KO mice was detected 

over 60 mins in 5 min bins. Two weeks later, the same mice were placed in 8 x 8 in 

chambers and distance traveled was detected for 60 mins. 3 mg/kg amphetamine was 

immediately administered by i.p. injection, the mice were returned to their chamber, and 

locomotor activity was recorded for a further 120 mins. 

3.5.8.2 Zero maze 

5-month-old WT and KO mice were placed in the closed arm of an elevated zero 

maze indirectly illuminated at 100 lux and their behavior videotaped over 5 mins (Peca 



 

99 

et al., 2011). The time spent in the closed and open arms was scored blind to genotype 

using The Observer software (Noldus).  

3.5.8.3 Dark-light emergence 

The dark-light emergence task was carried out as described previously (Peca et 

al., 2011). 3–4-month-old WT and KO mice were tested in an automated dual chamber 

apparatus (Med Associates) containing a gate between a “light” (1000 lux) and “dark” 

chamber. The mice were placed in the dark chamber and the gate lifted, allowing the 

mice to freely move between both chambers. The duration in the “light” and “dark” 

chambers was recorded over 5 mins. 

3.5.8.4 Marble burying 

Marble burying behavior of 5-month-old male WT and KO mice was assessed 

(Deacon, 2006). Twenty-four 2 cm diameter marbles were evenly spaced on the surface 

in an 8.5 in x 16 in chamber filled 5 inches deep with aspen shavings. A mouse was 

placed in one corner of the chamber and allowed to move freely. After 30 mins, the 

mouse was removed and an image taken with a digital camera (Canon). The number of 

visible marbles was counted, and the remainder recorded as the number of marbles 

buried. 

3.5.8.5 Rotarod 

5-month-old male WT and KO mice were tested on the rotarod task (Jones and 

Roberts, 1968). Mice were trained for 4 trials per day over three days on a rotarod device 
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(Med Associates) at a steady speed of 24 rpm. The latency to fall was recorded as the 

time at which the mouse fell completely off the rod or failed to stay atop the rod. The 

inter-trial interval was 5 mins. On the fourth day the mice underwent an accelerating 

rotarod task, where rotation velocity increased from 4 to 40 rpm over 5 mins. 

Performance on the task was assessed by measuring the average latency to fall off the 

rod over three trials. 

3.5.9 In situ hybridization of mature miRNA 

miRNA in situ hybridization  for miR-133b was performed on 20 μm sagittal 

sections of P0 mouse brain, according to a previously described method using 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) fixative to prevent loss of miRNAs (Pena 

et al., 2009). This method was carried out with a miR-133b antisense probe, a miR-124 

antisense probe as a positive control, and a scrambled miR-133b probe as a negative 

control. The sequences of LNA modified antisense and scrambled oligonucleotide 

probes are found in Table 7 (Appendix B). 

3.5.10 Statistical analyses 

All data were analyzed using Prism software (Graphpad Software, Inc.). 

Stereological cell counts, mRNA and protein expression data, zero maze data, dark-light 

emergence test data, and rotarod data were analyzed by unpaired two-tailed t-test. 

Tissue monoamine levels were analyzed by one-way ANOVA, and open field data were 
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analyzed by repeated measures ANOVA followed by Bonferroni post hoc test. Data are 

presented as means plus SEM. 
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4. Discussion 
The expression pattern of the microRNA miR-133b at the NMJ and in mDA 

neurons suggests that it regulates aspects of their development, physiology or 

maintenance.  In this work I have characterized the expression pattern of miR-133b and 

analyzed its in vivo function by generating a miR-133b KO mouse. The development and 

function of the NMJ and mDA neurons appears to be unaltered after miR-133b deletion. 

However, miR-133b KO mice exhibit delayed NMJ regeneration after injury and a 

reproducible increase in exploratory behavior. These data suggest that miR-133b has 

important functions at the NMJ and central nervous system that merit further 

examination.  

4.1 The Role of miR-133b at the Neuromuscular Junction 

4.1.1 Regulation of NMJ reinnervation by miR-206 and miR-133b 

The reinnervation of NMJs is delayed in miR-133b KO mice after accessory nerve 

crush. Thus, like miR-206, miR-133b may have a protective function at the NMJ by 

regulating expression of a retrograde factor that accelerates regeneration. Alternatively, 

miR-133b may promote axonal degeneration following nerve injury; in this case, miR-

133b deletion would be expected to slow axonal degeneration and therefore indirectly 

delay reinnervation, as observed in other cases where axonal degeneration is delayed 

such as in the Wallerian degeneration slow (WldS) mouse (Coleman and Freeman, 2010). 

miR-133b mediated targeting of GDNF or other neurotrophic factors could promote 



 

103 

axonal degeneration following nerve injury, while loss of miR-133b could lead to 

increased retrograde signaling by GDNF, delayed axonal degeneration and therefore 

delayed reinnervation. This type of mechanism could be one explanation for the more 

mild delay in regeneration in miR-133b KO mice when compared to the miR-206 KO 

mice, and could be explored by determining the rate of axonal degeneration in 

fluorescently labeled motor axons and myelin breakdown as assessed by toluidine blue 

staining. 

It is notable that in miR-206 KO mice, NMJ reinnervation is significantly delayed 

after nerve cut and nerve crush, while in miR-133b KO mice the delay is only observed 

after nerve crush. There could be several explanations for this observation. First, 

reinnervation following nerve cut is highly variable from animal to animal, due to the 

difficulty that axons experience in crossing the gap between the proximal nerve stump 

and the distal nerve sheath. Therefore, a mild phenotype in miR-133b KO mice could be 

obscured by the statistically large variation, while the more severe phenotype in miR-

206 KO mice gives statistical significance. Second, the nerve crush was carried out on 

accessory nerve that innervates sternomastoid muscle, while nerve cut was performed 

on sciatic nerve that innervates hindlimbs including tibialis anterior muscle. Differences 

in the properties of these nerves and muscles could account for discrepancies in 

phenotype. This could be resolved by a comparative analysis of NMJ regeneration after 
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nerve crush and nerve cut in various muscles of the hindlimb, as well as sternomastoid 

muscle. 

Another striking difference between the two knockouts is in the effect of their 

deletion on disease progression in the SOD1(G93A) mouse model of amyotrophic lateral 

sclerosis (ALS). While miR-206 deletion exacerbates disease progression, miR-133b has 

no effect, suggesting that miR-133b does not play a protective role. It is important to 

note that miR-206, but not miR-133b, is predicted to target SOD1 (green highlighting, 

Table 2, Appendix A), and that transgenic SOD1(G93A) is expressed in both nerve and 

muscle. The contribution of muscle-expressed mutant SOD1 to disease progression has 

not been determined, but cannot be ruled out; therefore, miR-206 could be protective by 

directly downregulating the expression of mutant SOD1 in muscle. Whether loss of miR-

206 leads to increased toxic SOD1 expression could be determined by western blot and 

immunohistochemistry.   

In one study, miR-206 was found to be upregulated after spinal cord injury in 

rats (Liu et al., 2009). If miR-206 is indeed expressed in spinal cord, and more specifically 

in motor neurons, it could also mediate downregulation of toxic SOD1 and possibly 

slow motor neuron cell death. To distinguish the effects of miR-206 knockout in nerve 

versus muscle on NMJ reinnervation and ALS disease progression, conditional deletion 

of miR-206 could be carried out using miR-206 floxed mice (Fig. 22, Appendix D) in 

combination with neuron- or muscle- specific Cre expression. Interestingly, miR-133b 
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expression has been found to increase in regenerating neurons of the brainstem after 

spinal cord injury in zebrafish (Yu et al., 2011). Inhibition of miR-133b by morpholinos 

reduced axon regeneration, and it was proposed that miR-133b targets RhoA, an 

inhibitor of axonal growth. If miR-133b has a similar function in motor neurons, this 

could provide one mechanism whereby miR-133b deletion delays NMJ reinnervation. 

This could also be tested by neuron or muscle-specific Cre mediated deletion of the miR-

133b floxed allele. 

miR-206 and miR-133b have a shared primary transcript (7H4) and a similar 

expression pattern. Therefore, it may be inferred that their functions are complementary 

or synergistic. Indeed, several transcripts are predicted to be targeted by both miR-206 

and miR-133b (Table 3, Appendix A). There is a possibility that the phenotypes of the 

single miR-206 and miR-133b KO mice are mild due to functional redundancy between 

the miRNA pair. To test this theory, a miR-206/133b double KO mouse is currently being 

generated by trans-allelic recombination of the miR-206 and miR-133b loci (Fig. 17, 

collaboration with G. Valdez and J. Sanes). Trans-allelic targeted meiotic recombination 

has been successful used to produce interchromosomal deletions and duplications at a 

single locus (Herault et al., 1998; Hasegawa et al., 2008).  LoxP/Cre-mediated 

recombination across chromosomes is rare in somatic cells, but occurs at a much higher 

frequency during pairing of homologous chromosomes at the first meiotic division. miR-

206 and miR-133b heterozygous mice each containing a loxP site in place of the miRNA  
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stemloop have been bred together and with mice expressing Cre recombinase in the 

germline (Williams et al., 2009b). Resulting male mice that carry the Cre transgene, one 

miR-206-loxP-null allele and one miR-133b-loxP-null allele have been bred to C57 BL/6 

females; zygotes produced from sperm that underwent trans-allelic recombination  

 

Figure 17: Schematic of Cre-loxP trans-allelic recombination in mouse 
germline. (A) miR-206 heterozygous and miR-133b heterozygous mice are bred to each 
other. Each null allele contains a loxP site in place of the miRNA. One of the parental 
lines must contain the CAG-Cre transgene. (B) Resulting double miR-206/133b 
heterozygous offspring contain a miR-206 null allele on one chromosome and a miR-
133b null allele on the other, and express Cre recombinase in the germline, allowing 
trans-chromosomal meiotic recombination. (C) After breeding male mice in (B) to C57 
females, a fraction of the F1 generation contain the successfully recombined allele that is 
null for miR-206 and miR-133b. 
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contain one chromosome with a deletion of both miR-206 and miR-133b and one 

chromosome with a miR-206/133b duplication. Heterozygous animals containing the 

miR-206/133b deletion have been obtained and are currently being bred to obtain miR-

206/133b double KO mice. The double KO allele is inherited as a single allele, 

maximizing the number of KO and WT animals produced from miR-206/133b double 

heterozygous matings. 

Although the sequences of miR-206 and miR-133b are contained in the same 

transcript, 7H4, they share no sequence similarity and are predicted to target different 

sets of mRNAs, with very few mRNAs predicted to be targeted by both miR-206 and 

miR-133b (Tables 1–3, Appendix A). While miR-206 targeting of HDAC4 has been found 

be physiologically relevant to NMJ reinnervation, the in vivo targets of miR-133b at the 

NMJ await identification. They may be found in the same signaling pathways as the 

targets of miR-206, thus serving similar functions at the synapse; or they may be 

involved in entirely different aspects of NMJ, nerve, Schwann cell or muscle physiology. 

Therefore, further experiments are warranted to determine if miR-133b KO mice exhibit 

phenotypes that were not uncovered by this body of work. 

4.1.2 Presynaptic development and function 

The NMJ does not appear to display any morphological defects during 

development or aging in miR-133b KO mice. However, altered synaptic physiology can 

occur in the absence of altered NMJ structure. For example, the CD24 gene is 
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synaptically transcribed in muscle, and encodes a mucin-type 

glycosykphosphatidylinositol-linked membrane protein thought to be a retrograde 

signal. CD24 KO mice are viable and fertile; moreover, NMJ development, growth, 

nAChR density and synapse elimination are unaffected. However, electrophysiological 

experiments revealed that NMJs of CD24 KO mice are presynaptically dysfunctional, 

exhibiting many failures in neurotransmission during repetitive stimulation (Jevsek et 

al., 2006). It will be important to test presynaptic function and neurotransmission in 

miR-133b and miR-206 KO mice through electrophysiology; even though their NMJ 

morphology appears similar to wildtype, this may not translate to fully functional 

synapses. 

4.1.3 Regulation of muscle fiber type 

Skeletal muscle is made up of a variety of fibers with different structures and 

functions, including contractile and metabolic properties. The fiber type can be 

transformed to match the neuronal activity of input motor neurons, which allows the 

muscle to efficiently adapt to the motor needs of the animal (reviewed in (Pette and 

Staron, 1997; Schiaffino et al., 2007). Fast twitch (fast velocity of fiber 

shortening)/glycolytic muscle fiber types are specialized for phasic activity, while slow 

twitch/oxidative muscles are specialized for continuous activity, and are less resistant to 

fatigue. Fiber types are classified according to the expression of Myosin heavy chain 

(MHC), in order from most oxidative to most glycolytic: type I, type IIa, type IIx and 
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type IIb. Each fiber type has a unique program of gene expression to support its 

metabolism and activity, for example, expressing different isoforms of MHC, Myosin 

light chain, Troponin, Tropomyosin, and α-actinin, and different levels of SERCA1 (fast 

Ca2+-ATPase), Parvalbumin and other Ca2+ binding proteins (Pette and Staron, 2000).  

Interestingly, fiber types switch from slow-to-fast due to an increase in thyroid 

hormone at P7, when miR-133b expression peaks. Switching of adult muscle fiber types 

can also be induced by altering motor nerve activity, with enhanced effects when levels 

of thyroid hormone are changed (Pette and Vrbova, 1999; Pette and Staron, 2000). The 

switch from slow to fast fibers is induced by phasic high frequency stimulation and 

increased levels of thyroid hormone, while the fast-to-slow switch is induced by tonic 

low frequency nerve stimulation and hypothyroidism. Various signaling pathways have 

been shown to play a role in these transitions, including Calcineurin/NFAT, 

CaMKII/HDAC4, AMP/AMPK and MAPK signaling pathways (Pette and Staron, 2000).  

NMJ morphology varies with muscle fiber type; NMJs on the slow muscle fiber 

types I and fast, fatigue-resistant IIa are small and compact, while those on the fast 

twitch, fatigable IIb and IIx fibers are larger and more complex (Fahim et al., 1984; 

Tomas et al., 1992). NMJ morphology also changes with fiber type switching 

(Somasekhar et al., 1996), although the mechanisms responsible for this are unclear. It is 

possible that miR-133b and miR-206 play important roles in matching the NMJ or the 

fiber type itself to the type of neuronal input, as part of an adaptive response to altered 



 

110 

motor activity. Increased NMJ area following electroporation and miR-133b knockdown 

could reflect a role for miR-133b in fiber type plasticity downstream of electrical 

stimulation. This could be examined further by electrical stimulation of developing or 

adult muscle in miR-133b KO mice, followed by staining for NMJ and muscle fiber type-

specific MHC. NMJs and fiber type should also be compared in slow and fast twitch 

muscles of miR-133b and -206 KO mice, with or without induction of fiber type 

switching. 

Age-related changes in NMJ morphology also vary depending on the muscle 

fiber type, for example, between 6 and 24 months of age, the NMJ surface area becomes 

expanded and fragmented on type IIx and IIb fibers, while junctions with type I and IIa 

fibers remain relatively unchanged (Prakash and Sieck, 1998). In this case, diaphragm 

muscle was chosen for its relatively consistent level of activity throughout the lifetime of 

the animal due to continual respiration. It will be interesting to perform a similar fiber-

type specific examination of NMJs in various muscles of young and aged miR-133b and 

miR-206 KO animals. This may uncover roles for miR-133b and miR-206 in regulating 

muscle fiber type as well as the matching of NMJ morphology to fiber type. 

HDAC4 is required for denervation-dependent suppression of glycolytic gene 

expression, for example, inducing MHCIIA and suppressing MHCIIB. HDAC4 is 

enriched in fast oxidative fibers of innervated tibialis anterior, and HDAC4 KO 

myotubes exhibit increased glycolysis (Tang et al., 2009). HDAC4 acts in two ways: (1) 
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gene induction by suppressing Dach2 and MITR Myogenin gene corepressors and (2) 

inhibiting MEF2 binding sites in target promoters to cause gene suppression. HDAC4 

and Myogenin positively regulate each other’s expression to maintain changes in 

transcription after denervation. Because HDAC4 levels are increased in the miR-206 KO 

mouse, the reinnervation phenotype may be downstream of altered muscle fiber type to 

a more oxidative state. Therefore, the metabolic state of muscle should be characterized 

in miR-206 and miR-133b KO mice. 

4.1.4 Regulation of satellite cell proliferation and differentiation 

Satellite cells are a population of muscle stem and progenitor cells that mediate 

postnatal muscle maintenance, growth and repair (Kuang and Rudnicki, 2008). Satellite 

cells are quiescent in adult, but become reactivated and proliferate, self-renew and 

differentiate into muscle fibers following exercise and muscle injury. After denervation, 

satellite cells are initially activated, but after prolonged denervation undergo apoptosis 

(Jejurikar et al., 2002). 

miR-1 and miR-206 target Pax7 in satellite cells (Chen et al., 2010). Pax7 is a 

paired-box transcription factor expressed in satellite cells that is critical for their 

survival, self-renewal and proliferation. miR-1, miR-133 and miR-206 are upregulated 

during satellite cell differentiation and downregulated after muscle injury. Inhibition of 

miR-1 and miR-206 in vitro and in vivo using antagomirs increases levels of Pax7, inhibits 

myoblast differentiation and increases proliferation of satellite cells. Interestingly, Pax7 
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is predicted to be a shared target of miR-206 and miR-133b (Table 3, Appendix A). 

Upregulation of miR-133b and miR-206 postnatally and after denervation could reflect a 

role in the regulation of satellite cell biology. It will be important to determine whether 

levels of Pax7 are altered, and whether satellite cell proliferation and differentiation are 

affected in miR-133b, miR-206 and miR-206/133b double KO mice.  

4.1.5 Regulation of terminal Schwann cells 

After nerve and muscle, terminal Schwann cells (tSCs) are the third, often 

overlooked, cell type of the NMJ. tSCs guide synaptic growth during development, 

facilitate axonal reinnervation after denervation, modulate synaptic transmission and 

are critical for NMJ maintenance (Feng and Ko, 2007). tSCs are highly dependent on 

paracrine signals from the motor axon terminal and the muscle, such as Neuregulin 

from both axon and muscle and NT-3 from muscle (Yang et al., 2001; Hess et al., 2007). 

Therefore, although miR-133b is not expressed in tSCs, it could be important for 

regulating expression of muscle-derived factors that may affect tSCs during synaptic 

development, regeneration and maintenance. Morphology of tSCs during these events 

would most easily be assessed by crossing miR-133b KO mice to a line of mice 

expressing GFP in tSCs under the control of the S100B promoter (Zuo et al., 2004).   

4.1.6 Regulation of muscle spindles 

Muscle spindles are found deep within each muscle, and are composed of 

several intrafusal muscle fibers that contain sensory endings of stretch-sensitive 
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proprioceptive Ia afferent neurons and terminals of γ motor neurons. The function of 

muscle spindles is to detect changes in the length of the muscle, sending positional 

information to the central nervous system while also activating α-motor neurons in the 

spinal cord to mediate the stretch reflex that resists muscle stretch (Chen and Frank, 

1999; Chen et al., 2003). Like the NMJ, development of muscle spindles requires specific 

patterns of transcription factor expression and signaling between nerve and muscle. 

Several families of molecules and transcription factors are critical for development of 

both NMJs and muscle spindles, including Ets family transcription factors such as Erm, 

Neuregulin, and neurotrophic factors NT-3 and GDNF (Chen and Frank, 1999; Chen et 

al., 2003). For example, the number of muscle spindles innervated by γ-MNs is severely 

reduced in GDNF, Ret and GFRα1 knockout mice (Gould et al., 2008). It will be of 

interest to determine whether miR-133b is expressed at muscle spindles and whether 

there are alterations in the number, innervation or regeneration of muscle spindles in 

miR-133b KO mice.  

4.1.7 Regulation of miR-206 and miR-133b expression 

Understanding the signaling mechanisms regulating the expression of miR-206 

and miR-133b will be important to fully characterize their function at the NMJ. It is clear 

that E-box elements in the upstream enhancer region of 7H4 are bound by myogenic 

transcription factors and are critical for upregulation of 7H4 during muscle 

differentiation and after denervation (Rao et al., 2006; Williams et al., 2009b). However, 
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cis-elements and upstream signaling responsible for the synaptic and developmental 

expression pattern of miR-206 and miR-133b have not been explored.  

Interestingly, the postnatal expression patterns of 7H4 and the nAChRε subunit 

are very similar, both increasing dramatically between birth and P7–14, then dropping 

to lower, sustained adult levels. This transcriptional upregulation of the adult nAChRε 

subunit occurs as the expression of the embryonic nAChRγ subunit decreases, resulting 

in a switch in receptor composition. During this switch, the nAChR is converted from a 

“slow channel” (long open time, low conductance) to a “fast channel” (short open time, 

high conductance). The resemblance between the expression pattern of 7H4 and 

nAChRε suggests that these genes may be under similar transcriptional regulatory 

mechanisms; however, the mechanisms underlying the nAChRε expression pattern are 

far from clear. One aspect that is partially understood is that the transition from γ to ε 

subunit transcription is regulated by levels of thyroid hormone, which is increased 

postnatally (Kawa and Obata, 1982; Martinou and Merlie, 1991). Increased release of 

thyroid hormone accelerates, while decreased thyroid hormone delays the subunit 

switch in vivo. The effect is dependent on nerve activity; denervation abolishes the 

effects of thyroid hormone and prevents the postnatal rise in ε gene expression. Thyroid 

hormone has been found to influence the expression of miR-206 and miR-133b when 

comparing the transcriptome of skeletal muscles from thyroidectomized patients with 

and without L-thyroxine replacement (Visser et al., 2009). One major difference between 
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7H4 and nAChRε expression is that transcription of the ε subunit does not increase after 

denervation, while γ does, suggesting similarities between the transcriptional regulation 

of 7H4 and both ε and γ subunits. Whether miR-206 and miR-133b are important for 

posttranscriptional regulation of the ε or γ subunit during their postnatal switch or after 

denervation could be determined by quantifying their protein levels in miR-206 and 

miR-133b KO mice. 

A possibility that should be considered is that miR-206 and miR-133b expression 

is differentially regulated. One hint that this may occur comes from the initial 

characterization of 7H4 mRNA expression. Northern blot with a probe against the 3’ 

region of 7H4 (overlapping miR-133b) detects two RNAs of 1.6 and 5.4 kb that are 

enriched at the synapse, and a third, 2.8 kb transcript that appears after denervation 

(Velleca et al., 1994). It is unclear whether these bands result from Drosha-mediated 

cleavage of 7H4, multiple promoters or exonuclease-mediated RNA degradation. 

Northern blot using a probe overlapping with miR-206 should determine whether RNAs 

containing miR-206 sum with RNAs containing miR-133b to give the size of the full 

length 7H4 transcript, 5.4 kb.  

The physiological abundance of miRNAs is not merely dependent on the 

regulation of pri-miRNA transcription. Multiple mechanisms regulating miRNAs have 

recently been uncovered (Fabian et al., 2010; Kim et al., 2010; Krol et al., 2010). The 3’ end 

of miRNAs and pre-miRNA can be modified by 3’ uridylation, which facilitates miRNA 
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decay and blocks access to Dicer, while adenylation seems to promote stability. There 

are also several examples of RNA editing of pre-miRNA, where adenosine can be 

converted to inosine, thus altering secondary structure and interfering with miRNA 

processing and/or destabilizing the pre-miRNA. Some miRNAs can even be edited in 

the seed region, such that the miRNA is specific for a new set of targets. Moreover, 

Drosha, Dicer, Argonaute and other miRNA-associated proteins can all be modified by 

phosphorylation, hydroxylation and ubiquitination, thus altering protein stability, 

subcellular localization and function (Fabian et al., 2010; Kim et al., 2010; Krol et al., 

2010). Processing and subcellular localization of miRNAs is currently very poorly 

understood, and must be explored in order to more thoroughly understand the 

regulation of miRNA function (Leung et al., 2006; Balzer and Moss, 2007; Viswanathan 

et al., 2008). 

4.2 The Role of miR-133b in the Central Nervous System 

4.2.1 miR-133b in midbrain dopaminergic neurons 

Previous work has strongly implicated miR-133b in mDA neurons due to its 

enrichment in midbrain, depletion in PD midbrain and regulation of dopaminergic 

neuron differentiation in vitro (Kim et al., 2007). However, we find that deletion of miR-

133b in vivo produces no detectable alterations in mDA neuron number, gene 

expression, DA content, or motor and anxiety-like behaviors that are linked to mDA 

neuron function. There are several possible explanations for the lack of a dopaminergic 
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phenotype. First, miR-133b may not play an important role in the development or 

maintenance of mDA neurons in vivo. Second, miR-133a expression, while not enriched, 

has previously been detected in the midbrain and could compensate for the constitutive 

loss of miR-133b (Kim et al., 2007).  To test this possibility, mDA neuron differentiation 

and function could be assessed in a mouse where miR-133a-1 and miR-133a-2 are 

deleted in addition to miR-133b. Generation of miR-133a-1 and miR-133a-2 double 

knockout mice has been reported; these mice display defects in heart development, but a 

neuronal phenotype has not been explored (Liu et al., 2008). Compensation for miR-133b 

deletion could also occur through developmental alterations in other pathways and even 

other cell types in the brain. To determine whether miR-133b plays a role in adult mDA 

neuron function, miR-133b could be inducibly deleted in miR-133bfl/fl mice ubiquitously 

expressing transgenic CreERT2, which becomes biologically active after tamoxifen 

administration (Hayashi and McMahon, 2002). A third possibility is that miR-133b does 

have a critical function in mDA neurons, but only in a specific context that has not been 

examined in this work. For example, miR-133b is depleted in PD midbrain; whether this 

depletion is a cause or consequence of PD has not been determined. miR-133b 

dysfunction could contribute to PD pathogenesis, especially under circumstances where 

mDA neurons are exposed to conditions such as oxidative stress or excitotoxicity. If this 

is the case, miR-133b deletion could be expected to exacerbate mDA neuron 
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degeneration after exposure to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 

which  causes neuronal cell death specifically in mDA SNc neurons. 

4.2.2 miR-133b expression in brain 

The expression pattern of miR-133b in brain has not been fully characterized. 

Previous biochemical analyses have found that miR-133b is expressed in differentiating 

dopaminergic neurons in vitro and in midbrain in vivo. However, no experiments were 

carried out to determine whether miR-133b is expressed in mDA neurons or other cell 

types of the midbrain in vivo. I have found that pre-miR-133b is expressed in brain and 

has an interesting developmental expression pattern, peaking around E14 and in 

adulthood. Preliminary in situ hybridization for mature miR-133b does not reveal an 

obvious enrichment in midbrain, although mature miRNAs expressed at low levels are 

notoriously difficult to detect using current methods. Interestingly, miR-133b signal is 

apparent in neuronal cell bodies in a discrete region of the pontine region of brainstem. 

The pons contains many neuronal subtypes, including cholinergic, noradrenergic, 

serotonergic and GABAergic neurons, that have a wide variety of functions in the 

central and peripheral nervous system. The possibility that miR-133b is expressed in 

glial cells also cannot be ruled out. It will be critical to determine the precise cell type 

that expresses miR-133b by combining in situ hybridization for mature miR-133b with 

immunocytochemistry for neuronal subtype and glial cell markers. Once this has been 

carried out, the effect of miR-133b deletion on cell type-specific development, 
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morphology, maintenance and function can be explored. In addition, detailed 

characterization of the developmental expression pattern of miR-133b in brain will 

provide further clues as to the function of miR-133b.  

miR-133b KO mice appear grossly normal and their locomotor and anxiety-like 

behaviors are indistinguishable from those of wildtype controls, suggesting that miR-

133b is not critical for mDA neuron function. However, one statistically significant 

behavioral difference between wildtype and miR-133b KO animals is that miR-133b KO 

mice spend a greater percentage of time in the central region of the illuminated open 

field chamber, an aversive environment to mice (Fig. 15C). Because miR-133b KO mice 

do not appear to have altered anxiety-like behaviors in the dark-light emergence or zero 

maze tests (Fig. 15D–H), it suggests that the reason for spending a greater duration in 

the center of the open field may be due to increased exploratory drive, although the 

neural correlates of this are unclear. Whether this phenotype is due to a function of miR-

133b in brainstem neurons remains to be tested; identification of the miR-133b 

expressing population of brainstem neurons will permit design of further behavioral 

testing related to their function. 

The precise expression pattern of miR-133b in the brain has not been fully 

elucidated, but it is clear from this and other work that is indeed present in mammalian 

brain. miR-133b and miR-206 are found in the same precursor transcript (7H4), so it 

seems likely that miR-206 would also be expressed in brain; however, the expression of 
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miR-206 in the central nervous system has not been examined to date. miRNA in situ 

hybridization and RT-PCR should be performed to determine whether miR-206, like 

miR-133b, is expressed in brain. Overlapping or differential patterns of miR-133b and 

miR-206 expression could have important roles in the development, maintenance and 

modulation of neuronal function and behavior.  

4.2.3 Elucidating miRNA function in vivo 

Several microRNA knockout mice have been generated recently, and found to 

have subtle phenotypes in the tissue of interest (Park et al., 2010). There are a few 

reasons for subtle phenotypes after deletion of a single miRNA  (Bartel, 2009). (1) 90% of 

targets contain one site for the miRNA in question, and a number of sites for other 

miRNAs. Thus, it may be necessary to disrupt several miRNA:target pairs in order to 

achieve a significant physiological effect. (2) Compensatory feedback may act to buffer 

the effects of miRNA loss in order to normalize the signaling pathway in which the 

miRNA usually functions. Thus, the pathway must to be perturbed in several ways to 

detect the effects of miRNA loss. (3) The environment experienced by laboratory animals 

is very different from the natural conditions under which they have evolved, with fewer 

stressors and less competition. Introduction of directed challenges to the animal is often 

necessary to reveal mutant phenotypes in miRNA KO animals.  

A complete understanding of the role of a miRNA in vivo must include careful 

investigation and validation of the relevant miRNA targets. However, a major 
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bottleneck in the field of miRNA research is the identification of physiologically relevant 

targets of the miRNA in question. Valid targets are often difficult to select from the 

hundreds of predicted candidates for each miRNA. Due to imperfect complementarity 

in miRNA:target binding and the multiple proteins that regulate binding to the mRNA, 

computational target prediction is by no means accurate, generating many false 

positives and negatives. Moreover, 3’UTRs of targets can be regulated by alternative 

polyadenylation and cleavage, such that miRNA binding sites are lost.  

In order to more accurately and selectively predict candidate targets, a recently 

developed method biochemically isolates targets by virtue of their physical interaction 

in the cytoplasm with the miRNA in question (Orom and Lund, 2007). Synthetic miRNA 

duplexes linked to biotin at the 3’ end of the sense strand are transfected into cells of 

interest, where the tagged miRNA is incorporated into the RISC complex and associates 

with endogenous mRNA targets. After cell lysis, miRNA-target complexes are affinity 

purified from streptavidin beads, and targets analyzed by RT-PCR and microarray. 

However, this also relies on studying miRNA:target interactions in a cell culture model, 

which may lack many attributes required for the in vivo miRNA function.  

A second technique has been developed that may allow affinity purification of 

miRNAs associated with a particular target mRNA (Vo et al., 2010). The method was 

validated by isolating miRNAs targeting the Hand2 3’UTR, which is known to be 

targeted by miR-1 in vivo. The 3’UTR of Hand2 was immobilized to the bacteriophage 
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MS2 RNA, which contains multiple stemloops and is recognized by the MS2 binding 

protein (MBP). Immobilization of MBP allowed purification of miR-1 from extracts of rat 

neonatal cardiomyocytes transfected with MS2-tagged Hand2 3’UTR. Using this 

technique, other miRNAs associated with Hand2 were identified, including miR-133a, 

which is not predicted to bind to Hand2. This method is useful for identifying miRNAs 

that regulate a gene of interest, as long as the particular tissue and developmental time 

point can be approximated in vitro. Further functional assays are necessary to 

demonstrate the physiological relevance of the interaction.  

Simplistic models of miRNA function have been refined as details of miRNA-

target interactions have emerged (Bartel and Chen, 2004; Bartel, 2009). In general, 

miRNAs are thought to act in three ways: (1) as a switch, (2) by tuning of target levels, 

and (3) as a failsafe. (1) miRNAs can function as an off switch that represses expression 

of one or many target mRNAs once transcription of the gene has been turned off; for 

example, during cell differentiation, individual miRNAs can target many genes that 

should no longer be expressed in that cell type, thus contributing to the establishment 

and maintenance of a cellular identity (Lim et al., 2005; Makeyev et al., 2007; 

Visvanathan et al., 2007). (2) In tuning of target expression, miRNAs act to dampen 

protein output to an optimal but still functional level. For example, Drosophila miR-8 

prevents Atrophin expression from reaching levels that induce neurodegeneration, 

while allowing sufficient expression necessary for cell viability (Karres et al., 2007). (3) 
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Finally, in combination with other regulatory mechanisms such as transcription factor 

activity and chromatin modifications, miRNAs serve to redundantly repress protein 

production as a back-up in cases of “leaky” or aberrant gene expression.  

4.2.4 Genetic variability of miRNAs in human disease 

Complex human diseases result from a multitude of environmental factors and 

genetic variations. Variants in gene regulatory elements and coding regions are known 

to be associated with disease risk; it is now becoming clear that polymorphisms in 

miRNA related elements have the potential to contribute to disease (Kloosterman and 

Plasterk, 2006; Chang and Mendell, 2007; Soifer et al., 2007; Sethupathy and Collins, 

2008). Small RNA cloning and deep sequencing have identified hundreds of mammalian 

and human miRNAs; 720 mouse and 1424 human miRNAs are currently listed on the 

miRBase miRNA database (Griffiths-Jones et al., 2008; Kozomara and Griffiths-Jones, 

2011). Therefore, the potential for miRNA-related variations to contribute to 

mechanisms of disease pathology is vast, and large-scale genome-wide association 

studies (GWASs) will be critical for testing this.  

Several mutations in miRNAs or miRNA binding sites have been linked with 

disease and phenotyping variation. For example, creation of a miR-206 binding site in 

the 3’UTR of the Myostatin gene, which negatively regulates muscle mass, causes 

increased muscularity in a breed of sheep due to miR-206 repression of Myostatin in 

muscle (Clop et al., 2006). Several studies have found an association between miRNA-
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related polymorphisms and  human diseases, for example, strengthening of a miR-189 

binding site in the Slit and Trk-like 1 (SLITRK1) gene has been linked to Tourette’s 

syndrome, and disruption of a miR-433 binding site in the FGF20 3’UTR has been linked 

to Parkinson’s disease (Abelson et al., 2005; Wang et al., 2008). Other diseases associated 

with miRNA-related variants include cancer, hypertension, aggressive behavior and 

irritable bowel syndrome (Sethupathy and Collins, 2008).  

Further GWASs in combination with miRNA and target validation in vivo will be 

essential to determine the contribution of miRNA dysfunction to human disease 

pathogenesis. Because miRNAs can easily be overexpressed or knocked down in vivo, 

they represent very important targets for the development of novel therapeutic 

strategies in combating human diseases and disorders (Soifer et al., 2007). 
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Appendix A: Predicted MicroRNA Targets 

 

Table 1: Predicted targets of Mus musculus miR-133b using TargetScan. 

Human ortholog of target 
gene Gene name Conserved 

sites 

Poorly 
conserved 

sites 

Total 
context 
score 

Aggregate 
PCT 

Gabpb2 GA repeat binding protein, beta 2 2 3 -0.86 0.72 

Brunol4 bruno-like 4, RNA binding protein (Drosophila) 2 0 -0.83 0.93 

Slc6a1 solute carrier family 6 (neurotransmitter transporter, 
GABA), member 1 1 1 -0.7 0.9 

Edem1 ER degradation enhancer, mannosidase alpha-like 1 1 2 -0.69 0.9 

Lhfp lipoma HMGIC fusion partner 2 0 -0.63 0.96 

Gpm6a glycoprotein m6a 1 1 -0.61 0.79 

Fgf12 fibroblast growth factor 12 1 2 -0.6 0.39 

Enc1 ectodermal-neural cortex 1 2 0 -0.59 0.43 

Smarcd1 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily d, member 1 1 0 -0.54 0.88 

Ppp2r3c protein phosphatase 2, regulatory subunit B', gamma 1 1 -0.53 0.53 

Ptbp1 polypyrimidine tract binding protein 1 2 0 -0.53 0.93 

Als2cr13 amyotrophic lateral sclerosis 2 (juvenile) 
chromosome region, candidate 13 (human) 1 2 -0.52 0.9 

Uba2 ubiquitin-like modifier activating enzyme 2 1 0 -0.52 0.84 

Tmod3 tropomodulin 3 1 1 -0.52 0.86 

Zc3h14 zinc finger CCCH type containing 14 1 0 -0.51 0.52 

Maml1 mastermind like 1 (Drosophila) 1 1 -0.51 0.93 

Ankrd44 ankyrin repeat domain 44 1 1 -0.5 0.9 

Dcbld1 discoidin, CUB and LCCL domain containing 1 1 0 -0.49 0.81 

Rbmx RNA binding motif protein, X chromosome 1 0 -0.49 0.79 

Dlx3 distal-less homeobox 3 1 1 -0.49 0.51 

Clta clathrin, light polypeptide (Lca) 1 0 -0.49 0.83 

Nup153 nucleoporin 153 1 0 -0.49 0.86 

Csnk1g3 casein kinase 1, gamma 3 2 0 -0.49 0.84 

Sgms2 sphingomyelin synthase 2 1 0 -0.48 0.84 

P2rx4 purinergic receptor P2X, ligand-gated ion channel 4 1 0 -0.48 0.57 

Sec61b Sec61 beta subunit 1 0 -0.47 0.89 

Cnn2 calponin 2 1 0 -0.47 0.29 

Ptprz1 protein tyrosine phosphatase, receptor type Z, 
polypeptide 1 1 0 -0.47 0.83 

Emp2 epithelial membrane protein 2 1 0 -0.47 0.89 

4732471D19Rik RIKEN cDNA 4732471D19 gene 1 0 -0.47 0.27 

Zfp131 zinc finger protein 131 1 0 -0.47 0.86 

Aftph aftiphilin 1 0 -0.47 0.72 

Ptpro protein tyrosine phosphatase, receptor type, O 1 0 -0.46 0.8 

Rffl ring finger and FYVE like domain containing protein 1 0 -0.46 0.77 

Alg6 asparagine-linked glycosylation 6 homolog (yeast, 
alpha-1,3,-glucosyltransferase) 1 0 -0.46 0.53 

Myo9b myosin IXb 1 1 -0.46 0.88 
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AI450540 expressed sequence AI450540 1 1 -0.46 0.87 

Sf3b1 splicing factor 3b, subunit 1 1 0 -0.45 0.86 

Timm17a translocase of inner mitochondrial membrane 17a 1 0 -0.45 0.7 

Zfp280c zinc finger protein 280c 1 0 -0.44 0.66 

Syt2 synaptotagmin II 1 1 -0.44 0.63 

Col8a1 collagen, type VIII, alpha 1 1 0 -0.44 0.27 

Lasp1 LIM and SH3 protein 1 1 1 -0.44 0.47 

Vps54 vacuolar protein sorting 54 (yeast) 1 0 -0.43 0.82 

Cmpk1 cytidine monophosphate (UMP-CMP) kinase 1 1 0 -0.43 0.63 

Ankrd28 ankyrin repeat domain 28 1 0 -0.43 0.9 

Tagln2 transgelin 2 2 0 -0.43 0.85 

Ppp2cb protein phosphatase 2 (formerly 2A), catalytic 
subunit, beta isoform 1 0 -0.43 0.75 

Ptprk protein tyrosine phosphatase, receptor type, K 1 0 -0.43 0.4 

Foxp2 forkhead box P2 1 1 -0.43 0.92 

Klhdc5 kelch domain containing 5 1 1 -0.42 0.53 

N28178 expressed sequence N28178 1 0 -0.42 0.67 

Prrt2 proline-rich transmembrane protein 2 2 0 -0.42 0.82 

Efna4 ephrin A4 1 0 -0.42 0.79 

Sept6 septin 6 1 0 -0.42 0.55 

Arhgef9 Cdc42 guanine nucleotide exchange factor (GEF) 9 1 0 -0.42 0.9 

Qk quaking 1 1 -0.42 0.75 

Sh3gl2 SH3-domain GRB2-like 2 1 0 -0.42 0.43 

Shisa5 shisa homolog 5 (Xenopus laevis) 1 1 -0.42 0.56 

Glra2 glycine receptor, alpha 2 subunit 1 0 -0.41 0.79 

St8sia3 ST8 alpha-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 3 1 0 -0.41 0.32 

Syt1 synaptotagmin I 1 1 -0.41 0.8 

Kctd20 potassium channel tetramerisation domain containing 
20 1 0 -0.41 0.89 

C030046E11Rik RIKEN cDNA C030046E11 gene 1 0 -0.41 0.9 

Elfn1 leucine rich repeat and fibronectin type III, 
extracellular 1 1 0 -0.41 0.88 

Actn4 actinin alpha 4 1 0 -0.4 0.71 

Slc30a7 solute carrier family 30 (zinc transporter), member 7 1 0 -0.4 0.62 

Mtap4 microtubule-associated protein 4 1 0 -0.4 < 0.1 

Bicc1 bicaudal C homolog 1 (Drosophila) 1 0 -0.4 0.86 

Lancl2 LanC (bacterial lantibiotic synthetase component C)-
like 2 1 0 -0.4 0.46 

Ppp2r2d protein phosphatase 2, regulatory subunit B, delta 
isoform 1 1 -0.4 0.56 

Rag1ap1 recombination activating gene 1 activating protein 1 1 0 -0.4 < 0.1 

Gch1 GTP cyclohydrolase 1 1 0 -0.39 0.73 

2310047D13Rik RIKEN cDNA 2310047D13 gene 1 0 -0.39 0.26 

Appl2 adaptor protein, phosphotyrosine interaction, PH 
domain and leucine zipper containing 2 1 1 -0.39 0.46 

Rb1cc1 RB1-inducible coiled-coil 1 1 0 -0.39 0.75 

Ppp2ca protein phosphatase 2 (formerly 2A), catalytic 
subunit, alpha isoform 1 0 -0.39 0.86 

Yes1 Yamaguchi sarcoma viral (v-yes) oncogene homolog 
1 1 0 -0.38 0.41 

Hs2st1 heparan sulfate 2-O-sulfotransferase 1 1 0 -0.38 0.9 

Ttpal tocopherol (alpha) transfer protein-like 1 1 -0.38 0.84 

Vat1 vesicle amine transport protein 1 homolog (T 
californica) 1 1 -0.38 0.59 
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Prkcb1 protein kinase C, beta 1 1 0 -0.38 0.89 

Ankrd12 ankyrin repeat domain 12 1 0 -0.38 0.9 

Rhod ras homolog gene family, member D 1 0 -0.38 0.37 

Zc3h11a zinc finger CCCH type containing 11A 1 0 -0.37 0.86 

A730037C10Rik RIKEN cDNA A730037C10 gene 1 0 -0.37 0.21 

Brunol6 bruno-like 6, RNA binding protein (Drosophila) 1 0 -0.37 0.89 

Btbd3 BTB (POZ) domain containing 3 1 1 -0.37 0.85 

Eif4a1 eukaryotic translation initiation factor 4A1 1 0 -0.37 < 0.1 

Sec61a1 Sec61 alpha 1 subunit (S. cerevisiae) 1 0 -0.36 < 0.1 

Exdl2 exonuclease 3'-5' domain-like 2 1 0 -0.36 0.12 

Foxc2 forkhead box C2 1 0 -0.36 0.39 

1110037F02Rik RIKEN cDNA 1110037F02 gene 1 0 -0.36 0.85 

Grm5 glutamate receptor, metabotropic 5 1 0 -0.36 0.85 

Gdnf glial cell line derived neurotrophic factor 2 0 -0.35 0.97 

Unkl unkempt-like (Drosophila) 1 1 -0.35 0.8 

Acat3 acetyl-Coenzyme A acetyltransferase 3 1 0 -0.35 0.42 

Acat2 acetyl-Coenzyme A acetyltransferase 2 1 0 -0.35 0.39 

Sp3 trans-acting transcription factor 3 1 0 -0.35 0.85 

Tmem32 transmembrane protein 32 2 0 -0.34 0.88 

Greb1 gene regulated by estrogen in breast cancer protein 1 0 -0.34 < 0.1 

Ddx19b DEAD (Asp-Glu-Ala-Asp) box polypeptide 19b 1 0 -0.34 < 0.1 

Lrrfip1 leucine rich repeat (in FLII) interacting protein 1 2 0 -0.34 0.82 

Ccnc cyclin C 1 0 -0.34 0.55 

Bbs1 Bardet-Biedl syndrome 1 homolog (human) 1 0 -0.34 < 0.1 

Baz2a bromodomain adjacent to zinc finger domain, 2A 1 0 -0.34 0.76 

Sv2a synaptic vesicle glycoprotein 2 a 1 0 -0.34 0.61 

Cpne3 copine III 1 0 -0.34 0.63 

Mtmr4 myotubularin related protein 4 1 0 -0.33 < 0.1 

Dolpp1 dolichyl pyrophosphate phosphatase 1 1 0 -0.33 0.86 

Adcyap1 adenylate cyclase activating polypeptide 1 1 0 -0.33 0.72 

Nags N-acetylglutamate synthase 1 0 -0.33 0.21 

Cntnap1 contactin associated protein-like 1 1 1 -0.33 0.53 

Tcfap2d transcription factor AP-2, delta 1 0 -0.33 0.68 

Afap1 actin filament associated protein 1 1 0 -0.33 0.78 

Snx30 sorting nexin family member 30 1 1 -0.33 0.85 

Dpysl4 dihydropyrimidinase-like 4 1 0 -0.32 < 0.1 

Msn moesin 1 0 -0.32 0.81 

Gpr172b G protein-coupled receptor 172B 1 0 -0.32 0.27 

Rap2c RAP2C, member of RAS oncogene family 1 0 -0.32 0.78 

Mpped1 metallophosphoesterase domain containing 1 1 0 -0.32 0.43 

Zc3h7a zinc finger CCCH type containing 7 A 1 0 -0.31 0.53 

Foxc1 forkhead box C1 1 0 -0.31 0.86 

Pfn2 profilin 2 1 0 -0.31 0.6 

Ppfia3 
protein tyrosine phosphatase, receptor type, f 
polypeptide (PTPRF), interacting protein (liprin), 
alpha 3 

1 0 -0.31 < 0.1 

Fgf1 fibroblast growth factor 1 1 0 -0.31 0.86 

Zbtb7b zinc finger and BTB domain containing 7B 1 0 -0.31 0.86 

Snrk SNF related kinase 1 0 -0.3 0.9 

Sertad4 SERTA domain containing 4 1 0 -0.3 0.46 

Atp6ap2 ATPase, H+ transporting, lysosomal accessory 1 0 -0.3 0.43 
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protein 2 

Ptbp2 polypyrimidine tract binding protein 2 1 0 -0.3 0.86 

Sfxn5 sideroflexin 5 1 1 -0.3 0.51 

Sobp sine oculis-binding protein homolog (Drosophila) 1 1 -0.29 0.84 

Btaf1 BTAF1 RNA polymerase II, B-TFIID transcription 
factor-associated, (Mot1 homolog, S. cerevisiae) 1 0 -0.29 0.61 

Lhx5 LIM homeobox protein 5 1 0 -0.29 0.38 

Elavl1 ELAV (embryonic lethal, abnormal vision, 
Drosophila)-like 1 (Hu antigen R) 1 2 -0.28 0.9 

Vapb vesicle-associated membrane protein, associated 
protein B and C 1 1 -0.28 0.85 

Hapln1 hyaluronan and proteoglycan link protein 1 1 1 -0.28 0.83 

Slc25a37 solute carrier family 25, member 37 1 0 -0.28 < 0.1 

Ndrg1 N-myc downstream regulated gene 1 1 0 -0.28 0.73 

Rarb retinoic acid receptor, beta 1 0 -0.28 0.56 

Cdc2l5 cell division cycle 2-like 5 (cholinesterase-related cell 
division controller) 1 0 -0.28 0.85 

Lrrc30 leucine rich repeat containing 30 1 0 -0.28 0.53 

Gabarapl1 gamma-aminobutyric acid (GABA(A)) receptor-
associated protein-like 1 1 0 -0.28 0.44 

Thrap3 thyroid hormone receptor associated protein 3 1 0 -0.28 0.86 

Tmem167 transmembrane protein 167 1 0 -0.28 0.84 

Arhgap12 Rho GTPase activating protein 12 1 0 -0.27 0.72 

Sgk1 serum/glucocorticoid regulated kinase 1 1 0 -0.27 0.75 

Cecr6 cat eye syndrome chromosome region, candidate 6 
homolog (human) 1 0 -0.27 0.45 

Crlf3 cytokine receptor-like factor 3 1 0 -0.27 0.64 

Arrb1 arrestin, beta 1 1 1 -0.26 0.85 

Raver1 ribonucleoprotein, PTB-binding 1 1 0 -0.26 0.86 

Sf3b4 splicing factor 3b, subunit 4 1 0 -0.26 0.83 

Tjp2 tight junction protein 2 1 0 -0.26 0.81 

Wasf2 WAS protein family, member 2 1 1 -0.25 0.76 

Mrc2 mannose receptor, C type 2 1 0 -0.25 0.43 

Myh9 myosin, heavy polypeptide 9, non-muscle 1 0 -0.25 0.81 

Ptprd protein tyrosine phosphatase, receptor type, D 1 1 -0.25 0.85 

Arfip2 ADP-ribosylation factor interacting protein 2 1 1 -0.25 0.8 

Whsc2 Wolf-Hirschhorn syndrome candidate 2 (human) 1 0 -0.25 0.18 

Braf Braf transforming gene 1 0 -0.25 0.82 

Nrip3 nuclear receptor interacting protein 3 1 0 -0.25 0.71 

Kcnd3 potassium voltage-gated channel, Shal-related 
family, member 3 1 1 -0.24 0.88 

Ihpk1 inositol hexaphosphate kinase 1 1 0 -0.24 0.75 

Gpr173 G-protein coupled receptor 173 1 0 -0.24 0.3 

5730403B10Rik RIKEN cDNA 5730403B10 gene 1 0 -0.24 0.55 

Mcl1 myeloid cell leukemia sequence 1 1 0 -0.24 0.8 

Zfp217 zinc finger protein 217 1 0 -0.24 0.75 

Vamp2 vesicle-associated membrane protein 2 1 0 -0.24 0.67 

Trhde TRH-degrading enzyme 1 0 -0.24 0.82 

Adamts5 
a disintegrin-like and metallopeptidase (reprolysin 
type) with thrombospondin type 1 motif, 5 
(aggrecanase-2) 

2 0 -0.23 0.98 

Ppfia2 
protein tyrosine phosphatase, receptor type, f 
polypeptide (PTPRF), interacting protein (liprin), 
alpha 2 

1 0 -0.23 0.47 

Bcorl1 BCL6 co-repressor-like 1 1 1 -0.23 0.67 
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Rgs8 regulator of G-protein signaling 8 1 1 -0.23 0.55 

Adamts19 a disintegrin-like and metallopeptidase (reprolysin 
type) with thrombospondin type 1 motif, 19 1 0 -0.23 0.67 

D12Ertd553e DNA segment, Chr 12, ERATO Doi 553, expressed 1 0 -0.23 0.85 

Entpd5 ectonucleoside triphosphate diphosphohydrolase 5 1 0 -0.23 < 0.1 

Aldh5a1 aldhehyde dehydrogenase family 5, subfamily A1 1 0 -0.23 0.62 

Mmp15 matrix metallopeptidase 15 1 0 -0.23 0.85 

Hmgcll1 3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase-
like 1 1 0 -0.23 0.49 

Jazf1 JAZF zinc finger 1 1 0 -0.23 0.48 

Akap9 A kinase (PRKA) anchor protein (yotiao) 9 1 0 -0.23 0.51 

Ank2 ankyrin 2, brain 1 1 -0.22 0.63 

Epha7 Eph receptor A7 1 0 -0.22 0.85 

Sp1 trans-acting transcription factor 1 1 1 -0.22 0.8 

Sgpp1 sphingosine-1-phosphate phosphatase 1 1 0 -0.22 0.47 

Pan3 PAN3 polyA specific ribonuclease subunit homolog 
(S. cerevisiae) 1 0 -0.21 0.48 

Jup junction plakoglobin 1 0 -0.21 0.83 

Tmem33 transmembrane protein 33 1 1 -0.21 0.78 

Tpm4 tropomyosin 4 1 0 -0.21 0.77 

Twist2 twist homolog 2 (Drosophila) 1 0 -0.21 0.73 

Fgfr1 fibroblast growth factor receptor 1 2 0 -0.21 0.9 

Pdik1l PDLIM1 interacting kinase 1 like 1 0 -0.21 0.81 

Pax7 paired box gene 7 1 1 -0.21 0.58 

Letmd1 LETM1 domain containing 1 2 0 -0.21 0.94 

Pitpnm2 phosphatidylinositol transfer protein, membrane-
associated 2 1 0 -0.21 0.85 

Foxp4 forkhead box P4 2 0 -0.2 0.85 

Sacm1l SAC1 (suppressor of actin mutations 1, homolog)-like 
(S. cerevisiae) 1 0 -0.2 0.52 

Glt8d3 glycosyltransferase 8 domain containing 3 1 0 -0.2 0.9 

Synpo2l synaptopodin 2-like 1 0 -0.2 0.47 

Maml3 mastermind like 3 (Drosophila) 1 0 -0.2 0.85 

Xpo1 exportin 1, CRM1 homolog (yeast) 1 0 -0.2 0.74 

Txlna taxilin alpha 1 0 -0.2 0.72 

Atp6v0d1 ATPase, H+ transporting, lysosomal V0 subunit D1 1 0 -0.2 0.47 

Ube2q1 ubiquitin-conjugating enzyme E2Q (putative) 1 1 0 -0.2 0.8 

BC067047 cDNA sequence BC067047 1 0 -0.2 0.74 

Hpcal4 hippocalcin-like 4 1 0 -0.2 0.16 

Pthr1 parathyroid hormone receptor 1 1 0 -0.2 0.8 

Tbpl1 TATA box binding protein-like 1 1 0 -0.2 0.85 

Unc5c unc-5 homolog C (C. elegans) 1 1 -0.2 0.55 

Dync1li2 dynein, cytoplasmic 1 light intermediate chain 2 1 0 -0.2 0.69 

Dmxl1 Dmx-like 1 1 0 -0.19 0.67 

Eef1a1 eukaryotic translation elongation factor 1 alpha 1 1 0 -0.19 0.63 

Slc7a2 solute carrier family 7 (cationic amino acid 
transporter, y+ system), member 2 1 0 -0.19 0.58 

Ctbp2 C-terminal binding protein 2 1 0 -0.19 0.5 

Znrf3 zinc and ring finger 3 1 0 -0.19 0.88 

Ypel2 yippee-like 2 (Drosophila) 1 1 -0.19 0.78 

Syap1 synapse associated protein 1 1 0 -0.19 0.83 

Fosl2 fos-like antigen 2 1 1 -0.19 0.66 
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Mllt3 myeloid/lymphoid or mixed-lineage leukemia 
(trithorax homolog, Drosophila); translocated to, 3 1 0 -0.19 0.64 

Prdm16 PR domain containing 16 1 0 -0.19 0.9 

Arpc5 actin related protein 2/3 complex, subunit 5 1 0 -0.18 0.87 

Barhl1 BarH-like 1 (Drosophila) 1 0 -0.18 0.75 

Ctgf connective tissue growth factor 1 0 -0.18 0.74 

D430015B01Rik RIKEN cDNA D430015B01 gene 1 0 -0.18 0.74 

B230339M05Rik RIKEN cDNA B230339M05 gene 1 0 -0.18 0.5 

Slc25a36 solute carrier family 25, member 36 2 0 -0.18 0.94 

Casc3 cancer susceptibility candidate 3 1 0 -0.18 0.51 

2810003C17Rik RIKEN cDNA 2810003C17 gene 1 0 -0.18 0.79 

Meis1 Meis homeobox 1 1 0 -0.18 0.68 

Tfg Trk-fused gene 1 0 -0.18 0.52 

Foxg1 forkhead box G1 1 0 -0.18 0.67 

Prdm1 PR domain containing 1, with ZNF domain 1 0 -0.18 0.71 

Rbpj recombination signal binding protein for 
immunoglobulin kappa J region 1 0 -0.18 0.84 

Rtn3 reticulon 3 1 0 -0.18 < 0.1 

Fbxw11 F-box and WD-40 domain protein 11 1 0 -0.17 0.59 

Srgap3 SLIT-ROBO Rho GTPase activating protein 3 1 1 -0.17 0.61 

Pip4k2b phosphatidylinositol-5-phosphate 4-kinase, type II, 
beta 1 0 -0.17 0.31 

Slc6a6 solute carrier family 6 (neurotransmitter transporter, 
taurine), member 6 2 0 -0.17 0.85 

Ldlrap1 low density lipoprotein receptor adaptor protein 1 3 0 -0.17 0.96 

Meis2 Meis homeobox 2 1 0 -0.17 0.68 

C230021P08Rik Riken cDNA C230021P08 gene 1 0 -0.17 0.45 

Cstf2 cleavage stimulation factor, 3' pre-RNA subunit 2 1 0 -0.17 0.61 

Dnajc3 DnaJ (Hsp40) homolog, subfamily C, member 3 1 0 -0.17 0.58 

Crk v-crk sarcoma virus CT10 oncogene homolog (avian) 1 0 -0.17 0.73 

Elf2 E74-like factor 2 1 0 -0.17 0.7 

D5Ertd579e DNA segment, Chr 5, ERATO Doi 579, expressed 1 0 -0.17 0.67 

Eya4 eyes absent 4 homolog (Drosophila) 1 0 -0.17 0.86 

Fscn1 fascin homolog 1, actin bundling protein 
(Strongylocentrotus purpuratus) 1 0 -0.17 0.86 

Hivep2 human immunodeficiency virus type I enhancer 
binding protein 2 1 0 -0.17 0.72 

Rpn1 ribophorin I 1 0 -0.16 0.75 

Fbxo30 F-box protein 30 1 0 -0.16 0.84 

Idh1 isocitrate dehydrogenase 1 (NADP+), soluble 1 0 -0.16 0.67 

OTTMUSG00000009974 predicted gene, OTTMUSG00000009974 1 0 -0.16 0.46 

BC031748 cDNA sequence BC031748 1 0 -0.16 0.85 

Hic2 hypermethylated in cancer 2 2 0 -0.16 0.8 

Calm1 calmodulin 1 1 0 -0.16 0.55 

Cdk5r1 cyclin-dependent kinase 5, regulatory subunit 1 (p35) 1 0 -0.16 0.87 

Slc41a1 solute carrier family 41, member 1 1 0 -0.16 0.54 

Dcun1d4 DCN1, defective in cullin neddylation 1, domain 
containing 4 (S. cerevisiae) 1 0 -0.16 0.85 

Zfp740 zinc finger protein 740 1 0 -0.16 0.78 

Hs3st5 heparan sulfate (glucosamine) 3-O-sulfotransferase 5 1 0 -0.16 0.7 

Otud7b OTU domain containing 7B 1 0 -0.16 0.7 
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Ppfia1 protein tyrosine phosphatase, receptor type, f 
polypeptide (PTPRF), interacting protein, alpha 1 1 0 -0.15 0.64 

Sesn1 sestrin 1 1 0 -0.15 0.7 

Per1 period homolog 1 (Drosophila) 1 0 -0.15 0.56 

Ash1l ash1 (absent, small, or homeotic)-like (Drosophila) 1 0 -0.15 0.78 

Slc7a8 solute carrier family 7 (cationic amino acid 
transporter, y+ system), member 8 1 0 -0.15 0.83 

Zhx1 zinc fingers and homeoboxes 1 1 0 -0.15 0.87 

Vamp3 vesicle-associated membrane protein 3 1 0 -0.15 0.68 

Abcc1 ATP-binding cassette, sub-family C (CFTR/MRP), 
member 1 1 1 -0.15 0.68 

Bcl2l2 Bcl2-like 2 1 0 -0.14 0.69 

Eya1 eyes absent 1 homolog (Drosophila) 1 0 -0.14 0.69 

Ubxd8 UBX domain containing 8 1 0 -0.14 0.88 

Sirt1 sirtuin 1 (silent mating type information regulation 2, 
homolog) 1 (S. cerevisiae) 1 0 -0.14 0.53 

Foxk2 forkhead box K2 1 0 -0.14 0.88 

Kcna1 potassium voltage-gated channel, shaker-related 
subfamily, member 1 2 0 -0.14 0.8 

Ppp1r9b protein phosphatase 1, regulatory subunit 9B 1 1 -0.14 0.73 

Grm7 glutamate receptor, metabotropic 7 1 0 -0.14 0.64 

E2f7 E2F transcription factor 7 1 0 -0.14 0.87 

Man1a2 mannosidase, alpha, class 1A, member 2 1 0 -0.14 0.87 

Ddx3x DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-
linked 1 0 -0.14 0.65 

Zfp710 zinc finger protein 710 1 1 -0.14 0.61 

Crtam cytotoxic and regulatory T cell molecule 1 0 -0.14 0.53 

Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 
3 1 0 -0.14 0.7 

Fbxl22 F-box and leucine-rich repeat protein 22 1 1 -0.13 0.88 

Spty2d1 SPT2, Suppressor of Ty, domain containing 1 (S. 
cerevisiae) 1 0 -0.13 0.86 

Cxxc4 CXXC finger 4 1 0 -0.13 0.59 

2410127E18Rik RIKEN cDNA 2410127E18 gene 1 0 -0.13 0.39 

AW049604 expressed sequence AW049604 1 0 -0.13 0.88 

Ubfd1 ubiquitin family domain containing 1 1 0 -0.13 0.49 

Saps3 SAPS domain family, member 3 1 0 -0.13 0.87 

Eif3j eukaryotic translation initiation factor 3, subunit J 1 0 -0.13 0.56 

Maea macrophage erythroblast attacher 1 0 -0.13 0.87 

Lin7a lin-7 homolog A (C. elegans) 1 0 -0.13 0.81 

Adcy6 adenylate cyclase 6 1 0 -0.12 0.67 

Supt16h suppressor of Ty 16 homolog (S. cerevisiae) 1 0 -0.12 0.7 

Zfp46 zinc finger protein 46 1 0 -0.12 0.65 

E030018N11Rik RIKEN cDNA E030018N11 gene 1 1 -0.12 0.63 

2700078E11Rik RIKEN cDNA 2700078E11 gene 1 0 -0.12 0.69 

Gls glutaminase 1 0 -0.12 0.88 

Rtn4rl1 reticulon 4 receptor-like 1 1 0 -0.12 0.74 

Prrx1 paired related homeobox 1 1 1 -0.12 0.72 

Hlf hepatic leukemia factor 1 0 -0.12 0.88 

Mll3 myeloid/lymphoid or mixed-lineage leukemia 3 1 0 -0.12 0.75 

Slc25a39 solute carrier family 25, member 39 1 0 -0.12 0.78 

Dot1l DOT1-like, histone H3 methyltransferase (S. 
cerevisiae) 1 0 -0.11 0.79 

Ak2 adenylate kinase 2 1 0 -0.11 0.74 
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Wbp4 WW domain binding protein 4 1 0 -0.11 0.55 

Dusp7 dual specificity phosphatase 7 1 0 -0.11 0.79 

Tcfe3 transcription factor E3 1 0 -0.11 0.65 

Sgsm1 small G protein signaling modulator 1 1 0 -0.11 0.84 

Fst follistatin 1 0 -0.11 0.73 

C77080 expressed sequence C77080 1 0 -0.11 0.85 

Atp2a2 ATPase, Ca++ transporting, cardiac muscle, slow 
twitch 2 1 0 -0.11 0.72 

Ltbp1 latent transforming growth factor beta binding protein 
1 1 0 -0.11 0.88 

Tgfb2 transforming growth factor, beta 2 1 0 -0.11 0.87 

P2ry2 purinergic receptor P2Y, G-protein coupled 2 1 0 -0.11 0.48 

Traf3 Tnf receptor-associated factor 3 1 0 -0.1 0.88 

Runx1t1 runt-related transcription factor 1; translocated to, 1 
(cyclin D-related) 1 0 -0.1 0.84 

Kif21a kinesin family member 21A 1 0 -0.1 0.82 

E130012A19Rik RIKEN cDNA E130012A19 gene 1 1 -0.1 0.82 

Capn5 calpain 5 1 1 -0.1 0.53 

Dlgap3 discs, large (Drosophila) homolog-associated protein 
3 1 0 -0.1 0.46 

Tmem110 transmembrane protein 110 1 0 -0.1 0.88 

Unk unkempt homolog (Drosophila) 1 0 -0.1 0.48 

Mecp2 methyl CpG binding protein 2 1 0 -0.1 0.87 

Pde7a phosphodiesterase 7A 1 0 -0.1 0.73 

Dnajb1 DnaJ (Hsp40) homolog, subfamily B, member 1 1 0 -0.1 0.59 

Ttyh3 tweety homolog 3 (Drosophila) 1 0 -0.1 0.54 

Fbn2 fibrillin 2 1 0 -0.09 0.55 

C230081A13Rik RIKEN cDNA C230081A13 gene 1 1 -0.09 0.82 

Tm9sf3 transmembrane 9 superfamily member 3 1 0 -0.09 0.52 

Ppp2r5e protein phosphatase 2, regulatory subunit B (B56), 
epsilon isoform 1 0 -0.09 0.72 

Phtf2 putative homeodomain transcription factor 2 1 0 -0.09 0.55 

Rcl1 RNA terminal phosphate cyclase-like 1 1 0 -0.09 0.5 

Lin7c lin-7 homolog C (C. elegans) 1 0 -0.09 0.85 

Spry4 sprouty homolog 4 (Drosophila) 1 0 -0.09 0.77 

Nfib nuclear factor I/B 1 0 -0.09 0.71 

Tnrc6b trinucleotide repeat containing 6b 2 0 -0.09 0.93 

Ube2z ubiquitin-conjugating enzyme E2Z (putative) 1 0 -0.08 0.87 

Nfia nuclear factor I/A 1 0 -0.08 0.68 

Fusip1 FUS interacting protein (serine-arginine rich) 1 1 0 -0.08 0.78 

Zbtb4 zinc finger and BTB domain containing 4 1 0 -0.08 0.87 

Rab34 RAB34, member of RAS oncogene family 1 0 -0.08 0.84 

Rab5c RAB5C, member RAS oncogene family 1 0 -0.08 0.55 

Aak1 AP2 associated kinase 1 1 0 -0.08 0.88 

Zfp385a zinc finger protein 385A 1 0 -0.08 0.59 

Cmtm6 CKLF-like MARVEL transmembrane domain 
containing 6 1 0 -0.07 0.81 

Actr1a ARP1 actin-related protein 1 homolog A (yeast) 1 1 -0.07 0.67 

Cnnm2 cyclin M2 1 0 -0.07 0.87 

Insr insulin receptor 1 0 -0.07 0.83 

Tgfbr1 transforming growth factor, beta receptor I 1 0 -0.07 0.79 

Nfat5 nuclear factor of activated T-cells 5 1 0 -0.06 0.85 

Tgoln1 trans-golgi network protein 1 0 -0.06 0.65 
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Tgoln2 trans-golgi network protein 2 1 0 -0.06 0.56 

Chd2 chromodomain helicase DNA binding protein 2 1 0 -0.06 0.83 

Arhgdia Rho GDP dissociation inhibitor (GDI) alpha 1 0 -0.06 0.79 

A630042L21Rik RIKEN cDNA A630042L21 gene 1 0 -0.06 0.87 

Bcl2l1 Bcl2-like 1 1 0 -0.06 0.61 

Mrvi1 MRV integration site 1 1 0 -0.06 0.49 

Mlxip MLX interacting protein 1 0 -0.06 0.86 

Trim33 tripartite motif-containing 33 1 0 -0.05 0.59 

Tspan18 tetraspanin 18 1 0 -0.05 0.55 

D12Ertd551e DNA segment, Chr 12, ERATO Doi 551, expressed 1 0 -0.04 0.81 

Mapk10 mitogen-activated protein kinase 10 1 0 -0.03 0.62 

Slmo2 slowmo homolog 2 (Drosophila) 1 0 -0.03 0.54 

Ripk5 receptor interacting protein kinase 5 1 0 -0.03 0.75 

Cnnm4 cyclin M4 1 0 -0.03 0.49 

Pitpnm3 PITPNM family member 3 1 0 -0.03 0.8 

Adcy5 adenylate cyclase 5 1 0 -0.03 0.82 

Zfp395 zinc finger protein 395 1 0 -0.02 0.88 

Ptma prothymosin alpha 1 0 -0.02 0.53 

Six5 sine oculis-related homeobox 5 homolog (Drosophila) 1 0 -0.02 0.82 

RP23-100C5.8 ProSAPiP1 protein 1 0 -0.02 0.81 

Ephb4 Eph receptor B4 1 0 -0.02 0.65 

Slc27a4 solute carrier family 27 (fatty acid transporter), 
member 4 1 0 -0.01 0.87 

Gdi2 guanosine diphosphate (GDP) dissociation inhibitor 2 1 0 -0.01 0.85 

Sorbs3 sorbin and SH3 domain containing 3 1 0 0 0.71 

Camk1d calcium/calmodulin-dependent protein kinase ID 1 2 0 0.78 

Hhip Hedgehog-interacting protein 1 0 0.01 0.84 

D15Wsu169e DNA segment, Chr 15, Wayne State University 169, 
expressed 1 0 0.03 0.86 

Csnk1g1 casein kinase 1, gamma 1 1 0 0.06 0.58 

1500003O03Rik RIKEN cDNA 1500003O03 gene 1 0 N/A 0.57 
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Table 2: Predicted targets of Mus musculus miR-206 using TargetScan. 

Human ortholog 
of target gene Gene name Conserved 

sites 

Poorly 
conserved 

sites 

Total 
context 
score 

Aggregate 
PCT 

Sri sorcin 1 1 -0.93 0.84 

Col4a3 collagen, type IV, alpha 3 1 2 -0.87 0.69 

Gja1 gap junction protein, alpha 1 2 0 -0.81 0.83 

D3Ucla1 DNA segment, Chr 3, University of California at Los Angeles 
1 2 2 -0.71 0.95 

Ptpn14 protein tyrosine phosphatase, non-receptor type 14 2 2 -0.69 0.78 

Coro1c coronin, actin binding protein 1C 2 1 -0.68 0.87 

Bdnf brain derived neurotrophic factor 3 0 -0.65 0.98 

Tpm4 tropomyosin 4 1 2 -0.63 0.68 

Plxna4 plexin A4 1 3 -0.62 < 0.1 

Ets1 E26 avian leukemia oncogene 1, 5' domain 1 3 -0.61 0.84 

1700054N08Rik RIKEN cDNA 1700054N08 gene 1 2 -0.59 0.13 

Zxdb zinc finger, X-linked, duplicated B 1 3 -0.59 0.27 

Slc29a3 solute carrier family 29 (nucleoside transporters), member 3 1 1 -0.59 < 0.1 

Frs2 fibroblast growth factor receptor substrate 2 1 1 -0.58 0.88 

Cd2ap CD2-associated protein 1 1 -0.58 0.89 

Ust uronyl-2-sulfotransferase 2 0 -0.57 0.93 

Slc39a10 solute carrier family 39 (zinc transporter), member 10 2 1 -0.56 0.8 

Rufy2 RUN and FYVE domain-containing 2 1 2 -0.55 0.83 

A530088H08Rik RIKEN cDNA A530088H08 gene 1 2 -0.54 0.74 

Hnrnpa3 heterogeneous nuclear ribonucleoprotein A3 2 1 -0.54 0.84 

5830433M19Rik RIKEN cDNA 5830433M19 gene 1 0 -0.54 0.68 

Kdsr 3-ketodihydrosphingosine reductase 1 2 -0.53 0.26 

Ptplad1 protein tyrosine phosphatase-like A domain containing 1 2 0 -0.53 0.93 

Twf1 twinfilin, actin-binding protein, homolog 1 (Drosophila) 2 0 -0.52 0.92 

Hmcn1 hemicentin 1 1 0 -0.52 0.29 

Arcn1 archain 1 1 0 -0.52 0.86 

Ptprg protein tyrosine phosphatase, receptor type, G 2 0 -0.51 0.93 

C77370 expressed sequence C77370 1 2 -0.51 0.87 

Rit2 Ras-like without CAAX 2 1 0 -0.5 0.85 

Gnpda2 glucosamine-6-phosphate deaminase 2 1 0 -0.5 0.76 

Nfatc3 nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 3 2 0 -0.5 0.95 

Fndc3a fibronectin type III domain containing 3a 1 0 -0.49 0.72 

Adar adenosine deaminase, RNA-specific 1 2 -0.49 0.69 

Mal2 mal, T-cell differentiation protein 2 1 0 -0.49 0.11 

Mtap1a microtubule-associated protein 1 A 1 2 -0.48 0.82 

Pgrmc1 progesterone receptor membrane component 1 1 0 -0.48 0.47 

D6Wsu163e DNA segment, Chr 6, Wayne State University 163, 
expressed 1 0 -0.48 0.22 

Tacr1 tachykinin receptor 1 1 1 -0.48 0.28 

Pde7a phosphodiesterase 7A 1 0 -0.48 0.75 

Igf1 insulin-like growth factor 1 1 0 -0.47 0.89 

Hnrnpu heterogeneous nuclear ribonucleoprotein U 1 0 -0.47 0.8 

D3Bwg0562e DNA segment, Chr 3, Brigham & Women's Genetics 0562 
expressed 1 0 -0.47 0.84 
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Wdr40b WD repeat domain 40B 1 0 -0.47 < 0.1 

Ihpk2 inositol hexaphosphate kinase 2 1 0 -0.47 0.78 

Setbp1 SET binding protein 1 1 2 -0.46 0.4 

Rabgap1l RAB GTPase activating protein 1-like 1 1 -0.46 0.27 

Mmd monocyte to macrophage differentiation-associated 1 1 -0.46 0.81 

Pax7 paired box gene 7 1 3 -0.46 0.84 

Slc10a7 solute carrier family 10 (sodium/bile acid cotransporter 
family), member 7 1 2 -0.46 0.28 

Bag4 BCL2-associated athanogene 4 1 1 -0.46 0.69 

Ppapdc1 phosphatidic acid phosphatase type 2 domain containing 1 1 0 -0.45 < 0.1 

Prkcbp1 protein kinase C binding protein 1 1 1 -0.45 0.79 

1500005I02Rik RIKEN cDNA 1500005I02 gene 1 1 -0.44 0.3 

Kif2a kinesin family member 2A 1 1 -0.44 0.6 

Rnuxa RNA U, small nuclear RNA export adaptor 1 0 -0.44 0.57 

Mmd2 monocyte to macrophage differentiation-associated 2 1 1 -0.44 0.57 

Cebpz CCAAT/enhancer binding protein zeta 1 0 -0.44 0.8 

Hs3st3b1 heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 1 1 -0.43 0.9 

Matr3 matrin 3 1 0 -0.43 0.3 

Tkt transketolase 1 1 -0.43 0.47 

Bri3bp Bri3 binding protein 1 3 -0.43 0.68 

Mgat4a mannoside acetylglucosaminyltransferase 4, isoenzyme A 1 1 -0.43 0.83 

5730472N09Rik RIKEN cDNA 5730472N09 gene 1 1 -0.43 0.62 

Osbpl7 oxysterol binding protein-like 7 1 0 -0.43 0.52 

Eif1ay eukaryotic translation initiation factor 1A, Y-linked 1 0 -0.43 0.35 

Gdap1l1 ganglioside-induced differentiation-associated protein 1-like 
1 1 0 -0.43 0.78 

Met met proto-oncogene 1 1 -0.43 0.28 

Hiat1 hippocampus abundant gene transcript 1 1 0 -0.42 0.29 

Nup50 nucleoporin 50 1 1 -0.42 0.3 

BC024479 cDNA sequence BC024479 1 0 -0.42 0.81 

2810022L02Rik RIKEN cDNA 2810022L02 gene 1 1 -0.42 0.13 

Tpm3 tropomyosin 3, gamma 1 0 -0.42 0.85 

Tmem178 transmembrane protein 178 1 0 -0.42 0.47 

Sfrs9 splicing factor, arginine/serine rich 9 1 0 -0.41 0.79 

Spred1 sprouty protein with EVH-1 domain 1, related sequence 1 1 -0.41 0.51 

Ywhaz tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, zeta polypeptide 1 1 -0.41 0.85 

Rsbn1 rosbin, round spermatid basic protein 1 1 0 -0.41 0.71 

Dnajc6 DnaJ (Hsp40) homolog, subfamily C, member 6 1 1 -0.41 0.13 

Ndrg3 N-myc downstream regulated gene 3 1 0 -0.41 0.71 

Adpgk ADP-dependent glucokinase 1 0 -0.4 0.88 

Myocd myocardin 1 1 -0.4 0.71 

AW549877 expressed sequence AW549877 1 2 -0.4 0.5 

Otx2 orthodenticle homolog 2 (Drosophila) 1 0 -0.4 0.35 

Ankib1 ankyrin repeat and IBR domain containing 1 1 1 -0.4 0.72 

Fndc3b fibronectin type III domain containing 3B 1 0 -0.4 0.81 

Mylk myosin, light polypeptide kinase 1 0 -0.39 0.54 

Unc50 unc-50 homolog (C. elegans) 1 0 -0.39 0.65 

Cxcr4 chemokine (C-X-C motif) receptor 4 1 0 -0.39 < 0.1 

Stc2 stanniocalcin 2 1 0 -0.39 0.84 

Sfrs2ip splicing factor, arginine/serine-rich 2, interacting protein 1 1 -0.39 0.34 
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Snx2 sorting nexin 2 1 0 -0.38 0.67 

Pdik1l PDLIM1 interacting kinase 1 like 2 0 -0.38 0.94 

Meox2 mesenchyme homeobox 2 1 0 -0.38 0.11 

Sfxn5 sideroflexin 5 1 1 -0.38 0.45 

Ift80 intraflagellar transport 80 homolog (Chlamydomonas) 1 0 -0.38 0.46 

1110003E01Rik RIKEN cDNA 1110003E01 gene 1 0 -0.38 0.87 

Sfrs10 splicing factor, arginine/serine-rich 10 (transformer 2 
homolog, Drosophila) 1 0 -0.38 0.22 

Gch1 GTP cyclohydrolase 1 1 0 -0.38 0.41 

Jub ajuba 1 0 -0.38 0.8 

Thoc2 THO complex 2 1 0 -0.38 0.88 

Fbxo33 F-box protein 33 1 0 -0.37 0.79 

Azin1 antizyme inhibitor 1 1 0 -0.37 0.7 

Ube4a ubiquitination factor E4A, UFD2 homolog (S. cerevisiae) 1 0 -0.37 0.34 

Clcn3 chloride channel 3 1 0 -0.37 0.82 

Lrch1 leucine-rich repeats and calponin homology (CH) domain 
containing 1 1 1 -0.37 0.88 

Zfp148 zinc finger protein 148 2 0 -0.36 0.92 

E2f5 E2F transcription factor 5 1 0 -0.36 0.6 

Tmsb4x thymosin, beta 4, X chromosome 1 0 -0.36 0.81 

Cltc clathrin, heavy polypeptide (Hc) 1 1 -0.36 0.76 

Fubp1 far upstream element (FUSE) binding protein 1 1 0 -0.36 0.78 

Cplx2 complexin 2 1 1 -0.35 0.74 

C230081A13Rik RIKEN cDNA C230081A13 gene 1 1 -0.35 0.3 

Atxn1l ataxin 1-like 1 1 -0.35 0.47 

Ncl nucleolin 1 0 -0.34 0.9 

Anxa2 annexin A2 1 0 -0.34 0.51 

Pla2g4a phospholipase A2, group IVA (cytosolic, calcium-dependent) 1 0 -0.34 0.5 

Wdr48 WD repeat domain 48 1 0 -0.34 0.81 

Bach2 BTB and CNC homology 2 1 3 -0.33 0.92 

Tbc1d15 TBC1 domain family, member 15 1 0 -0.33 0.37 

Kcnd3 potassium voltage-gated channel, Shal-related family, 
member 3 1 0 -0.33 0.89 

Glcci1 glucocorticoid induced transcript 1 2 0 -0.33 0.75 

Cttnbp2nl CTTNBP2 N-terminal like 1 0 -0.33 0.38 

Timp3 tissue inhibitor of metalloproteinase 3 2 0 -0.33 0.96 

Ktn1 kinectin 1 1 0 -0.33 0.71 

Zfp800 zinc finger protein 800 1 1 -0.33 0.37 

Slc38a3 solute carrier family 38, member 3 1 0 -0.33 0.29 

Unc119b unc-119 homolog B (C. elegans) 1 2 -0.33 0.43 

Hoxb4 homeo box B4 1 0 -0.33 0.68 

Pftk1 PFTAIRE protein kinase 1 2 0 -0.33 0.49 

Kctd13 potassium channel tetramerisation domain containing 13 1 0 -0.33 0.47 

Usp33 ubiquitin specific peptidase 33 1 0 -0.33 0.75 

Tmem55b transmembrane protein 55b 1 0 -0.32 0.66 

Grk6 G protein-coupled receptor kinase 6 1 0 -0.32 0.49 

2310002L09Rik RIKEN cDNA 2310002L09 gene 1 0 -0.32 < 0.1 

Kcnip3 Kv channel interacting protein 3, calsenilin 1 0 -0.32 0.84 

Tspyl4 TSPY-like 4 1 2 -0.32 0.39 

Ube2h ubiquitin-conjugating enzyme E2H 1 0 -0.32 0.89 

Eml3 echinoderm microtubule associated protein like 3 1 0 -0.32 0.81 
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Mex3c mex3 homolog C (C. elegans) 1 0 -0.32 0.78 

Rasa1 RAS p21 protein activator 1 1 0 -0.32 0.77 

Notch3 Notch gene homolog 3 (Drosophila) 1 1 -0.32 0.62 

Pdcd10 programmed cell death 10 1 0 -0.32 0.73 

Trim44 tripartite motif-containing 44 1 1 -0.32 0.28 

Abcb7 ATP-binding cassette, sub-family B (MDR/TAP), member 7 1 0 -0.31 0.69 

Alpl alkaline phosphatase, liver/bone/kidney 1 0 -0.31 0.54 

Hsp90b1 heat shock protein 90, beta (Grp94), member 1 1 0 -0.31 0.68 

Ddx5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 1 0 -0.31 0.83 

Bsn bassoon 2 0 -0.31 0.96 

Api5 apoptosis inhibitor 5 1 0 -0.31 0.65 

Utrn utrophin 1 0 -0.3 0.42 

AB041550 hypothetical protein, MNCb-4779 1 0 -0.3 0.35 

Glis2 GLIS family zinc finger 2 1 0 -0.3 0.87 

Smarcb1 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily b, member 1 1 0 -0.3 0.3 

Spnb2 spectrin beta 2 1 0 -0.3 0.83 

AB030242 expressed sequence AB030242 1 0 -0.3 0.81 

AW125753 expressed sequence AW125753 1 1 -0.3 0.81 

Pik3c2a phosphatidylinositol 3-kinase, C2 domain containing, alpha 
polypeptide 1 1 -0.3 0.6 

Mapkbp1 mitogen-activated protein kinase binding protein 1 1 1 -0.3 0.55 

Gas2l1 growth arrest-specific 2 like 1 1 1 -0.3 0.36 

Alx1 ALX homeobox 1 1 0 -0.3 0.78 

Srgap2 SLIT-ROBO Rho GTPase activating protein 2 1 1 -0.29 0.81 

AW121567 expressed sequence AW121567 1 0 -0.29 0.62 

Sec63 SEC63-like (S. cerevisiae) 1 0 -0.29 0.89 

Wipf2 WAS/WASL interacting protein family, member 2 1 0 -0.29 0.83 

Eif4e eukaryotic translation initiation factor 4E 1 0 -0.29 0.83 

Sfrp1 secreted frizzled-related protein 1 1 0 -0.29 0.8 

Ppp4r2 protein phosphatase 4, regulatory subunit 2 1 0 -0.29 0.81 

Crem cAMP responsive element modulator 1 0 -0.29 0.81 

Rspo3 R-spondin 3 homolog (Xenopus laevis) 1 0 -0.29 0.8 

Slc37a3 solute carrier family 37 (glycerol-3-phosphate transporter), 
member 3 1 0 -0.29 0.71 

Sp2 Sp2 transcription factor 1 0 -0.29 0.76 

Snap25 synaptosomal-associated protein 25 1 0 -0.29 0.77 

Cnn3 calponin 3, acidic 1 0 -0.29 0.73 

Hmgcr 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 1 0 -0.29 0.53 

Thbs1 thrombospondin 1 1 0 -0.29 0.37 

Stard7 START domain containing 7 1 0 -0.29 0.46 

Ppib peptidylprolyl isomerase B 1 0 -0.29 0.27 

Atf2 activating transcription factor 2 1 0 -0.28 0.79 

Cpeb1 cytoplasmic polyadenylation element binding protein 1 1 0 -0.28 0.73 

Hoxa3 homeo box A3 1 0 -0.28 0.56 

Mab21l1 mab-21-like 1 (C. elegans) 1 0 -0.28 0.82 

Atp6v1a ATPase, H+ transporting, lysosomal V1 subunit A 1 0 -0.28 0.78 

Plekho2 pleckstrin homology domain containing, family O member 2 1 1 -0.28 0.63 

Rab43 RAB43, member RAS oncogene family 1 0 -0.28 0.63 

Cyb5b cytochrome b5 type B 1 0 -0.28 0.62 

Sec62 SEC62 homolog (S. cerevisiae) 1 0 -0.28 0.89 
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Rrbp1 ribosome binding protein 1 1 0 -0.28 0.75 

Cited2 Cbp/p300-interacting transactivator, with Glu/Asp-rich 
carboxy-terminal domain, 2 1 0 -0.28 0.38 

Xpo6 exportin 6 1 1 -0.28 0.76 

Tspan4 tetraspanin 4 1 0 -0.28 0.36 

Wdr6 WD repeat domain 6 1 0 -0.27 0.5 

Efnb2 ephrin B2 1 0 -0.27 0.76 

Snai2 snail homolog 2 (Drosophila) 1 0 -0.27 0.74 

Slc8a1 solute carrier family 8 (sodium/calcium exchanger), member 
1 1 2 -0.27 0.38 

Josd1 Josephin domain containing 1 1 0 -0.27 0.84 

Sema6d sema domain, transmembrane domain (TM), and 
cytoplasmic domain, (semaphorin) 6D 1 0 -0.27 0.39 

Eaf1 ELL associated factor 1 1 1 -0.27 < 0.1 

Dlg2 discs, large homolog 2 (Drosophila) 1 0 -0.27 0.67 

B930006L02Rik RIKEN cDNA B930006L02 gene 2 0 -0.27 0.94 

Map3k1 mitogen-activated protein kinase kinase kinase 1 1 0 -0.26 0.51 

Wdr1 WD repeat domain 1 1 0 -0.26 0.89 

Akap13 A kinase (PRKA) anchor protein 13 1 1 -0.26 0.65 

4930420K17Rik RIKEN cDNA 4930420K17 gene 1 0 -0.26 0.52 

Ywhab tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, beta polypeptide 1 0 -0.26 0.74 

Pank3 pantothenate kinase 3 1 0 -0.26 0.48 

Mxd1 MAX dimerization protein 1 1 0 -0.26 0.84 

Sash1 SAM and SH3 domain containing 1 1 0 -0.26 0.65 

Gpr158 G protein-coupled receptor 158 1 1 -0.26 0.53 

Cdc14a CDC14 cell division cycle 14 homolog A (S. cerevisiae) 1 0 -0.26 0.23 

Prrc1 proline-rich coiled-coil 1 1 1 -0.25 0.56 

Rnf111 ring finger 111 1 0 -0.25 0.58 

Pogk pogo transposable element with KRAB domain 1 0 -0.25 0.81 

Manea mannosidase, endo-alpha 1 0 -0.25 0.41 

Kctd10 potassium channel tetramerisation domain containing 10 1 0 -0.25 0.36 

Elof1 elongation factor 1 homolog (ELF1, S. cerevisiae) 1 0 -0.24 0.65 

Wnt3 wingless-related MMTV integration site 3 1 0 -0.24 0.13 

Braf Braf transforming gene 1 1 -0.24 0.64 

Caprin1 cell cycle associated protein 1 1 1 -0.24 0.86 

Cask calcium/calmodulin-dependent serine protein kinase 
(MAGUK family) 1 1 -0.24 0.83 

Nfat5 nuclear factor of activated T-cells 5 1 2 -0.24 0.81 

Kank4 KN motif and ankyrin repeat domains 4 1 0 -0.24 0.74 

Bicd1 bicaudal D homolog 1 (Drosophila) 1 0 -0.24 0.88 

Jarid2 jumonji, AT rich interactive domain 2 1 0 -0.24 0.77 

Map4k3 mitogen-activated protein kinase kinase kinase kinase 3 1 0 -0.24 0.58 

Syt1 synaptotagmin I 2 0 -0.24 0.75 

Tgif2 TGFB-induced factor homeobox 2 1 0 -0.24 0.66 

Ubr5 ubiquitin protein ligase E3 component n-recognin 5 1 0 -0.24 0.73 

Smyd4 SET and MYND domain containing 4 1 0 -0.24 0.28 

Pi4ka phosphatidylinositol 4-kinase, catalytic, alpha polypeptide 1 0 -0.23 0.37 

Hspd1 heat shock protein 1 (chaperonin) 1 0 -0.23 0.67 

Git1 G protein-coupled receptor kinase-interactor 1 1 0 -0.23 0.48 

Ctbp2 C-terminal binding protein 2 1 0 -0.23 0.41 

Trps1 trichorhinophalangeal syndrome I (human) 1 1 -0.23 0.76 
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Rnf38 ring finger protein 38 1 0 -0.23 0.73 

Fgf4 fibroblast growth factor 4 1 0 -0.23 0.83 

Baiap2 brain-specific angiogenesis inhibitor 1-associated protein 2 1 0 -0.23 0.15 

Tmem135 transmembrane protein 135 1 0 -0.23 0.77 

4930573I19Rik RIKEN cDNA 4930573I19 gene 1 2 -0.23 0.56 

Tnpo2 transportin 2 (importin 3, karyopherin beta 2b) 1 0 -0.23 0.81 

Dlg1 discs, large homolog 1 (Drosophila) 1 0 -0.23 0.41 

Picalm phosphatidylinositol binding clathrin assembly protein 1 0 -0.22 0.7 

4921505C17Rik RIKEN cDNA 4921505C17 gene 1 0 -0.22 0.48 

Dlg4 discs, large homolog 4 (Drosophila) 1 0 -0.22 0.34 

Atp6ap2 ATPase, H+ transporting, lysosomal accessory protein 2 1 0 -0.22 0.67 

Zbtb4 zinc finger and BTB domain containing 4 1 0 -0.22 0.89 

Rnf138 ring finger protein 138 1 0 -0.22 0.66 

Bcl7a B-cell CLL/lymphoma 7A 1 0 -0.22 0.87 

Eya4 eyes absent 4 homolog (Drosophila) 1 0 -0.22 0.82 

Fzd7 frizzled homolog 7 (Drosophila) 1 0 -0.22 0.79 

A1cf APOBEC1 complementation factor 1 0 -0.22 < 0.1 

Hmgn1 high mobility group nucleosomal binding domain 1 1 0 -0.22 0.55 

Slc25a22 solute carrier family 25 (mitochondrial carrier, glutamate), 
member 22 1 0 -0.21 0.31 

Sfrs3 splicing factor, arginine/serine-rich 3 (SRp20) 1 0 -0.21 0.73 

Frmd8 FERM domain containing 8 1 0 -0.21 0.37 

Lrrc8a leucine rich repeat containing 8A 1 0 -0.21 0.75 

Fras1 Fraser syndrome 1 homolog (human) 1 0 -0.21 0.62 

H3f3b H3 histone, family 3B 1 0 -0.21 0.74 

Stk39 serine/threonine kinase 39, STE20/SPS1 homolog (yeast) 1 0 -0.21 0.39 

Mapk3 mitogen-activated protein kinase 3 1 0 -0.21 0.25 

Coro1b coronin, actin binding protein 1B 1 0 -0.21 0.57 

Sec61a1 Sec61 alpha 1 subunit (S. cerevisiae) 1 0 -0.21 0.71 

Med1 mediator complex subunit 1 1 0 -0.21 0.59 

B230339M05Rik RIKEN cDNA B230339M05 gene 1 0 -0.21 0.52 

Fosb FBJ osteosarcoma oncogene B 1 0 -0.21 0.81 

D2Ertd391e DNA segment, Chr 2, ERATO Doi 391, expressed 1 0 -0.21 0.47 

Hand2 heart and neural crest derivatives expressed transcript 2 1 0 -0.21 0.39 

Khsrp KH-type splicing regulatory protein 1 0 -0.21 0.82 

Hnrnpk heterogeneous nuclear ribonucleoprotein K 1 0 -0.21 0.7 

Speg SPEG complex locus 1 0 -0.2 0.81 

Nfatc2 nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 2 1 0 -0.2 0.82 

A730069N07Rik RIKEN cDNA A730069N07 gene 1 0 -0.2 0.7 

Calm2 calmodulin 2 1 0 -0.2 0.49 

Larp4 La ribonucleoprotein domain family, member 4 1 0 -0.2 0.57 

Tgfbr3 transforming growth factor, beta receptor III 1 0 -0.2 0.51 

Stx6 syntaxin 6 1 0 -0.2 0.29 

Lmbr1 limb region 1 1 0 -0.2 0.83 

Zfp36l1 zinc finger protein 36, C3H type-like 1 2 0 -0.2 0.83 

Xkr8 X Kell blood group precursor related family member 8 
homolog 1 0 -0.2 0.4 

Dgkg diacylglycerol kinase, gamma 1 0 -0.2 0.68 

Necab1 N-terminal EF-hand calcium binding protein 1 1 0 -0.2 0.65 

Sh3bgrl3 SH3 domain binding glutamic acid-rich protein-like 3 1 0 -0.2 0.5 
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Sec22b SEC22 vesicle trafficking protein homolog B (S. cerevisiae) 1 0 -0.2 0.81 

Slc8a2 solute carrier family 8 (sodium/calcium exchanger), member 
2 1 0 -0.2 0.64 

Mtss1 metastasis suppressor 1 1 0 -0.2 0.45 

Fubp3 far upstream element (FUSE) binding protein 3 1 0 -0.19 0.69 

Crebl2 cAMP responsive element binding protein-like 2 1 1 -0.19 0.57 

Mnt max binding protein 1 0 -0.19 0.83 

Ap3d1 adaptor-related protein complex 3, delta 1 subunit 1 0 -0.19 0.82 

Whsc1l1 Wolf-Hirschhorn syndrome candidate 1-like 1 (human) 1 0 -0.19 0.79 

AU022870 expressed sequence AU022870 1 0 -0.19 0.41 

Sfrs1 splicing factor, arginine/serine-rich 1 (ASF/SF2) 1 0 -0.19 0.82 

Nedd4l neural precursor cell expressed, developmentally down-
regulated gene 4-like 1 0 -0.19 0.75 

Chst11 carbohydrate sulfotransferase 11 1 1 -0.19 0.47 

C77080 expressed sequence C77080 1 0 -0.19 0.16 

Sdcbp syndecan binding protein 1 0 -0.18 0.48 

Neto1 neuropilin (NRP) and tolloid (TLL)-like 1 1 0 -0.18 0.4 

Ubn1 ubinuclein 1 1 0 -0.18 0.78 

D15Ertd621e DNA segment, Chr 15, ERATO Doi 621, expressed 1 0 -0.18 0.7 

Zfyve27 zinc finger, FYVE domain containing 27 2 0 -0.18 0.99 

Cbl Casitas B-lineage lymphoma 1 0 -0.18 0.83 

Poldip3 polymerase (DNA-directed), delta interacting protein 3 1 0 -0.18 0.68 

Tcp11l1 t-complex 11 like 1 1 0 -0.18 0.41 

Lass2 LAG1 homolog, ceramide synthase 2 1 0 -0.18 0.37 

Elf1 E74-like factor 1 1 0 -0.18 0.79 

Bpnt1 bisphosphate 3'-nucleotidase 1 1 0 -0.18 0.75 

Kcnj2 potassium inwardly-rectifying channel, subfamily J, member 
2 1 0 -0.18 0.18 

Nck2 non-catalytic region of tyrosine kinase adaptor protein 2 1 0 -0.17 0.82 

Lin7c lin-7 homolog C (C. elegans) 1 0 -0.17 0.68 

Slc31a1 solute carrier family 31, member 1 1 0 -0.17 0.39 

Hdgfrp3 hepatoma-derived growth factor, related protein 3 1 0 -0.17 0.71 

Ctnnd1 catenin (cadherin associated protein), delta 1 1 0 -0.17 0.18 

A430107O13Rik RIKEN cDNA A430107O13 gene 1 0 -0.17 0.82 

Max Max protein 1 0 -0.17 0.44 

Prkacb protein kinase, cAMP dependent, catalytic, beta 1 1 -0.17 0.8 

Actb actin, beta 1 0 -0.17 0.64 

Igfbp5 insulin-like growth factor binding protein 5 1 0 -0.17 0.5 

Ccnd2 cyclin D2 1 0 -0.17 0.65 

Jund Jun proto-oncogene related gene d 1 0 -0.17 0.51 

Rsbn1l round spermatid basic protein 1-like 1 0 -0.16 0.8 

Ptma prothymosin alpha 1 0 -0.16 0.64 

Dnajc5 DnaJ (Hsp40) homolog, subfamily C, member 5 1 0 -0.16 0.3 

Mtpn myotrophin 1 1 -0.16 0.39 

Vamp2 vesicle-associated membrane protein 2 2 0 -0.16 0.72 

Tagln2 transgelin 2 1 0 -0.16 0.26 

Hivep2 human immunodeficiency virus type I enhancer binding 
protein 2 1 0 -0.16 0.67 

Hecw1 HECT, C2 and WW domain containing E3 ubiquitin protein 
ligase 1 1 0 -0.16 0.65 

Vegfa vascular endothelial growth factor A 1 0 -0.16 0.28 

Ptpn1 protein tyrosine phosphatase, non-receptor type 1 1 1 -0.16 0.89 
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Fbxl20 F-box and leucine-rich repeat protein 20 1 0 -0.16 0.6 

Ccnd1 cyclin D1 1 0 -0.16 0.72 

Daam1 dishevelled associated activator of morphogenesis 1 1 0 -0.15 0.56 

Kcnf1 potassium voltage-gated channel, subfamily F, member 1 1 0 -0.15 0.76 

Glce glucuronyl C5-epimerase 1 1 -0.15 0.66 

Smap1 stromal membrane-associated protein 1 1 0 -0.15 0.59 

Tbp TATA box binding protein 1 0 -0.15 0.8 

Ptbp1 polypyrimidine tract binding protein 1 1 0 -0.15 0.76 

Arih1 ariadne ubiquitin-conjugating enzyme E2 binding protein 
homolog 1 (Drosophila) 1 1 -0.15 0.75 

Ddx17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 1 1 -0.15 0.81 

Anxa4 annexin A4 1 0 -0.15 0.67 

Tomm70a translocase of outer mitochondrial membrane 70 homolog A 
(yeast) 1 0 -0.14 0.68 

Pafah1b1 platelet-activating factor acetylhydrolase, isoform 1b, beta1 
subunit 1 0 -0.14 0.42 

Letm1 leucine zipper-EF-hand containing transmembrane protein 1 1 0 -0.14 0.78 

Hic2 hypermethylated in cancer 2 1 0 -0.14 0.8 

Gnptab N-acetylglucosamine-1-phosphate transferase, alpha and 
beta subunits 1 0 -0.14 0.5 

Cbx6 chromobox homolog 6 1 0 -0.14 0.83 

Smarcc1 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily c, member 1 1 0 -0.14 0.68 

Lasp1 LIM and SH3 protein 1 1 1 -0.14 0.6 

Zzz3 zinc finger, ZZ domain containing 3 1 0 -0.14 0.82 

Arhgef3 Rho guanine nucleotide exchange factor (GEF) 3 1 0 -0.14 0.74 

Zfp827 zinc finger protein 827 1 0 -0.14 0.74 

Sox6 SRY-box containing gene 6 1 0 -0.14 0.51 

Phlppl PH domain and leucine rich repeat protein phosphatase-like 1 0 -0.14 0.38 

Csf1 colony stimulating factor 1 (macrophage) 1 0 -0.13 0.55 

Rapgef2 Rap guanine nucleotide exchange factor (GEF) 2 1 0 -0.13 0.53 

D19Wsu162e DNA segment, Chr 19, Wayne State University 162, 
expressed 2 0 -0.13 0.94 

Calm1 calmodulin 1 1 0 -0.13 0.77 

Slc25a25 solute carrier family 25 (mitochondrial carrier, phosphate 
carrier), member 25 1 0 -0.13 0.73 

Arhgap21 Rho GTPase activating protein 21 1 0 -0.13 0.54 

Rybp RING1 and YY1 binding protein 1 0 -0.13 0.51 

Ptprj protein tyrosine phosphatase, receptor type, J 1 1 -0.12 0.72 

Pld1 phospholipase D1 1 0 -0.12 0.48 

Gdf6 growth differentiation factor 6 1 0 -0.12 0.72 

Rap1b RAS related protein 1b 1 0 -0.12 0.45 

Npas3 neuronal PAS domain protein 3 1 0 -0.12 0.34 

Slc7a2 solute carrier family 7 (cationic amino acid transporter, y+ 
system), member 2 1 0 -0.12 0.83 

Zmynd11 zinc finger, MYND domain containing 11 1 0 -0.12 0.51 

Blcap bladder cancer associated protein homolog (human) 1 0 -0.12 0.67 

Mpz myelin protein zero 1 0 -0.12 0.41 

Arid2 AT rich interactive domain 2 (Arid-rfx like) 1 0 -0.12 0.81 

Zfhx4 zinc finger homeodomain 4 1 0 -0.12 0.55 

Qk quaking 1 0 -0.12 0.29 

Erc1 ELKS/RAB6-interacting/CAST family member 1 1 2 -0.12 0.32 

Pdcd4 programmed cell death 4 1 0 -0.12 0.52 
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BC067047 cDNA sequence BC067047 1 0 -0.12 0.46 

Ash1l ash1 (absent, small, or homeotic)-like (Drosophila) 1 0 -0.12 0.5 

Ss18 synovial sarcoma translocation, Chromosome 18 2 0 -0.11 0.66 

Epb4.1l4b erythrocyte protein band 4.1-like 4b 1 0 -0.11 0.71 

Atp6v1b2 ATPase, H+ transporting, lysosomal V1 subunit B2 1 0 -0.11 0.54 

Trim2 tripartite motif-containing 2 1 0 -0.11 0.47 

Xpnpep3 X-prolyl aminopeptidase (aminopeptidase P) 3, putative 1 0 -0.1 0.45 

Hspe1 heat shock protein 1 (chaperonin 10) 1 0 -0.1 0.73 

Rarb retinoic acid receptor, beta 1 0 -0.1 0.69 

Tbx3 T-box 3 1 0 -0.1 0.57 

Centb2 centaurin, beta 2 1 0 -0.1 0.42 

Thrb thyroid hormone receptor beta 1 0 -0.1 0.81 

2610207I05Rik RIKEN cDNA 2610207I05 gene 1 0 -0.1 0.43 

Kcna5 potassium voltage-gated channel, shaker-related subfamily, 
member 5 1 0 -0.1 0.4 

Mtx1 metaxin 1 1 0 -0.1 0.46 

Vezf1 vascular endothelial zinc finger 1 1 0 -0.1 0.42 

Zc3h7b zinc finger CCCH type containing 7B 1 0 -0.1 0.7 

Rap1a RAS-related protein-1a 1 0 -0.1 0.48 

Tspan9 tetraspanin 9 1 0 -0.09 0.62 

Mkl1 MKL (megakaryoblastic leukemia)/myocardin-like 1 1 0 -0.09 0.41 

Ddx3x DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked 1 0 -0.09 0.51 

Pdgfa platelet derived growth factor, alpha 1 0 -0.09 0.64 

Abca1 ATP-binding cassette, sub-family A (ABC1), member 1 1 0 -0.09 0.76 

Sp1 trans-acting transcription factor 1 1 0 -0.08 0.4 

Taok3 TAO kinase 3 1 0 -0.08 0.61 

Anp32b acidic nuclear phosphoprotein 32 family, member B 1 0 -0.08 0.44 

Nadk NAD kinase 1 0 -0.08 0.81 

Syncrip synaptotagmin binding, cytoplasmic RNA interacting protein 1 0 -0.08 0.5 

G3bp2 GTPase activating protein (SH3 domain) binding protein 2 1 0 -0.08 0.42 

Tcfe3 transcription factor E3 1 0 -0.08 0.45 

Camk1d calcium/calmodulin-dependent protein kinase ID 1 0 -0.08 0.89 

Epc1 enhancer of polycomb homolog 1 (Drosophila) 1 0 -0.08 0.49 

Osbp oxysterol binding protein 1 0 -0.08 0.46 

Ypel2 yippee-like 2 (Drosophila) 1 0 -0.07 0.49 

Golph3 golgi phosphoprotein 3 1 0 -0.07 0.41 

Elovl6 ELOVL family member 6, elongation of long chain fatty acids 
(yeast) 2 0 -0.06 0.91 

Ankrd23 ankyrin repeat domain 23 1 0 -0.06 0.68 

Ipo8 importin 8 1 0 -0.06 0.4 

Btaf1 BTAF1 RNA polymerase II, B-TFIID transcription factor-
associated, (Mot1 homolog, S. cerevisiae) 1 0 -0.06 0.82 

Pdrg1 p53 and DNA damage regulated 1 1 0 -0.06 0.57 

Otud5 OTU domain containing 5 1 0 -0.06 0.4 

Ncoa3 nuclear receptor coactivator 3 1 0 -0.06 0.55 

Zic4 zinc finger protein of the cerebellum 4 1 0 -0.05 0.78 

Pmepa1 prostate transmembrane protein, androgen induced 1 1 1 -0.05 0.82 

Nr1h3 nuclear receptor subfamily 1, group H, member 3 1 0 -0.05 0.27 

Rcan2 regulator of calcineurin 2 1 0 -0.05 0.43 

5730453I16Rik RIKEN cDNA 5730453I16 gene 1 0 -0.05 0.68 

Pim1 proviral integration site 1 1 0 -0.04 0.6 
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C230095G01Rik RIKEN cDNA C230095G01 gene 1 0 -0.04 0.48 

Ubxd8 UBX domain containing 8 1 2 -0.04 0.34 

Dcp2 DCP2 decapping enzyme homolog (S. cerevisiae) 1 0 -0.04 0.72 

Pgam1 phosphoglycerate mutase 1 1 0 -0.04 0.57 

Slc16a3 solute carrier family 16 (monocarboxylic acid transporters), 
member 3 1 0 -0.03 0.47 

Metrnl meteorin, glial cell differentiation regulator-like 1 0 -0.02 0.43 

Eml4 echinoderm microtubule associated protein like 4 1 0 -0.01 0.78 

Palm2 paralemmin 2 1 0 -0.01 0.38 

Dnmt3a DNA methyltransferase 3A 1 0 0 0.89 

Zfp91 zinc finger protein 91 1 0 0.01 0.39 

Slc45a4 solute carrier family 45, member 4 1 0 N/A 0.81 

Smarca4 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily a, member 4 1 0 N/A 0.79 

Zbtb41 zinc finger and BTB domain containing 41 homolog 1 0 N/A 0.67 

Sod1 superoxide dismutase 1, soluble 1 0 N/A 0.55 

Wiz widely-interspaced zinc finger motifs 1 0 N/A 0.53 
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Table 3: Shared targets of miR-206 and miR-133b. 

Human ortholog 
of target gene Gene Name Database 

Adam12 a disintegrin and metallopeptidase domain 12 (meltrin alpha) microRNA.org 

Akap10 A kinase (PRKA) anchor protein 10 microRNA.org 

Afap1 actin filament associated protein 1 microRNA.org 

Ap2a1 Adaptor protein complex AP-2, alpha 1 subunit miRbase 

Adra2a adrenergic receptor, alpha 2a microRNA.org 

Aftph aftiphilin microRNA.org 

Als2cr13 amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 13 (human) microRNA.org 

Ank3 ankyrin 3, epithelial microRNA.org 

Ankrd12 ankyrin repeat domain 12 microRNA.org 

Ash1 ash1 (absent, small, or homeotic)-like (Drosophila) Targetscan 

Atxn1l ataxin 1-like microRNA.org 

Atp6ap2 ATPase, H+ transporting, lysosomal accessory protein 2 Targetscan 

Abcc5 ATP-binding cassette, sub-family C (CFTR/MRP), member 5 microRNA.org 

Atrn attractin microRNA.org 

Atg7 Autophagy-related 7 (yeast) miRbase 

Bsn bassoon  DIANA microT 

Bcl7a B-cell CLL/lymphoma 7A microRNA.org 

Bcl2l2 Bcl2-like 2 microRNA.org, DIANA microT 

Bzrap1 benzodiazapine receptor associated protein 1  DIANA microT 

Bbx bobby sox homolog (Drosophila) microRNA.org 

Braf Braf transforming gene Targetscan, microRNA.org 

Baz2a bromodomain adjacent to zinc finger domain, 2A microRNA.org 

Btaf1 BTAF1 RNA polymerase II, B-TFIID transcription factor-associated, (Mot1 homolog, S. 
cerevisiae) Targetscan 

Btbd14a BTB (POZ) domain containing 14A microRNA.org 

Btbd3 BTB (POZ) domain containing 3 microRNA.org 

CamkIId calcium/calmodulin-dependent protein kinase ID Targetscan 

Cask calcium/calmodulin-dependent serine protein kinase (MAGUK family) microRNA.org 

Calm1 calmodulin 1 microRNA.org, Targetscan 

Csnk1g3 casein kinase 1, gamma 3 microRNA.org 

Cecr6 cat eye syndrome chromosome region, candidate 6 homolog (human) microRNA.org 

Cebpz CCAAT/enhancer binding protein zeta miRbase 

Cd47 CD47 antigen (Rh-related antigen, integrin-associated signal transducer) microRNA.org 

BC067047 cDNA sequence BC067047 microRNA.org 

Cdc6 cell division cycle 6 homolog (S. cerevisiae) microRNA.org 

Centb2 centaurin, beta 2 microRNA.org 

Cxcl12 chemokine (C-X-C motif) ligand 12 microRNA.org 

Csgalnact1 chondroitin sulfate N-acetylgalactosaminyltransferase 1 microRNA.org 

Chd3 chromodomain helicase DNA binding protein 3 microRNA.org 

Clta Clathrin, light polypeptide (Lca) miRbase 

Ctbp2 C-terminal binding protein 2 Targetscan 

Ccnc cyclin C miRDB.org 

Crisp3 cysteine-rich secretory protein 3 microRNA.org 

Crispld2 cysteine-rich secretory protein LCCL domain containing 2 microRNA.org 

Q3KNK3-2 cytochrome b5 reductase 2 miRbase 
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Cyp26b1 cytochrome P450, family 26, subfamily b, polypeptide 1 microRNA.org 

Ddx17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 miRbase 

Ddx3x DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked Targetscan 

Dgkz Diacylglycerol kinase zeta miRbase 

Ets1 E26 avian leukemia oncogene 1, 5' domain microRNA.org 

Ebf2 early B-cell factor 2 microRNA.org 

Ebf3 early B-cell factor 3 microRNA.org 

Eml3 Echinoderm microtubule associated protein like 3 miRbase 

Evi1 Ecotropic viral integration site 1 miRbase 

Elovl6 ELOVL family member 6, elongation of long chain fatty acids (yeast) microRNA.org 

Efna1 ephrin A1 microRNA.org 

Ereg epiregulin microRNA.org 

Etv5 ets variant gene 5 microRNA.org 

Eif2ak3 eukaryotic translation initiation factor 2 alpha kinase 3 microRNA.org 

C77370 expressed sequence C77370 microRNA.org 

Fbxl19 F-box and leucine-rich repeat protein 19 microRNA.org 

Fcgr4 Fc receptor, IgG, low affinity IV miRbase 

Flvcr1 feline leukemia virus subgroup C cellular receptor 1 microRNA.org 

Fgf12 fibroblast growth factor 12 microRNA.org 

Frs2 fibroblast growth factor receptor substrate 2 microRNA.org 

Fnip1 folliculin interacting protein 1  DIANA microT 

Fstl1 follistatin-like 1 microRNA.org 

Foxp2 forkhead box P2 microRNA.org 

Foxq1 Forkhead box Q1 miRbase 

Gpr31c G protein-coupled receptor 31, D17Leh66c region microRNA.org 

Glp2r glucagon-like peptide 2 receptor miRDB.org 

Gch1 GTP cyclohydrolase 1 Targetscan, microRNA.org 

Gng12 guanine nucleotide binding protein (G protein), gamma 12 microRNA.org 

Gng4 guanine nucleotide binding protein (G protein), gamma 4 microRNA.org 

Hivep2 human immunodeficiency virus type I enhancer binding protein 2 Targetscan 

Hsd17b11 hydroxysteroid (17-beta) dehydrogenase 11 microRNA.org, miRbase 

Hic2 hypermethylated in cancer 2 Targetscan 

Ikzf3 IKAROS family zinc finger 3 microRNA.org 

Ipmk inositol polyphosphate multikinase microRNA.org 

Igf1r insulin-like growth factor I receptor microRNA.org 

Itih5l inter-alpha (globulin) inhibitor H5-like microRNA.org 

Il6 interleukin 6 microRNA.org 

Jazf1 JAZF zinc finger 1 microRNA.org 

Klhdc5 kelch domain containing 5 microRNA.org 

Kndc1 kinase non-catalytic C-lobe domain (KIND) containing 1 DIANA microT 

Lass2 LAG1 homolog, ceramide synthase 2 microRNA.org 

Lass4 LAG1 homolog, ceramide synthase 4 microRNA.org 

Lamc2 laminin, gamma 2 microRNA.org 

Letmd1 LETM1 domain containing 1 microRNA.org 

Lrrfip1 leucine rich repeat (in FLII) interacting protein 1 microRNA.org 

Lrrcc1 leucine rich repeat and coiled-coil domain containing 1 microRNA.org 

Lrrtm3 leucine rich repeat transmembrane neuronal 3 microRNA.org 

Luzp1 leucine zipper protein 1 DIANA microT 

Ldoc1 leucine zipper, down-regulated in cancer 1 microRNA.org 

LASP1 LIM and SH3 protein 1 Targetscan 
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Lin7C lin-7 homolog C (C. elegans) Targetscan 

Lipe Lipase, hormone sensitive miRbase 

Lhfp lipoma HMGIC fusion partner microRNA.org 

Man2a1 mannosidase 2, alpha 1 microRNA.org 

Maml1 mastermind like 1 (Drosophila) microRNA.org 

Mmp16 matrix metallopeptidase 16 microRNA.org 

Meis1 Meis homeobox 1 microRNA.org 

Mbtps2 membrane-bound transcription factor peptidase, site 2 microRNA.org 

Mid2 midline 2 microRNA.org 

Mitd1 MIT, microtubule interacting and transport, domain containing 1 miRbase 

Mrpl11 Mitochondrial ribosomal protein L11 miRbase 

Map3k1 mitogen-activated protein kinase kinase kinase 1 microRNA.org 

Mon1b MON1 homolog b (yeast) microRNA.org 

Mpz myelin protein zero microRNA.org 

Mcl1 myeloid cell leukemia sequence 1 microRNA.org 

Mrg2 Myeloid ecotropic viral integration site-related gene 2 miRbase 

Myo9b myosin IXb microRNA.org 

Mtmr4 myotubularin related protein 4 microRNA.org, DIANA microT 

Nf1 neurofibromatosis 1 microRNA.org 

Nfat5 nuclear factor of activated T-cells 5 Targetscan 

Nfatc2 nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 2 microRNA.org 

Pax7 paired box gene 7 Targetscan, microRNA.org 

Pan3 PAN3 polyA specific ribonuclease subunit homolog (S. cerevisiae) microRNA.org 

Pdik1l PDLIM1 interacting kinase 1 like Targetscan 

Pdzd2 PDZ domain containing 2 miRbase 

Phex phosphate regulating gene with homologies to endopeptidases on the X chromosome 
(hypophosphatemia, vitamin D resistant rickets) microRNA.org 

Pigs phosphatidylinositol glycan anchor biosynthesis microRNA.org 

Pitpnc1 Phosphatidylinositol transfer protein, cytoplasmic 1 miRbase 

Pde7a phosphodiesterase 7A Targetscan 

Pfkfb2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 microRNA.org 

Pfkfb4 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 microRNA.org 

Pnn pinin microRNA.org 

Pvrl3 Poliovirus receptor-related 3 miRbase 

Phc2 polyhomeotic-like 2 (Drosophila) microRNA.org 

Ptbp1 polypyrimidine tract binding protein 1 Targetscan 

Kcnd3 potassium voltage-gated channel DIANA microT, microRNA.org 

Kcna1 potassium voltage-gated channel, shaker-related subfamily, member 1 microRNA.org 

Kcna3 potassium voltage-gated channel, Shal-related family, member 3 Targetscan 

EG214321 Predicted gene, EG214321 miRbase 

Pappa pregnancy-associated plasma protein A microRNA.org 

Psg29 pregnancy-specific glycoprotein 29 microRNA.org 

Pfn2 profilin 2 microRNA.org 

Prrg3 proline rich Gla (G-carboxyglutamic acid) 3 (transmembrane) microRNA.org 

Prrt2 proline-rich transmembrane protein 2 microRNA.org 

Prkcb1 protein kinase C, beta 1 microRNA.org 

Ptprd protein tyrosine phosphatase microRNA.org 

Ptprz1 protein tyrosine phosphatase, receptor type Z, polypeptide 1 microRNA.org 

Ptma prothymosin alpha Targetscan 

Pcdha4 protocadherin alpha 4 microRNA.org 
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Pcdhga1 protocadherin gamma subfamily A, 1 microRNA.org 

Pcdhga10 protocadherin gamma subfamily A, 10 microRNA.org 

Pcdhga11 protocadherin gamma subfamily A, 11 microRNA.org 

Pcdhga12 protocadherin gamma subfamily A, 12 microRNA.org 

Pcdhga2 protocadherin gamma subfamily A, 2 microRNA.org 

Pcdhga3 protocadherin gamma subfamily A, 3 microRNA.org 

Pcdhga4 protocadherin gamma subfamily A, 4 microRNA.org 

Pcdhga5 protocadherin gamma subfamily A, 5 microRNA.org 

Pcdhga6 protocadherin gamma subfamily A, 6 microRNA.org 

Pcdhga7 protocadherin gamma subfamily A, 7 microRNA.org 

Pcdhga8 protocadherin gamma subfamily A, 8 microRNA.org 

Pcdhga9 protocadherin gamma subfamily A, 9 microRNA.org 

Pcdhgb1 protocadherin gamma subfamily B, 1 microRNA.org 

Pcdhgb2 protocadherin gamma subfamily B, 2 microRNA.org 

Pcdhgb4 protocadherin gamma subfamily B, 4 microRNA.org 

Pcdhgb5 protocadherin gamma subfamily B, 5 microRNA.org 

Pcdhgb6 protocadherin gamma subfamily B, 6 microRNA.org 

Pcdhgb7 protocadherin gamma subfamily B, 7 microRNA.org 

Pcdhgb8 protocadherin gamma subfamily B, 8 microRNA.org 

Pcdhgc3 protocadherin gamma subfamily C, 3 microRNA.org 

Pcdhgc4 protocadherin gamma subfamily C, 4 microRNA.org 

Pcdhgc5 protocadherin gamma subfamily C, 5 microRNA.org 

Purb purine rich element binding protein B DIANA microT 

Qki quaking Targetscan, microRNA.org 

Rab27b RAB27b, member RAS oncogene family microRNA.org 

Rab39b RAB39B, member RAS oncogene family microRNA.org 

Rab6b RAB6B, member RAS oncogene family microRNA.org 

Rassf4 Ras association (RalGDS/AF-6) domain family member 4 microRNA.org 

Rgs8 regulator of G-protein signaling 8 microRNA.org 

Rprml Reprimo-like miRbase 

Rarb retinoic acid receptor, beta Targetscan, microRNA.org 

2900019G14Rik RIKEN cDNA 2900019G14 gene microRNA.org 

3110037I16Rik RIKEN cDNA 3110037I16 gene miRbase 

9430069J07Rik RIKEN cDNA 9430069J07 gene microRNA.org 

9830001H06Rik RIKEN cDNA 9830001H06 gene microRNA.org 

A330050B17Rik RIKEN cDNA A330050B17 gene microRNA.org 

A730037C10Rik RIKEN cDNA A730037C10 gene microRNA.org 

A830019L24Rik RIKEN cDNA A830019L24 gene microRNA.org 

B230339M05 RIKEN cDNA B230339M05 gene Targetscan, microRNA.org 

B630019K06Rik RIKEN cDNA B630019K06 gene microRNA.org 

C030002C11Rik RIKEN cDNA C030002C11 gene microRNA.org 

C230081A13 RIKEN cDNA C230081A13 gene Targetscan, microRNA.org 

Rnf145 ring finger protein 145 microRNA.org 

Rbm5 RNA binding motif protein 5 microRNA.org 

Rcl1 RNA terminal phosphate cyclase-like 1 microRNA.org, miRbase 

Safb2 scaffold attachment factor B2 microRNA.org 

Sec61a1 Sec61 alpha 1 subunit (S. cerevisiae) Targetscan 

Sec62 SEC62 homolog (S. cerevisiae) microRNA.org 

Sema4g sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and short 
cytoplasmic domain, (semaphorin) 4G microRNA.org 
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Sertad4 SERTA domain containing 4 microRNA.org 

Sgk1 serum/glucocorticoid regulated kinase 1 microRNA.org 

Sh3bgrl2 SH3 domain binding glutamic acid-rich protein like 2 microRNA.org 

Sfxn5 sideroflexin 5 Targetscan, microRNA.org 

Smtnl1 Smoothelin-like 1 miRbase 

Slc1a4 solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 microRNA.org 

Slc12a8 Solute carrier family 12 (potassium/chloride transporters), member 8 miRbase 

Slc15a2 solute carrier family 15 (H+/peptide transporter), member 2 microRNA.org 

Slc33a1 solute carrier family 33 (acetyl-CoA transporter), member 1 microRNA.org 

Slc38a3 Solute carrier family 38, member 3 miRbase 

Slc8a2 solute carrier family 8 (sodium/calcium exchanger), member 2 microRNA.org 

Spef1 sperm flagellar 1 microRNA.org 

 Sfrs1 splicing factor, arginine/serine-rich 1 (ASF/SF2) microRNA.org 

St8sia4 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 4 microRNA.org 

Stard7 START domain containing 7 microRNA.org 

Suhw4 suppressor of hairy wing homolog 4 (Drosophila) microRNA.org 

Smarcb1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily 
b, member 1 miRDB.org 

Syt1 synaptotagmin I Targetscan, microRNA.org, 
DIANA microT 

Sdc3 syndecan 3 microRNA.org 

Tsga14 testis specific gene A14 microRNA.org 

Sp1 trans-acting transcription factor 1 Targetscan, microRNA.org 

Tcfe3 transcription factor E3 Targetscan 

Tbl1xr1 transducin (beta)-like 1X-linked receptor 1 microRNA.org 

Tagln2 transgelin 2 Targetscan, miRbase 

Tmem30a transmembrane protein 30A microRNA.org 

Trhde TRH-degrading enzyme microRNA.org 

Trib2 tribbles homolog 2 (Drosophila) microRNA.org 

Treml2 Triggering receptor expressed on myeloid cells-like 2 miRbase 

Trim44 tripartite motif-containing 44 microRNA.org 

Tmod2 tropomodulin 2 microRNA.org, DIANA microT 

Tpm4 tropomyosin 4 Targetscan 

Tspyl4 TSPY-like 4 microRNA.org 

Twf1 twinfilin, actin-binding protein, homolog 1 (Drosophila) microRNA.org 

Ywhaq tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta 
polypeptide microRNA.org 

Tnk1 Tyrosine kinase, non-receptor, 1 miRbase 

Ubc Ubiquitin C miRbase 

Usp52 ubiquitin specific peptidase 52 microRNA.org 

Ube2k ubiquitin-conjugating enzyme E2K (UBC1 homolog, yeast) microRNA.org 

Ubxn8 UBX domain containing 8 Targetscan 

Ugcg UDP-glucose ceramide glucosyltransferase microRNA.org 

Unc119b unc-119 homolog B (C. elegans) microRNA.org 

Vash1 vasohibin 1 microRNA.org 

Crk v-crk sarcoma virus CT10 oncogene homolog (avian) microRNA.org 

Vamp2 vesicle-associated membrane protein 2 Targetscan 

Wasf2 WAS protein family, member 2 microRNA.org 

Wipf2 WAS/WASL interacting protein family, member 2 microRNA.org 

Lyn Yamaguchi sarcoma viral (v-yes-1) oncogene homolog microRNA.org 

Ypel2 yippee-like 2 (Drosophila) Targetscan, microRNA.org 
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Zbtb4 zinc finger and BTB domain containing 4 Targetscan 

Zeb2 zinc finger E-box binding homeobox 2 microRNA.org 

Zmat3 zinc finger matrin type 3 microRNA.org 

Zfp280c zinc finger protein 280c microRNA.org 

Zfp800 zinc finger protein 800 microRNA.org 

Zic4 zinc finger protein of the cerebellum 4 microRNA.org 

Zfyve27 zinc finger, FYVE domain containing 27 microRNA.org 
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Appendix B: Oligonucleotides 

 

 

 

Table 4: Primers for cloning miRNA stemloop overexpression constructs and 
luciferase reporter constructs. 

Primer name Sequence (5' to 3') 

    
XhoI-miR-133b-F GCTCGAGAGGCTTGGACAAGTGGTGCTCAA 
BglII-miR-133b-R CAGAGATCTAAGGCTATGATGGCAAAACCAGC 
    
XhoI-miR-206-F GCTCGAGGGAAGAAAGCAGCTTTTCCTTCTGC 
BglII-miR-206-R CAGAGATCTAGCCAAGGAACGAAGAAGTCAACAG 
    
NotI-Gdnf-F CAGCGGCCGCGGCTCCAGAGACTGCTGTGTA 
XbaI-Gdnf-R CAGTTCTAGAATGGACCCTCGTTCTCAATG 
    
Gdnf-mut-TOP GCTACAGTGCGAAGAAACCGAACGCGGTTCCCAGGAAATGTTTGCCC 
Gdnf-mut-BOT GGGCAAACATTTCCTGGGAACCGCGTTCGGTTTCTTCGCACTGTAGC 
    
NotI-Bdnf-F CAGCGGCCGCGGACATATCCATGACCTGAAAGG 
XbaI-Bdnf-R CAGTTCTAGACAATGACAACAGCACCTTGAC 
    
Bdnf-mut-TOP GCGCACAACTTTAAAAGTCTGCAATAGGTTAGTCGATAATGTTGTGGTTTGTTGCCG 
Bdnf-mut-BOT CGGCAACAAACCACAACATTATCGACTAACCTATTGCAGACTTTTAAAGTTGTGCGC 
    
133b-AS-UTR-TOP AATTCTAGCTGGTTGAAGGGGACCAAGGATCCTAGCTGGTTGAAGGGGACCAAC 
133b-AS-UTR-BOT TCGAGTTGGTCCCCTTCAACCAGCTAGGATCCTTGGTCCCCTTCAACCAGCTAG 
    
206-AS-UTR-TOP AATTCCCACACACTTCCTTACATTCCAGGATCCCCACACACTTCCTTACATTCCAC 
206-AS-UTR-BOT TCGAGTGGAATGTAAGGAAGTGTGTGGGGATCCTGGAATGTAAGGAAGTGTGTGGG 
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Table 5: Primers for semi-quantitative RT-PCR. 

Primer name Sequence (5' to 3') 

    
pre-miR-133b F AGGCTTGGACAAGTGGTGCTCAA 
pre-miR-133b R AAGGCTATGATGGCAAAACCAGC 
    
pre-miR-206 F GGAAGAAAGCAGCTTTTCCTTCTGC 
pre-miR-206 R AGCCAAGGAACGAAGAAGTCAACAG 
    
pre-miR-133a1 F GGACATATGCCTAAACACGTGA 
pre-miR-133a1 R GGTTGACAGTTGCTAGGTATTTGC 
    
pre-miR-133a2 F GTCTGAATGTACATGTGACCCCTC 
pre-miR-133a2 R CACGTGACCTGGCTTTCTTG 
    
pre-miR-1-1 F GACTGAGACACAGGCGACAC 
pre-miR-1-1 R CATCGGTCCATTGCCTTTC 
    
pre-miR-1-2 F GCACTGGATCCATTACTCTTCC 
pre-miR-1-2 R GGAATGGGGCTGTTAGTATTACAG 
    
AChRε F GCACGACTATCGGCTCAACTAC 
AChRε R GTATTGCCGTCGTCATCCAC 
    
AChRγ F CCAACCTCATCTCCCTGAATG 
AChRγ R CAAGTTGATCTCACTGGTGCTG 
    
Pitx3 F GCTCTCTGAAGAAGAAGCAGCGG 
Pitx3 R GGTGAGAATACAGGCTGTGAAGC 
    
ChAT F CCACCTGAGATGTTCATGGATG 
ChAT R GCTGACTCCTGTAGGACATTGG 
    
DAT F CTGATGCACATAGCAGCAACTC 
DAT R GTATGCTCTGATGCCATCCAT 
    
GAD1 F CAACCAGATGTGTGCAGGCTAC 
GAD1 R GATGACCATCCGGAAGAAGTTG 
    
TH F GCTGTGTAAACAGAATGGGGAGC 
TH R GCTAATGGCACTCAGTGCTTG 
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Table 6: Primers for quantitative real time RT-PCR. 

Primer Name Sequence (5' to 3') 

    
miR-133b F AGGCTTGGACAAGTGGTGCTCAA 
miR-133b R AAGGCTATGATGGCAAAACCAGC 
    
miR-133a1 F GGTTGACAGTTGCTAGGTATTTGC 
miR-133a1 R GCTTTGCTAAAGCTGGTAAAATGG 
    
miR-133a2 F GCTGAAGCTGGTAAAATGGAACC 
miR-133a2 R CACGTGACCTGGCTTTCTTG 
    
TH F CTCTCCACGGTGTACTGGTTCAC 
TH R GGCTGGTAGGTTTGATCTTGGTAG 
    
DAT F GTATGTGGTCGTGGTCAGCATT 
DAT R CTTTCTCAGGTGTGATGGCATAG 
    
GAD1 F CAACCAGATGTGTGCAGGCTAC 
GAD1 R GCGTAGAGGTAATCAGCCAGCTC 
    
ChAT F CTTTTGTGCAAGCCATGACTGAC 
ChAT R CATCCATGAACATCTCAGGTGG 
    
Pitx3 F GCTCTCTGAAGAAGAAGCAGCGG 
Pitx3 R GGTGAGAATACAGGCTGTGAAGC 
    
Gapdh F CATGGCCTTCCGTGTTCCT 
Gapdh R TGATGTCATCATACTTGGCAGGTT 

 

 

 

 

 

 



 

153 

 

 

 

 

Table 7: 2’-O-methyl and locked nucleic acid modified oligonucleotides.  

Oligonucleotide name Sequence (5' to 3') 

    
2'-O-methyl anti-133b UAGCUGGUUGAAGGGGACCAA 
scrambled 2'-O-methyl anti-133b GUUAUAAGGCGCUGGACAGGA 
    
2'-O-methyl anti-206 CCACACACUUCCUUACAUUCCA 
scrambled 2'-O-methyl anti-206 CACACCACACUAUCCUUCCUAU 
    
LNA modified miR-133b antisense probe TAG+CTG+GTT+GAA+GGG+GAC+CAA 
LNA modified miR-133b scrambled probe GC+CATT+GG+GATG+CGAA+GAT+GAA 

    
LNA modified miR-206 antisense probe CC+AC+AC+AC+T T+CC+TT+AC+AT+TC+C A 
    
LNA modified miR-124a antisense probe TGGC+ATT+CAC+CGC+GTG+CCT+TAA  
    
LNA modified miR-132 antisense probe CGA+CCA+TGG+CTG+TAG+ACT+GTTA  

+X signifies LNA-modified nucleotide. 
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Appendix C: MicroRNA overexpression constructs 

 
Figure 18: MicroRNA expression constructs. (A,B) Pre-miR-133b (A) and pre-

miR-206 (B) were cloned downstream of the EF-1α promoter, while GFP was cloned 
downstream of the CMV promoter. (C,D) Northern blot detects mature miR-133b (C) 
and miR-206 (D) in RNA extracted from COS cells transfected with empty vector and 
miRNA expression constructs. 
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Appendix D: Analysis of miR-206 
 

 

 

 

Figure 19: miR-133b and miR-206 expression increases with differentiation of 
myoblasts in vitro and stimulation with Agrin. (A) Northern blot analysis of miR-133b 
and miR-206 expression in C2C12 myoblasts cultured in differentiation medium for 0–5 
days, or with the addition of 1 nM Agrin on day 4. 5S rRNA and tRNA were used as 
loading controls. (B, C) Quantification of expression of miR-133b (B) and miR-206 (C). 
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Figure 20: Expression of miR-133b and miR-206 at the NMJ. (A) Northern blot 
analysis of miR-133b and miR-206 expression in synaptic (+) and extrasynaptic (-) bands 
of P21 mouse diaphragm. Ethidium bromide staining of 5S rRNA and tRNAs was used 
as a loading control. (B) Intensities of bands in (A) plotted relative to loading control. (C) 
and (D) Whole mount miRNA in situ hybridization of P0 mouse diaphragm muscle 
shows restriction of miR-133b (C) and miR-206 (D) signal to the central synaptic band. 
Dig-labeled, LNA modified probes complementary to the mature miRNA sequence were 
used. 

 

 



 

157 

 

Figure 21: Prediction and testing of Bdnf as a miR-206 target. (A) Conserved 
binding site for miR-206 predicted in the 3’UTR of Bdnf. (B) COS cells were transfected 
in triplicate with firefly luciferase reporters containing no 3’UTR, the Bdnf 3’UTR, or a 
miR-206 sensor, and cotransfected with a plasmid vector expressing miR-206 and GFP or 
GFP alone. All cells were transfected with a vector expressing Renilla luciferase. The 
relative firefly to Renilla luciferase activity of triplicate samples was measured 24 h after 
transfection. Data represent the mean from three experiments (*p < 0.005; **p < 5E-13). 
Error bars indicate SEM. 
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Figure 22: Generation of a miR-206 knockout mouse. (A) Schematic of miR-206 
stemloop targeting strategy. Box containing miR-206 represents the miR-206 stemloop 
region. FLP, mouse expressing germline FLP; Cre, mouse expressing germline Cre. 
Arrows show locations of PCR primers for genotyping. (B) Sequence of the miR-206 
stemloop region flanked by loxP and Neo cassette. Mature miR-206 sequence is in bold. 
(C) Southern blot analysis following HindIII digestion of WT and correctly targeted ES 
cell genomic DNA. The 3’ probe binding site is indicated in A. (D) PCR genotyping of 
miR-206 wildtype, heterozygous, and knockout mice.   
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Appendix E: Inducible Dicer Deletion in Adult Mice 

MicroRNAs are critical for mammalian development, as demonstrated by the 

severe defects that ensue when Dicer is deleted constitutively or in specific tissues 

during development. However, the functions of miRNAs in the adult nervous system 

have not been explored until recently. Loss of miRNAs in adult has been achieved in the 

adult forebrain through deletion of a floxed Dicer allele in transgenic mice expressing 

CaMKIIα-CreERT2, which is expressed in forebrain neurons and translocates to the 

nucleus after administration of tamoxifen. Intriguingly, loss of Dicer in adult mice 

causes enhanced learning and memory after 12 weeks, by which time even very stable 

miRNAs had been turned over (Konopka et al., 2010). The mice exhibit improved 

hippocampus-dependent spatial memory in the Morris water maze, place preference 

and fear conditioning tests, and increased protein expression of BDNF, GluR1 and 

GluR2, and matrix metalloprotease-9 (MMP-9). These findings indicate that miRNAs 

may be very important for regulating post-developmental neuron function and 

behavior. Neuronal survival is also dependent on miRNAs; neuronal apoptosis and 

eventual death occurred 14 weeks after Dicer deletion (Konopka et al., 2010). 

We have exploited the ability to remove miRNAs in the adult animal in order to 

identify synaptic genes that are regulated by miRNAs. We bred mice with floxed, 

wildtype and knockout Dicer alleles to mice expressing tamoxifen-inducible CreERT2 

under the control of the β-actin promoter, which is active throughout the brain and in 
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most tissues (Hayashi and McMahon, 2002; Murchison et al., 2005). Three groups of 

mice were used for our experiments: (1) Dicer fl/+ control (2) Dicer fl/- control and (3) 

Dicer fl/-;CreERT2 (Figure 23A). Tamoxifen was administered by oral gavage to group (2) 

to control for nonspecific effects of tamoxifen and to group (3) in order to delete Dicer in 

the adult through inducible Cre-mediated recombination. Two, three and five weeks 

after tamoxifen administration, animals were sacrificed and cortex, striatum and 

hippocampus rapidly dissected and frozen. PCR genotyping of tail DNA was consistent 

with efficient Dicer deletion in fl/-;CreERT2 animals but not fl/- or fl/+ animals (Fig. 23B). 

Following tamoxifen administration, fl/-;CreERT2 animals remained healthy for up to 5 

weeks, after which they became progressively ataxic and weak, and had severe digestive 

dysfunction, eventually dying within 6 weeks. 

Total RNA was extracted from cortex using the miRVANA kit (Ambion) and 

subjected to miRNA northern blotting for miR-124 and miR-132, two neuronal miRNAs. 

Levels of miR-124 and miR-132 were significantly depleted after 5 weeks in fl/-;CreERT2 

but not fl/- or fl/+ cortex, indicating loss of Dicer and therefore miRNA processing (Fig. 

23C). Total cortical RNA from three mice per genotype was run on an Affymetrix 

GeneChip Mouse Genome 430 2.0 array. Data were analyzed using Partek Genomics 

Suite and normalized by Robust Multi-array Analysis (RMA), followed by 2-way 

ANOVA. Transcripts with a fold change of greater than 1.3 or less than -1.3 between 

fl/;CreERT2 and fl/-; and with a False Discovery Rate of less than 25% can be found in 
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Table 8. Transcripts whose expression was similarly altered when comparing  

fl/;CreERT2 to fl/-, and fl/-;CreERT2 to fl/+ mice (data not shown) are highlighted in 

purple. Interestingly, these include Serpina1 and Collagen genes, which are upregulated 

after Dicer deletion; and Synaptotagmin IX and Syntaxin 6, which are downregulated 

after Dicer deletion. An internal control is the Estrogen receptor α gene, as mutant ERT2 

is detected by microarray and found to be upregulated in CreERT2 transgenic mice. 

Many miRNAs regulate their targets at the level of transcription; thus, mRNAs 

whose expression is upregulated after Dicer deletion may be targeted by miRNAs in 

cortex. In order to specifically explore synaptic genes that may be regulated by miRNAs, 

tissue obtained from these experiments can be processed by fractionation in order to 

isolate postsynaptic density (PSD) proteins, whose levels can be compared by western 

blot. PSD proteins whose levels are increased after Dicer deletion could be under 

important regulation by the miRNAs that are predicted to bind to sites in their 3’UTR. 

miRNA/target pairs identified in this screen can then be functionally characterized at 

synapses in vitro and in vivo. 
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Figure 23: Inducible Dicer deletion in adult mice. (A) Schematic for tamoxifen 
administration and tissue harvesting. X represents death of mice with conditional Dicer 
deletion approximately 5 weeks after tamoxifen administration. Tamoxifen was 
administered to 3-month-old mice for 5 days (red bar). Two, three and five weeks after 
the start of tamoxifen administration, tissue was harvested for RNA and protein 
extraction (green triangles). (B) Post-mortem tail DNA PCR genotyping reveals 
qualitative Dicer deletion. (C) Northern blot for mature brain-enriched microRNAs miR-
124 and miR-132 shows a decrease in miRNA levels following Dicer deletion 5 weeks 
after tamoxifen administration. 
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Table 8: mRNA expression changes after inducible Dicer deletion in adult 
mice (Dicer fl/-;CreERT2 + tamoxifen versus Dicer fl/- + tamoxifen) 

Gene Title Gene Symbol p-value Ratio Fold-
Change 

estrogen receptor 1 (alpha) Esr1 0.000078 11.48 11.48 
serine (or cysteine) peptidase inhibitor, clade A, 
member 1B Serpina1b 0.000662 2.52 2.52 

potassium inwardly-rectifying channel, subfamily J, 
member 9 Kcnj9 0.010295 0.46 -2.20 

serine (or cysteine) peptidase inhibitor, clade A, 
member 1A Serpina1a 0.019218 2.12 2.12 

collagen, type I, alpha 2 Col1a2 0.000144 2.11 2.11 
fatty acid binding protein 7, brain Fabp7 0.002879 0.48 -2.09 
CCR4-NOT transcription complex, subunit 7 Cnot7 0.000020 0.51 -1.95 
secreted frizzled-related protein 1 Sfrp1 0.015573 0.54 -1.85 
ubiquitin-conjugating enzyme E2T (putative) Ube2t 0.018984 0.54 -1.84 
coatomer protein complex, subunit gamma 2, 
antisense 2 Copg2as2 0.005105 1.81 1.81 

nidogen 1 Nid1 0.000108 1.74 1.74 
myosin, light polypeptide 4 Myl4 0.000043 0.57 -1.74 
oviductal glycoprotein 1 Ovgp1 0.006505 1.74 1.74 
collagen, type III, alpha 1 Col3a1 0.002217 1.74 1.74 
troponin C, cardiac/slow skeletal Tnnc1 0.005574 0.58 -1.73 
small nucleolar RNA host gene 11 (non-protein 
coding) Snhg11 0.006420 1.71 1.71 

maternally expressed 3 Meg3 0.007890 1.71 1.71 
immunoglobulin heavy chain 6 (heavy chain of IgM) Igh-6 0.015835 0.60 -1.68 
peptidoglycan recognition protein 1 Pglyrp1 0.013282 1.68 1.68 
lumican Lum 0.002413 0.61 -1.63 
T-cell specific GTPase /// T-cell specific GTPase 2 Tgtp /// Tgtp2 0.000176 1.61 1.61 
trinucleotide repeat containing 6a Tnrc6a 0.004639 1.60 1.60 
RNA binding motif protein 39 Rbm39 0.013403 1.58 1.58 
stanniocalcin 1 Stc1 0.006074 1.57 1.57 
immunoglobulin superfamily containing leucine-rich 
repeat Islr 0.007811 0.64 -1.55 

mevalonate (diphospho) decarboxylase Mvd 0.001583 0.65 -1.55 
insulin-like growth factor 2 Igf2 0.000410 0.65 -1.54 
CD93 antigen Cd93 0.002380 1.54 1.54 
prostaglandin E receptor 3 (subtype EP3) Ptger3 0.000122 0.65 -1.54 
sterol-C4-methyl oxidase-like Sc4mol 0.002063 0.65 -1.53 
TAF7 RNA polymerase II, TATA box binding protein 
(TBP)-associated factor Taf7 0.007786 0.66 -1.52 

hemoglobin Z, beta-like embryonic chain Hbb-bh1 0.007533 1.52 1.52 
StAR-related lipid transfer (START) domain 
containing 4 Stard4 0.000402 0.66 -1.51 

arsenic (+3 oxidation state) methyltransferase As3mt 0.000447 0.66 -1.51 
farnesyl diphosphate synthetase Fdps 0.001439 0.67 -1.50 
sarcoglycan, beta (dystrophin-associated 
glycoprotein) Sgcb 0.002563 1.50 1.50 

nuclear protein 1 Nupr1 0.004124 0.67 -1.49 
farnesyl diphosphate farnesyl transferase 1 Fdft1 0.000991 0.67 -1.49 
protease, serine, 22 Prss22 0.002275 0.67 -1.49 
adenylate kinase 3 Ak3 0.000079 0.68 -1.48 
mitogen-activated protein kinase 8 Mapk8 0.013930 1.48 1.48 
StAR-related lipid transfer (START) domain 
containing 4 Stard4 0.000518 0.68 -1.47 

gremlin 2 homolog, cysteine knot superfamily 
(Xenopus laevis) Grem2 0.000118 0.68 -1.47 

hedgehog acyltransferase-like Hhatl 0.000007 0.68 -1.47 
family with sequence similarity 26, member E Fam26e 0.002740 0.68 -1.47 
solute carrier organic anion transporter family, 
member 1a4 Slco1a4 0.004547 1.46 1.46 

heme binding protein 1 Hebp1 0.000599 0.68 -1.46 
homeodomain interacting protein kinase 3 Hipk3 0.003293 1.46 1.46 
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nuclear factor I/B Nfib 0.016298 1.45 1.45 
RIKEN cDNA 1700019N12 gene 1700019N12Rik 0.000283 0.69 -1.45 
solute carrier family 7 (cationic amino acid 
transporter, y+ system), member 3 Slc7a3 0.012650 0.69 -1.45 

four jointed box 1 (Drosophila) Fjx1 0.014826 0.69 -1.44 
secreted acidic cysteine rich glycoprotein Sparc 0.000591 1.44 1.44 
retinol binding protein 4, plasma Rbp4 0.000448 0.69 -1.44 
nuclear protein 1 Nupr1 0.000332 0.70 -1.44 
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, gamma po Ywhag 0.008110 0.70 -1.44 

3-oxoacid CoA transferase 1 Oxct1 0.011613 1.44 1.44 
leukocyte receptor cluster (LRC) member 8 Leng8 0.003965 1.43 1.43 
DNA segment, Chr 2, ERATO Doi 93, expressed D2Ertd93e 0.012535 1.43 1.43 
minichromosome maintenance deficient 5, cell 
division cycle 46 (S. cerevisiae) Mcm5 0.000481 0.70 -1.43 

heterogeneous nuclear ribonucleoprotein A2/B1 Hnrnpa2b1 0.015845 1.43 1.43 
farnesyl diphosphate farnesyl transferase 1 Fdft1 0.000398 0.70 -1.43 
pyrroline-5-carboxylate reductase 1 Pycr1 0.012586 0.70 -1.42 
ATP-binding cassette, sub-family A (ABC1), 
member 1 Abca1 0.010533 1.42 1.42 

CD24a antigen Cd24a 0.015772 0.71 -1.42 
WD repeat domain 26 Wdr26 0.004678 1.42 1.42 
aspartyl aminopeptidase Dnpep 0.011098 1.41 1.41 
similar to Glutathione reductase, mitochondrial 
precursor (GR) (GRase) LOC630729 0.007381 0.71 -1.41 

RIKEN cDNA 0610007P08 gene 0610007P08Rik 0.000809 1.41 1.41 
histone cluster 1, H2ad Hist1h2ad 0.013460 0.71 -1.41 
secreted acidic cysteine rich glycoprotein Sparc 0.001013 1.41 1.41 
poly(A) binding protein, nuclear 1 Pabpn1 0.012402 1.41 1.41 
annexin A6 Anxa6 0.006179 0.71 -1.41 
collagen, type IV, alpha 5 Col4a5 0.003966 1.41 1.41 
actin, alpha 1, skeletal muscle Acta1 0.000312 0.71 -1.40 
EH domain binding protein 1-like 1 Ehbp1l1 0.000962 0.71 -1.40 
lectin, galactose binding, soluble 1 Lgals1 0.018225 0.71 -1.40 
ChaC, cation transport regulator-like 1 (E. coli) Chac1 0.017881 0.71 -1.40 
prostaglandin D2 synthase (brain) Ptgds 0.001679 0.71 -1.40 
serine hydroxymethyltransferase 1 (soluble) Shmt1 0.011385 1.40 1.40 
YKT6 homolog (S. Cerevisiae) Ykt6 0.000112 0.71 -1.40 
expressed sequence C78859 C78859 0.015187 1.40 1.40 
a disintegrin-like and metallopeptidase (reprolysin 
type) with thrombospondin ty Adamts4 0.010672 0.72 -1.40 

kidney androgen regulated protein Kap 0.008322 1.40 1.40 
RIKEN cDNA C920025E04 gene C920025E04Rik 0.005304 0.72 -1.40 
DNA segment, Chr 5, ERATO Doi 102, expressed D5Ertd102e 0.004887 1.40 1.40 
putative homeodomain transcription factor 2 Phtf2 0.000373 1.39 1.39 
splA/ryanodine receptor domain and SOCS box 
containing 1 Spsb1 0.005493 0.72 -1.39 

protein tyrosine phosphatase, non-receptor type 5 Ptpn5 0.010862 1.39 1.39 
squalene epoxidase Sqle 0.001153 0.72 -1.39 
alpha-2-macroglobulin /// hypothetical protein 
LOC677369 A2m /// LOC677369 0.006078 1.39 1.39 

methylthioadenosine phosphorylase Mtap 0.000122 0.72 -1.39 
guanine deaminase Gda 0.018274 0.72 -1.39 
maternally expressed 3 Meg3 0.016164 1.39 1.39 
islet cell autoantigen 1 Ica1 0.012812 0.72 -1.38 
centromere protein Q Cenpq 0.002354 0.72 -1.38 
RIKEN cDNA 1110028C15 gene 1110028C15Rik 0.014265 1.38 1.38 
lysophospholipase-like 1 Lyplal1 0.009761 0.72 -1.38 
solute carrier family 1 (glutamate/neutral amino acid 
transporter), member 4 Slc1a4 0.002967 0.72 -1.38 

f-box protein 9 Fbxo9 0.002649 0.72 -1.38 
nitrilase family, member 2 Nit2 0.018395 0.73 -1.38 
RIKEN cDNA 4631426J05 gene 4631426J05Rik 0.004733 0.73 -1.38 
hydroxysteroid (17-beta) dehydrogenase 12 Hsd17b12 0.004478 0.73 -1.38 
acyl-CoA synthetase short-chain family member 2 Acss2 0.000894 0.73 -1.38 
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mitogen-activated protein kinase kinase kinase 7 
interacting protein 2 Map3k7ip2 0.000477 1.38 1.38 

DNA segment, KIST 2 /// predicted gene, 
EG664943 D0Kist2 /// EG664943 0.005139 1.38 1.38 

7-dehydrocholesterol reductase Dhcr7 0.000315 0.73 -1.37 
RAB27b, member RAS oncogene family Rab27b 0.018362 0.73 -1.37 
cyclin I Ccni 0.018980 1.37 1.37 
proteolipid protein (myelin) 1 Plp1 0.008751 0.73 -1.37 
DNA topoisomerase 1, mitochondrial Top1mt 0.002643 0.73 -1.37 
cytochrome c oxidase subunit VIb polypeptide 2 Cox6b2 0.001931 0.73 -1.37 
solute carrier family 5 (sodium/glucose 
cotransporter), member 9 Slc5a9 0.001566 1.37 1.37 

sphingosine-1-phosphate receptor 5 S1pr5 0.009728 0.73 -1.37 
EF hand domain containing 1 Efhd1 0.011160 0.73 -1.37 
receptor accessory protein 3 Reep3 0.001243 1.37 1.37 
splicing factor proline/glutamine rich (polypyrimidine 
tract binding protein ass Sfpq 0.018608 1.37 1.37 

BH3 interacting domain death agonist Bid 0.000155 0.73 -1.37 
MAP kinase-interacting serine/threonine kinase 2 Mknk2 0.005384 1.37 1.37 
zinc finger, CCHC domain containing 7 Zcchc7 0.008253 1.37 1.37 
caspase 1 Casp1 0.004119 0.73 -1.37 
mediator of RNA polymerase II transcription, 
subunit 9 homolog (yeast) Med9 0.000069 0.73 -1.37 

small proline-rich protein 2H Sprr2h 0.008221 1.36 1.36 
transmembrane protein 121 Tmem121 0.005186 0.73 -1.36 
NAD(P) dependent steroid dehydrogenase-like Nsdhl 0.000002 0.73 -1.36 
glutamate receptor, ionotropic, AMPA2 (alpha 2) Gria2 0.002508 1.36 1.36 
peripherin Prph 0.011309 0.73 -1.36 
cyclic AMP-regulated phosphoprotein, 21 Arpp21 0.003258 1.36 1.36 
elastin Eln 0.001835 1.36 1.36 
solute carrier family 25 (mitochondrial carrier, 
adenine nucleotide translocator Slc25a4 0.003551 0.74 -1.36 

splicing factor, arginine/serine-rich 7 Sfrs7 0.005738 1.36 1.36 
retinoic acid induced 1 Rai1 0.012167 1.36 1.36 
dihydropyrimidine dehydrogenase Dpyd 0.016231 0.74 -1.36 
growth arrest specific 5 Gas5 0.018436 1.36 1.36 
major facilitator superfamily domain containing 7C Mfsd7c 0.002685 1.36 1.36 
late cornified envelope 1I Lce1i 0.012567 1.35 1.35 
adenomatosis polyposis coli down-regulated 1 Apcdd1 0.005342 1.35 1.35 
CDC28 protein kinase 1b Cks1b 0.003687 0.74 -1.35 
RIKEN cDNA 2210016F16 gene 2210016F16Rik 0.002013 0.74 -1.35 
lectin, galactose binding, soluble 1 Lgals1 0.008610 0.74 -1.35 
cytochrome P450, family 2, subfamily e, 
polypeptide 1 Cyp2e1 0.010769 1.35 1.35 

brix domain containing 2 Bxdc2 0.017034 0.74 -1.35 
isopentenyl-diphosphate delta isomerase Idi1 0.000174 0.74 -1.35 
mevalonate (diphospho) decarboxylase Mvd 0.008663 0.74 -1.35 
bromodomain containing 8 Brd8 0.010920 1.35 1.35 
prokineticin 2 Prok2 0.003742 1.35 1.35 
solute carrier family 46, member 1 Slc46a1 0.004034 0.74 -1.35 
nicotinamide nucleotide adenylyltransferase 3 Nmnat3 0.017861 0.74 -1.35 
annexin A6 Anxa6 0.004542 0.74 -1.35 
synaptotagmin IX Syt9 0.000675 0.74 -1.34 
mitogen-activated protein kinase kinase kinase 12 Map3k12 0.008505 1.34 1.34 
ATP citrate lyase Acly 0.003048 0.75 -1.34 
neuronal PAS domain protein 3 Npas3 0.001263 0.75 -1.34 
adenomatosis polyposis coli down-regulated 1 Apcdd1 0.010705 1.34 1.34 
fidgetin-like 1 Fignl1 0.004309 1.34 1.34 
similar to sorting nexin 6 /// sorting nexin 6 LOC100047864 /// Snx6 0.003801 0.75 -1.34 
hydroxysteroid (17-beta) dehydrogenase 12 Hsd17b12 0.000807 0.75 -1.34 
glucosamine (N-acetyl)-6-sulfatase Gns 0.001821 1.34 1.34 
endosulfine alpha Ensa 0.005062 0.75 -1.33 
myc induced nuclear antigen Mina 0.000550 0.75 -1.33 
EGL nine homolog 3 (C. elegans) Egln3 0.012539 0.75 -1.33 
EGL nine homolog 3 (C. elegans) Egln3 0.001847 0.75 -1.33 
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guanidinoacetate methyltransferase Gamt 0.010710 0.75 -1.33 
ATPase, Na+/K+ transporting, alpha 3 polypeptide Atp1a3 0.003570 1.33 1.33 
transcription factor 7, T-cell specific Tcf7 0.003569 1.33 1.33 
quaking Qk 0.005115 1.33 1.33 
cold shock domain protein A Csda 0.001157 1.33 1.33 
potassium inwardly-rectifying channel, subfamily J, 
member 10 Kcnj10 0.010781 0.75 -1.33 

solute carrier family 40 (iron-regulated transporter), 
member 1 Slc40a1 0.005189 1.33 1.33 

transmembrane 7 superfamily member 2 Tm7sf2 0.002918 0.75 -1.33 
gap junction protein, beta 2 Gjb2 0.007257 0.75 -1.33 
syntaxin 6 Stx6 0.001224 0.75 -1.33 
coiled-coil domain containing 86 Ccdc86 0.000941 0.75 -1.33 
proteasome (prosome, macropain) subunit, alpha 
type 1 Psma1 0.008322 1.33 1.33 

3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 Hmgcs1 0.000637 0.75 -1.33 
family with sequence similarity 132, member A Fam132a 0.004866 0.75 -1.33 
proline arginine-rich end leucine-rich repeat Prelp 0.003195 0.75 -1.33 
COBW domain containing 1 Cbwd1 0.005791 0.76 -1.32 
platelet-activating factor acetylhydrolase, isoform 
1b, subunit 1 Pafah1b1 0.019174 1.32 1.32 

ubiquitin-conjugating enzyme E2 variant 2 Ube2v2 0.003630 0.76 -1.32 
sel-1 suppressor of lin-12-like (C. elegans) Sel1l 0.000632 1.32 1.32 
coatomer protein complex, subunit gamma 2, 
antisense 2 Copg2as2 0.001460 1.32 1.32 

mediator of RNA polymerase II transcription, 
subunit 9 homolog (yeast) Med9 0.001123 0.76 -1.32 

RIKEN cDNA 5730559C18 gene 5730559C18Rik 0.003332 1.32 1.32 
Bcl2-like 10 Bcl2l10 0.006304 1.32 1.32 
chitinase domain containing 1 Chid1 0.000044 0.76 -1.32 
myc induced nuclear antigen Mina 0.002142 0.76 -1.32 
acyl-CoA synthetase short-chain family member 2 Acss2 0.002683 0.76 -1.32 
heterogeneous nuclear ribonucleoprotein A1 Hnrnpa1 0.005281 1.32 1.32 
similar to RAP2C, member of RAS oncogene family 
/// RAP2C, member of RAS oncogen 

LOC100047558 /// 
Rap2c 0.001046 1.32 1.32 

fibroblast growth factor receptor 3 Fgfr3 0.000361 1.32 1.32 
doublecortin-like kinase 1 Dclk1 0.002693 1.32 1.32 
osteomodulin Omd 0.009716 0.76 -1.31 
glutamate receptor, metabotropic 8 Grm8 0.002990 0.76 -1.31 
ankyrin repeat domain 17 Ankrd17 0.010135 1.31 1.31 
similar to RAP2C, member of RAS oncogene family 
/// RAP2C, member of RAS oncogen 

LOC100047558 /// 
Rap2c 0.001454 1.31 1.31 

amylase 1, salivary Amy1 0.013767 1.31 1.31 
retinol dehydrogenase 11 Rdh11 0.000330 0.76 -1.31 
neuraminidase 2 Neu2 0.007555 0.76 -1.31 
RIKEN cDNA 6330416G13 gene 6330416G13Rik 0.002459 0.76 -1.31 
cyclin M3 Cnnm3 0.014347 1.31 1.31 
receptor accessory protein 6 Reep6 0.003717 0.76 -1.31 
arachidonate 12-lipoxygenase, 12R type /// similar 
to arachidonate 12-lipoxygena 

Alox12b /// 
LOC100045755 0.014619 0.76 -1.31 

jumonji domain containing 1C Jmjd1c 0.015444 1.31 1.31 
solute carrier family 25 (mitochondrial carrier 
ornithine transporter), member 1 Slc25a15 0.000235 1.31 1.31 

catechol-O-methyltransferase domain containing 1 Comtd1 0.003782 0.76 -1.31 
2'-5' oligoadenylate synthetase 1H Oas1h 0.016974 1.31 1.31 
ribosomal RNA processing 7 homolog A (S. 
cerevisiae) Rrp7a 0.015820 0.76 -1.31 

FYVE and coiled-coil domain containing 1 Fyco1 0.001216 1.31 1.31 
granule cell antiserum positive 8 Gcap8 0.011615 1.31 1.31 
lipoprotein lipase Lpl 0.007152 0.76 -1.31 
CCAAT/enhancer binding protein (C/EBP), beta Cebpb 0.014053 0.77 -1.31 
male-specific lethal 3-like 2 (Drosophila) Msl3l2 0.018697 0.77 -1.31 
deafness, autosomal dominant 5 (human) Dfna5 0.003858 0.77 -1.30 
RAB8B, member RAS oncogene family Rab8b 0.004279 1.30 1.30 
serpine1 mRNA binding protein 1 Serbp1 0.004346 0.77 -1.30 
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NIMA (never in mitosis gene a)-related expressed 
kinase 6 Nek6 0.009904 0.77 -1.30 

TRM5 tRNA methyltransferase 5 homolog (S. 
cerevisiae) Trmt5 0.006884 0.77 -1.30 

similar to DNA segment, Chr 10, ERATO Doi 438, 
expressed /// nuclear undecapreny 

LOC100047601 /// 
Nus1 0.002923 0.77 -1.30 

Erbb2 interacting protein Erbb2ip 0.003753 1.30 1.30 
dehydrogenase/reductase member 2 Dhrs2 0.018019 1.30 1.30 
dihydroorotate dehydrogenase Dhodh 0.007329 0.77 -1.30 
predicted gene, 100042616 100042616 0.001430 0.77 -1.30 
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Appendix F: Elucidating Gene Function Through Use of 
Genetically Engineered Mice 
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