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ABSTRACT 

Mammalian circadian rhythms of behaviour are synchronized to external time by daily 

resetting of the master pacemaker, the suprachiasmatic nucleus (SCN), in response to 

light, in a process known as light-induced clock entrainment. microRNA-132 (miR-132) 

is induced by light within the SCN via a MAPK-CREB-dependent mechanism and has 

the capacity to attenuate the entraining effects of light. However, the identity of the genes 

that miR-132 regulates and their roles in the light-entrainment process have not yet been 

characterized. This thesis describes that 2 gene clusters involved in chromatin remodeling 

(i.e. Mecp2, Ep300, Jaridla) and translational control (i.e. Btg2, Paip2a) are under the 

regulation of miR-132 in the SCN and coordinated regulation of these genes underlies 

miR132-dependent modulation of mPeriodl (mPerl) and mPeriod2 (mPerl) and the 

light-entrainment process. I find that the Period genes are bound and transcriptionally 

modulated by MeCP2. In addition, Paip2a acts as a repressor of Period translation. This 

work further proposes that miR-132 is enriched for chromatin and translation-associated 

target genes-and, thus, miR-132 is an important orchestrator of chromatin remodeling and 

protein translation within the SCN clock, thereby fine-tuning clock entrainment. 
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INTRODUCTION 

L Principles of circadian rhythms 

Most organisms on Earth have evolved to regulate their daily physiological activities to 

the rotation of the Earth, its revolution around the sun and the moon's revolution around 

the earth. As a consequence, terrestrial and marine organisms across phyla exhibit 

rhythmic behaviour in association with the daily alterations of light and darkness. These 

rhythms of behaviour have been defined by biologists as "circadian" rhythms, from the 

Latin circa meaning "about" and dian meaning "day" (circadian = about a day) due to 

their near 24-hour length (or 24-hour periodicity). In mammals, circadian rhythmicity is 

present in sleeping and feeding patterns as well as body temperature regulation, blood 

pressure, hormone secretion, cell regeneration and many other daily biological activities 

that are necessary for survival. From a sociological perspective, circadian rhythmicity 

regulates human social behaviour, having implications in human cognition and social 

health. Biologically, the circadian system plays a key role in the measurement and 

interpretation of day length, a phenomenon termed photoperiodism, that is, the 

physiological reaction of organisms to the length of day and/or night (1). 

Mechanistically, circadian rhythms allow organisms to anticipate environmental 

changes and adapt their physiological needs accordingly. Interestingly, the physiological 

responses to day and night continue even when organisms are maintained in constant 

light (LL) or constant dark (DD) environments. In some organisms, these rhythmic 

behaviors persist for some time, while in others they persist indefinitely. Thus, by 

definition biological rhythms that continue to persist with a period of about a day (~24 

hrs) are called circadian rhythms. 
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The first historical evidence for the existence of circadian rhythms has been 

attributed to the Greek philosopher Androsthenes of Thasus. He traveled through North 

Africa and India and observed the daily opening and nightly closing of the leaves of the 

tamarind tree (Tamarindus indica). He hypothesized that the daily rhythms of plant 

movements must be reactions to environmental signals, such as sunlight (2). 

Nevertheless, it was not until the 18th century A.D. that the French astronomer Jean-

Jacques de Mairan provided the first evidence that circadian clocks are endogenous to 

organisms. De Marian reported in the plant Mimosa pudica that its leaves fold up along 

the midline during the night and open up during the day. Plants were then placed in 

constant darkness and the leaves still opened during the day and closed during the night 

(3,4). This observation indicated that leaf folding rhythms do not require daily rhythms of 

sunlight. Nevertheless, the existence of endogenous rhythmicity is not demonstrated by 

this observation, since they were speculated to be attributed to geophysical factors. 

A few years later, the Swiss botanist Augustin Pyramus de Candolle, who also 

used the Mimosa pudica plant as a model organism, observed that the rhythms still 

persisted in constant illumination, similarly to de Mairan. However, he showed that the 

duration of the cycle (i.e. the period of the rhythm) was shorter than 24 hours (4,5). This 

observation suggested that the machinery (i.e. the clock) responsible for the length of the 

period must reside within the plant and cannot be attributed to an outside geophysical 

factor. Hence, Candolle elegantly provided the first evidence suggesting the existence of 

an endogenous circadian clock. It was many years later that the location, genetics and 

molecular machinery of this clock were discovered. 
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Circadian rhythms are defined via three key properties: I) they are endogenous, 

that is, they are able to persist even in the absence of environmental cues and have a 

periodicity of ~24-hours (under these conditions, they are said to be "free-running"'): II) 

they can be synchronized and reset by environmental cues; and III) they are temperature 

compensated. On Earth, the most potent and predominant cue that resets the clock is light 

(i.e. sunlight). 

The field of chronobiology (i.e. the study of biological timing) rapidly expanded 

in the 1950s through the novel experimental paradigms and discoveries of the three 

fathers of chronobiology, Jiirgen Aschoff, Colin Pittendrigh and Franz Halberg. Dr. 

Aschoff designated the term zeitgeber (German for "timegiver") to denote a periodic 

environmental signal that resets or synchronizes the time of a circadian rhythm (4). The 

process of entrainment is defined as a synchronization of two or more rhythmic cycles. 

Since circadian rhythms are synchronized to environmental cues (light being the most 

potent), chronobiologists refer to time as defined by these environmental cues, hence 

calling it zeitgeber time, or ZT (also referred to in experimental paradigms as circadian 

time, or CT). A change in the timing of the zeitgeber, results in a shift of the phase of the 

rhythm. For example, in nocturnal rodents, a light stimulus in the early night (e.g. CT15) 

induces a phase delay, that is the clock "delays" its time for the subsequent cycles in 

order to adjust itself to the new zeitgeber. Conversely, a light stimulus in the late night 

(e.g. CT22) induced a phase advance which makes the clock "advance" its time for the 

subsequent cycles. In the laboratory, light-induced phase shifts are paradigms used to 

measure the responsiveness and sensitivity of circadian clocks. 

iu Genetic basis for circadian rhythmicity 
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In the 1930s, Kalmus and Bunning demonstrated that Drosophila possess a circadian 

rhythm of eclosion (i.e. the emergence of an adult fly from its pupal case; 6,7). 

Subsequently, Drosophila pseudoobscura and Drosophila melanogaster were used as the 

primary model organisms to study circadian rhythms. In 1971, Ronald Konopka and 

Seymour Benzer isolated the first single-gene "clock" mutants in Drosophila 

melanogaster (8). These fly models trigerred the genetic analysis of clock mechanisms. 

In this report, they describe three different mutations induced by ethyl methane sulfonate 

treatment, in which the 24-hr rhythms of eclosion and locomotor activity were drastically 

changed. One mutant was arrhythmic; another had a period of 19 hrs; and the third had a 

period of 28 hrs. Hence, the authors concluded that because the period of the rhythm 

under constant conditions is altered, then the mutations must be affecting the basic 

oscillator. This report is the first to describe a genetic basis for circadian rhythmicity and 

coined the name "Period" gene (8). 

With the rapid expansion of the molecular genetics field at the time, it became 

possible to isolate some of the genes involved in the regulation of circadian rhythms of 

Drosphila, such as dPeriod (dPer), dDoubletime (dDbt) and Timeless (dTim). Therefore, 

the combination of molecular genetics and biochemical tools in flies led to more 

profound understanding of clock mechanisms. Fortunately for biologists, the mammalian 

clock shares many of the genes involved in circadian rhythmicity (with broad sequence 

conservation) to the genes used by the Drosophila clock. Therefore, many of the 

mechanistic models derived from Drosophila have been adapted to the mammalian clock, 

and later experimentally validated. 
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In 1988, the first description of a single-gene mutation that specifically alters the 

circadian rhythms in a mammalian species was reported (9). The tau hamster, named so 

because the mutation affects the period (the period is also referred to as tau by 

chronobiologists) of locomotor running-wheel rhythms, has a drastically reduced tau. 

Hamsters heterozygote for the tau allele have a period of -22 hrs, whereas hamsters 

homozygous for the mutated allele have a period of -20 hrs, opposed to the wild-type 

(WT) hamsters with a period of ~24 hrs. Many years later, it was shown that the tau 

locus corresponds to the Casein Kinase le (CKle) gene, involved in the phosphorylation-

dependent degradation of the PERIOD proteins (10). 

In 1997, two reports provided evidence for the existence of the mammalian 

homolog of the dPer gene, via sequence homology to the bHLH-PAS (basic helix-loop-

helix; PEPv-ARNT-SIM) domain of the fly protein (11,12). These reports show that the 

mammalian Period transcript (later designated as Periodl) shows robust 24-hr rhythms in 

the suprachiasmatic nucleus of the hypothalamus and the retina and is also highly 

expressed in other brain regions. A few months later, a second mammalian homolog of 

the dPer gene was characterized and designated Periodl (Per2; 13,14). In conjunction, 

these reports show that both Perl and Per2 transcripts have a ~24-hr periodicity in the 

SCN and that Perl is induced throughout the night, whereas Per2 is phase-restricted and 

is only induced in the early night. Also in 1997, another bHLH-PAS domain-containing 

protein was discovered and designated CLOCK (Circadian Locomotor Output Cycles 

Kaput; 15). Via random rc-ethyl-ft-nitrosurea (ENU) mutagenesis in the mouse, the 

authors show that the in-vivo mutation affects at least two fundamental properties of the 

circadian system: 1) the length of the free-running period; and 2) the persistence of 
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circadian rhythmicity in constant darkness (15). This is the first report demonstrating that 

a single-gene mutation alters the circadian locomotor activity rhythms of the mouse. With 

the major discoveries and advances in the field of homologous recombination in mouse 

embryonic stem cells in the 1990s, many of the mammalian genes involved in circadian 

regulation were discovered and characterized, hence providing mechanistic evidence for 

the molecular mechanisms of the mammalian circadian clock (further detail will be 

provided in the "SCN molecular genetics" section). 

Interestingly, the "eukaryotic-only" dogma of circadian clocks was not challenged 

until 1993, when the simplest form of a circadian clock was elegantly shown in the 

prokaryote Synechococcus elongatus (cyanobacteria) using a luciferase reporter transgene 

in the psbAI gene (16) . This report shows that cyanobacteria possess the three key 

properties of circadian clocks: 1) persistence in constant conditions with a period near 24-

hrs; 2) phase resetting by light/dark signals (i.e. entrainment); and 3) temperature 

compensation of the period. Currently, it is recognized that most organisms on earth 

possess circadian timekeeping systems, ranging from cyanobacteria and fungi to plants, 

worms, flies, and mammals. 

Hi. Organization of the circadian system 

a. The suprachiasmatic nucleus, the master pacemaker 

The suprachiasmatic nucleus (SCN) of the anterior hypothalamus is the dominant 

pacemaker in the mammalian brain controlling a wide variety of physiological processes, 

including endocrine functions, hence providing a strong foundation for the appropriate 

elaboration and coordination of mammalian physiology. The role of the SCN in circadian 

function was not elucidated until the 1970s when various studies established that SCN 
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lesions resulte in the abnormal phenotypic expression or complete loss of circadian 

function (17-19). Subsequent neuronal firing studies in vivo (20,21) and in vitro (22) 

provided evidence that SCN neurons function in an unimodal fashion to provide 

rhythmicity to other brain areas. Nevertheless, it was not until the seminal work of 

Michael Menaker and colleagues in 1990 that the SCN was unequivocally shown to be 

the master locus of circadian rhythms in mammals (23). The authors performed neural 

transplantation experiments and showed that small neural grafts from the suprachiasmatic 

region restored circadian rhythms of locomotor activity to arrhythmic animals whose 

SCN had been previously lesioned (23). Most importantly, this report shows that the 

restored rhythms always exhibited the period of the donor genotype regardless of the 

host's genotype. 

Mechanistically, a basic circadian system has a minimum of three main 

components, including photoreceptors, a pacemaker and a rhythmic output. The 

entrainment pathways transduce information between the photoreceptive elements and 

the pacemaker. In turn, the coupling pathways (i.e. the efferent pathways) are necessary 

as a link between the pacemaker and the multiple effectors. Hence, the effector outputs 

are the overt rhythms of behaviour that allow chronobiologists to study the properties of 

the central pacemaker (e.g. locomotor rhythms controlled via the SCN). Nevertheless, 

there may be multiple photoreceptors, clocks or overt rhythms. In fact, evidence suggests 

that each mammalian organ has a clock, but all are tightly governed from the SCN via 

endocrine communication (see 24 for review). Therefore, it is assumed that these 

components may interact in a variety of ways. 

b. The retinohypothalamic tract 
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In 1991, Foster, Provencio and Menaker reported non-rod, non-cone photoreceptor 

perikarya that were immunoreactive for cone opsins in the eyes of retinally-degenerated 

mice. They classified it as an unrecognized class of photoreceptive cell type within the 

mammalian retina and cleverly showed that they were involved in the mediation of 

circadian rhythmicity (25). In 1998, Provencio and colleagues identified these perikarya 

as a class of retinal ganglion cells (RGCs) sparsely distributed throughout the retina, 

similar to the type III glanglion cells of the rat, that project monosynaptically to the SCN 

(Figure 1; 26). The authors proposed these cells to be specialized retinal ganglion cells 

involved in the integration of environmental irradiance without compromising the spatial 

resolution required for vision (26). Then, in 2002, Provencio and colleagues reported that 

these specialized retinal ganglion cells form a photoreceptive "net" in the mouse inner 

retina and express the photopigment melatonin (27). A few months later, Berson and Yau 

confirmed these findings in mouse and human tissue (28,29). 

c. Light-induced clock entrainment 

The RHT is responsible for transducing photic information from the eyes to SCN neurons 

(Figure 1). Several studies have shown that lights triggers the pre-synaptic release of 

glutamate and pituitary adenylate cyclase activating peptide (PACAP) from RHT nerve 

terminals, resulting in postsynaptic activation of ionotropic N-methyl-D-aspartate 

(NMDA) receptors and PACAP type 1 (PAC1) receptors, respectively (Figure 1; 30-32). 

In turn, these excitatory signals activate various kinase signaling pathways, such as the 

p42/p44 Mitogen-Activated Protein Kinase (MAPK) and Protein Kinase C (PKC) 

pathways, amongst others (33-35). A large body of evidence indicates that activation of 

the MAPK pathway and CREB-dependent transcription following exposure to a resetting 
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FIGURE 1 

GLU O ^ 
PACAP • 

Figure 1. Cellular mechanisms that underlie photic entrainment of the circadian 
clock. 
A light stimulus activates specialized retinal ganglion cells in the eye, which send their 
projections to the suprachiasmatic nuclei (SCN) via a branch of the optic nerve (ON) 
known as the retinohypothalamic tract (RHT). RHT nerve terminals co-store the 
neurotransmitter, glutamate (GLU, yellow circles) and the neuropeptide pituitary 
adenylate cyclase activating peptide (PACAP, blue circles). Activity-dependent release of 
GLU and PACAP from RHT terminals triggers post-synaptic activation of NMDA and 
PACl receptors, respectively, in the SCN. Receptor stimulation leads to the activation of 
a number of intracellular signaling cascades, most notably the p42/p44 mitogen-activated 
protein kinase (MAPK) pathway. MAPK activation is coupled to CREB activation, 
which induces the transcription of immediate early genes (such as c-fos) as well as the 
Perl and Per2 genes. Light-induced Perl and Perl expression, accompanies (and 
mediates) light-induced phase shifts of behavioural rhythms in various mammalian 
species. Diagram and legend taken with permission from Dr. Hai-Ying Mary Cheng's 
2010 CfflR grant. 
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light pulse during the subjective night are required for light-induced clock resetting (33). 

Moreover, a number of core clock genes (including Perl and Per2) possess CRE sites in 

their promoter regions and are potential targets of light-induced activation by CREB. In 

summary, light triggers activation of gene transcription, immediate early gene expression 

and cAMP response element binding protein (CREB)-dependent signaling, amongst 

others, resulting in the final induction of the perl and per2 genes, which may be regarded 

as key modulator proteins of the rhythmically based light-entrainment process (Figure 1 

& Figure 2; 36-38). 

d. SCN neuroanatomy 

In the mouse, the SCN is composed of-20,000 neurons (-10,000 neurons per nucleus), 

divided into two nuclei via the third ventricle and positioned on top of the optic chiasm 

(Figure 3; 39-40). The SCN arises from the ventral diencephalon germinal epithelium as 

a component of periventricular cell bodies (40,41). In rodents, the SCN first appears in 

the anterior hypothalamus as a small cluster of compacted neurons dorsal to the optic 

chiasm (40,41). It expands caudally and is medially divided by a thin lamina of 

periventricular hypothalamic neurons. 

It is now understood that the SCN is composed of two functional subdivisions, 

designated the core and the shell (43). The shell surrounds the core, which sits on top of 

the optic chiasm (Figure IB). SCN core neurons predominantly express VIP or GRP, and 

smaller populations express NT or SP. Today it is widely accepted that RHT terminals 

projecting onto the SCN are exclusively in the core, overlapping VIP and GRP 

immunoreactive cells. 
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FIGURE 2 
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Figure 2. The mammalian circadian machinery is regulated via 
transcriptional/translational negative and positive feedback loops. 
A simplified model of the mammalian clockwork machinery. Mechanistically, the clock 
is composed of negative (red arrows) and positive (green arrows) feedback loops. 
CLOCK (C, yellow circle) and BMALl (B, yellow circle) proteins heterodimerize and 
drive the transcriptional activation of Per, Cry and Rev-erba genes through E-box 
sequences. PER (P, blue circles) proteins accumulate in the cytoplasm and bind to CRY 
proteins (C, orange diamond) which are then phosphorylated (small p) by CKle and 
CK18 complexes (e/8 white circles). Within the nucleus, CRY-PER-CK1 e/8 complexes 
interact with CLOCK/BMAL1 heterodimers to inhibit transcription, resulting in a 
negative feedback loop of regulation. On the positive arm, REV-ERBa (R, red circle) 
proteins interact with Bmall regulatory elements to inhibit Bmall transcription. 
Furthermore, CRY-mediated inhibition of CLOCK/BMAL1-mediated transcription 
results in the activation of Bmall transcription, due to inhibition of REV-ERBa-mediated 
repression. It is also hypothesized that an activator protein (A, grey circle) may be 
involved in the positive regulation of Bmall transcription (?). Recent work has also 
identified that the B-TrCPl and FBXL3 E3 ubiquitin ligase complexes target PER and 
CRY proteins for degradation (not shown; 76-77). Figure taken with permission from 
reference 197 (see appendix II). 
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FIGURE 3 

Figure 3. The suprachiasmatic nucleus is the master pacemaker. 
(A) Coronal indirect ECFP immunoflurorescence in order to visualize the SCN and 
forebrain regions in a miR-132 transgenic mouse brain. (B) Higher power (20X) 
magnification of the SCN from the same brain section (boxed region in (A)). Note the 
bilateral nature of the SCN. (C) Merged DsRED (red) expression driven by the mPerl 
promoter (146) and DAPI (blue) to visualize the sagittal SCN in the adult mouse brain. 
(A) scale bar = 1mm; (B-C) scale bar = 50um. 3V: third ventricle; OC: optic chiasm. All 
images captured via confocal microscopy on a single focal plane. HYMC designed and 
generated the miR-132 and mPer2-DsRED transgenic mice at Ohio State University. 
Tissue harvesting performed jointly by MAS & HYMC. Confocal imaging, compilation 
of images and figure design performed by MAS. 
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Furthermore, the intergeniculate leaftlet (IGL) has been shown to project onto the 

SCN via the geniculohypothalamic tract (GHT). The median raphe nucleus also projects 

onto the SCN (50) and dense afferents to the shell also arise from other hypothalamic 

nuclei, as well as the paraventricular nucleus, basal forebrain, limbic cortex, septal area 

and brainstem (50). The SCN projects efferently onto the hypothalamus, basal forebrain, 

midline thalamus, IGL and periaqueductal gray (51). Retrograde experiments have 

elegantly shown that these efferent projections arise differentially from the core and the 

shell subdivisions (51-53). Current evidence suggests that the SCN functions via the 

coupling of individual neuronal oscillators to form a network that serves as the pillar of 

the pacemaker. Current research in various laboratories investigates whether there are 

specific SCN neuronal subsets responsible for this coupling function. 

iv. SCN molecular genetics 

a. The PAS domain 

The PAS (PER-ARNT-SIM) domain is found in a vast number of proteins. The term PAS 

arose from the first letter of each of the three founding members of the family: Period 

(PER), the product of the dPer gene; the AHR (aryl hydrocarbon receptor) nuclear 

translocator (ARNT), originally identified as a protein essential for signal transduction by 

the AHR; and the Drosophila Single-minded locus (SIM), a regulator of midline cell 

lineage (55-58). The PAS domain may be briefly described as a region of homology to 

these three founding member. It contains 250-300 amino acids and a pair of highly 

degenerate 50 amino acids subdomains defined as the A and B repeats (56-58). 

Biologically, the PAS domain has been characterized as a signature of proteins involved 

in environmental adaptation and cell signaling via protein-protein interaction modules. 
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Interestingly, The PAS domain is highly conserved in the molecules that regulate 

circadian rhythmicity. Invertebrates and vertebrates employ orthologues of a number of 

PAS proteins to regulate transcription of circadian rhythms. 

The first PAS protein identified was the product of the Drosophila Period (dPer) 

locus. It is interesting to note that one of the original mutations described in the Per locus 

of Drosophila (dPeri) resides within the PAS domain, whereas the other two mutations 

reside immediately adjacent to the C-terminal of the PAS domain (7,54,55). It has been 

shown that the PAS domain of PER can act as a dimerization surface to support 

interactions with other PAS domain-containing proteins (59). Furthermore, it was shown 

that constitutive overexpression of PER inhibited the cycling of its own mRNA (60), 

hence leading to the hypothesis that PER was a dominant-negative inhibitor of its own 

transcription, most likely by inhibiting another bHLH-PAS protein pair (61).This model 

of regulation is now defined to be a transcription-translation negative-feedback loop that 

drives the rhythmic expression of the PERIOD proteins (and CRY proteins; 64), as well 

as other components, that in unison regulate the circadian behaviour of mammalian 

organisms (Figure 2; 59,62-64). 

b. The E-box motif 

A key observation that allowed for the decoding of the circadian clock pathway was the 

discovery that a 69-bp region upstream of the dPer promoter was sufficient to drive the 

in-vivo cycling of heterologous reporters in flies (65). Further sequence analysis revealed 

that an element harboring the E-box core sequence CACGTG was necessary for the 

robust cycling amplitude (65). These observations were consistent with the hypothesis 

that the PER protein acts as an inhibitor of a CLOCK-bHLH-PAS heterodimer in both 
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Drosophila and mammals. Using two-hybrid screens, it was later determined that a 

heterodimer was formed between the mammalian MOP3 (Member of PAS superfamily 3; 

also known as ARNTL1 or BMAL1) and CLOCK proteins in-vivo (61,63,66). 

Drosophila homologues for these two proteins were also identified in screens for 

circadian rhythm mutants (67,68). Moreover, mutations in the dCycle and dClock loci 

were shown to result in a significant decrease in the expression of both PER and TIM, 

and both mutations resulted in arrhythmia as homozygous alleles (67,68). Sequence 

analysis of these two loci indicated that they were orthologues of mammalian Mop3 and 

Clock, respectively. In summary, all of these reports provided the biochemical and 

genetic evidence that Mop3 and Clock (Cycle in Drosophila) were key components of the 

circadian clock in various species and that the mammalian and fly circadian core 

mechanism is functionally similar. 

In 1998, it was demonstrated that the E-Box element motif was also present in the 

mammalian Perl promoter and that the CLOCK/MOP3 heterodimer was capable of 

driving transcription of luciferase promoters harboring this motif (66). It was also 

demonstrated that dClock activates dPer transcription through sequences harboring the E-

box motif (63). In addition, it was also demonstrated that PER and TIM could inhibit 

CLOCK/CYCLE-induced transcription of their own messages (63). As a group, these 

reports support the feedback inhibition model of the PER proteins and provide a role for 

two additional b-HLH-PAS containing proteins in the regulation of circadian rhythmicity 

in flies, mice and humans. 

c. The molecular clock 
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The circadian clock mechanism involves a cell-autonomous transcription-translation 

feedback loop composed of core genes that are highly conserved amongst animals 

(Figure 2; see 69 for review). In mammals, the circadian clock is composed of a primary 

negative-feedback loop involving the genes Clock and its paralogue Npas2 (Neuronal 

PAS domain protein 2), Bmall (ARNTL-Like protein 1, Brain and Muscle; also known 

as aryl hydrocarbon receptor nuclear translocator-like [Arntl]), Perl, Perl, Cryl 

(Cryptochrome 1) and Cryl (Cryptochrome 2). During daytime, the bHLH-PAS domain-

containing transcription factor CLOCK (or NPAS2) interacts with BMAL1 to activate 

transcription of the Per and Cry genes, resulting in accumulation of these transcripts. The 

mammalian CRY proteins have been characterized as interaction partners with the PER 

proteins and involved in nuclear translocation (64). Once translated, PER and CRY 

proteins heterodimerize and translocate into the nucleus, where they interact with 

CLOCK/BMALl heterodimers to inhibit their own transcription (71). During nighttime, 

the PER-CRY repressor complex is degraded, and the CLOCK/BMALl heterodimer can 

then activate a new round of transcription. This cycle has a periodicity of ~24-hrs. In 

addition to this primary feedback loop, there is a second negative-feedback loop that 

involves the nuclear hormone receptor Rev-erba, a direct target of CLOCK/BMALl, 

which has been shown to strongly repress Bmall transcription (72). It has been 

hypothesized that this secondary loops adds robustness to the molecular clock, since is 

not essential for circadian rhythm generation in mice (72). 

Recent studies have shown that post-translational modifications and degradation 

of clock proteins also play roles in the regulation of circadian rhythmicity (73). PERI and 

PER2 proteins are progressively phosphorylated as they accumulate during the late 
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afternoon as well as night by Casein Kinase 1 delta (CKIS) and Casein Kinase 1 epsilon 

(CKle) (74). One of the roles for phosphorylation of the PER proteins is to target them 

for polyubiquitylation and degradation by the 26S proteosomal pathway (75). In addition, 

in-vitro studies have suggested that P-TrCPl (beta-Transducin repeat-Containing Protein 

1) and FBXL3 (F-Box and Leucine-rich repeat protein 3) E3 ubiquitin ligase complexes 

directly target the PER and CRY proteins, respectively, for degradation (76,77). These 

results have been confirmed in Fbxl3 mutant mice that have a long-period circadian 

phenotype, due to a defect in targeting CRY1 and CRY2 for degradation (78,79). 

Furthermore, a recent study has shown that circadian transcription of 

CLOCK/BMAL1 target genes is accompanied by circadian changes in Histone 3 (H3) 

acetylation and chromatin remodeling (80). It has also been shown that circadian 

transcription of the mouse D-site albumin promoter Binding Protein (Dbp) gene is 

accompanied by rhythmic binding of CLOCK/BMAL1 to E-box cw-regulatory elements, 

acetylation of H3 at lysine 9, trimethylation of H3 at lysine 4 and a reduction in histone 

density (81). In addition, the CLOCK protein has recently been shown to have histone 

acetyltransferase (HAT) activity and can acetylate its partner, BMAL1 (82,83). 

Moreover, the histone deacetylase Sirtuin 1 (SIRT1) interacts with CLOCK and can 

deacetylate BMAL1 as well as H3 at lysine 9 and 14 (84). Sirtl has also been shown to 

be expressed in a circadian fashion in the liver and regulates the circadian expression of 

Bmall, Rorc (RAR-related orphan receptor gamma), Perl and Cryl through interactions 

with CLOCK/BMAL1 and via deacetylation and degradation of PER2 (85). The 

cumulative data suggest that the core clock autoregulatory feedback loops as well as its 

downstream targets are tightly regulated via rapid biochemical kinetics of chromatin 
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remodeling and translational control events. The responsive nature of the SCN provides 

an exemplary model to study these events. The precise biochemical kinetics of these 

molecular interactions remains to be determined. 

d. Human genetics 

The daily cycle of sleep and wakefulness is a key circadian rhythm of behaviour in 

humans. Sleep regulation has been hypothesized to be regulated via two processes: 1) a 

sleep homeostatic process that regulates the rise of sleep propensity during wakefulness 

and its dissipation during sleep; and 2) a circadian process that determines the change 

between sleep and wakefulness (86). A wide variety of sleep disorders have been 

identified in humans and have been linked to circadian alterations in the timing of sleep. 

These disorders include, but are not limited to, familial advanced sleep-phase syndrome 

(FASPS), delayed sleep phase syndrome (DSPD), non-24-hour sleep-wake syndrome and 

irregular sleep-wake pattern (87-89). 

Currently, FASPS in the only established Mendelian-inherited circadian rhythms 

disorder in humans (88,89). FASPS is inherited in an autosomal dominant fashion and is 

characterized by persistent 3-4 hour advanced sleep onsets and awakening times relative 

to conventional schedules (88,89). FASPS is thought to arise from an abnormal phase of 

the circadian cycle relative to the desired sleep-wake schedule. Interestingly, Toh and 

colleagues found that a missense mutation in human PER2 co-segregated with FASPS 

and found that the mutation occurs in a phosphorylation site within a CK1-binding 

domain of PER2 (90). In addition, Xu and colleagues identified a mutation in CK18 in 

FASPS patients (91). These two mutations are important examples in how core circadian 

clock gene-associated mutations may lead to a circadian phenotype, affecting human 
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health. Furthermore, a related condition known as delayed sleep phase syndrome has 

been associated with a polymorphism in the human PERIOD3 gene, in which patients 

suffer from sleep-onset insomnias (92). In summary, the molecular insights on core clock 

mechanisms gathered over the past few decades have to be put into the context of human 

physiology, thereby allowing an effective application and possible treatments of circadian 

mechanisms onto real life. 

v. Chromatin remodeling and translational control of the clock 

Chromatin remodeling is defined as the process of disruption and re-assembly of histone-

DNA interactions. The epigenetics field emerged from the observations that chromatin 

can be altered by covalently modifying histone proteins. These modifications include 

phosphorylation, ubiquitination, ADP-ribosylation, methylation and acetylation (93,94). 

The effect of chromatin remodeling is dependent on the context of nucleosomes at a 

given promoter and can result in 1) transcriptional activation or (2) transcriptional 

repression. Various epigenetic mechanisms that alter the architecture of chromatin, for 

example, DNA methylation and histone modification, have been implicated in clock 

timing processes. The rhythms of Per and Cry expression in the liver coincide with 

rhythmic H3 acetylation (considered a mark of active transcription) at their gene 

promoters (80). CLOCK has been demonstrated to possess histone acetyltransferase 

activity (95). EZH2, a polycomb group protein with histone methyltransferase activity, 

interacts with CLOCK-BMAL1 complexes and is recruited to the mPerl and mPer2 

promoters, where it catalyzes the methylation of histone H3 at lysine 27, considered a 

mark of transcriptional repression (155). Most recently, it has also been shown that 

NCOR1 (Nuclear receptor Corepressor 1) and HDAC3 (Histone Deacetylase 3) interact 
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in order to regulate oscillatory metabolic gene transcription (96). 

Cells also regulate gene expression via translational control. This level of 

regulation provides a rapid response to growth and proliferation stimuli and plays a key 

role in controlling feedback mechanisms in the cell. For example, in systems with little or 

no transcriptional control (e.g. reticulocytes and oocytes) (97), translation is the 

predominant key regulator of gene expression. Recent studies highlight the importance of 

mechanisms that influence the steady-state levels of proteins in the control of the 

circadian clock. For example, phosphorylation of PERI and PER2 by CKIs results in 

targeting of the PER proteins by fiTrCP, an F-box protein that comprises the SCF (Skpl-

Cull-F-box protein) ubiquitin ligase, to the ubiquitin-proteasome degradation pathway 

(76,98). On the other hand, mechanisms that regulate de novo protein synthesis are also 

likely to influence circadian clock processes since expression of nocturnin, a deadenylase 

that controls mRNA decay by shortening of the poly(A) tail, is rhythmic in multiple 

murine tissues and is induced by mitogenic signals (99). Additionally, the mTOR 

signaling pathway, a key regulator of translation, has also been shown to be activated by 

light in the SCN (100), suggesting an important role of translational regulation in photic 

entrainment. 

vL microRNAs and the clock 

a. microRNA biogenesis 

Many primary-miRNA (pri-miRNA) transcripts have been cloned and characterized 

(119-121). The current consensus is that all of pri-miRNA transcripts are capped and 

polyadenylated and are hence transcribed by RNA polymerase II and share structural and 

mechanistic properties with messenger RNA (mRNA). pri-miRNAs are processed into 
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hairpin precursors designated pre-miRNA and then into mature miRNAs. Mature 

miRNAs are then loaded into an effector complex that impacts target gene expression via 

mRNA cleavage, translational repression or both (101-104). 

pri-miRNA processing is catalyzed by two RNAselll enzymes, Drosha and Dicer. 

These enzymes are highly conserved among all phyla and have been shown to be 

dsRNA-specific and to regulate RNA metabolism. Drosha is thought to be involved in 

protein-protein interactions as well as RNA-binding and cleaves pri-miRNAs to pre-

miRNAs of ~60-nucleotides. DGCR8, a protein containing two dsRNA-binding domains 

(dsRBD) and a WW domain, is also necessary for pri-miRNA processing and interacts 

with Drosha in the microprocessor complex (102-104). pre-miRNA transport from the 

nucleus to the cytoplasm is mediated by exportin-5 in a Ran-GTP (Ras-related Nuclear 

protein-Guanosine-5'-Triphosphate) dependent manner (105-108). Cytoplasmic Dicer is 

then responsible for cleaving the loop sequence of the pre-miRNA yielding the mature 

miRNA duplex. Subsequently, the mature single-stranded miRNAs are loaded into 

effector complexes designated as miRNP (miRNA ribonucleoprotein) and RISC (RNA-

induced silencing complex) complexes. Dicer has a helicase domain and may be involved 

in mature miRNA duplex unwinding, although it has not yet been demonstrated 

experimentally. The incorporation of one of the strands of the duplex into RISC is not 

random and has been hypothesized to be regulated by the free energy between the two 

ends of the duplex. Whichever strand presents the weaker base-pairing on the 5'-end is 

thought to be loaded onto RISC and the other strand degraded (109,110). Once loaded, a 

single-stranded small RNA guides distinct modes of silencing (see 111 for review). 

b. microRNA regulatory functions 

30 



miRNA function has been primarily based on the original findings of let-7 and lin-4 

guided silencing in C. elegans (112-118). Mature miRNAs bind to the 3'-UTR 

(untranslated region) of their target mRNAs with imperfect complementarity leading to 

translation repression. Therefore, it is widely accepted that miRNAs are gene regulators 

(or as this thesis will define, modulators or orchestrators) that base-pair to their target 

mRNAs. 

Since the first publications of miRNA sequences (119-121), target identification 

has been the most challenging problem in the miRNA field and researchers have 

developed in-silico approaches to identify these interactions, which then need to be 

validated in cell culture or animal models in order to elucidate their biological 

significance. Bioinformatics tools have been developed that are based upon the following 

criteria: 1) miRNA binding sites are mainly located within the 3'-UTR of target mRNA; 

2) base-pairing to the target is asymmetrically weighted along the miRNA, since it has 

been shown that perfect base-pairing on the miRNA 5'-end is crucial for the ability of the 

miRNA to repress a target and that G:U wobble base-pairing disrupts this regulation 

(122-125); and 3) miRNA binding sites are conserved among orthologous genes of 

different species and the conservation criteria reduces the predicted number of false 

positive predicted targets (126-129). 

It is interesting to highlight that the targets and biological functions of only a 

small number of miRNAs have been elucidated experimentally in model organisms. 

Furthermore, most studies report the identification of only one or a few targets per 

miRNA and fail to observe target regulation in a broader, tissue-specific physiological 

content. 
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c. microRNAs in chronobiology 

In summary, genetic studies have established that circadian rhythms are generated by 

cellular oscillators that drive rhythmic expression of core clock genes via a series of 

interlocked positive and negative transcriptional-translational feedback loops. Clock 

timing processes have also been shown to be regulated at the post-translational level. 

Most recently, a few reports have provided evidence that a new level of regulation of the 

biological timing process exists, that is, translational control via miRNA regulation (130, 

131). 

Via serial analysis of chromatin occupancy (SACO) of miRNAs that target 

CREB, Cheng and colleagues identified miR-132 and miR-219 as being bound to Creb 

(130, 132). The authors further showed that miR-219 physically interacts with Clock nd 

that it is transcriptionally activated by CLOCK/BMAL1 heterodimers. On the other hand, 

miR-132 is activated by CREB. They further mapped 5' CRE sites at both miRNA gene 

loci and an additional E-box motif in miR-219. In this same report, they provide in-vivo 

evidence that mature miR-219 exhibits robust circadian rhythmicity, whereas mature 

miR-132 is strongly induced by nocturnal light exposure in the SCN. Behaviourally, 

silencing of endogenous miR-132 in the SCN via intracerebroventricular infusions of 

synthetic antagomirs enhanced light-induced clock resetting, whereas circadian period 

length is increased upon miR-219 silencing. Nevertheless, the downstream in-vivo targets 

that miR-132 and miR-219 regulate and their role in circadian biology have not yet been 

elucidated. 

For peripheral oscillators, miR-122, a hepatocyte-specific miRNA, has been 

shown to be expressed in a circadian manner in the mouse liver. It was further shown that 
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miR-122 was transcriptionally regulated by Rev-erba. Moreover, Smarcdl 1/Baf60a, a 

component of the SWI/SNF chromatin remodeling complex, was identified as a direct 

miR-122 target. It was further shown that the Pparp78 protein was upregulated upon miR-

122 silencing in the liver. The authors proposed that miR-122 interacts with perixosome 

proliferator-activated receptors (PPARs) to coordinate hepatic lipid metabolism (131). 
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RATIONALE & HYPOTHESIS 

It is estimated that up to one-third of mammalian genes are regulated by miRNAs and 

that our genome encodes hundreds of miRNAs which are likely to regulate thousands of 

genes (133,134). Many brain-specific miRNAs have been cloned and sequenced, but their 

gene targets and function in neural physiology remain unknown (135-141). miR-132 has 

recently been shown to be involved in the SCN-modulated light-entrainment process 

(130). Nevertheless, the downstream targets that miR-132 regulates and their roles in the 

clock entrainment process have not yet been elucidated. 

Using an array of mouse transgenic technology, bioinformatics, biochemistry, 

molecular biology, cell culture, in-vivo knockdown and confocal imaging, I have 

identified five in-vivo targets of miR-132 and validated their predicted 3'-UTR 

microRNA-response elements (MREs). Furthermore, via photic behavioural paradigms 

combined with molecular biology and biochemistry, the roles of these targets in the light-

induced clock entrainment process were elucidated. Via a bioinformatics approach, I 

further show that miR-132 preferentially targets genes involved in chromatin remodeling-

and translational control-associated functions. This study provides a novel paradigm in 

miR-132-dependent regulation of circadian clock entrainment, in which miR-132 fine-

tunes the expression of gene clusters involved in chromatin remodeling and translation 

control. I further propose a model supported by the data presented in this thesis in which 

light induces a cascade of molecular waves that lead to tightly coordinated intracellular 

events that in unison function to ensure optimal light-entrainment of the mammalian 

circadian clock. In this model, miR-132 is light-activated in order to serve a fundamental 

role in the direct post-transcriptional regulation of light-activated transcripts, such as 
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Mecp2, Paip2 and Btg2, which in turn modulate light-activated Perl and Per2 gene 

expression. I further hypothesize that the ability of one miRNA to fine-tune the 

expression of functionally related genes is not confined to miR-132, but that miRNAs in 

general are present in genomes to orchestrate gene expression. This is supported by the 

evidence of this thesis showing that miR-132 regulates specific gene clusters, i.e. 

chromatin remodeling- and translational control-associated genes. Future studies will 

undoubtedly identify novel gene clusters that are under the regulation of other miRNAs 

and whether these processes may be regulated via a single miRNA and/or as functional 

miRNA clusters. 
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MATERIALS & METHODS 

(Some of the methodology section has been adapted from the manuscript Alvarez-
Saavedra et al, circa November 2009). 

Generation of ECFP-pBI-pre-miR132 transgene construct 

The following steps were taken to generate the ECFP-pBI-pre-miR132 construct 

(generated by Dr. Hai-Ying Mary Cheng). First, the Xbal site (position 7705) of the pBI-

G Tet vector (Clontech, Mountain View, CA) was mutagenized to a Nhel using the 

QuickChange® II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with the 

following primers: 

SEOUENCE 

pBI-G Tet 

pBI-G Tet 

FORWARD OLIGONUCLEOTIDE 

5' -C ATGTCTGGATCCGCTAGCACTAGGTCGACGCGG-3' 
REVERSE OLIGONUCLEOTIDE 

5'-CCGCGT CGACCTAGTGCTAGCGGATCCAGACATG-3' 

Subsequently, the LacZ gene cassette was excised from the mutagenized pBI-G Tet 

vector using the flanking Xbal sites and the backbone vector was religated to generate the 

pBI*-Tet vector. The mouse ornithine decarboxylase PEST sequence was amplified by 

PCR from the pTAL-d2EGFP vector (Clontech) using the following primers: 

SEOUENCE 
PEST 

PEST 

FORWARD OLIGONUCLEOTIDE 
5 '-CGTGTACAGCCATGGCTTCCCGCCGGAG-3' 

REVERSE OLIGONUCLEOTIDE 
5 '-CGTGTACACTACACATTGATCCTA GCAGAAG-3' 

and cloned into the BsrGI site of the pCX-ECFP vector (generous gift of Andras Nagy). 

The entire ECFP-PEST gene cassette was amplified by PCR using the following primers: 

GENE 
ECFP-PEST 

FORWARD OLIGONUCLEOTIDE 
5 '-CGTCTAGACGCCACCATGGTGAGC AAGGG-3' 

REVERSE OLIGONUCLEOTIDE 
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1 ECFP-PEST | S'-CGTCTAGACTACACATTGATCCTAGCAGAAG-S' 

and cloned into the Xbal site of the pBI* Tet vector to generate the ECFP-pBI-Tet vector. 

To introduce additional Sail and NotI sites upstream of the pre-miR132 sequence of the 

pCAAGS-pre-miR132 vector (142), the palindromic oligodeoxynucleotide denoted by 

the sequence: 5'-CTAGTGTCGACGCGGCCGCGTCGACA-3' was self-annealed and 

cloned into the Spel site. The pre-miR132 sequence was subsequently excised from the 

modified pCAAGS-pre-miR132 vector using the flanking NotI sites, and cloned into the 

NotI site of the ECFP-pBI-Tet vector to generate the final ECFP-pBI-miR132 vector. The 

final construct was confirmed by sequencing. All oligonucleotides were obtained from 

Invitrogen (Carlsbad, CA, USA). 

Generation of transgenic mice and animal husbandry 

ECFP-pBI-pre-miR132 DNA was linearized, purified and injected into the pronuclei of 

oocytes from FVB/N mice at the Ohio State University Transgenic Facility. Founders 

were identified by PCR genotyping using the following primers: 

GENE NAME 
pre-miRl32 
genotyping 

pre-miRl32 
genotyping 

FORWARD OLIGONUCLEOTIDE 

5' -GG AAGG AG AGC AA AC AC AGC-3' 

REVERSE OLIGONUCLEOTIDE 

5' -CGTCTAG ACTAC AC ATTG ATCCT AGC AGAAG-3' 

Founders were backcrossed for 3-4 generations onto a C57BL/6J background prior to 

analysis. Mice were maintained at the animal facility of the University of Ottawa in 

accordance with institutional guidelines. All animal handling and experimental 

procedures were approved by the Animal Welfare Committee of the University of 

Ottawa. Oligonucleotides were obtained from Invitrogen. 
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Vector construction 

The full-length 3'-UTRs for each of the following genes were amplified by PCR from 

mouse bacterial artificial chromosome (BAC) constructs (BACPAC Resources, Oakland, 

USA) using the following primer sets: 

GENE NAME 

Ep300 

Jaridla 

Btz2 

Paip2a 

Ep300 

Jaridla 

Btg2 

Paip2a 

FORWARD OLIGONUCLEOTIDE 

5 '-CGCTCTAGAG AATTC AGACACCTTGTAGTATTTTGG-3' 

5 '-CGCCCCGGGACTGGGTACAGTGTGATGGTG-3' 

5 '-CGCTCTAGAAAGCTTATAGGAGCCACCCGACCCTGGC-3' 

5 '-CGCTCTAG AG AATTCCATGTCTGAGC AGCCGGCCG-3' 

REVERSE OLIGONUCLEOTDDE 

5 '-CGCTCTAGATCAGGTGTCTGTCTCACACAG-3' 

5 '-CGCCTCGAGCCTGGTTAAAAGTGGCTCCTG-3' 

5 '-CGCTCTAGACAGTCGCATCGAGTGCACTGGTGTGC-3' 

5 '-CGCTCTAGATCGGTTCTACTATCATTTAT-3' 

The 3'-UTRs were first cloned into pBluescript (Clontech), mutagenized and then sub-

cloned into the CMV-pGL3 -Control vector (Promega, Madison, WI), between the 

luciferase (luc+) gene and the SV40 late poly(A) signal. For the mouse Mecp2 gene, the 

following sequential steps were taken: a ~12kb fragment encompassing the entire 3'-

UTR was excised with Xmal from a BAC construct (Clone ID number RP23-396E2; 

BACPAC Resources Center) and sub-cloned into pBluescript (Clontech). A -9.6 kb 

fragment encompassing the Mecp2 3'-UTR which harbors the miR-132 MRE was 

excised with Xmal-Alel. This fragment was inserted into a pGL3-CT(AleWinker) vector that 

had previously been modified as follows: an Xmal site was removed via Smal-Bglll 

digestion, re-filled with Klenow polymerase (Invitrogen) and re-ligated with T4 DNA 

ligase (Takara, Shiga, Japan) Then, 3'-Xmal and S'-Alel sites were inserted by self-

annealing the palindromic oligodeoxynucleotide: 
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5'-CTAGACCCGGGTTAATTAAGGGCCCGTT-3' and cloned into the Xmal/Hpal 

sites between the luc+ gene and the SV40 poly(A) signal. Site-directed mutagenesis of 

the predicted MREs of the all the wild-type 3'UTRs was performed using the 

QuikChange® Site-Directed Mutagenesis Kit (Stratagene) with the following primers: 

GENE 
NAME FORWARD OLIGONUCLEOTIDE 
Ep30(f7 5'ATTACTTATAAATATGAACTTTGGATCACTGTATAAAATTTGATTTCTTATTACCTAI 
Jaridla 

A7-utel 5'TTTACTTTTTTCTAAATGTCTCTGACTACTCTATAGATTATTTTTCCTTTTTTGATATA 
Jaridla 

A7-site2 5' G ATATAC ATATATG AATAT AGATATATATATATATATTTACC AGC AGCGTATG AT AC 
MecpZ*7 

5 '-TG ACC AAATATC ACC AG ACTC AACGTGTGCCGAG-3' 
'B^F7 

5 '-C AAACCCTAG AGCTGGAGC AGGCCTGTCTC-3' 
~sr Paip2d 5 'TCTG AAGTAGTGGGTTTTGATTGAGTTTTTAAAAAACTGTTTGG ATTTTAATT-3' 

REVERSE OLIGONUCLEOTH)E 

Ep30(f 
5'GTTTATTTAACAATAGGTAATAAGAAATCAAATTTTATACAGTGATCCAAAGTTCA1 
3' 

Jaridla ' Mtel 
5'GTATATCAAAAAAGGAAAAATAATCTATAGAGTAGTCAGAGACATTTAGAAAAAA< 

Jaridla 7-sile2 5'CTCTATCATACGCTGCTGGTAAATATATATATATATATCTATATTCATATATGTATA1 
Mecplf' 5 '-CTCGGCACACGTTGAGTCTGGTGATATTTGGTCA-3' 
Btg?7 5 '-GAGAC AGGCCTGCTCCAGCTCTAGGGTTTG-3' 

Paip2d ,A2 
5' -ATGCTTAATAAAAGTGCTG AG AGTCTTACTAAGT A AGG AGCTGTC AC 
3' 

All primers were obtained from Invitrogen and pre-screened clones were verified by 

DNA sequencing at The Centre for Applied Genomics (TCAG), The Hospital for Sick 

Children, Toronto, Canada. 

Behavioural and Photic Stimulation Paradigms 

Mice were individually housed in polycarbonate cages equipped with a running wheel in 

ventilated cabinets with timer-controlled lighting (white LED lighting ~ 100 lux at cage 

level). To monitor wheel-running activity, cages were equipped with magnetic switches, 

and switch closures were recorded with the ClockLab® software (Coulbourn Instruments, 

Whitehall, Pennsylvania). Beginning at 6-8 weeks of age, adult male mice were singly 

housed in the wheel-running cages and stably entrained to a 12 hr:12 hr light:dark (LD) 
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cycle for at least 14 days prior to release into constant darkness (DD). After 12-14 days in 

DD, mice received a brief light pulse of medium light intensity (40 lux) for 15 min at CT 

15. Light pulses were administered by removing the cage from the cabinet and placing it 

in a secondary containment chamber with controlled white LED lighting. Immediately 

after the light pulse, cages were returned to the behavioural cabinet and remained in DD 

for an additional 12-14 days. Subsequently, mice received a second light pulse of high 

light intensity (400 lux) for 15 min at CT 15, and afterwards returned to DD for 12-14 

days. 

For the doxycycline reversal experiments, mice were fed ad libitum rodent chow 

containing doxycycline (6 mg/g food; Bio-Serv, Frenchtown, NJ) for 4 weeks while 

being maintained in wheel running cages, in a fixed 12 hr:12 hr LD cycle. After 3 weeks 

of Dox feeding, mice were released into DD conditions, and 5-7 days thereafter, mice 

received a single light pulse (40 lux, 15 min) at CT 15. Light-induced phase shifts were 

determined by measuring the displacement between two regression lines drawn through 

the daily activity onsets 10 days before and 10 days after the light pulse. Using the 

ClockLab® Analysis software (Coulbourn Instruments), period length was determined by 

drawing a regression line through the onsets of daily activity during the first 10-14 days 

in DD. Data are presented as the mean + SEM. Statistical significance was measured 

using the Student's t-test. Significance was accepted forp < 0.05. 

Tissue Harvesting 

Mice that had been stably entrained to a 12:12 LD cycle (100 lux) for a minimum of 2 

weeks were dark adapted (DD) for 2 days prior to tissue harvest at designated circadian 

times as described below. For photic stimulation experiments, mice were exposed to light 
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(15 min) at designated circadian times and light intensity levels, returned to DD for a 

prescribed length of time, and processed for tissue. For these experiments, circadian time 

was estimated based on the prior light-dark cycle, where ZT12 (i.e. lights off) was used to 

define circadian time 12 (CT12) up to 3 days in DD. 

For immunolabeling, mice were killed via cervical dislocation, and their brains 

were removed rapidly under red dim light. Brains were immersed in chilled oxygenated 

physiological saline, cut into 600-um coronal sections with an oscillating tissue sheer, 

and fixed (6 hrs, room temperature) in a 4% (w/v) formaldehyde/lOOmM phosphate-

buffered saline (PBS) solution, pH 7.4. Tissue was cryoprotected in 30% sucrose (w/v) 

overnight, and then cut into thin (40 um) sections using a freezing microtome. For RNA 

isolation, mice were killed in the dark and their eyes covered with black tape. Brains 

were removed and the SCN dissected in RNAse-free conditions under a dissecting 

microscope with the optic chiasm facing up. The SCN was rapidly frozen on dry ice and 

stored until processing. 

Immunofluorescent and immunohistochemical detection 

For immunofluorescent labeling, 40 um brain sections were washed five times in PBST 

(lOOmM PBS, 0.1% Triton X-100), blocked (1 hr, room temperature) in 10% horse 

serum-PBST, and incubated (overnight, 4 °C) in primary antibodies. The following 

primary antibodies were used: rabbit anti-GFP (1:2000; Eusera, Edmonton, Alberta), goat 

anti-GFP (1:2000; Eusera), mouse anti-GFAP (1:1000; Molecular Probes, Eugene, OR), 

rabbit anti-MeCP2 (1:150; Millipore, Billerica, MA), rabbit anti-MeCP2 pS421 (1:3000; 

generous gift of Z. Zhou), rabbit anti-BTG2 (1:400; Aviva Systems Biology, San Diego, 

CA), rabbit anti-Histone H3-tri methyl K4 (1:500, Abeam, Cambridge, MA), sheep anti-
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H2.AZ-K4-K7-K11 (1:300, Abeam), and rabbit anti-PAIP2A (1:1200, Sigma-Aldrich, St. 

Louis, MO). The following day, sections were washed five times in PBST and incubated 

(2 hrs, room temperature) with Alexa Fluor® 488- and/or Alexa Fluor® 594-conjugated 

secondary antibodies (1:1000; Molecular Probes) against the primary antibodies. In some 

experiments, sections were counterstained with the nuclear marker DRAQ5™ (1:2000; 

Biostatus Ltd., Shepshed, Leicestershire, UK). Sections were mounted on slides with 

Dako Fluorescence Mounting Medium (Dako Canada, Inc., Mississauga, Ontario). 

For immunohistochemical detection, brain sections were washed five times with 

PBST, treated with 0.3% hydrogen peroxide in PBS for 20 min, blocked (1 hr, room 

temperature) in 10% horse serum/PBST, and incubated (overnight, 4 °C) in primary 

antibodies. The following primary antibodies were used: rabbit anti-p300 (C-20) (1:1000; 

Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit anti-JARIDIA (1:600, Abeam), 

rabbit anti-PERl (1:4000; generous gift of S. Reppert), rabbit anti-PER2 (1:10,000; 

generous gift of D. Weaver), rabbit anti-CLOCK 1:5000 (gift of D. Weaver), rabbit anti-

BMAL1 1:5000 (gift of D. Weaver), rabbit anti-MeCP2 (1:1000; Millipore), rabbit anti-

H3-K56 (1:50,000; Abeam), anti-p300/Lysl499 1:10,000 (Cell Signaling, Danvers, MA, 

USA) and anti-SIRTl 1:1000 (Millipore). Sections were washed five times in PBST and 

incubated (2 hrs, room temperature) with biotinylated anti-rabbit IgG(H+L) secondary 

antibodies (1:300; Vector Laboratories, Burlingame, CA). Immunodetection was 

accomplished using the HRP-ABC technique (Vector Laboratories) according the 

manufacturer's instructions. 

Cell Culture and Transfection 
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HEK293, Neuro-2a (N2A) and 3T3 cells were obtained from ATCC (American Type 

Culture Collection, Manassas, VA, USA) and were grown in Dulbecco's Modified Eagle 

Medium (DMEM; Invitrogen), supplemented with 10% fetal bovine serum (Wisent, 

Quebec, Canada) and 1% penicillin/streptomycin (Wisent). To examine the effects of 

miR-132 knockdown on target gene expression, N2A cells were grown on 6-well plates 

and transfected with 3 ug of miRIDIAN® mmu-miR-132 Hairpin Inhibitor (Dharmacon, 

Inc., Lafayette, CO) or miRIdlAN® microRNA Hairpin Inhibitor Negative Control #1 

(Dharmacon, Inc.), and 1 ug of pCS-Venus vector per well to monitor transfection 

efficiencies (generous gift of A. Miyawaki), using Lipofectamine 2000 (Invitrogen) 

according to manufacturer's protocols. 

To examine the effects of MeCP2 overexpression on endogenous PERI and PER2 

levels, N2A cells were grown on 6-well plates and transfected with 1.5 ug of pcDNA3.1-

hMeCP2-el-myc (generous gift of B. Minassian) in combination with 2 ug of pCMV-

KCREB (Clontech) and 0.5 ug of pCS-Venus. Thirty-six hours post-transfection, lysates 

were prepared and analyzed via Western blotting. 

Luciferase Assays 

HEK293 and N2A cells were grown on 24-well plates and transfected with 12.5 ng of the 

pRL-TK vector (Promega), 200 ng of the CMV-pGL3 construct containing the 3'UTRs 

of the respective genes, and 25 pmol of miRIDIAN® mmu-miR-132 Mimic or 

miRIDIAN® microRNA Mimic negative control #1 (Dharmacon) using Lipofectamine 

2000. For the determination of luciferase activity, cell lysates were prepared 24-hrs post-

transfection and processed using the Dual Glo® Luciferase Assay System (Promega). 
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Readings were acquired using the GloMax 96 Plate Luminometer with the automated 

dual injection system (Promega). 

Western blotting 

Brain tissue was homogenized in ice-cold RIPA buffer supplemented with protease 

inhibitor cocktail, homogenized and incubated for 20 min on ice with gentle mixing. Two 

adult SCNs per genotype were pooled, yielding ~100ug of total protein lysate. After pre-

clearing by centrifugation (15 min at 17,000 x g), proteins were quantitated via the 

Bradford method using the Coomassie Plus™ Protein Assay Reagent (Fisher Scientific 

Canada, Whitby, ON) at 595nm wavelength. Protein samples were resolved on sodium 

dodecyl sulfate polyacrylamide gels under denaturing conditions, and blotted onto PVDF 

membranes (Bio-Rad, Hercules, CA, USA) by wet transfer for 2 hr at 80 V for low 

molecular weight proteins (such as BTG2, PAIP2A, MeCP2) or overnight (-16 hr) at 35 

V for high molecular weight proteins (such as p300 (300kDa) or JARID1A (185kDa). 

Membranes were blocked (45 min, room temperature) with 5% skim milk in TBST (Tris-

buffered saline, 0.05% Triton X-100), and incubated (4°C, overnight) with the following 

antibodies: rabbit anti-BTG2 (1:3000), rabbit anti-PAIP2A (1:6000), rabbit anti-p300 

(1:1000), rabbit anti-JARIDIA (1:2000), mouse anti-MeCP2 (1:2000, Sigma-Aldrich), 

rabbit anti-PERl (1:2000, Abeam), rabbit anti-PER2 (1:10,000), rabbit anti-PAIP2B 

(1:1000), rabbit anti-PABP (1:1000, Cell Signaling), rabbit anti-pCREB (1:2500; Cell 

Signaling), rabbit anti-SIRTl (1:1000; Millipore) and rabbit anti-actin (1:30,000, Sigma-

Aldrich). Membranes were incubated (2 hr, room temperature) with ImmunoPure® HRP-

conjugated goat anti-rabbit or anti-mouse IgG(H+L) secondary antibody (1:250,000; 

Pierce, Rockford, IL). Membranes were washed 5 x 5 min in TBST after antibody 
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incubations, and the signal was detected by chemiluminescence using the SuperSignal® 

West Femto Maximum Sensitivity Substrate (Pierce). All western blot quantitations were 

performed with ImageJ software (http://rsbweb.nih.gov/ii/) on grayscale images. 

Chromatin Immunoprecipitation (ChIP) 

3T3 cells (~2xlO7) were transiently transfected with 48 ug of pcDNA3.1-hMeCP2-el-

myc and 6 ug of pCS-Venus to monitor transfection efficiency. Thirty-six hrs post-

transfection, cells were crosslinked with 1% formaldehyde w/v for 15 min at room 

temperature (RT) and quenched for 5 min at RT with 125 mM glycine. After quenching, 

cells were immediately placed on ice and rinsed twice with 5ml of ice-cold lOOmM PBS, 

pH 7.4 containing protease inhibitor cocktail (Sigma-Aldrich). Cells were scraped in ice-

cold lOOmM PBS with protease inhibitor cocktail, and centrifuged for 10 min at 1000 x 

g. Cell pellets were then resuspended in 50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 

mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS with protease 

inhibitor cocktail and incubated on ice for ~30 min. Cells were then sonicated for 80 

cycles (30 sec pulse, 90 sec rest intervals) to an average size of ~800bp using a 4°C 

sonicator (Bioruptor® UCD-200, Diagenode, Inc., Sparta, NJ). After sonication, cell 

debris was pelleted by centrifuging 2 min, 4°C at 8000 x g. Supernatant was collected 

and a 20 ul input sample was analyzed on a 2% agarose gel to verify chromatin size. 

Additionally, 100 ul of recovered chromatin was used for DNA quantitation and as qPCR 

positive control. GammaBind Plus Sepharose Beads (GE Healthcare, Piscataway, NJ, 

USA) were blocked with BSA (100 ng/ul beads; New England Biolabs, Ipswich, MA) 

and salmon sperm DNA (100 ng/ul beads; Invitrogen) for 30 min at RT. Beads were 

washed 3 times with RIPA buffer (50 mM Tris-Cl, pH 8, 150 mM NaCl, 2 mM EDTA, 
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pH 8, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS with protease inhibitor cocktail) 

and resuspended in 2 volumes of RIPA. Pre-clearing of recovered chromatin was 

performed by incubating with 100 ul of blocked GammaBind Plus Sepharose bead slurry 

for 1 hr at 4°C. Beads were centrifuged for 2 min, 4°C at 8000 x g and pre-cleared 

chromatin was recovered and further diluted 1:10 in RIPA for immunoprecipitation. 

Immunoprecipitation was performed overnight at 4°C by incubating 50 ug of pre-cleared 

chromatin with 5 ug mouse anti-c-myc (Sigma-Aldrich), 5 ug rabbit anti-MeCP2 

(Abeam), 3 ug rabbit anti-H3 (Abeam), 5 ug rabbit anti-H3K4Me3 (Millipore) and 5 jag 

anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA). Immune complexes were 

captured with 120 ul of blocked GammaBind Plus Sepharose Bead slurry for 2 hrs at 4°C. 

Beads were then collected by centrifuging for 2 min at 8000 x g. Beads were washed 

three times with 20 mM Tris-Cl, pH 8, 150 mM NaCl, 0.1% SDS, 1% Triton X-100 and 2 

mM EDTA, pH 8, and once with 20 mM Tris-Cl, pH 8, 500 mM NaCl, 0.1% SDS, 1% 

Triton X-100 and 2 mM EDTA, pH 8. DNA was eluted with 150 ul of elution buffer (1% 

SDS, 100 mM NaHC03) for 15 min at RT. Eluted DNA was further diluted in 2 volumes 

of elution buffer and incubated overnight at 55°C with 100 ug of proteinase K 

(Invitrogen) for cross-link reversal. The DNA was then phenol-chloroform extracted and 

resuspended in 100 ul of TE, pH 8 (10 mM Tris-Cl, 1 mM EDTA, pH 8). 2 ul (l/50th) of 

DNA was used per reaction for quantitative PCR (qPCR) analysis. 

Reverse Transcription of miRNAs 

SCN tissue was pooled from 3 mice of the same genotype and total RNA was isolated 

using the mirWana™ miRNA Isolation Kit (Applied Biosystems, Foster City, CA) 

according to the manufacturer's instructions. Total RNA (10 ng) was reverse transcribed 
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using the TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems) and 

miR-132- or miR-219-specific stem-loop primers according to manufacturer's protocol. 

Quantitative Real-Time PCR 

Real-time PCR for mature miR-132 and miR-219 was performed using TaqMan® 

microRNA assay (Applied Biosystems) according to manufacturer's instructions, using 

the Rotor-Gene 6000 Real-Time Rotary Analyzer (Corbett Life Science, Concorde, New 

Zealand). For Reverse-Transcriptase-qPCR (RT-qPCR) analysis of Mecpl and Gapdh 

transcript levels in SCN tissue from Mecp2Floxed/y mice, miR-132 transgenics and non-

transgenic controls, total RNA was isolated using Trizol (Invitrogen) from 2 SCN pools. 

500ng of total RNA was used for cDNA synthesis using Superscript III RT (Invitrogen) 

according to manufacturer's instructions. qPCR analysis was carried out using the 

ABsolute™ Blue QPCR SYBR® Green Mix (ABgene, Ltd., Rockford, IL, USA), using 

the Rotor-Gene 6000 Real-Time Rotary Analyzer (Corbett Life Science) under the 

following conditions: one cycle at 95°C for 15 min; and 50 cycles at 95°C for 15 sec, 

60°C for 30 sec, and 72°C for 30 sec. Primer specificity was always analyzed after each 

run with melting curves. The following primers were used; 

GENE 

Mecp2 

FORWARD OLIGONUCLEOTIDE 

5'-CTCCATAAAATACAGACTCACCAGT-3' 

REVERSE OLIGONUCLEOTIDE 

5 '-CTTAAACTTCAGTGGCTTGTCT-3' 

For qPCR analysis of ChIP DNA, PCRs were also performed using the ABsolute™ Blue 

QPCR SYBR® Green Mix (Abgene) under the following conditions: one cycle at 95°C 

for 15 min; and 50 cycles at 95°C for 15 sec, 60°C for 30 sec, and 72°C for 30 sec. 

Primer specificity was always analyzed after each run with melting curves. The following 

primers were used to analyze ChlP'ed DNA: 
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GENE FORWARD OLIGONUCLEOTIDE 
mPerl-CRE 

mPerl-Eboxl 
mPerl-Ebox2 
mPerl-Ebox3 

mPerl-CpG #1 
mPerl-CpG #2 
mPer2-CREl 
mPer2-CRE2 

mPer2-E-Boxes 
mPer2-Ebox#l 

mPer2-CpG 

mPerl-CRE 
mPerl-Eboxl 
mPerl-Ebox2 
mPerl-EboxS 

mPerl-CpG #1 
mPerl-CpG #2 
mPer2-CREl 
mPer2-CRE2 

mPer2-E-Boxes 
mPer2-Ebox#l 

mPer2-CpG 

5' -TTTGACGTC ACCTCCCTCTC-3' 
5' -TGACGGTGTGAG AC ATCCTG-3' 
5' -GGCTTCCTGGAG ACCTTTTC-3' 
5' -GGTCTGTGTCCC AGC ATTTC-3' 
5'-GGGGTAGGCTCCCTAAACAC-3' 
5 '-GGCGTCTCTGAGCCAATAAG-3' 
5' -CC AGGTGGATGAGCTGTGTA-3' 
5' -G AACCTCTGAGGG AACC AC A-3' 
5' -GTGCC AGGTGAATGGAAGTC-3' 
5' -GCGGTC ACGTTTTCC ACTAT-3' 
5' - ACGTCGTCGC AGGTGATAG-3' 

REVERSE OLIGONUCLEOTIDE 
5' -GCCC ACTTCCCTATCTGTC A-3' 
5' -TCTTCCTGGC ATCTGATTGG-3' 
5' -TGAGAGAAGGGC AATTGAGG-3' 
5' -CTTCCCTGC AAACGTAGGTG-3' 
5' -CCC ATTCCTATTTTCGAGC A-3' 
5' -AGTTCGACGGCTCC AGAGTA-3 
5' - AGC ACCTCTGGTTCCTCTGA-3' 
5' -GTGCTCCCC ATGTCTTG AGT-3' 
5' -CTC ATC AATTGGTGGAGACG-3' 
5'-CCGGTTACGTAAG ACGACCA-3' 
5 '-CGAGTAGGCTCGTCC ACTTC-3' 

All primers were obtained from Invitrogen. 

Image acquisition and processing 

Immunohistochemistry images were acquired using 20X and 40X oil objectives with a 

Zeiss Axiovert Observer Zl epifluorescent/light microscope equipped with an AxioCam 

MRm cooled-color camera (Oberkochen, Germany). Immunofluorescent tissue sections 

were examined and images were captured with 20X, 40X oil and 63X oil objectives using 

a Zeiss 510 laser scanning confocal microscope with argon (488nm), helium/neon 

(546nm) and helium/neon (633nm) lasers. All fluorescent image quantitations were 

performed with Zen 2008 (Zeiss). PERI and PER2 rhythms, originally in grayscale, were 
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quantitated using ImageJ software. Each unilateral SCN was measured individually by 

the sum of all grayscale values from 0-255 divided by the total number of pixels within 

the region of interest. Background values were obtained from non-immunoreactive tissue 

in the lateral hypothalamus and subtracted from SCN mean gray values. Only central 

SCN were included in the quantitation. For PERI and PER2 light induction experiments, 

a different method for quantitation was used given the subanatomical nature (i.e. core vs. 

shell) of light-dependent light induction. First, images were assigned a minimal threshold 

using a grayscale threshold value between 0-100 to 0-120. Summation of all particles 

within the area of interest yielded a total area of immunoreactive cells within the SCN. 

Only particle areas of more than 50 pixels were included in the calculation of 

immunoreactive cells (50 pixels was experimentally determined to be above non-specific 

DAB staining). Total area was divided by an average cell size of 120 pixels to yield a cell 

count estimate. Only central SCN sections were quantitated. Final representative images 

were further processed with Adobe Photoshop CS2 for Mac. Only the contrast function 

was manipulated to reduce background noise. 

RESULTS 

(Some of the results section has been adapted from the manuscript Alvarez-Saavedra et 
al, circa November 2009). 

L Generation & characterization of microRNA-132 transgenic mice 

As a first step in order to identify potential miR-132 targets in the SCN and characterize 

their role in circadian biology, a novel, tetracycline (Tet)-inducible miR-132 transgenic 
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mouse strain was developed in the laboratory (hereon referred to as miR-132 mice or 

tTA::miR-132 mice; mice were generated by Dr. Hai-Ying Mary Cheng). The sequence 

of the rat miR-132 precursor hairpin (pre-miR-132; Table 1), which is highly conserved 

in multiple metazoan species (Figure 4A, top), was cloned into a bidirectional Tet-

responsive promoter, along with a destabilized ECFP version (Enhanced Cyan 

Fluorescent Protein containing a PEST domain; 145,146), as a second transgene (Figure 

4A, bottom). This transgenic strain was crossed with the Camk2a-\7A activator line 

(147) to produce CamA:2a-tTA::miR-132 double transgenic mice (i.e. tTA::miR-132 

mice). Under doxycycline-free conditions, the expression pattern of the ECFP reporter is 

restricted to the forebrain due to Cam&2a-tTA-driven expression (Figure 4B), as detected 

via immunolabeling and analyzed via confocal microscopy. The ECFP transgene is 

expressed in the majority of SCN neurons (>90%; Figure 4C) and it is excluded from 

glia, since the ECFP transgene does not co-localize with GFAP, a marker of the glial 

lineage (Figure 4C). In order to further characterize the miR-132 transgenic founder lines, 

a detailed ECFP expression characterization of lines #2550, #2561 and #2570 was 

performed. Confocal imaging revealed that lines #2570 and #2561 are the highest 

expressors, followed by line #2550 in which ECFP labeling is modest (Figure 5). Due to 

TABLE 1 

mmu-microRNA-132/microRNA-212 genomic sequence from mouse chromosome 11 
(Ensembl 2008; http://uswest.ensembl.orR/index.html). Sequence below corresponds to 
mouse chromosome 11, Ensembl coordinates #74986567-74987867. 

Note the following sequence motifs: 
fa^mier^I^A^212. 

TGACGTCA: CRE putative binding sites. 
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TABLE 1 

mmu-niicroRNA-132/microRNA-212 genomic sequence from mouse chromosome 11 
(Ensembl 2008; http://uswest.ensenibl.org/index.html). Sequence below corresponds to 
mouse chromosome 11, Ensembl coordinates #74986567-74987867. 

Note the following sequence motifs: 
pre-microRNA-212. 
pre-microRNA-132 
TGACGTCA: CRE putative binding sites. 
Underlined Sequence: pre-rnicroRNA-132 transgene (note that the transgene was 
amplified from the rat genome). 
Bold: Mismatches to rat sequence. 

A C C A C A C A d j L - V . C C 1 A t t t A CT A CCCCr I L L L A A C C C C T A C C C I C T A C C C C T A C C C C T A 

CCCATCGGACTGTCCCACTGAGCTCAGGACTTCCCGCCTCTGCAAGCGGAGC 
TGTCCTCTCGGACCAGGCGGGGGCGGGGCTTCGATCAGGCCGCCCCGCCCTA 
CCCCCACCGCTCCCCACCGCCGGAAATGCCTCCCCGCTGGGACATCTTTGACG 
TCACAGGACTCTGACGTCACGGTCGCGTGTCTGTCCGCGCGCGCTTGGGAGG 
AGGTGGGGGGGCCTGAGAAGCAGCAGCACTCTCAACTGCGGGCGACGGGAT 

TCCCCGCCCGGGCAGCGCGCCGGCACCTTGGCTCTAGACTGCTTACTGCCC 
GGGCCGCCTTCAGTAACAGTCTCCAGTCACGGCCACCGACGCCTGGCCqGGC 
CCCAGGACCGCCGACCCCCGGCCCCTCCACGCCTCCCTGCGCCGCTGTCCGC 
GGTGCTGATGCAGTGCAAGCGCCTCCCTCGGGCACGCCTGTTCAAGGTCCCT 
GTGGGTTGCGGTGGGCGCAGGCCCCGCAGACACTCGCGCACCCCCGCCGCCC 
GCGGTGCTGACGTCAGCCTGCAAGCCCCGCCCCCGCGTCTCCAGGGCAACCG 
TGGCTTTCGATTGTTACTGTGGGAACCGGAGGTAACAGTCTACAGCCATGGTC 
GCCCCGCAGCACGCCCACGCTCCCCACCACTCCCGAGTTCTGCCAGCCTGGG 
TTTGGGCAGATACAGAGCAAGAGGAGGCGGGGCGGCGACGCAACATTCGAT 
GTGTCTGCGGAGGTGGCAAGAGGTGTGCTCAGAAAGGCGGCCTTTCAGGCTG 
CTGTGCATCTACCTCGGTGCAGAAGCAAGATCCGCGGAGTGTCTGAACATCC 
TCCTCAGAGACTCTCCTGTCTTCCTAGTCGAGGTATCGCTGCCTAAGGTGGCG 
AGAAAATGGGTGGTTCTGCGATAAGGATTCTTATCTCATGAGTGGTGAACCG 
ATGGGATCAGGAGTCCTGTGAGAAGGAAGAAGTCACTTTTGCCAGCAGAAAG 
CTGAAGGGGGAGGAGAAGGAAGTTTTATCACACCTTTCTTCCAGAAAACCCT 
AGGTGAGCAGGTAGAGGGGAAAGGGCAAAGAATCCCTTTCCTGATAGAGCC 
ATAACTCTGTCCCCCAACTTTCTCCTGGGCCATCATTAAAAGGGTCCTTAACA 
CAGCAAGAAGCTGGCAGGCTAGTGAAATTCACCTGGCCCCTAATTCATTGTC 
TGAAGGTATCAGCCAGCAGTCTTCCCTCAACTGGTCTGTAAGTAATGCAT-39 
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FIGURE 4 
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(A, top) Conservation of miR-132 across species: Genomic position of mouse pre-miR-
132 on chromosome 11 (alignment scores are indicated by green bars in the conservation 
track of the species listed) using the UCSC Genome Browser (July 2007 assembly). Red 
arrow immediately below the conservation tracks indicates the position of the miR-132 
stem-loop precursor sequence. (A, bottom) Transgene design: the pre-miR-132 sequence 
(green arrow) and the ECFP-PEST cassette (blue arrow) were cloned in opposite 
orientations flanking a bidirectional Tet-responsive promoter. CMV: minimal CMV 
promoter; TRE: Tet-responsive element. (B,C) ECFP transgene expression in the brains 
of Camk2a-tT A::miR-\32 transgenic mice. (B) Sagittal and (C) coronal SCN sections 
were processed for ECFP immunoreactivity using a polyclonal anti-GFP (green) 
antibody. In (B), sections were counterstained with the nuclear marker, DRAQ5 
(pseudocolored in red). Scale bar = 1 mm. In (C), sections were co-labeled for GFAP 
immunoreactivity (red). Note the lack of co-localization between GFAP and ECFP. Scale 
bar = 50 urn. n = 3 mice per genotype. All images were captured via confocal microscopy 
on a single focal plane with (B) 10X and (C) 20X objectives. This figure and figure 
legend are reproduced from the manuscript Alvarez-Saavedra et al, circa November 
2009. Tissue harvesting performed jointly by MAS & HYMC. Bioinformatics, confocal 
imaging, compilation of images and figure design performed by MAS. 
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FIGURE 5 
ECFP DRAQ5 

Figure 5. Characterization of tTA::miR-132 transgenic founder lines. 
(A) ECFP transgene expression in the brains of Camfc2a-tTA::miR-132 transgenic lines 
#2550, #2561 and #2570. Coronal SCN sections were processed for ECFP 
immunoreactivity using a polyclonal anti-GFP antibody (green; left panels). Sections 
were counterstained with the nuclear marker, DRAQ5 (pseudocolored in red; right 
panels). Note the lack of ECFP labeling in non-transgenic littermate control mice 
opposed to weak ECFP expression in founder line #2550 and higher ECFP expression in 
founder lines #2561 and #2570. n = 3 mice per genotype. All images were captured via 
confocal microscopy on a single focal plane with a 10X objective. Scale bar = 1mm. 
Tissue harvesting performed jointly by MAS & HYMC. Confocal imaging, compilation 
of images and figure design performed by MAS. 
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these results, all subsequent experiments involving the miR-132 transgenic strain were 

performed with founder lines #2561 and #2570. No qualitative differences were found 

between these two founder lines in all subsequent results obtained. 

Via Reverse Transcriptase quantitative PCR (RT-qPCR), I confirmed that the 

abundance of mature miR-132 is upregulated in the SCN of founder lines #2561 and 

#2570 at CT10 from 2.7- to 7.5-fold relative to non-transgenic controls, respectively 

(Figure 6A). As a control, no difference was detected for mature miR-219, an 

endogenous miRNA that is also expressed in the SCN, between transgenic and non-

transgenic controls (Figure 6B). These results suggest that the miRNA machinery is not 

perturbed in the presence of excess levels of pre-miR-132. 

ii. Behavioural analyses of microRNA-132 transgenic mice 

The next step was to analyze the in-vivo functional role of miR-132 in the regulation of 

circadian behaviour. Both non-transgenic and tTA::miR-132 mice were able to entrain 

stably to a full photoperiod of 12-hr light: 12-hr dark (LD 12:12) and both strains 

remained rhythmic upon subsequent release into conditions of constant darkness (DD) for 

2 weeks (Figure 7A). The mean circadian period length was statistically indistinguishable 

between the two genotypes (period [hrs] of non-transgenic vs. tTA::miR-132 mice: 23.5 

± 0.07 vs. 23.6 ± 0.05 hrs, />>0.05). These data indicate that transgene overexpression of 

miR-132 does not compromise the generation and maintenance of circadian rhythms, 

period length determination and stable entrainment to a full photoperiod. Since miR-132 

in-vivo knockdown in the SCN has previously been shown to potentiate (i.e. enhance) 

phase delays upon nocturnal light treatment (130), I examined the role of miR-132 in 

light-induced clock entrainment using a paradigm that gauges the responsiveness and/or 
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FIGURE 6 
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Figure 6. miR-132 is robustly expressed in miR-132 founder lines #2561 and #2570 
and does not misregulate the expression of other miRNAs. 
(A,B) The abundance of (A) mature miR-132 and (B) mature miR-219 in the SCN of 
non-transgenic (black lines) and tTA::miR-132 transgenic (green and red lines) mice was 
determined via ABI Taqman® miRNA qPCR analysis. Raw data are presented as 
fluorescence intensity vs. number of PCR cycles. Two independent miR-132 founder 
lines, #2561 and #2570, were examined. SCN tissues from 3 mice were pooled for each 
sample, from which quadruplicate determinations were made. Quantitation of (top right) 
mature miR-132 and (bottom right) mature miR-219 abundance from (A) and (B), 
respectively. Data are quantitated and presented as relative fold change, in which values 
for non-transgenic controls are set arbitrarily as 1. Error bars denote SEM of 
quadruplicate determinations. ***/?<0.001. n.s. = non-significant vs. non-transgenic 
control (one-way ANOVA). This figure and figure legend are reproduced from the 
manuscript Alvarez-Saavedra et al, circa November 2009. Tissue harvesting performed 
jointly by MAS & HYMC. Statistical analysis, compilation of images and figure design 
performed by MAS. 
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FIGURE 7 
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Figure 7. Light-induced clock resetting is attenuated in miR-132 transgenic mice. 
(A) Representative double-plotted actograms of wheel-running activity of non-transgenic 
(left) and tTA::miR-132 transgenic (right) mice maintained under doxycycline-free 
conditions. Mice were stably entrained to a fixed 12h:12h light-dark (LD) cycle prior to 
release into constant darkness (DD). After 2 weeks in DD, mice received a single, 15-min 
light pulse of 40 lux intensity (yellow circles) at CT 15, and returned to DD. After 15 
days in DD, mice received a second light pulse of higher intensity (red circle: 15 min, 
400 lux) at CT 15, and returned to DD for an additional 2 weeks. Note that tTA::miR-132 
transgenic mice exhibit smaller light-induced phase shifts at both light intensities, 
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transgenic mice exhibit smaller light-induced phase shifts at both light intensities, 
compared with non-transgenic controls. Periods of darkness are shaded in gray. Activity 
onsets are indicated by blue lines. The x-axis indicates the Zeitgeber (ZT) time of the 
initial 12h:12h light-dark cycle (100 lux during the L portion). The y-axis indicates the nl 

day of study. Missing activity data on day 17 (green bars) were due to computer 
malfunction. It should be noted that single transgenic mice, either tTA or miR-132 alone, 
were phenotypically indistinguishable from the non-transgenic mice. B) Representative 
double-plotted actograms of non-transgenic (left) and tTA::miR-132 transgenic (right) 
mice that had been maintained on a Dox diet (6 mg/g body weight) during adulthood for 
4 weeks in order to "turn off' miR-132 transgene expression. Mice were returned to 
regular, Dox-free rodent chow 1 week prior to exposure to a single, 15-min light pulse of 
40 lux intensity (yellow circle) at CT 15. Note that doxycycline treatment restored the 
magnitude of light-induced phase shifts of tTA::miR-132 transgenic mice to the level of 
non-transgenic controls. +Dox: Period of Dox feeding; -Dox: Dox-free conditions. (C) 
Quantitation of the effects of miR-132 transgene expression and doxycycline treatment 
on CT 15 light-induced phase shifts. Values are presented as mean ± SEM phase shift (in 
min). Negative values indicate phase delays, n = 10-14 per group. *p< 0.05 vs. same-
treated non-transgenic control (two-tailed Student's t-test). This figure and figure legend 
are reproduced from the manuscript Alvarez-Saavedra et al, circa November 2009. 
Experimental design and execution, statistical analysis and figure jointly compiled by 
MAS & HYMC. 
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sensitivity of the clock to light administered during the subjective night. After 2 weeks in 

DD, mice received a 15-min light pulse of medium intensity (40 lux) in the early night 

(CT15) (Figure 7A, yellow circles). In non-transgenic mice, this light treatment resulted 

in a mean phase delay of -98 ± 7.7 minutes (Figure 7A, left actogram & Figure 7C). 

Interestingly, light (40 lux)-induced phase delays were greatly reduced in tTA::miR-132 

mice (-45 ± 5.8 minutes, jt?<0.01; Figure 7A, right actogram & Figure 7C). The attenuated 

phase-delaying response exhibited by tTA::miR-132 mice was not due to reduced 

sensitivity of the clock to light, since a second light pulse (15 min, CT 15) of higher 

intensity (400 lux, red circles), administered 2 weeks later, also resulted in a diminished 

phase-shifting response in tTA::miR-132 mice compared with non-transgenic controls 

(phase delay (minutes) of non-transgenic vs. tTA::miR-132 mice to 400 lux light pulse: -

130 ± 6.9 minutes vs. -92 ± 6.7 minutes, p<0.05; Figure 7A, right and left actograms & 

Figure 7C). Moreover, the circadian behaviour of Camk2a-\TA and miR-132 single 

transgenic mice were indistinguishable from that of non-transgenic controls, arguing 

against the possibility that tTA expression alone or potential miR-132 transgene 

insertional effects was the cause for the reduced phase-shifting effects of light in 

tTA::miR-132 mice. 

I have previously shown that the Camk2a-tTA transgenic line is active during mouse 

embryogenesis as early as 12.5 days post-coitum (dpc; 149). Therefore, I decided to 

analyze ECFP expression during mouse brain development in miR-132 transgenic mice. 

miR-132 transgenic embryos from founder line #2570 expressed ECFP in the forebrain as 

early as 16.5 dpc (Figure 8A, top). No ECFP expression was detected in non-transgenic 

littermate controls (Figure 8A, bottom). Therefore, in order to rule out the possibility that 
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FIGURE 8 

Figure 8. Dox-treatment turns off transgene expression in most SCN neurons. 
A) tTA-miR-132 transgene expression can be detected via ECFP direct fluorescence 
during embryonic development as early as 16.5 dpc in the forebrain. Note the lack of 
ECFP fluorescence on non-transgenic littermate control embryos. (B) Assessment of 
Dox-mediated transgene silencing in tTA::miR-132 adult mice. Mice were fed Dox-
containing rodent chow (6 mg/g food) for 28 days and then returned to a regular diet 
lacking Dox for an additional 14 days. Three treatment groups were examined for ECFP 
transgene expression: (top rows) Dox-naive mice (-Dox) and Dox-fed mice that were 
killed (middle rows) 1 day after cessation of Dox treatment (+Dox 28 days/-Dox 1 day) 
or (bottom rows) 14 days after cessation of Dox treatment (+Dox 28 days/-Dox 14 days). 
Brain sections were processed for ECFP immunoreactivity (green, left panels) and 
counterstained with DRAQ5 (pseudocolored in red, right panels). Note that only a few 
SCN neurons have re-activated transgene expression 14 days after Dox-treatment 
cessation. Scale bar =100 jxm. n = 3 mice per condition. PE: pigmented epithelium of the 
eye. Images captured using an epifluorescent microscope (A) and via confocal 
microscopy on a single focal plane with a 20X objective (B). Experimental design and 
execution fort Panel A performed by MAS. Panel B reproduced from the manuscript 
Alvarez-Saavedra et al, circa November 2009. Tissue harvesting, doxycycline 
experimental paradigms, confocal imaging, compilation of images and figure design 
performed by MAS. 
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the reduced phase delays exhibited by tTA::miR-132 mice resulted from an irreversible 

effect of miR-132 overexpression during mouse development, I fed miR-132 transgenic 

and non-transgenic adult mice a Dox-containing diet (6 mg/g rodent chow) ad libitum for 

4 weeks to silence transgene expression. During this time, mice were maintained in wheel 

cages under a fixed LD schedule. After the third week of Dox feeding, mice were 

released into DD, and a week after returned to regular rodent chow (no Dox). Mice were 

then treated with a brief light pulse (15 min, 40 lux, yellow circles) at CT 15 (Figure 7B, 

right and left actograms). Importantly, non-transgenic as well as tTA::miR-132 mice that 

were both fed a Dox diet showed light-induced phase delays that were statistically 

indistinguishable (phase delay (minutes) of non-transgenic vs. tTA::miR-132 mice: -109 

± 10.1 minutes vs. -106 ± 10.5 minutes, p>0.05; Figure 7B & Figure 7C). Furthermore, 

via immunofiuorescent labeling, I verified that the 4-week Dox regimen completely 

turned off ECFP transgene expression in the SCN of tTA::miR-132 mice and that 2 

weeks after return to ad libitum feeding on regular rodent chow, transgene expression in 

the SCN had not as yet reactivated, except for a few isolated cells (Figure 8B). 

Collectively, the data indicate that upregulation of miR-132 expression in the SCN of 

adult mice attenuates light-induced resetting of behavioural rhythms. In addition, the data 

exclude the possibility that transgene overexpression during development (of ECFP or 

miR-132) are the cause for the phase-delaying phenotype. Moreover, these data are 

consistent with the previous report showing that knockdown of endogenous miR-132 

expression in the SCN potentiates light-induced phase-shifting (130), consistent with the 

opposite in the overexpression model (this thesis). In summary, I have validated the 
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utility of these transgenic mouse models to probe the function of endogenous miR-132 

and to further characterize the role of miR-132 in light-induced clock resetting. 

Hi. Bioinformatics analysis of predicted microRNA-132 targets 

Once the behavioral analysis of the miR-132 transgenic mice was performed, I turned my 

focus on the identification of a short-list of candidate miR-132 target genes that may 

account for the effects of miR-132 on light-induced clock entrainment. I decided to 

interrogate three target prediction algorithms, TargetScan (www.targetscan.org; 150); 

miRanda (www.microrna.org; 151), and PicTar (pictar.mdcberlin.de; 152), based upon 

the criterion that the miR-132 MRE must be conserved across most vertebrate species. 

Preliminary studies identified more than 400 potential miR-132 targets (Table 2). At the 

time of analysis, MeCP2, an epigenetic modulator, was the only reported miR-132 target 

in neuronal primary cultures (148). Due to my previous experience in the MecP2 field 

and the fact that Rett Syndrome patients (caused by human MECP2 mutations) show 

abnormal sleep patterns, I decided to investigate whether other chromatin remodeling 

factors were predicted to be miR-132 targets. Unexpectedly, I observed that many other 

chromatin-associated remodeling proteins were also predicted to be miR-132 targets, 

such as Ep300, Jaridla, H3f3b, H2A.Z, Sirtl and Dnmt3a (Table 2). 

This "miR-132-specific chromatin-associated gene cluster" led me to further investigate 

whether other functional clusters are predicted to be miR-132 targets. Indeed, I also 

observed that proteins involved in mRNA turnover/translational control were also 

potential miR-132 targets, such as Btg2, Paip2a, Eif4a2, Eif5a2 and Papola (Table 2). A 

After these preliminary observations, a more strict and detailed computational 

analysis was performed upon the functional annotations of the predicted targets, to 
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TABLE 2 

Preliminary human microRNA-132 target prediction analysis using the miRecords 
(http://mirecords.biolead.orR/) software (196). miRecords is a free web-resource for 
animal miRNA-target interactions which consists of two components. The Validated 
Targets component is a large, high-quality database of experimentally validated miRNA 
targets resulting from meticulous literature curation. The Predicted Targets component of 
miRecords is an integration of predicted miRNA targets produced by 11 established 
miRNA target prediction programs. I'm only showing the results for 6 selected prediction 
softwares. Note that this list was obtained in November 2008. Refseq: reference sequence 
number; Symbol: gene name; 1: interaction predicted; 0: no interaction predicted. 

Refseq 
NM001219 

NM001387 

NM001429 

NM 001945 

NM 001967 

NM002106 

NM 002235 

NM002515 

NM 002687 

NM002719 

NM 002787 

NM003042 

NMJ)03375 

NM004496 

NM004735 

NM004772 

NM_005776 

NM005841 

NM006305 

NM 033030 

NM080604 

NM139015 

NM_173475 

NMJM2238 

NM012460 

NMO 14279 

NM014764 

NM015039 

NM 015057 

Symbol 
CALU 

DPYSL3 

EP300 

HBEGF 

EIF4A2 

H2AFZ 

KCNA6 

NOVA1 

PNN 

PPP2R5C 

PSMA2 

SLC6A1 

VDAC2 

FOXA1 

LRRFIP1 

C5orfl3 

CNIH 

SPRY1 

ANP32A 

BOLL 

TJAP1 

UNQ1887 

DCUN1D3 

SIRT1 

TIMM9 

OLFM1 

DAZAP2 

NMNAT2 

MYCBP2 

miranda mirtarget2 pictar pita rnahybrid targetscan 
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NM^O 15379 
NM198859 

NM016018 

NMO16620 

NM 016626 

NMO 17893 

NM_020177 

NM021012 

NM 021190 

NM021914 

NM 024659 

NM024920 

NM020796 

NM 021705 

NM_022758 

NM024595 

NM024632 

NM031283 

NM032186 

NM032246 

NM006599 

NM006763 

NM006922 

NM006924 

NM 006940 

NM007038 

NM007294 

NM 012247 

NMO 12395 

NMO 12479 

NM 013257 

NM014217 

NMO 14250 

NM014715 

NMO 14731 

NMO 14784 

NMO 14795 

NM014850 

NMO 14997 

NM^O 15059 

NMO 15076 

NM 015094 

BRI3 1 
PRICKLE2 1 

PHF20L1 1 

ZNF644 1 

MEX3C 1 

SEMA4G 1 

FEM1C 1 

KCNJ12 1 

PTBP2 1 

CFL2 1 

GTDC1 1 

DNAJB14 1 

SEMA6A C 

NFYA 1 

C6orfl06 1 

Clorfl08 1 

SAP30L C 

TCF7L1 1 

ZNF644 1 

MEX3B 1 

NFAT5 1 

BTG2 1 

SCN3A 1 

SFRS1 1 

SOX5 0 

ADAMTS5 1 

BRCA1 1 

SEPHS1 1 

PFTK1 1 

YWHAG 0 

SGK3 1 

KCNK2 1 

HMG2L1 1 

RICS 1 

ProSAPiPl 1 

ARHGEF11 1 

ZEB2 0 

SRGAP3 1 

KIAA0265 1 

TLN2 1 

CDC2L6 0 

HIC2 1 

1 1 
1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

) 1 1 

1 1 

0 1 

0 1 

1 1 

0 1 

1 1 

0 1 

0 1 

0 1 

1 1 

0 1 

1 1 

0 1 

0 1 

0 1 

0 1 

1 1 

1 1 

1 1 

1 1 

0 1 

0 1 

0 1 

1 1 

1 1 

0 1 

0 1 

1 1 

0 1 

1 1 0 

1 1 0 

1 1 0 

1 1 0 

1 1 0 



NMO15265 
NM_015271 

NM 004036 

NM_004470 

NM004501 

NM 004737 

NM004992 

NMJ)05324 

NM005880 

NM005941 

NM006016 

NM006141 

NM006186 

NM006315 

NM006352 

NMOO 1029875 

NM001033059 

NM001033117 

NM 001033561 

NMOO 1033578 

NMOO 1039590 

NM 001040624 

NMOO 1043318 

NMOO 1081676 

NM 001395 

NM001455 

NM001634 

NM002024 

NM_002505 

NM002707 

NM002742 

NM002745 

NM 002816 

NM002859 

NM002890 

NM003106 

NM003107 

NM 003108 

NM003185 

NM003262 

NM003483 

NM 003768 

SATB2 
TR1M2 

ADCY3 

FKBP2 

HNRNPU 

LARGE 

MECP2 

H3F3B 

DNAJA2 

MMP16 

CD 164 

DYNC1LI2 ( 

NR4A2 

PCGF3 

ZNF238 

RGS7BP 

AMD1 

SRGAP3 

PHF12 

SGK3 

USP9X 

NCALD 

C14orf43 

SCN3A 

DUSP9 

FOX03 

AMD1 

FMR1 

NFYA ( 

PPM1G 

PRKD1 1 

MAPK1 1 

PSMD12 ( 

PXN 1 

RASA1 ( 

S0X2 1 

S0X4 1 

SOX 11 

TAF4 1 

SEC62 1 

HMGA2 1 

PEA15 1 

! 0 
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0 

0 
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NM_152556 
NM_152594 

NM_152641 

NMJ70706 

N M J 70709 

NMJ73491 

NMJ78010 

N M J 78830 

NM032632 

NM032961 

NM_033224 

NM033389 

N M J 38288 

N M J 44664 

N M J 45043 

N M J 45239 

NM 016076 

NMJ) 16185 

NMJ) 16396 

NMJ) 16480 

NMO16577 

NM 017508 

NM_017545 

NMJ) 1763 7 

NMO 17778 

NMO 17964 

NMJ) 1863 8 

NMO 18945 

NMO 19606 

NM000891 

NMOO 1001433 

NMOO 1002032 

NMOO 1002033 

NMOO 1003681 

NMOO 1003712 

NMOO 1004317 

NMOO 1005210 

NM001009881 

NM001011666 

NM 194278 

NM 198686 

NM 199327 

FLJ31818 1 
SPRED1 1 

ARID2 1 

NMNAT2 1 

SGK3 1 

LSM11 1 

SOX5 1 

C19orf47 1 

PAPOLA 1 

PCDH10 0 

PURB 1 

SSH2 1 

C14orfl47 1 

FAM76B 0 

NEIL2 0 

PRRT2 1 

FAM152A 1 

HN1 1 

CTDSPL2 1 

PAIP2 1 

RAB6B 1 

SOX6 1 

HAOl 1 

BNC2 1 

WHSC1L1 1 

SLC30A6 1 

ETNK1 1 

PDE7B 1 

MEPCE 1 

KCNJ2 1 

STX16 1 

HN1 0 

HN1 1 

HMG2L1 0 

OSBPL8 0 

LIN28B 1 

LRRC55 1 

ZCCHCll 1 

CREB5 1 

C14orf43 1 

RAB15 1 

SPRY1 1 

0 
0 

1 

1 
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0 
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NM201269 
NM_207362 

N M J 82688 

NM J 82898 

N M J 82899 

NM 183075 

N M J 83238 

N M J 94328 

N M J 94329 

N M J 94330 

NM 194332 

NM 197941 

N M J 97970 

NM 198236 

N M J 98427 

NMJ98551 

N M J 99246 

N M J 99282 

N M J 99478 

NM205768 

NM206594 

NM206595 

NM206840 

NM 206854 

NM206855 

NM 207174 

NM_207363 

NMJ07413 

NM207429 

NM207481 

NM 207491 

NM 207628 

NM207645 

N M J 12554 

N M J 12558 

NMJ45893 

NM 148174 

N M J 52330 

N M J 52332 

NM 152538 

NM 152989 

NM 153207 

ZNF644 1 
C2orf55 1 

UBE2G2 1 

CREB5 1 

CREB5 1 

CYP2U1 1 

ZNF605 1 

RNF38 1 

RNF38 1 

RNF38 1 

RNF38 1 

ADAMTS6 0 

BOLL 0 

ARHGEF11 1 

BCAN 1 

MI A3 1 

CCNG1 1 

ARHGAP27 0 

PLP1 1 

ZNF238 1 

ESRRG 1 

ESRRG 1 

NVL 1 

QKI 0 

QKI 1 

ABCG1 1 

NAP5 1 

FAM150A 1 

FLJ45803 0 

NAP5 1 

MGC48628 1 

ABCG1 1 

LOC399947 1 

METTL10 1 

TMEM215 0 

A2BP1 0 

AZIN1 1 

FRMD6 1 

TC2N 1 

IGSF11 1 

SOX5 0 

AEBP2 0 

1 
0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

1 

1 

0 

0 

1 

1 

1 

0 

1 

1 

1 

1 

1 

0 

0 

1 

1 

1 

1 

1 

0 

1 1 
1 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

1 1 

1 1 

1 1 

0 1 

0 1 

0 1 

1 1 

0 1 

1 1 

0 1 

0 1 

0 1 

1 1 

1 1 

0 1 

0 1 

0 1 

I 1 

0 1 

0 1 

0 1 

0 1 

0 1 

1 1 

1 1 

0 1 

0 1 

0 1 

0 1 

1 1 

1 1 

1 0 
1 1 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 1 

1 0 

1 0 

1 1 

1 0 

1 0 

1 1 

1 0 

1 0 

1 0 

1 0 

1 0 

1 1 

1 0 

1 0 

1 0 

1 0 

1 1 

1 0 

1 0 

1 0 

1 0 

1 0 

1 1 

1 1 

1 0 
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NM153828 
NM172020 

NM_172070 

NM 173083 

NM173171 

NM_173172 

NM_173214 

NM 173505 

NM 173536 

NM173561 

NM173598 

NMJ76815 

NM 177983 

NM178426 

NM 178586 

N M l 78864 

NM181742 

NM 181861 

NM181868 

NMJ81869 

NM003828 

NM003902 

NM003913 

NM003930 

NM003972 

NM004124 

NM004300 

NM004330 

NM004392 

NM004393 

NM004458 

NM 004609 

NM004654 

NM004717 

NM004726 

NM004815 

NM004866 

NM004904 

NM005000 

NM005197 

NM^005316 

NM 005482 

RTN4 
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UBR3 
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investigate whether miR-132 preferentially targets chromatin- and translation-associated 

proteins, compared to other vertebrate miRNAs. Predicted miRNA targets were obtained 

from TargetScan (release 5.1, April 2009), which predicts biological targets of miRNAs 

upon the presence of conserved sites that match the seed region of the miRNA. The 

analysis was restricted to the set of miRNAs belonging to the same family as miR-132, 

i.e. conserved across most vertebrate species. From these, miRNAs with 50 or more 

predicted conserved targets were further interrogated. The Gene Ontology (GO) 

annotations from the Mouse Genome Informatics (MGI) database were used. For each 

miRNA, the frequency of its conserved targets that are annotated with GO terms 

"chromatin modification" (GO:0016568) and/or "chromatin assembly or disassembly" 

(GO:0006333) or any of their children terms in the ontology were analyzed. The results 

showed that miR-132 is highly enriched for conserved target genes that are involved in 

chromatin function (Figure 9A & Table 3), suggesting that miR-132 may be 

preferentially involved in the regulation of this physiological process via coordinated 

modulation of these targets. Out of 78 miRNAs analyzed, miR-132 had the third highest 

percentage of chromatin-related targets. Interestingly, miR-194, with the highest 

percentage of chromatin-related targets, shares a significant overlap of predicted targets 

with miR-132. An analogous study was carried out for occurrences of GO term 

"translation" (GO: 0006412) and its children terms in the ontology. miR-132 is ranked 

eighth amongst 78 miRNAs, indicating that translation-associated genes are more 

abundant than average for miR-132 (Figure 9B & Table 4), further suggesting that miR-

132 may be preferentially involved in the regulation of this physiological process via 

coordinated modulation of these targets. 
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FIGURE 9 
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Figure 9. Computational analysis on the functional annotations of mmu-miR-132 
predicted targets. 
(A) Box plot of the percentage distribution of predicted miRNA targets with putative 
chromatin-related functionality. The red dot shows miR-132 (5.5%) as an extreme point 
(average = 2.97% ± 1.19). (B) Box plot of the percentage distribution of conserved 
miRNA targets that are involved in translational-related functionality. The red dot shows 
miR-132 (2.5%) well above the upper quartile (upper quartile = 1.96%; average = 1.54% 
± 0.93). See Tables 1 and 2 for the complete lists of analyzed miRNAs and target 
percentage distribution. Dr. Carolina Perez-Iratxeta (Ottawa Health Research Institute; 
OHRI) designed and performed the computational analysis under the request of MAS & 
HYMC. CPI generated the figure and wrote the figure legend. This figure and figure 
legend are reproduced from the manuscript Alvarez-Saavedra et al, circa March 2010. 
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TABLE 3 

Percentage of conserved miRNA target genes that are involved in chromatin-related 
functions for miRNAs of the same phylogenetic distribution as miR-132. The average 
percentage of chromatin-related genes among miRNA targets is equal to 2.97% ± 1.19. 
miR-132 is third on the list from 78 miRNAs with an abundance equal to 5.50%. 

micro-RNA (miR) 
miR-194 
miR-129/129-5p 
miR-132/212 
miR-216/216b 
miR-22 
miR-142-3p 
miR-7/7ab 
miR-192/215 
miR-101 
miR-193ab 
miR-196ab 
miR-365 
miR-223 
miR-140/140-5p/876-3p 
miR.499/499-5p 
miR-31 
miR-150 
miR-139-5p 
miR-128 
miR-425/489 
miR-181 
miR-130/301 
miR-27ab 
miR-29abc 
miR-106/302 
miR-26ab/1297 
miR-30a/30a-5p/30b/30b-
5p/30cde/384-5p 
miR-218 
miR-138 
miR-1/206 

# of conserved 
targets 
173 
229 
200 
112 
228 
200 
224 
65 
415 
110 
156 
134 
135 
158 
148 
182 
106 
167 
626 
86 
639 
498 
741 
664 
417 
516 

871 
564 
299 
436 

# of chromatin-
related targets 
13 
13 
11 
6 
12 
10 
11 
3 
19 
5 
im 

6 
6 
7 
6 
7 
4 
6 
22 
3 
22 
17 
25 
21 
13 
16 

27 
17 
9 
13 

% abundance of 
chromatin-related 
targets 
7.51 
5.68 
5.50 
5.36 
5.26 
5.00 
4.91 
4.62 
4.58 
4.55 
4.49 
4.48 
4.44 
4.43 
4.05 
3.85 
3.77 
3.59 
3.51 
3.49 
3.44 
3.41 
3.37 
3.16 
3.12 
3.10 

3.10 
3.01 
3.01 
2.98 
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miR-203 
miR-144 
miR-503 
miR-383 
miR-21/590-5p 
miR-200bc/429 
miR-103/107 
miR-10 
miR-24 
miR-155 
miR-141/200a 
miR-143 
miR-183 
miR-9 
miR-219/219-5p 
miR-23ab 
miR-205 
miR-204/211 
miR-15/16/195/424/497 
miR-148/152 
miR-214/761 
miR-208/208ab 
miR-137 
miR-146 
miR-133 
miR-25/32/92/92ab/363/367 
miR-135 
miR-182 
miR-153 
miR-19 
miR-338/338-3p 
miR-34a/34b-5p/34c/34c-
5p/449/449abc/699 
miR-96/1271 
miR-199/199-5p 
miR-17-
5p/20/93.mr/106/519.d 
miR-217 
miR-216/216a 
miR-221/222 
miR-124/506 

369 
439 
204 
69 
143 
609 
324 
146 
304 
190 
385 
155 
234 
742 
237 
556 
202 
284 
690 
368 
291 
84 
678 
85 
384 
522 
395 
615 
451 
679 
137 

324 
605 
245 

742 
149 
102 
214 
1047 

11 
13 
6 
2 
4 
17 
9 
4 
8 
5 
10 
4 
6 
19 
6 
14 
5 
7 
17 
9 
7 
2 
16 
2 
9 
12 
9 
14 
10 
15 
3 

7 
13 
5 

15 
3 
2 
4 
18 

2.98 
2.96 
2.94 
2.90 
2.80 
2.79 
2.78 
2.74 
2.63 
2.63 
2.60 
2.58 
2.56 
2.56 
2.53 
2.52 
2.48 
2.46 
2.46 
2.45 
2.41 
2.38 
2.36 
2.35 
2.34 
2.30 
2.28 
2.28 
2.22 
2.21 
2.19 

2.16 
2.15 
2.04 

2.02 
2.01 
1.96 
1.87 
1.72 
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miR-125/3 51 
miR-33/33ab 
let-7/98 
miR-18ab 
miR-490/490-3p 
miR-145 
miR-190 
miR-122 
miR-375 

472 
179 
683 
125 
68 
346 
76 
83 
101 

8 
3 
11 
2 
1 
5 
1 
1 
1 

1.69 
1.68 
1.61 
1.60 
1.47 
1.45 
1.32 
1.20 
0.99 
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TABLE 4 

Percentage of conserved miRNA target genes that are involved in translational control-
related functions for miRNAs of the same phylogenetic distribution as miR-132. The 
average percentage of translational control-related genes among miRNA targets is equal 
to 1.54% ± of 0.93. miR-132 is eighth from 78 miRNAs with an abundance equal to 
2.50%. 

micro-RNA (miR) 
miR-190 
miR-146 
miR-208/208ab 
miR-22 
miR-383 
miR-21/590-5p 
miR-7/7ab 
miR-132/212 
miR-205 
miR-18ab 
miR-139-5p 
miR-221/222 
miR-365 
miR-223 
miR-130/301 
miR-148/152 
miR-499/499-5p 
miR-138 
miR-153 
miR-24 
miR-196ab 
miR-106/302 
let-7/98 
miR-150 
miR-17-
5p/20/93.mr/106/519.d 
miR-144 
miR-193ab 
miR-96/1271 
miR-204/211 
miR-25/32/92/92ab/363/367 
miR-101 
miR-33/33ab 

# of conserved 
targets 
76 
85 
84 
228 
69 
143 
224 
200 
202 
125 
167 
214 
134 
135 
498 
368 
148 
299 
451 
304 
156 
417 
683 
106 

742 
439 
110 
605 
284 
522 
415 
179 

# of translation-
related targets 
4 
4 
3 
7 
2 
4 
6 
5 
5 
3 
4 
5 
3 
3 
11 
8 
3 
6 
9 
6 
3 
8 
13 
2 

14 
8 
2 
11 
5 
9 
7 
3 

% abundance of 
translation-related 
targets 
5.26 
4.71 
3.57 
3.07 
2.90 
2.80 
2.68 
2.50 
2.48 
2.40 
2.40 
2.34 
2.24 
2.22 
2.21 
2.17 
2.03 
2.01 
2.00 
1.97 
1.92 
1.92 
1.90 
1.89 

1.89 
1.82 
1.82 
1.82 
1.76 
1.72 
1.69 
1.68 
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miR-31 
miR-182 
miR-137 
miR-19 
miR-128 
miR-125/3 51 
miR-200bc/429 
miR-490/490-3p 
miR-338/338-3p 
miR-10 
miR-27ab 
miR-15/16/195/424/497 
miR-133 
miR-140/140-5p/876-3p 
miR-219/219-5p 
miR-181 
miR-124/506 
miR-9 
miR-26ab/1297 
miR-30a/30a-5p/30b/30b-
5p/30cde/384-5p 
miR-1/206 
miR-375 
miR-216/216a 
miR-503 
miR-103/107 
miR-29abc 
miR-23ab 
miR-129/129-5p 
miR-145 
miR-183 
miR-203 
miR-141/200a 
miR-135 
miR-218 
miR-217 
miR-143 
miR-34a/34b-5p/34c/34c-
5p/449/449abc/699 
miR-194 
miR-155 
miR-142-3p 
miR-199/199-5p 
miR-214/761 

182 
615 
678 
679 
626 
472 
609 
68 
137 
146 
741 
690 
384 
158 
237 
639 
1047 
742 
516 

871 
436 
101 
102 
204 
324 
664 
556 
229 
346 
234 
369 
385 
395 
564 
149 
155 

324 
173 
190 
200 
245 
291 

3 
10 
11 
11 
10 
7 
9 
1 
2 
2 
10 
9 
5 
2 
3 
8 
13 
9 
6 

10 
5 
1 
1 
2 
3 
6 
5 
2 
3 
2 
3 
3 
3 
4 
1 
1 

2 
1 
1 
1 
1 
1 

1.65 
1.63 
1.62 
1.62 
1.60 
1.48 
1.48 
1.47 
1.46 
1.37 
1.35 
1.30 
1.30 
1.27 
1.27 
1.25 
1.24 
1.21 
1.16 

1.15 
1.15 
0.99 
0.98 
0.98 
0.93 
0.90 
0.90 
0.87 
0.87 
0.85 
0.81 
0.78 
0.76 
0.71 
0.67 
0.65 

0.62 
0.58 
0.53 
0.50 
0.41 
0.34 
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miR-122 
miR-192/215 
miR-216/216b 
miR-425/489 

83 
65 
112 
86 

0 
0 
0 
0 

0.00 
0.00 
0.00 
0.00 
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/v. In-vitro analysis of microRNA-132 MREs 

In order to further determine whether these predicted chromatin- and translation-

associated targets are indeed miR-132 targets, I analyzed the functionality of the 

predicted miR-132 response elements within the 3'UTRs ofEp300, Jaridla, Mecp2, Btg2 

and Paip2a (Figure 10A). These targets were selected based on the published available 

data identifying 1) their brain expression; and 2) their potential roles in the clock timing 

process (further discussed below). In order to determine whether miR-132 regulates the 

expression of Ep300, Jaridla, Mecp2, Btg2 and Paip2a via their predicted miR-132 

MREs, I designed and generated firefly luciferase reporter constructs bearing the full-

length wild-type 3'UTR of the various genes, or a full-length mutant 3'UTR containing a 

7-bp deletion of the seed sequence (Figure 10A). Except for Paip2a, a 2-nucleotide 

mismatch within the seed sequence was used, since the 7-bp deletion resulted in a 

significant deterioration of basal firefly luciferase activity relative to the wild-type 

construct. N2A cells were transfected with each of the reporter constructs in combination 

with a synthetic miR-132 "mimic" (double-stranded ~22-bp RNA oligonucleotides that 

mimics endogenous mature miRNA function) or a "microRNA negative control" (dsRNA 

oligonucleotides that have no complementarity to any known sequence in the human, rat 

or mouse genome). Co-transfection with the microRNA negative control had no 

discernible effect on luciferase activity, compared with cells that had been co-transfected 

with an equivalent amount of pcDNA3.1 empty vector. As an additional control, I 

transfected N2A cells with the backbone firefly luciferase construct pGL3-Control, which 

lacks a miR-132 MRE site, in combination with the miR-132 mimic or the miRNA 
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132 MREs. (A) Table of miR-132 recognition elements (MREs) within the 3'UTRs 
of murine Jaridla, Mecp2, Ep300, Btg2 and Paip2a. Conservation: Seed site 
conservation across mammalian species (M, mouse; H, human; R, rat; D, dog; O, 
opossum). 3'-UTR Position: Position of predicted miR-132 MREs within the 3'UTR 
(first nucleotide after the stop codon is denoted as position 1). Target site: alignment of 
the 3'UTR and miR-132. Nucleotides in purple (3'-UTR) and blue (miR-132) indicate 
complementarity. Mutant 3'UTRs were generated by deletion of the underlined 
nucleotides. For Paip2a, the underlined nucleotides were mutated via a C—>G or G—»C 
conversion. Prediction software: Predicted as a target of mmu-miR-132 based on the 
following target prediction algorithms (as of April 2009): T, TargetScan; Z, MirZ; M, 
miRanda; P, PicTar. (B) miR-132 mediates 3'UTR-dependent repression of luciferase 
reporter activity via specific miR-132 MREs. N2A cells were transfected with luciferase 
reporter constructs carrying the full-length wild-type (WT, red bars) or mutant 3'UTRs 
(mutant, blue bars) of Btg2, Paip2a, Ep300, Jaridla and Mecp2 in combination with 
synthetic miR-132 Mimic or a miRNA Mimic Negative Control. Renilla luciferase 
activity was used as an internal transfection control and was used to normalize raw firefly 
luciferase (FL) values. Control transfections using the backbone pGL3-Control (pGL3-
CT) vector (no 3'-UTR) in combination with miR-132 Mimic, miRNA Mimic Negative 
Control or pcDNA3.1 empty vector were used to assess non-specific effects of miR-132 
on a reporter construct that lacks a miR-132 target site, as well as potential effects of the 
Negative Control on luciferase activity. Values on the y-axis indicate relative luciferase 
activity = (UTRmimic/UTRneg) divided by (pGL3-Cmimic/pGL3-CTneg), where UTR and 
pGL3-CT denote samples transfected with the 3'UTR reporter or the backbone pGL3-CT 
vector, respectively. Black bar denotes control transfection using pGL3-CT and is 
normalized to 1. Error bars represent the standard deviation from triplicate determinations 
of a single representative experiment. Consistent results were obtained from 3 
independent experiments. In all cases, the relative luciferase activities of constructs 
bearing WT 3'UTRs were significantly reduced relative to control (black bar) and, with 
the exception of site #2 within the Jaridla 3'UTR, mutation of the predicted target sites 
provided nearly complete rescue. */?<0.05 vs. WT 3'UTR (two-tailed Student's t-test and 
one-way ANOVA). This figure and figure legend are reproduced from the manuscript 
Alvarez-Saavedra et al, circa November 2009. Molecular cloning, luciferase assays and 
data analysis jointly performed by MAS & HYMC. Table and figure design performed by 
MAS. 
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Negative Control. In this case, co-transfection of the miR-132 mimic, but not the miRNA 

Negative Control, caused a subtle (-5-10%) reduction of luciferase activity, which was 

attributed as a non-sequence-specific effect of miR-132 overexpression in-vitro. Most 

importantly, the luciferase activity of the wild-type 3'UTR constructs of all genes 

examined was significantly repressed by the miR-132 mimic, with a range of repression 

between 28% and 50% (Figure 10B). In all cases except for Jaridla, the effects of the 

miR-132 mimic were abolished by the mutation of the seed site (Figure 10B). For 

Jaridla, which bears 2 putative miR-132 MREs within its 3'UTR, mutation of the first 

MRE (site 1), but not the second (site 2), abolished the repressive effects of the miR-132 

mimic (Figure 10B). Collectively, the data indicate that all of the predicted in-silico 

targets of miR-132 reported herein can be repressed in vitro by miR-132 via specific 

miR-132 MRE sequences within their 3'UTRs. 

v. In-vitro knockdown of microRNA-132 

In order to further support the data that Ep300, Jaridla, Mecp2, Btg2 and Paip2a are 

miR-132 targets, endogenous mature miR-132 was inhibited in N2A cells with a mouse 

miR-132 hairpin inhibitor. 24-hrs post-transfection with the miR-132 inhibitor, all 

candidate target genes showed an upregulation at the protein level compared to cells 

transfected with a negative control inhibitor (i.e. an inhibitor with unmatched mouse, 

human or rat sequence; Figure 11) as well as mock-transfected cells. These data further 

argue that Mecp2, Ep300, Jaridla, Btg2 and Paip2a are indeed bona fide miR-132 

targets. 

vi. in-vivo knockdown of microRNA-132 in the mouse SCN 
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FIGURE 11 
miR-132 Inhibitor Control Inhibitor miR-132 Inhibitor Control Inhibitor 

Jaridla 
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Paip2a 

Actin 

p300 

Actin 

Figure 11. in-vitro miR-132 knockdown upregulates JARIDIA, MeCP2, p300, BTG2 
and PAIP2A protein levels. 
JARIDIA, MeCP2, p300, BTG2 and PAJP2A protein levels in N2A cells following 
transient knockdown of endogenous miR-132 expression as determined by Western 
blotting. N2A cells were transiently transfected with miR-132 hairpin inhibitors (lanes 1 
and 2) to knock down miR-132 expression or a microRNA hairpin inhibitor negative 
control (lanes 3 and 4). Twenty-hour hours post-transfection, cells were harvested and 
analyzed via western blotting. P-actin expression served as loading control. Values 
presented below each blot represent the mean relative abundance of the protein 
examined, normalized to actin expression, for each transfection condition. Three 
independent experiments were performed, and similar results were obtained. Images 
quantitated on grayscale with ImageJ software. This figure and figure legend are 
reproduced from the manuscript Alvarez-Saavedra et al, circa March 2010. Experimental 
design and execution performed by MAS & HYMC. Quantitations and figure design 
performed by MAS. 
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Using an in-vivo knockdown approach, I further investigated whether Ep300, Jaridla, 

Mecp2, Btg2 and Paip2a are miR-132 targets in the mouse SCN. To this end, C57B1/6 

(wild-type) mice received an intracerebroventricular infusion of a miR-132 antagomir at 

CT 15 (Figure 12A), and 24-hrs later treated with a brief light pulse (15 min, 100 lux) at 

CT 15 in order to induce endogenous miR-132 expression (130). Target protein 

expression in the SCN 8-hrs post-light treatment was examined via western blotting. 

Compared with mice that had received infusions of either miR-219 or miR-1 antagomirs, 

or vehicle control, miR-132-infused mice exhibited an upregulation of all 5 proteins 

examined (Figure 12B). These data further support the in-vitro experiments suggesting 

that Ep300, Jaridla, Mecp2, Btg2 and Paip2a are indeed miR-132 targets in the mouse 

brain and further suggest that these targets themselves may play a role in light-induced 

clock resetting. 

vii. microRNA-132 target analysis in microRNA-132 transgenic mice 

As a last step to further support the in-vitro and in-vivo data suggesting that Ep300, 

Jaridla, Mecp2, Btg2 and Paip2a are indeed miR-132 targets in the mouse SCN, the 

expression of these 5 targets was analyzed via western blotting and immunolabeling in 

the SCN of tTA::miR-132 mice. To this end, I will briefly describe the known functional 

role(s) of each of these proteins. 

The role of EP300 (ElA-binding protein, 300kD) and its homolog, CBP (CREB-

binding protein), in transcriptional regulation has been extensively documented (153 and 

references therein). These factors interact with a multitude of transcription factors, 

including CREB, as well as components of the general transcriptional machinery, to 

activate or repress gene transcription. Additionally, both p300 and CBP have been 
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FIGURE 12 
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Figure 12. in-vivo miR-132 knockdown in the mouse SCN upregulates JARID1A, 
MeCP2, p300, BTG2 and PAIP2A protein levels. 
(A) Photograph of post-surgery freely-moving cannulated mice {left) and schematic 
diagram illustrating stereotaxic-mediated antagomir infusions into the third ventricle of 
the mouse brain {right). (B) The effect of antagomir-mediated knockdown of endogenous 
miR-132 on the expression of JARID1 A, MeCP2, p300, BTG2 and PAIP2A in the mouse 
SCN. C57B1/6J mice were dark-adapted for 2 days and then infused with miR-132 
antagomir (100 uM in 3 u.1), miR-1 antagomir (100 uM in 3ul, miR-219 antagomir (100 
uM in 3 |xl) or saline (3 jxl; data not shown) into the lateral ventricles at CT 15. The 
following day mice received a brief light pulse (15 min, 100 lux) at CT 15 to induce miR-
132 endogenous expression, and 8 hours later (CT23) SCN tissue was harvested for 
analysis of protein expression via Western blotting. P-actin expression served as the 
loading control. Values presented below each blot represent the mean relative abundance 
of the protein examined, normalized to actin expression, for each genotype. n=10 mice 
per treatment condition, grouped in pools of 2. Images quantitated on grayscale with 
ImageJ software. Panel A borrowed from Dr. Hai-Ying Mary Cheng's lectures, 2010. 
Panel B and its corresponding legend are reproduced from the manuscript Alvarez-
Saavedra et al, circa March 2010. For panel B, stereotaxic (surgical) cannulations were 
performed by Heather Dziema at Ohio State University, USA. Light treatment and 
dissection of SCN were performed jointly by Heather Dziema and Dr. Karl Obrietan. 
SCN tissue samples were shipped to Ottawa. Experimental paradigms designed jointly 
by MAS and HYMC. Western blots performed by MAS & HYMC. Quantitations and 
figure design performed by MAS. 
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implicated in chromatin remodeling, as they possess intrinsic acetyltransferase activity, 

and have been shown to acetylate histones as well as other proteins. The observation that 

p300 physically associates with CLOCK and promotes CLOCK/BMAL1-mediated 

transcription in the liver (80), together with evidence that the promoters of several core 

clock genes exhibit circadian rhythms in H3 acetylation, provide strong support for a role 

of p300 in circadian clock function in peripheral oscillators. Via western blotting and 

immunohistochemistry, a marked decrease in p300 protein levels was found in the SCN 

of tTA::miR-132 mice compared with non-transgenic controls at CT 16 via western 

blotting and immunohistochemistry (Figures 13 & Figure 14C), a time when endogenous 

miR-132 expression is at its nadir (130). 

JaridlA (jumonji, AT-rich interactive domain 1A) and other members of the Jaridl 

family are histone demethylases that specifically remove a methyl group from lysine 4 of 

the tri- (H3K4Me3)- and di (H3K4Me2)-methylated forms of H3 (154). As part of the 

"histone code" (155), the H3K4Me3 and H3K4Me2 marks are generally associated with 

sites of active transcription. H3K4Me3/Me2 may facilitate transcription by recruiting 

additional chromatin remodeling factors or histone modifying enzymes, or by impeding 

the binding of transcriptional repressors. While there are no reports that directly implicate 

Jaridla in circadian clock processes, the promoter of the clock-regulated gene, Dbp, 

exhibits circadian rhythms in H3K4- trimethylation (81). As expected, overexpression of 

miR-132 resulted in diminished levels of JARID1A in the SCN of miR-132 mice as 

measured via western blotting and immunohistochemistry (Figures 13 & Figure 14D). 

Interestingly, decreased expression of JARID1A in the SCN of tTA::miR-132 transgenic 

mice was accompanied by a concomitant increase in H3K4Me3 immunoreactivity 
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FIGURE 13 
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Figure 13. miR-132 overexpression in the SCN affects JARIDIA, MeCP2, p300, 
BTG2 and PAIP2A protein levels. 
JARIDIA, MeCP29 p3009 BTG2 and PAIP2A protein expression in the SCN of 
tTA::miR-132 transgenic mice (lanes 3 and 4) and non-transgenic controls (lanes 1 and 2) 
as determined by Western blotting. P-actin expression served as loading control. Values 
presented below each blot represent the mean relative abundance of the protein 
examined, normalized to actin expression, for each genotype. Note that PAIP2A levels 
are upregulated via miR-132 overexpression (see text for discussion), n = 4 mice per 
genotype, grouped in pools of 2. Images quantitated on grayscale with ImageJ software. 
This figure and figure legend are reproduced from the manuscript Alvarez-Saavedra et al, 
circa November 2009. Experimental design and tissue harvesting jointly performed by 
MAS & HYMC. Western blots performed by MAS. Quantitations and figure design 
performed by MAS. 
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FIGURE 14 
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Figure 14. miR-132 regulates the expression of MeCP2, p300, JARID1A, BTG2 and 
PAIP2A in the SCN. 
(A, B, E) MeCP2, BTG2 and PAIP2A protein expression in the SCN of tTA::miR-132 
transgenic mice and non-transgenic controls at CT 16. SCN tissue from non-transgenic 
(top row) and tTA::miR-132 transgenic (bottom row) mice was harvested at CT 16 and 
analyzed for expression of (A) MeCP2, (B) BTG2 and (E) PAIP2A by indirect 
immunofluorescence (red). Transgene expression was confirmed by co-detection of 
ECFP (green). Sections were counterstained with the nuclear marker DRAQ5 
(pseudocolored blue). Merged images are presented in the rightmost columns. Scale bars 
= 50um. (A', B') Expression of (A') MeCP2 and (B') BTG2 in the retinorecipient region 
of the SCN, the ventrolateral aspect, is presented in higher magnification. Note the 
heterochromatic distribution of MeCP2 and the cytoplasmic distribution of BTG2. Scale 
bars = 5 um. (C, D) Immunohistochemical detection of (C) p300 and (D) JARID1A 
protein expression in the SCN of tTA::miR-132 transgenic mice and non-transgenic 
controls at CT 16. Scale bars = lOOum. ( C , D') Expression of (C») p300 and (D') 
JARID1A in the ventrolateral SCN is given in higher magnification images. Scale bars = 
20 um. n = 6 mice per genotype and representative images were chosen. Images captured 
using a Zeiss Axiovert Observer Zl epifluorescent/light microscope (C-D) and via 
confocal microscopy on a single focal plane with a 40X objective (A-B & E) and with a 
63X oil objective (A'-B'). Images quantitated with Zeiss "Zen" 2008 software, using the 
manual cursor command. This figure and figure legend are reproduced from the 
manuscript Alvarez-Saavedra et al, circa November 2009. Experimental design and tissue 
harvest jointly performed by MAS & HYMC. Confocal imaging, bright-field imaging 
and figure design performed by MAS. 
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(Figure 15A-E). Nevertheless, this heightened expression in H3K4Me3 within the SCN 

may be alternatively explained by an upregulation of histone methyltransferase activity in 

the transgenics. However, I examined the expression of two methyltransferases, 

DNMT3A and SMYD2, and found either no expression in the SCN of non-transgenic and 

tTA::miR-132 mice (in the case of DNMT3A; MAS & HYMC, unpublished), or 

comparable levels in the SCN regardless of genotype (in the case of SMYD2; MAS & 

HYMC, unpublished). 

Mecp2 (methyl-CpG-binding protein 2) is a nuclear protein that was first 

characterized by its ability to bind methylated CpG dinucleotides. Early experiments 

suggested that MeCP2 functioned as a silencer of gene transcription (156-158), 

nevertheless novel insights suggest additional roles for MeCP2 within the nucleus, 

including chromatin compaction, alternative splicing and transcriptional activation (159-

160). In addition, functional interactions between MeCP2 and CREB, a key intermediate 

in light-induced clock entrainment, have been reported (160). It is also important to note 

that patients suffering from the autism-spectrum disorder, Rett Syndrome (MIM 

#312750; http://www.ncbi.nlm.nih.gOv/omim/312750), which is caused by mutations of 

the MECP2 gene, exhibit disruptions in their circadian rhythms (161), suggesting a 

possible, direct link between MeCP2 and clock function. As expected, MeCP2 protein 

levels were highly reduced (-65%) in the SCN of tTa::miR-132 transgenic mice at CT16 

as revealed via western blotting (Figure 13). MeCP2 immunoreactivity in the SCN of 

miR-132 transgenic mice in conjunction with confocal imaging revealed the hallmark 

heterochromatic localization of MeCP2, with reduced levels seen in heterochromatic foci 

of cells overexpressing the miR-132 transgene (Figure 14A & Figure 14A'). 
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Figure 15. Basal expression of H3K4Me3 in the SCN of tTA::miR-132 transgenic 
mice is upregulated. 
(A-D) H3K4Me3 expression in the SCN of tTA::miR-132 transgenic mice and non-
transgenic controls at CT 16. SCN tissue from (A, C) non-transgenic and (B, D) 
tTA::miR-132 transgenic mice was harvested at CT 16 and analyzed for expression of 
H3K4Me3 (red; second column). Transgene expression was confirmed by co-detection of 
ECFP (green; first column). Sections were counterstained with the nuclear marker 
DRAQ5 (pseudocolored blue; third column). Note co-localization of H3K4M3 and the 
nuclear marker DRAQ5 (merged; fourth column). Scale bars = lOOum (A-B) and 50 um 
(C-D). n = 3 mice per genotype. Images captured via confocal microscopy on a single 
focal plane with a 20X objective (A-B) and with a 40X oil objective (C-D). (E) 
Quantitation of H3K4Me3 SCN basal expression in tTA::miR-132 mice vs. non-
transgenic littermate controls. Values on the y-axis represent arbitrary mean fluorescence 
intensity for the unilateral SCN. Values are presented as mean ± SEM. n = 3 mice per 
condition. *p<0.05 vs. non-transgenic controls (two-tailed Student's t-test). Images 
quantitated with Zeiss "Zen" 2008 software, using the manual cursor command. This 
figure and figure legend are reproduced from the manuscript Alvarez-Saavedra et al, 
circa November 2009. Experimental design and tissue harvesting jointly performed by 
MAS & HYMC. Confocal imaging, quantitations and figure design performed by MAS. 
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Btg2 (B-cell translocation gene 2) was recently shown to bind to POP2/CAF1, a 

subunit of the CCR4/ POP2 deadenylase complex that is responsible for shortening of the 

poly(A) tail, the rate-limiting step in mRNA turnover (162). One study demonstrated that 

BTG2 induces mRNA decay by increasing the rate of POP2/CAF1-mediated 

deadenylation (162). Recent evidence suggesting the importance of mRNA degradation 

in modulating circadian rhythms of mPer2 expression (163) raises the possibility for a 

role of BTG2 in circadian clock regulation. Via western blotting, BTG2 protein levels in 

the SCN were reduced 55% as compared to non-transgenic controls at CT16 (Figure 13). 

BTG2 immunoreactivity levels were also reduced in the SCN of tTA::miR-132 mice 

compared to non-transgenic controls (Figure 14B). 

Paip2a (polyadenylate binding protein-interacting protein 2) is a potent suppressor of 

eukaryotic translation. EIF4G, a component of the translation initiation complex that 

binds to the 5'-cap of mRNA, interacts physically with PABP (polyadenylate binding 

protein) that is bound to the poly(A) tail, leading to circularization of the mRNA and 

enhanced translation efficacy (164). PAIP2A inhibits translation by disrupting the 

interaction between the poly(A) tail and PABP (165). Currently, there has been no 

characterization of PAIP2A in clock mechanisms. However, its functional partner, 

PABP-C1 (PABP, cytoplasmic 1), exhibits circadian rhythms of gene expression in the 

liver (166), and is a potential target of CREB transcription as it has been identified in a 

CREB-SACO library (132). In addition, a recent study showed that the mTOR signaling 

pathway, a key regulator of translation, is induced by light in the SCN (100), suggesting 

an important role of translational regulation in photic entrainment. Contrary to the results 

from the in-vitro and in-vivo knockdown experiments, an unexpected augmentation (2.7-
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fold increase) of PAIP2A protein levels was observed in the SCN of tTA::miR-132 mice, 

relative to non-transgenic controls, at CT 16 via western blotting (Figure 13). These 

results were further corroborated via immunofluorescent labeling of PAIP2A in the miR-

132 transgenic SCN (Figure 14E). One possibility is that constitutive and long-term 

overexpression of miR-132 in the SCN, within a certain cellular context, alters other gene 

regulatory networks that have secondary effects on Paip2a expression, for example, at 

the level of gene transcription. These secondary effects may mask the direct effects of 

miR-132 on Paip2a expression via the miR-132 MRE within the Paip2a 3'UTR. In 

support of this notion, a 2-fold increase was observed in PAIP2A protein levels in the 

SCN of mice infused with miR-132 antagomirs, compared to mice that had been infused 

with miR-219 or miR-1 antagomirs (Figure 12). 

Thus, using a combination of 3'UTR reporter assays, in-vitro and in-vivo loss-of-

function, as well as in-vivo gain-of-function, the data suggest that Ep300, Jaridla, Mecp2 

and Btg2 are bona fide targets of miR-132. In the case of 4 of these targets (Paip2a being 

the exception), this manifests in reduced steady-state levels of the target protein in the 

SCN of mice that overexpress miR-132. However, potential alterations in genetic 

networks in the transgenic SCN may secondarily influence the expression of the Paip2a 

gene, to an extent that these effects may mask the MRE-mediated effects of miR-132 on 

Paip2a expression. 

viiL microRNA-132 target analysis in microRNA-219 transgenic mice 

The in vitro and in vivo evidence suggests that Ep300, Jaridla, Mecp2, Btg2 and Paip2a 

are indeed miR-132 targets regulated via the characterized miR-132 MREs present on 

their respective 3'-UTRs. Nevertheless, in order to discard the possibility that these are 
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non-specific effects attributed to deregulation of the miRNA processing machinery due to 

miR-132 overexpression, I analyzed a CamA7ia-tTA::miR-219 transgenic mouse model 

in order to determine if overexpression of a miRNA deregulates the miRNA processing 

machinery. Briefly, the pre-miR-219 rat sequence was cloned into the same bidirectional 

Tet-responsive promoter used to generate the miR-132 transgene, making a miR-219-

pBI-ECFP bi-directional construct (construct and mice generated by Dr. Hai-Ying Mary 

Cheng while at Ohio State University). This transgene was microinjected into FVB/N 

oocytes and four founder lines were further characterized. tTA::miR-219 transgenic lines 

#2665 and #2580 have a qualitatively similar expression pattern and levels compared to 

miR-132 transgenic lines #2561 and #2570 (Figures 16A & Figure 16B). Most 

importantly, overexpression of miR-219 in the SCN of tTA::miR-219 transgenic mice 

had no effect on the expression of J ARID 1 A, MeCP2, p300, BTG2 and PAIP2A proteins 

as measured via western blotting at CT16 (Figure 17). This was expected since none of 

these transcripts bear predicted miR-219 MREs in their 3'UTRs. These data suggest that 

in-vivo pre-miRNA overexpression does not deregulate the miRNA processing 

machinery in the miR-132 and miR-219 transgenic mouse models. 

ix. microRNA-132 target genes are activity-dependent 

miR-132's regulatory role on light-induced clock resetting (130) suggests that its targets 

themselves are involved in the clock-resetting process. Hence, it is logical to hypothesize 

that these targets may be activity-dependent, and hence responsive to nocturnal photic 

stimulation, thereby playing roles in the molecular regulation of light entrainment. As a 

first step towards the characterization of their roles in the SCN and circadian biology, the 

light-dependent induction of Ep300, Mecp2, Btg2 and Paip2a (measured via activation of 
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FIGURE 16 

tTA::miR-219 founder #2665 tTA::miR-219 founder #2580 

Figure 16. tTA::miR-219 transgene expression in the adult mouse brain. 
(A,B) ECFP transgene expression in the brains of Camfc2a-tTA::miR-219 transgenic 
mice. (A) Sagittal midbrain and (B) coronal SCN sections were processed for ECFP 
immunoreactivity. Sections were counterstained with the nuclear marker, DRAQ5 
(pseudocolored in red (A); and blue (B)). Scale bars = 1 mm (A) and = 50|im (B). Images 
were captured via confocal microscopy on a single focal plane with 10X (A) and 20X (B) 
objectives. INSET: ex-vivo ECFP imaging of a 300|im SCN slice, highlighting the 
ventrolateral aspect, of tTA::miR-219 founder line #2580 at CT12. A 40X water 
immersion oil objective was used with a 458nm Argon laser to excite transgenic ECFP 
via confocal microscopy. SCN neuronal bodies are clearly visible. Scale bar = 50(im. 
miR-219 transgenic mice generated by Dr. Hai-Ying Mary Cheng while at Ohio State 
University, USA. Tissue harvesting performed jointly by MAS & HYMC. Confocal 
imaging, ex-vivo imaging, compilation of images and figure design performed by MAS. 

99 



FIGURE 17 
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Figure 17. miR-219 overexpression in the SCN does not affect the expression of 
JARIDIA, MeCP2, p300, BTG2 and PAIP2A proteins. 
JARIDIA, MeCP2, p300, BTG2 and PAJP2A protein expression in the SCN of 
tTA::miR-219 transgenic mice (lanes 3 and 4) and non-transgenic controls (lanes 1 and 2) 
at CT14 as determined by Western blotting. P-actin expression served as the loading 
control. Values presented below each blot represent the mean relative abundance of the 
protein examined, normalized to actin expression, for each genotype. Note that no 
significant differences between genotypes exist for all miR-132 predicted targets, despite 
robust upregulation of miR-219. n = 8 mice per genotype, grouped in pools of 2. Images 
quantitated on grayscale with ImageJ software. This figure and figure legend are 
reproduced from the manuscript Alvarez-Saavedra et al, circa March 2010. Experimental 
design, tissue harvest, quantitative analysis and compilation of images performed by 
MAS. Dr. Reynaldo Oliva-Hernandez assisted with tissue harvesting. 
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post-translational modifications or total protein levels) was examined as well as the 

downstream effector of Jaridla, i.e. H3K4-trimethylation. Wild-type mice were 

subjected to a brief light pulse (15 min, 40 lux) at CT 15, and SCN tissue was harvested 

either 15 min or 2 hrs later to determine changes in post-translational modifications or 

total protein abundance, respectively. 

p300/CBP transcriptional co-activator proteins play a central role in the 

coordination and integration of multiple signal-dependent cascades that regulate gene 

expression (167,168). These proteins serve as mediators of transcriptional activity in 

response to physiological cues. Interestingly, p300/CBP also contains histone 

acetyltransferase (HAT) activity, which endows the protein complex with the capacity to 

modulate chromatin activity. Autoacetylation at lysine-1499 of p300 has been shown to 

enhance its HAT activity and affect a wide variety of signaling events (169). It has also 

been shown that CaM kinase IV phosphorylates CBP at Ser302, which is required for 

CBP-dependent transcriptional activation in primary neurons (170). It is then reasonable 

to speculate that autoacetylation at lysine-1499 of p300 may be a light-activated residue 

involved in the clock-resetting response. Wild-type mice were subjected to a brief light 

pulse (15 minutes, 40 lux) at CT 15 and SCN tissue was harvested 15 minutes later. 

Immunolabelling did not detect any substantial changes in the light-pulses mice vs. dark-

controls (data not available at the time of publication of this thesis). Due to the high basal 

level of expression detected, I reasoned that this post-translational modification may not 

be detectable via this immunohistochemical technique or that there are other residues that 

may be involved in the light-induced clock resetting response. 
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Phosphorylation of MeCP2 at serine 421 (pS421), has been shown to be induced by 

neuronal activity and is required for derepression of Bdnf transcription (171). Wild-type 

mice were treated with a brief light pulse (15 minutes, 40 lux) at CT 15 and SCN tissue 

was harvested 15 minutes later. Phosphorylation at serine 421 was robustly induced in the 

ventrolateral SCN (Figure 18A & Figure 18A') vs. non-treated mice. This suggests that 

MeCP2 may be involved in light-dependent modulation of target genes. 

Wild-type mice were treated with a brief light pulse (15 minutes, 40 lux) at CT 15 

and SCN tissue was harvested 15 minutes later in order to measure induction of 

H3K4Me3. Light elicited a pronounced elevation in the expression of H3K4Me3, the 

direct substrate of JARID1A, suggesting the possibility that light has an acute 

suppressive effect on JARIDlA's demethylase activity (Figure 18B & Figure 18B'). 

Nevertheless, the possibility that a histone methylase is activated upon light treatment 

cannot be excluded. Thus, it appears that light evokes rapid changes in chromatin 

architecture within the SCN that in unison trigger a transcriptionally permissive state of 

target genes. 

In addition, levels of BTG2 as well as PAIP2A proteins (Figures 18C-D') in the SCN 

were significantly induced 2-hrs following nocturnal photic stimulation at CT15. 

Collectively, these results indicate that the miR-132 targets examined, or the pathways 

that are directly regulated by the target, are themselves acutely induced in the SCN in 

response to light, arguing strongly that these targets play important roles in modulating 

light-induced clock resetting. 

x. microRNA-132 overexpression 's effects on core clock genes 
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FIGURE 18 
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Figure 18. miR-132 targets and their downstream effectors are light-responsive. 
(A, A', B, B') A light stimulus acutely induces the phosphorylation of MeCP2 at Ser421 
(pS421) and trimethylation of histone H3 at lysine 4 (H3K4Me3) in the SCN. C57B1/6J 
(WT) mice received a brief light pulse (15 rnin, 40 lux) at CT 15. Tissue was harvested 
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(red) or (B') H3K4Me3 (red) by indirect immunofluorescence. Sections were 
counterstained with the nuclear marker DRAQ5 (pseudocolored in green). (A, B) Dark 
control mice were not exposed to light but were killed at the same circadian time. For 
each condition, the boxed region highlighting the ventrolateral SCN neurons in the left 
panel is presented in higher magnification in the right-most panels. Scale bar = 50 urn. 
(Top right) MeCP2 pS421 or H3K4Me3 immunoreactivity only; (bottom right) merged 
image of MeCP2 pS421 or H3K4Me3 immunoreactivity in combination with DRAQ5. 
Note upregulation in nuclear staining of both post-translational modifications. Scale bar = 
5 um. (C, C \ D, D') BTG2 and PAIP2A protein levels in the SCN are induced in 
response to light. C57B1/6J mice received a brief light pulse (15 min, 40 lux) at CT 15 
and killed 2 hrs later for analysis of (C) BTG2 (red) and (D') PAIP2A expression by 
indirect immunofluorescence (red; top rows). (C, D) Dark control mice (DD) were not 
exposed to light but were killed at the same circadian time. Sections were counterstained 
with the nuclear marker DRAQ5 (pseudocolored in green; middle rows). Merged images 
highlight cytoplasmic labeling of both proteins (bottom rows). Scale bar = 50um. (E) 
Quantitation of light-induced expression of pS421 MeCP2, H3K4Me3, BTG2 and 
PAIP2A in the SCN. Values on the y-axis represent arbitrary mean fluorescence intensity 
for individual cells (in the case of pS421 MeCP2 and H3K4Me3) or for the unilateral 
SCN (in the case of BTG2 and PAIP2A). Values are presented as mean ± SEM. n = 3 
mice per condition. *p<0.05, ***p<0.00\ vs. dark control (two-tailed Student's t-test). 
Images captured via confocal microscopy on a single focal plane with a 40X objective 
(A-D') and with a 63X oil objective (boxed insets). Images quantitated with Zeiss "Zen" 
2008 software, using the manual cursor command. This figure and figure legend are 
reproduced from the manuscript Alvarez-Saavedra et al, circa November 2009. 
Experimental design and tissue harvesting jointly performed by MAS & HYMC. 
Confocal imaging, statistical analysis, compilation of images and figure design performed 
by MAS. 

The next logical step was to analyze the potential role that miR-132 plays in core clock 

timing mechanisms. I first examined the circadian profile of PERI and PER2 protein 
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expression in the SCN of tTA::miR-132 mice and non-transgenic controls. Consistent 

with previous reports, the peak and nadir of PERI and PER2 protein expression in the 

SCN of non-transgenic (i.e. wild-type) mice were reached during the early subjective 

night (CT 14) and late subjective night (CT 22)/early subjective day (CT 2), respectively 

(Figure 19A & Figure 19B). Compared with non-transgenic controls, tTA::miR-132 mice 

exhibited a marked reduction in the amplitude of PERI rhythms in the SCN (Figure 19A 

& Figure 19C). The dampened rhythm was due largely to a decrement in PERI 

abundance during the peak (CT 10 - 14), rather than elevated expression during the nadir 

(Figure 19C). The phasing of PERI expression in the SCN was comparable between non-

transgenic and tTA::miR-132 mice. In contrast, miR-132 overexpression in the SCN had 

no significant effect on PER2 protein rhythms (Figure 19B & Figure 19C). 

Numerous studies have shown a strong correlation between phase-shifting of 

behavioural rhythms and induction of Perl and Perl expression in the SCN following 

nocturnal light exposure (13,173). To examine light-inducible expression of PERI and 

PER2 in the SCN, tTA::miR-132 mice and non-transgenic controls were administered a 

brief light pulse (15 min, 40 lux) at CT 15 and killed 4 hours later for determination of 

PERI and PER2 levels. Consistent with previous studies (174), light exposure during the 

early subjective night significantly increased the number of PERI- and PER2-

immunoreactive cells in the SCN of non-transgenic (wild-type) mice relative to dark 

controls (Figures 20A-C). There was a modest but significant increase in the number of 

PERl-ir cells in tTA::miR-132 transgenic SCN in response to photic stimulation, relative 
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FIGURE 19 
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Figure 19. miR-132 overexpression in the SCN dampens PERI protein rhythms 
(A, B) Rhythms of PERI, but not PER2, expression are dampened in the SCN of 
tTA::miR-132 mice. SCN tissue was harvested from tTA::miR-132 mice (bottom row) 
and non-transgenic controls (top row) at defined CT times across a full circadian cycle, 
and analyzed for (A) PERI and (B) PER2 expression by immunohistochemistry. Note the 
decreased amplitude of PERI rhythms in miR-132 transgenic mice (A & C). Scale bar = 
100urn. (C) Quantitation of PERI (left graph) and PER2 rhythms (right graph) from (A) 
and (B), respectively. Values on the y-axis indicate the number of PERI- or PER2-
immunoreactive nuclei in the bilateral SCN. Values are presented as mean ± SEM. n = 6 
mice per genotype. */?<0.05, **/?<0.01 (Fisher's LSD). Images captured using a Zeiss 
Axiovert Observer Zl epifluorescent/light microscope and quantitated on grayscale with 
ImageJ software. This figure and figure legend are reproduced from the manuscript 
Alvarez-Saavedra et al, circa November 2009. Experimental design and tissue harvesting 
jointly performed by MAS & HYMC. Bright-field imaging and figure design performed 
by MAS. Quantitation software for analysis of immunohistochemical labeling conceived 
and written in ImageJ by Daniel Cornejo-Palma, University of Ottawa, Canada. 
Quantitative analysis and statistics in panel C performed by DCP under the supervision of 
MAS. 
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FIGURE 20 
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Figure 20. miR-132 overexpression in the SCN suppresses light-induced expression 
ofPERlandPER2. 
(A, B) Induction of PERI and PER2 expression in the SCN in response to photic 
stimulation is attenuated in tTA::miR-132 mice. Non-transgenic and tTA::miR-132 mice 
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received a brief light pulse (15 min, 40 lux) at CT 15 and SCN tissue was harvested 4 hrs 
later for determination of (A) PERI and (B) PER2 levels by immunohistochemistry. Dark 
control mice were not exposed to light but were killed at the same circadian time. Note 
the decreased labeling intensity of both proteins in light-pulsed miR-132 transgenic mice 
vs. light-pulsed non-transgenic mice (bottom rows). Basal DD levels are similar in both 
genotypes (top rows). Scale bars = 50um. (C) Quantitation of light-inducible PERI (left) 
and PER2 (right) expression from (A) and (B), respectively. Values on the y-axis indicate 
the number of PERI- or PER2-immunoreactive nuclei in the bilateral SCN. Values are 
presented as mean ± SEM. n = 6 mice per genotype. *p<0.05, **p<0.0\ (Fisher's LSD). 
Images captured using a Zeiss Axiovert Observer Zl epifluorescent/light microscope and 
quantitated on grayscale with ImageJ software. This figure and figure legend are 
reproduced from the manuscript Alvarez-Saavedra et al, circa November 2009. 
Experimental design and tissue harvesting jointly performed by MAS & HYMC. Bright-
field imaging and figure design performed by MAS. Quantitation software for analysis of 
immunohistochemical labeling conceived and written in ImageJ by Daniel Cornejo-
Palma, University of Ottawa, Canada. Quantitative analysis and statistics in panel C 
performed by DCP under the supervision of MAS. 

to dark controls (Figure 20A & Figure 20C). However, the number of PERl-ir nuclei 

after a light pulse in the transgenics was one-half of that observed in non-transgenic 
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controls (Figure 20A & Figure 20C). Light exposure did not significantly induce the 

abundance of PER2-ir cells in the SCN of tTA::miR-132 mice relative to dark controls 

(Figures 20B & Figure 20C). The number of PER2-ir nuclei in light-pulsed tTA::miR-

132 mice was markedly fewer than that observed in light-pulsed non-transgenic controls 

(Figures 20B & Figure 20C). These data indicate that miR-132 overexpression negatively 

modulates light-inducible expression of PERI and PER2 in the SCN. 

A deficit in a photic input pathway that couples light to the molecular clock, for 

example, the ERK/MAPK cascade leading to CREB-dependent transcription (33), could 

account for the attenuation of both light-induced behavioural phase shifts and light-

induced PERIOD protein expression in the SCN in tTA::miR-132 mice. However, I 

found no differences in phosphorylated CREB in the SCN of tTA::miR-132 mice vs. non-

transgenic controls following photic stimulation (Figure 21), thereby ruling out the 

possibility that the observed phenotypes in the miR-132 mice are the result of an 

impairment in an input pathway that functions upstream of miR-132. Importantly, the 

data indicate that miR-132 transgene expression in the SCN suppresses light-induced 

PERI and PER2 protein expression via mechanisms that are downstream of CREB 

activation. 

xi. MeCP2-dependent transcriptional modulation of the Period genes 

The next challenge was to identify miR-132 modulated trans-a.ctmg factors that may be 

involved in the transcriptional regulation of the Perl and Perl genes. Several studies 

have already demonstrated that p300 positively regulates CLOCK-mediated transcription 
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FIGURE 21 
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Figure 21. miR-132 overexpression does not alter CREB phosphorylation at serine 
133 in miR-132 transgenic mice. 
pCREB (pSerine 133) activation in the SCN of tTA::miR-132 transgenic mice and non-
transgenic controls as determined by Western blotting. Non-transgenic (lanes 1,2,5,6) and 
tTA::miR-132 transgenic mice (lanes 3,4,7,8) received a brief light pulse (15 min, 40 lux) 
at CT 15. Tissue was harvested 30 min after onset of light treatment and analyzed for 
expression of pCREB. Dark control mice were not exposed to light but were killed at the 
same circadian time. Membrane was stripped and re-blotted with B-actin as loading 
control, n = 8 mice per condition, grouped in pools of 2. Values presented below each 
blot represent the mean relative abundance of the protein examined, normalized to actin 
expression, for each genotype and treatment. Note pCREB activation in the light-pulsed 
mice of both genotypes, relative to dark controls. Images quantitated on grayscale with 
ImageJ software. This figure and figure legend are reproduced from the manuscript 
Alvarez-Saavedra et al, circa March 2010. Tissue harvest jointly performed by MAS & 
HYMC. Western blots, quantitations and figure design performed by MAS. 
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via histone H3 acetylation (80,175). Nevertheless, the role of MeCP2 in clock gene 

regulation has not been characterized. MeCP2 has been classically viewed as a 

transcriptional repressor due to its affinity for methylated DNA (158,176). Nevertheless, 

recent evidence suggests that MeCP2-binding sites are located not only in CpG islands 

but may also be found within intragenic regions (177). Moreover, it has been shown via 

genome-wide promoter analysis that subsets of gene promoters bound by MeCP2 are 

actively expressed (160). These data suggest that MeCP2, besides acting as a 

transcriptional repressor, may also be involved in gene activation. These data combined 

with the observation that MeCP2 is phosphorylated in the SCN after nocturnal light 

exposure (171 and this thesis), led me to investigate whether MeCP2 functions as an 

epigenetic modulator in light-induced clock resetting. I first began my analysis by 

identifying putative MeCP2 binding sites within the Perl and Per2 loci. Secondly, I 

performed expression studies in cell culture to identify whether MeCP2 is involved in the 

transcriptional activation and/or repression of the Period genes. Thirdly, I analyzed a 

Mecp2 hypomorph mouse strain to determine PERIOD expression levels in the SCN 

(181). 

As a starting point to screen for putative MeCP2 binding sites in the Perl and Per2 

loci, I used the CpG plot algorithm from the European Bioinformatics Institute 

(http://www.ebi.ac.uk/Tools/emboss/cpgplot/index.html) to identify putative CpG islands 

within 10 kb of the transcription start sites (Figure 22A & Figure 22B). I identified two 

CpG islands in the Perl 5'-upstream region at bp -3333 to -3130 and at bp -3931 to -

3536, herein referred to as Perl CpG Islands #1 and #2, respectively (Figure 22A). I also 

identified a putative CpG island on the Per2 locus at bp -481 to -57 (Figure 22B). NIH-
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Figure 22. MeCP2 binds to regulatory elements within the mPerl and mPer2 gene 
promoters. 
(A, B) Schematic representation of (A) mPerl and (B) mPer2 upstream regulatory 
elements. The mPerl gene is composed of three canonical E-boxes (red boxes), one 
canonical CRE site (yellow box) and 2 CpG islands of ~300bp each (blue boxes). The 
mPer2 gene is composed of six non-canonical E-boxes (hatched red boxes), two non-
canonical CRE sites (hatched yellow boxes) and 1 CpG island of ~400bp (blue 
box). Numbers below each box represent the genomic location relative to the 
transcription start site (TSS = +1; arrows). (C, D) ChIP analysis for binding of MeCP2 
(left; red bars) and H3K4Me3 (right; blue bars) within the (C) mPerl and (D) mPer2 
promoters. Immunoprecipitation using an anti-rabbit IgG served as the negative control 
(black bars). Regions analyzed for mPerl include: (C) CpG island #1 (position -3130), 
CRE site (position -1724), E-box#3 (position -1254) and E-box#l (position -145). For 
mPer2, regions analyzed include (D) CRE site#l (position -1568), CRE site#2 (position -
2658), CpG island (position -57) and E-box#l (position +11). ChIP assays were 
performed with chromatin harvested from NIH-3T3 cells 36 hrs following transient 
transfection with the MeCP2-el-myc construct. The MeCP2 ChIP results were further 
validated by immunoprecipitating tagged MeCP2 with anti-c-myc antibodies (data not 
shown). Values on the y-axis indicate the enrichment of the immunoprecipitated (IP) 
DNA encompassing the specified region relative to an input control, and are presented as 
mean ± SEM relative enrichment. Triplicate determinations from three independent 
experiments were made. **/?<0.01, ***/?<0.001, n.s. = non-significant vs. IgG (two-tailed 
Student's t-test). Note that the presence of H3K4Me3 in regulatory sites does not 
coincide with MeCP2 binding in Per2 regulatory elements. Also note that H3K4Me3 is 
also present throughout CpG islands. This figure and figure legend are reproduced from 
the manuscript Alvarez-Saavedra et al, circa November 2009. Experimental design 
jointly performed by MAS & HYMC. Bio informatics, qPCR, statistical analysis and 
figure design performed by MAS. Gene diagrams designed by MAS. 
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3T3 fibroblasts, cells that endogenously express mPerl and mPer2, were transiently 

transfected with the MeCP2-el-myc isoform (143; generous gift of Dr. B. Minassian), 

and chromatin was harvested for chromatin immunoprecipitation (ChIP) experiments. I 

decided to study the MeCP2-el isoform, since it has been shown to be the predominant 

transcript in the murine hypothalamus (178,179). Nevertheless, it should be noted that the 

MeCP2-e2 isoform is also highly expressed in the murine brain (180-182), but functional 

differences between the two isoforms have not yet been characterized. Transfection 

efficiencies for these experiments were in the range of 15-25%. Via qPCR, enrichment of 

MeCP2 at CpG island #1 (4.5% relative to input, /K0.01; Figure 22C) and CpG island #2 

(data not shown) of the Perl locus was identified. Interestingly, I did not identify MeCP2 

enrichment (<0.5% relative to input) on the CpG island of the Per2 locus (Figure 22D). 

Unexpectedly, I detected a significant enrichment of H3K4Me3 at CpG island #1 of Perl 

compared to the Per2 CpG island (116% vs. 9% relative to input; Figure 22C & Figure 

22D). This data suggest that the presence of MeCP2 in the Perl locus does not interfere 

with the enrichment of H3K4Me3 in its vicinity, suggesting that the Perl gene is actively 

transcribed even in the presence of MeCP2. 

In a second set of experiments, I screened for MeCP2 enrichment at CRE (cAMP 

response element) sites and E-boxes of the Perl and Per2 loci, known sites of light-

inducible and circadian transcriptional regulation, respectively (61,66,183-185). I found 

MeCP2 enrichment (3% relative to input, ;?<0.001) at the Perl CRE site (Figures 22A & 

22C). In addition, I identified MeCP2 enrichment at the previously characterized E-

box#3 and E-box#l of the Perl locus (2.1 and 1.3%, respectively, relative to input; 

Figure 22A & Figure 22C; 183). Similarly, MeCP2 enrichment was identified at both 
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Per2 CRE site #1 and Per2 CRE site #2 (1.5% relative to input, /X0.001; Figure 22B & 

Figure 22D). Most interestingly, I did not identify significant MeCP2 enrichment at the 

non-canonical E-box enhancer (E-box#l) found 11 nucleotides downstream of the mPer2 

transcription start site (Figure 22B & Figure 22D). A previous study indicated that this 

site accounts for most circadian transcriptional drive of the mPer2 locus by 

CLOCK/BMAL1 heterodimers (185). In addition, all Per2 E-boxes found upstream of E-

box#l also failed to show MeCP2 enrichment (MAS & HYMC, unpublished), suggesting 

that MeCP2 is more highly enriched throughout the Perl domain in comparison. 

In order to investigate whether MeCP2 activates or represses transcription of the 

Period genes and, if so, whether this regulation is mediated via a CREB-dependent 

mechanism, I transiently transfected N2A cells with constructs expressing MeCP2-el or 

dominant-negative CREB (K-CREB), or both (186). I immunoblotted for total PERI and 

PER2 proteins and found that MeCP2-el overexpression alone induced ~2-fold induction 

of both proteins, relative to empty vector control transfections (Figure 23). Importantly, 

MeCP2-dependent upregulation of PERI and PER2 was completely abolished by co-

transfection with K-CREB (Figure 23). Altogether, these results suggest that MeCP2 

binds to the Perl and Per2 5' regulatory regions, and that MeCP2 mediates transcription 

of the Perl and Per2 genes via a CREB-dependent mechanism. 

In order to dissect the in-vivo role of MeCP2 in circadian biology and to investigate 

whether MeCP2 plays a regulatory role in PERI and PER2 expression in the SCN, as 

suggested by the ChIP and in-vitro transfection assays, I analyzed a MeCP2 hypomorph 

mouse strain (herein referred to as M?cp2floxed/y mice) that has been previously developed 

and characterized (181,187,188). It has previously been shown that Mecp2floxed/y mice 
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FIGURE 23 
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Figure 23. Overexpression of the MeCP2-el isoform modulates the transcriptional 
activation of PERI and PER2 in a CREB-dependent manner. 
(A) N2A cells were transiently transfected with constructs encoding MeCP2-el-myc 
(lanes 3 and 4), dominant-negative K-CREB (lanes 5 and 6) or both (lanes 7 and 8), and 
PERI (top row) and PER2 (middle row) protein levels were examined 36 hrs later by 
Western blotting. Transfection with empty vector pcDNA3 (lanes 1 and 2) served as the 
negative control, p-actin expression served as the loading control. Values presented 
below each blot represent the mean relative abundance of the protein examined, 
normalized to P-actin expression, for each condition, n = 3 per condition. Images 
quantitated on grayscale with ImageJ software. Experimental design jointly performed 
by MAS & HYMC. Western blotting, data analysis, quantitations and figure design 
performed by MAS. 
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have an -50% reduction of MeCP2 protein levels in the brain compared to WT mice, 

similar to the decreased levels of MeCP2 seen in the miR-132 transgenic mice (Figure 

13; 187,188). As a first step in this characterization, I verified via qRT-PCR that Mecp2 

transcript levels are decreased in the SCN of Mecp2n°xed/y mice at CT8 vs. wild-type 

littermate control mice (Figure 24A). In addition, I characterized that Mecp2 oxed y mice 

have an -60% reduction of MeCP2 total protein levels in the SCN at CT12 vs. wild-type 

littermate controls (Figure 24B), as previously shown for other brain regions (187,188). 

In order to investigate whether MeCP2 plays a regulatory role in PERI and PER2 

expression, I harvested SCN tissue from Mecp2n°xed/y mice and wild-type littermate 

controls at CT12, the peak of expression of PERI and PER2 proteins (Figure 20), and 

analyzed them for PERI and PER2 total protein levels via immunohistochemistry. 

Interestingly, a marked reduction in PERI nuclear intensity was seen in the Mecp2noxed/y 

mice compared to wild-type littermate controls (Figures 25A-B). Conversely, only a 

modest reduction in PER2 proteins levels was seen in Mecp2n°xed/y mice at CT12 

compared to wild-type littermate controls (Figures 26A-B). These data suggest that 

MeCP2 is preferentially involved in the in-vivo transcriptional modulation of the Period] 

gene in the mouse SCN. Future studies will determine whether MeCP2 modulates the 

Period genes within the SCN in distinct manners, as suggested by the present data. 

xii. PAIP2A-depedent translational control of the Period genes 

The data thus far strongly implicate miR-132 as a negative modulator of light-induced 

clock resetting. This seems to be orchestrated by miR-132 targeting the translational 

repression (i.e. downregulation) of specific chromatin remodeling factors such as MeCP2 

and p300 (this thesis) that would otherwise participate in transcriptional activation of the 
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FIGURE 24 
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Figure 24. Mecp2Floxe y mice have decreased Mecp2 transcript and MeCP2 protein 
expression in the SCN. 
(A) Mec/?2Floxed/y mice and wild-type male littermates (Mecp2+/y ) were killed at CT8 and 
SCN was analyzed via qRT-PCR for Mecp2 transcript abundance. Gapdh served as 
internal control. Note decreased amplification curves of the Mecp2 transcript in 
Mecp2Floxed/y mice vs. Mecp2+/y mice. Raw data are presented as fluorescence intensity vs. 
number of PCR cycles. SCN tissues from 2 mice were pooled for each sample, from 
which quadruplicate determinations were made, n = 3 per genotype. INSET: RNA 
integrity of random analyzed samples. (B) Mecp2¥lmed/y mice and Mecp2+/y mice were 
killed at CT12 and SCN protein extracts were analyzed via western blotting with a 
monoclonal anti-MeCP2 antibody. (3-actin was used as loading control. Mecp2¥loxed/y 

mice have an -60% reduction of MeCP2 protein levels vs. wild-type littermates. SCN 
tissues from 2 mice were pooled for each sample, n = 3 per genotype. . Values presented 
below each blot represent the mean relative abundance of the protein examined, 
normalized to P-actin expression, for each condition, n = 3 per condition. Images 
quantitated on grayscale with ImageJ software. Tissue harvest performed by MAS at the 
laboratory of Dr. Juan I. Young, Centro de Estudios Cientificos (CECS), Chile. Western 
blotting, RNA extraction and cDNA synthesis performed by MAS while in Chile. cDNA 
was shipped to Ottawa. qPCR performed by MAS in Ottawa. Data analysis and figure 
compiled by MAS. 
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FIGURE 25 

Figure 25. Mecp2 y mice have attenuated expression of PERI protein in the 
SCN. 
(A) Mecp2noxeAly mice and Mecp2+/y wild-type male littermate controls were killed at 
CT12 and SCN sections were immunolabeled for PERI expression. Mecp2Floxed/y mice 
have a clear nuclear reduction of PERI protein levels vs. Mecp2+/y mice, n = 6 per 
genotype. Scale bar = 50p,m. (B) Quantitation of PERI SCN basal expression in 
Mecp2 oxed/y mice vs. non-transgenic littermate controls. Values on the y-axis represent 
arbitrary mean fluorescence intensity for the unilateral SCN. Values are presented as 
mean ± SEM. n = 6 mice per condition. *p<0.05 vs. non-transgenic controls (two-tailed 
Student's t-test). Images captured using a Zeiss Axiovert Observer Zl 
epifluorescent/light microscope and quantitated on grayscale with ImageJ software. 
Tissue harvest performed by MAS while in Chile. Tissue was shipped to Ottawa. 
Immunolabeling performed by MAS in Ottawa. Bright-field imaging, quantitations, data 
analysis and figure design performed by MAS. 
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FIGURE 26 
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Figure 26. Mecp2m°xed/y mice have unperturbed PER2 protein levels in the SCN. 
(A) Mecp2moxe y mice and Mecp2+/y wild-type littermate controls were killed at CT12 
and SCN sections were immunolabeled for PER2 expression. Mecp2F[med/y mice have no 
qualitative differences of PER2 protein levels vs. Mecp2+/y mice, n = 6 per genotype. 
Scale bar = 50um. (B) Quantitation of PER2 SCN basal expression in Mecp2Floxed/y mice 
vs. non-transgenic littermate controls. Values on the y-axis represent arbitrary mean 
fluorescence intensity for the unilateral SCN. Values are presented as mean ± SEM. n = 6 
mice per condition, n.s. = non-significant vs. non-transgenic controls (two-tailed 
Student's t-test). Images captured using a Zeiss Axiovert Observer Zl 
epifluorescent/light microscope and quantitated on grayscale with Image J software. 
Tissue harvest performed by MAS while in Chile. Tissue was shipped to Ottawa. 
Immunolabeling performed by MAS in Ottawa. Bright-field imaging, quantitations, data 
analysis and figure design performed by MAS. 
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Period genes. Nevertheless, the observed reduction in PERI and PER2 protein levels in 

the SCN of tTA::miR-132 mice may also be affected by the balance of other cellular 

processes that are perturbed in these mice, including regulation of protein translation. 

Therefore, I began to characterize the possible role of Paip2a in the translational control 

of the PERIOD proteins. It is then possible that the elevated expression of PAIP2A, a 

suppressor of eukaryotic translation, in the SCN of tTA::miR-132 mice may be 

contributing to the downregulation of PERI and PER2 proteins seen in these mice. 

I obtained Paip2a-mx\\ mice from the Sonenberg laboratory (189) and analyzed 

the expression of PERI and PER2 proteins levels in the SCN. First, I verified via western 

blotting the absence of PAIP2A protein in the brains of Paip2a knockout (Paip2a~'~) 

mice. Total brain lysates were obtained at CT10 and immunoblotted against PAIP2A, 

PAIP2B and PABP. PAIP2A protein expression was completely abolished in the Paip2d 

'' and Paip2dl~IPaip2b~l~ double knock-out mice, as expected (Figure 27). Importantly, 

PABP protein expression was not affected in any of the mouse models analyzed, 

suggesting that the PAIP2A ablation does not affect the expression of PABP, a key player 

in eukaryotic translational mechanisms (Figure 27). Secondly, in order to argue against 

the possibility that the absence of PAIP2A is globally affecting the SCN proteome, I did 

not detect any changes in the basal expression of MeCP2 or p300 at CT14 (Figures 28A-

E), two key transcriptional modulators of brain physiology and in-vivo miR-132 targets 

(this thesis). 

I then examined the effect of PAIP2A ablation on the basal expression of PERI 

and PER2 within the SCN during an 8-hr window of a circadian cycle, from the late 

subjective day (CT 10) to mid-subjective night (CT 18). This interval was chosen because 
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FIGURE 27 
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Figure 27. The absence of PAIP2A protein in the Paip2a ' mouse brain. 
Brain extracts (containing SCN tissue) from C57B1/6 (wild-type), Paipla'1' (PAIP2A 
KO), Paip2b~'~ (PAIP2B KO) and Paip2d''Paip2b'1' (double KO) mice were analyzed via 
western blotting for PAIP2A, PAIP2B and poly(A)-binding protein (PABP) protein 
expression, p-actin expression was used as a loading control, n = 3 per genotype (see Ref. 
196 for mouse generation). Note the absence of PAIP2A in the Paipla1' mouse brain. 
PaiplA'A and PaiplB''' mice generated by Dr. Akiko Yanagiya & Dr. Nahum Sonenberg 
at McGill University, Montreal, Canada. This figure and figure legend are reproduced 
from the manuscript Alvarez-Saavedra et al, circa November 2009. Dr. Yanagiya 
performed the western blot experiments and compiled the figure. 
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FIGURE 28 
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Figure 28. Paip2a'/m mice do not exhibit 
altered expression of the transcriptional 
modulators MeCP2 and p300 in the 
SCN. 
(A, A', B, B') p300 and (C, C , D, D') 
MeCP2 protein expression in the SCN of 
(B, B' , D, D') Paip2a/~ mice and (A, A', 
C, C ) wild-type controls at CT14 via 
immunohistochemistry. Expression of (A', 
B') p300 and ( C , D') MeCP2 in the 
ventrolateral SCN is given in higher 
magnification images. Scale bars = lOOum 

(A-D) and 20um (A'-D'). n = 3 mice per genotype. Note nuclear staining of both 
proteins, with clear heterochromatic foci staining for MeCP2. (E) Quantitation of p300 
and MeCP2 SCN basal expression in Paip2a~/~ mice vs. wild-type littermate controls. 
Values on the y-axis represent arbitrary mean fluorescence intensity for the unilateral 
SCN. Values are presented as mean ± SEM. n = 3 mice per condition, n.s. = non­
significant vs. wild-type controls (two-tailed Student's t-test). Images captured using a 
Zeiss Axiovert Observer Zl epifluorescent/light microscope and quantitated on grayscale 
with ImageJ software. This figure and figure legend are reproduced from the manuscript 
Alvarez-Saavedra et al, circa November 2009. Experimental design and tissue harvesting 
jointly performed by MAS & HYMC. Bright-field imaging, quantitations and figure 
design performed by MAS. 
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it analyzes the rising phase as well as the declining phase of PERI and PER2 protein 

rhythms. Hence, factors that either promote or inhibit translation of the cognate 

transcripts are likely to play a significant role during this time interval in determining the 

steady-state levels of the PERIOD proteins. Via immunohistochemistry, I determined that 

the levels of PERI expression in the SCN of wild-type littermates were moderate at CT 

10, reached a peak at CT 12-14 (as expected) and gradually declined thereafter (Figure 

29A). Notably, PERI levels in the SCN were markedly elevated in Paip2d'~ mice at the 

later time points (after CT12), when steady-state PERI levels are falling in wild-type 

controls (Figure 29A & Figure 29C). In contrast, no substantial difference in basal PER2 

expression in the SCN of wild-type and Paip2d' mice at all time points examined was 

identified, with the sole exception of CT14 (Figure 29B & Figure 29C). Very similarly to 

MeCP2-dependent transcriptional modulation, there seems to be a distinct mode of 

translational regulation, in this case via Paip2a, of PERI vs. PER2. Future studies will 

attempt to pinpoint to the exact mechanisms of this differential regulation via PAIP2A. 

In order to determine whether PAIP2A-ablation results in a behavioural 

phenotype, I analyzed the in-vivo role of PAIP2A in light-induced behavioural phase 

shifts. Both Paip2a'~ and wild-type littermate control mice were able to entrain stably to 

a full photoperiod of 12-hr light: 12-hr dark (LD 12:12) and both strains remained. The 

mean circadian period length was statistically indistinguishable between the two 

genotypes. These data indicate that Paip2a ablation does not compromise the generation 

and maintenance of circadian rhythms, period length determination and stable 

entrainment to a full photoperiod. After 2 weeks in DD, mice received a 15-min light 

pulse of medium intensity (30 lux) in the early night (CT15). In wild-type mice, this light 
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FIGURE 29 
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Figure 29. Paip2a" mice have elevated basal PERI expression levels during the 
circadian night. 
(A,B) Expression of PERI and PER2 in the SCN of wild-type and Paip2d'~ mice from 
the late subjective day to the mid-subjective night. SCN tissue was harvested from wild-
type (top row) and Paip2a'~ mice (bottom row) at CT 10, 12, 14, 16 and 18, and analyzed 
for (A) PERI and (B) PER2 expression via immunohistochemistry. Note the decreased 
amplitude of PERI rhythms in Paip2a'~ mice (A & C). Scale bar = 100 |xm. (C) 
Quantitation of rhythmic PERI (top) and PER2 (bottom) expression from (A) and (B), 
respectively. Values on the y-axis indicate the number of PERI- or PER2-
immunoreactive nuclei in the bilateral SCN. Values are presented as mean ± SEM. n = 6 
mice per genotype. *p<0.05, **/?<0.01 (Fisher's LSD). Images captured using a Zeiss 
Axiovert Observer Zl epifluorescent/light microscope and quantitated on grayscale with 
ImageJ software. This figure and figure legend are reproduced from the manuscript 
Alvarez-Saavedra et al, circa November 2009. Experimental design and tissue harvesting 
jointly performed by MAS & HYMC. Bright-field imaging and figure design performed 
by MAS. Quantitation software for analysis of immunohistochemical labeling conceived 
and written by Daniel Cornejo-Palma in ImageJ, University of Ottawa, Canada. 
Quantitative analysis and statistics in panel C performed by DCP under the supervision of 
MAS. 
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treatment resulted in a mean phase delay of -115 ± 10.0 minutes (Figure 30). 

Interestingly, light (40 lux)-induced phase delays were greatly reduced in Paip2d'~ mice 

(-71.3 ± 12.1 minutes, p<0.05; appendix I). These data indicate that PAIP2A ablation in 

the SCN of adult mice attenuates light-induced resetting of behavioural rhythms and 

suggest that PAIP2A plays an important role in the light-induced clock resetting 

response. 

I further analyzed whether PAIP2A plays a role in regulating light-induced PERI and 

PER2 expression in the SCN. This was assessed by administering a brief light pulse (15 

min, 40 lux) at CT 15 to Paip2d'~ and wild-type mice, and SCN tissue harvested 4 hours 

later to determine PERI and PER2 expression via immunohistochemistry. Light 

stimulation robustly increased the number of PERI-ir cells in the SCN of both wild-type 

and Paip2d'~ mice relative to their respective dark controls (Figure 31A & Figure 31C); 

nevertheless, the number of PERI-IR nuclei in the SCN was significantly greater in light-

pulsed Paip2d'~ mice compared to light-pulsed wild-type controls (Figure 31A & Figure 

31C). Similarly, photic induction of PER2 expression in SCN cells was markedly 

potentiated in the absence of PAIP2A (Figure 3IB & Figure 31C). These data indicate 

that PAIP2A plays a critical role in dampening light-induced expression of PERI and 

PER2. 
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FIGURE 30 
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Figure 30. Light-induced clock resetting is attenuated in Paip2a ' mice. 
Wild-type (WT; black ) and Paip2d'~ mice (red) were stably entrained to a fixed 12h:12h 
light-dark (LD) cycle prior to release into constant darkness (DD). After 2 weeks in DD, 
mice received a single, 15-min light pulse of 30 lux intensity at CT 15, and returned to 
DD. After 15 days in DD, light-induced phase shifts were quantitated. Values are 
presented as mean ± SEM phase shift (in min). Negative values indicate phase delays, n = 
6-8 per group. *p< 0.05 vs. wild-type light-induced phase shifts (two-tailed Student's t-
test). Please note the attenuation of light-induced phase shifts in Paip2a'~ mice. 
Representative actograms were not available at the time of submission of this thesis. 
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FIGURE 31 
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Figure 31. Paip2a'~ mice exhibit altered PERI and PER2 light-inducible protein 
levels in the SCN. 
(A,B) Induction of PERI and PER2 expression in the SCN in response to photic 
stimulation is potentiated in the absence of PAIP2A. Wild-type and Paip2d' mice 
received a brief light pulse (15 min, 40 lux) at CT 15 and SCN tissue was harvested 4 hrs 
later for determination of (A) PERI and (B) PER2 levels via immunohistochemistry. 
Dark control mice were not exposed to light but were killed at the same circadian time. 
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Note the increased labeling intensity of both proteins in light-pulsed Paip2d' mice vs. 
light-pulsed wild-type mice (bottom rows). Basal DD levels (CT19) are only increased 
for PERI in the Paipld1' mice vs. wild-type mice (bottom rows). Scale bar = 50 um. (C) 
Quantitation of PERI (left) and PER2 (right) protein abundance from (A) and (B), 
respectively. Values on the y-axis represent the mean intensity of the unilateral SCN, 
given in arbitrary units. Values are presented as mean ± SEM. n = 4 - 6 mice per group. 
*p<0.05, **p<0.01 (Fisher's LSD). Images captured using a Zeiss Axiovert Observer Zl 
epifluorescent/light microscope and quantitated on grayscale with ImageJ software. This 
figure and figure legend are reproduced from the manuscript Alvarez-Saavedra et al, 
circa November 2009. Experimental design and tissue harvesting jointly performed by 
MAS & HYMC. Bright-field imaging and figure design performed by MAS. Quantitation 
software for analysis of immunohistochemical labeling conceived and written by Daniel 
Cornejo-Palma in ImageJ, University of Ottawa, Canada. Quantitative analysis and 
statistics in panel C performed by DCP under the supervision of MAS. 

129 



DISCUSSION 

/. microRNA-132 target identification 

Hundreds of miRNAs have been cloned from the brain and other mammalian tissues. 

Nevertheless, their tissue-specific functions remain largely unknown. Only a few reports 

have provided mechanistic evidence for miRNA-specific regulation of 

neurophysiological processes (191-194). For example, it was recently shown that miR-9 

and miR-124 are key mediators in the switching of chromatin remodeling complexes 

regulating neuronal progenitor cell differentiation in mouse development (194). In 

addition, it has also been shown that miR-124 is involved in regulating neuronal 

differentiation via regulation of splicing factors (191). In order to characterize miR-132 

targets in the mouse SCN and identify their role in circadian physiology, I used 3'UTR 

reporter assays to demonstrate that miR-132 represses the expression of three factors 

implicated in chromatin remodeling (Mecp2, p300, Jaridla) and two others involved in 

translation control (Btg2, Paip2a) through specific target sites, known as MREs, within 

the 3'UTRs of the cognate transcripts (Figure 10). In addition, via in-vitro and in-vivo 

knockdown experiments, as well as in-vivo gain-of-function, the miR-132 specific 

regulation of these five these targets was validated (Figures 11-14). 

ii. microRNA-132 as an orchestrator of chromatin remodeling and translational 

control in light-induced clock resetting 

The bioinformatics analysis presented in this thesis provides the novel discovery that 

miR-132 predicted targets are highly enriched for chromatin remodeling and translational 

control gene clusters. I further provide evidence to support this hypothesis via the in vivo 

characterization of miR-132 dependent regulation of five selected genes involved in these 
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two functional processes. In addition, there are two key mechanistic lines of evidence that 

further support the role of miR-132 as an orchestrator of chromatin remodeling and 

translational control: 1) MeCP2-dependent transcriptional modulation of the Period 

genes; and 2) PAIP2A-dependent translational control of the Period genes. 

I provide evidence for the establishment of a mechanistic link between MeCP2 

and PERI and PER2 expression. Via ChIP experiments, I demonstrate that MeCP2 is 

enriched at all 5' regulatory elements within 10 kb of the mPerl transcription start site 

(TSS) that were examined: this encompasses a CpG island, a CRE site and previously 

characterized E-boxes proximal to the TSS. This is in stark contrast to the distribution of 

MeCP2 within the mPerl promoter: MeCP2 enrichment was restricted to the two CRE 

sites examined, and was not detected within a region proximal to the TSS that 

encompasses a CpG island and a functional E-box enhancer (Figure 22). These data raise 

the possibility that MeCP2 differentially regulates mPerl vs. mPerl transcription via 

uncharacterized mechanisms. This hypothesis is further supported via the miR-132 

transgenic data, since only PERI exhibits a dampening of rhythmic expression, even 

though light-inducible expression is attenuated for both proteins. In addition, a MeCP2 

hypomorph mouse model (Mecp2aoxed/y mice) reveals that PERI protein levels are 

markedly reduced vs. PER2 protein levels (Figures 25-26). Previous work has hinted at 

the possibility that mPerl and mPer2 expression are regulated by overlapping but distinct 

mechanisms (13, 146). It is not inconceivable that the dampening of PERI rhythms in the 

tTA::miR-132 transgenics may be due, in part, to a reduction in a potential facilitatory 

effect of MeCP2 on E-box-mediated transcription of the mPerl gene, but not of the 

mPer2 gene. It would also be interesting to explore the possibility of a functional 
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interaction between MeCP2 and p300, which has been shown to augment 

CLOCK/BMAL1-mediated transcription (80), at the mPerl E-boxes. It is noteworthy 

mentioning that even though H3K4Me3 expression was enhanced in the SCN of our 

transgenics (arguably due to suppressed JARID1A expression), neither a global increase 

in gene expression nor a gene-specific increase in Perl or Per2 expression was observed. 

This is consistent with the notion that the H3K4Me3 mark places chromatin in a 

transcriptionally permissive state, but other factors are required in order to fully activate a 

particular gene. 

It is important to note that while MeCP2 was originally characterized as a 

transcriptional repressor, a recent report profiling hypothalamic gene expression in 

Mecp2-mx\\ as well as Mecp2-overexpressing mice revealed that MeCP2 activates, rather 

than represses, the majority (-85%) of the genes that displayed altered expression (160). 

In addition, this report showed, in the case of MeCP2-activated genes, that MeCP2 

physically interacts with CREB at promoter sites to activate gene transcription (80). This 

functional interplay between MeCP2 and CREB is of potential relevance in the case of 

light-triggered transcriptional activation within the SCN, which requires the actions of 

CREB. I provide mechanistic evidence supporting this notion since MeCP2 activation of 

PERI is dependent upon CREB (Figure 23). In addition, it is tempting to further propose 

that light-induced phosphorylation of MeCP2 facilitates the functional dynamic between 

MeCP2 and CREB, thereby enhancing CREB-dependent transcription in the SCN. 

Collectively, the discovery of MeCP2 in the modulation of circadian rhythmicity 

is highly suggestive of a light-induced clock entrainment model that primarily occurs via 

rapid and dynamic changes at the level of histone epigenetics and DNA methylation 
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coupled to CREB-induced transcriptional activation of miR-132. This is shown in this 

thesis via MeCP2 binding in the Perl and Per2 gene promoters, coupled to dynamic 

changes in H3K4 trimethylation and MeCP2 pS421 phosphorylation (171 and Figure 18). 

A recent report (195) has shown dynamic changes in DNA methylation at the Zif268 gene 

promoter that serve both repressive and activating transcriptional roles during long-term 

memory formation. This coincides with the present data suggesting that MeCP2 may play 

an activating role in the transcriptional regulation of Perl during clock entrainment. It 

remains to be determined whether light may trigger Perl- and Per2-specific methylation 

events within their regulatory elements. In summary, I propose that MeCP2 functions as a 

transcriptional modulator that interacts with various molecular components of the SCN 

clock that affect the epigenetic status of SCN-cell networks. Furthermore, the 

characterization of Jaridla, an H3K4-specific demethylase, as a miR-132 target hints at a 

role of its demethylase activity in light entrainment of the mammalian clock and/or other 

neurobiological processes. 

This thesis also provides evidence to support the notion that miR-132 orchestrates 

translational control of the clock resetting response via PAIP2A regulation of Perl and 

Per2 translation. Extensive biochemical analyses have established PAIP2A as a potent 

translational inhibitor via displacement of PABP from the poly(A) tail, thereby 

abrogating PABP-dependent enhancement of eIF4G-mediated translation. However, the 

physiological processes that are affected by altered PAIP2A expression have not as yet 

been reported in the literature. I show that PAIP2A is an essential negative modulator of 

light-induced PERI and PER2 expression, since genetic deletion of Paip2a potentiates 

the expression of both proteins in response to photic stimulation. Furthermore, in the 
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absence of PAIP2A, rhythmic expression of PERI during the first half of the circadian 

night is elevated. The effect of Paip2a abrogation on basal PER2 expression is more 

subtle by comparison (Figure 29). Notably, these results correlate with those obtained in 

miR-132 transgenic mice, since PERI rhythms are dampened without a discernible effect 

on PER2 rhythms (Figure 19). Clearly, the data suggest differential regulation of Perl vs. 

Per2 translational control via PAIP2A. 

Hi. Light-induction of molecular waves that regulate the clock-resetting response: 

The light-induced molecular waves hypothesis 

Not only does light induce the expression of endogenous miR-132 within the SCN (130), 

but the expression or activity of the targets studied herein is also light-responsive. I show 

that a brief nocturnal photic stimulation activates phosphorylation of MeCP2, 

trimethylation at lysine 4 of H3, as well as PAIP2A and BTG2 total protein levels 

(Figures 18). The collective data leads me to propose a biological model where light 

triggers waves of molecular events that initially facilitate the resetting response, but also 

sets in motion events (e.g. induction of miR-132) that, later on, act in a feedback 

inhibitory fashion to dampen the response and restore the SCN to homeostasis (see 

Figure 32 for proposed model). 

Briefly, in mammals, light-induced clock resetting is governed via circadian photic 

entrainment from sunlight. Light travels through the retinohypothalamic tract onto SCN 

neurons that trigger intracellular signaling pathways that lead to the following post-

translational modifications, amongst others: 

A. Phosphorylation of CREB at SI33 (37). 

B. pERKl/2 phosphorylation (33). 
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FIGURE 32 
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Figure 31. miR-132-dependent post-transcriptional regulation of clock entrainment 
physiology via modulation of chromatin remodeling and translational control gene 
targets: 

The Light-Induced Molecular Waves Hypothesis. 

(Wave I) Nocturnal light exposure triggers rapid, post-translational events in SCN 
neurons that promote remodeling of chromatin to a transcriptionally permissive state. 
For instance, a brief light pulse elicits the phosphorylation (P) of MeCP2 at Ser421 (171 
and Figure 18), trimethylation (M) of histone H3 at lysine 4 (Figure 18) and acetylation 
(A) of histone H2A.Z at lysine residues K4, K7 and Kl 1 (purple circle; MAS & HYMC, 
unpublished). (Wave Ha) As a result, transcription factors (TFs) and their co-modulators 
(e.g. MeCP2 and EP300) gain access to gene promoters and transactivate a number of 
light-responsive genes, including Perl, Per2, Btg2, Paip2a as well as miR-132 (130). 
Interestingly, my data suggests that MeCP2 phosphorylation positively regulates the 
expression of mPerl and mPerl (Figure 23). (Wave lib) Subsequent mRNA translation 
leads to increased protein abundance of PERI, PER2, BTG2 and PAIP2A. Polyadenylate 
binding protein (PABP) physically associates with the polyA tails of the transcripts and 
facilitates translation (165). (Wave lib') Meanwhile, the primary miR-132 transcript 
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generate the pre-miR-132 stem loop and the miRNA duplex, export of pre-miR-132 to 
the cytoplasm, and incorporation of the mature strand (denoted by the red asterisk) into 
the RNA induced silencing complex (RISC). (Wave III) As the levels of BTG2 and 
PAIP2A proteins increase, further translation of Perl and Per2 transcripts is inhibited. 
PAIP2A competes with the polyA tail for binding to PABP, thus inhibiting PABP-
dependent facilitation of translation (165); moreover, PAIP2A may also promote 
transcript degradation (198). BTG2 can physically associate with the CAF1/CCR4 
deadenylase complex and enhances CAFl/CCR4-mediated deadenylation and mRNA 
decay (162). (Wave IV) With rising levels of mature miR-132, miRNA-mediated 
translational repression of miR-132 targets (Ep300, Mecp2, Jaridla, Btg2, Paip2a) 
ensues, restoring homeostasis to those processes that were triggered by light. This figure 
and figure legend were adapted from the manuscript Alvarez-Saavedra et al, circa March 
2010. This model was jointly conceived by MAS & HYMC, from data generated by 
MAS from August 2008 to March 2010 at the University of Ottawa. The powerpoint 
model was designed by HYMC. The "light-induced molecular waves concept" was 
created by MAS. 

C. Phosphorylation of MeCP2 at S421 (171 and Figure 18). 
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D. Trimethylation of H3K4 (Figure 18). 

E. Triacetylation of H2.AZ at K4-K7-K11 (data not available at the time of 

publication of this thesis). 

In combination, these post-translational modifications trigger the relaxation of nuclear 

chromatin into a permissive state that leads to transcriptional activation of target genes 

via specific transcription factors that bind to DNA regulatory sequence motifs (e.g. CRE, 

E-box, CpG islands, etc.) of the genes coding for miR-132, Mecp2, Jaridla, Ep300, Btg2, 

Paip2a, and the clock genes Perl and Per2. Some of these genes are themselves 

transcriptionally regulated via MeCP2 and/or CREB, as in the case of miR-132 (130) and 

Perl and Per2 (Figure 22 & Figure 23), suggesting a feedback model of regulation. 

Subsequently, the Mecp2, Jaridla, Ep300, Btg2, Paip2a, Perl and Per2 transcripts are 

further processed for translation at the same time as pri-miR-132 processing begins. Once 

physiological levels of PERI and PER2 proteins accumulate in the cytoplasm, PAIP2A-

and BTG2-dependent control of Perl and Per2 translation begins. PAIP2A competes 

with the poly(A)-tail for binding to PABP, thus inhibiting PABP-dependent facilitation of 

translation (165). On the other hand, BTG2 can physically associate with the 

CAF1/CCR4 deadenylase complex and enhances CAFl/CCR4-mediated deadenylation 

and mRNA decay (162). Meanwhile the light-induced proteins perform their clock-

resetting functions, pre-miR-132 undergoes a series of processing steps, including 

sequential proteolytic cleavages to generate the pre-miR-132 stem loop and the miRNA 

duplex, export of pre-miR-132 to the cytoplasm, and incorporation of the mature strand 

(denoted by the star) into the RNA induced silencing complex (RISC). As mature miR-

132 levels arise, miR-132 dependent translational regulation of Ep300, Jaridla, Mecp2, 
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Btg2 and Paip2a occurs, restoring homeostasis to this network/cascade of events that 

were first induced by photic stimulation (see Figure 31 for schematic model). 

iv. Outlook 

From a broader perspective, this work raises the tantalizing possibility that miRNAs in 

general regulate specific physiological processes, not necessarily through their repressive 

action on a single target, but through coordinated regulation of multiple targets that play a 

role in a common biological response. I propose that miRNAs have evolved to 

orchestrate and tightly regulate tissue-specific physiological processes via their actions on 

related genes. Future studies will undoubtedly identify novel gene clusters that are under 

the regulation of other miRNAs and whether these processes may be regulated via a 

single miRNA or as functional miRNA clusters. 

In addition, I foresee that future research will focus on the characterization of the 

specific roles that miRNAs may have in specific tissues and cell-types, besides the 

discovery of novel, previously unsequenced miRNAs. Future effort will also focus on the 

identification of cw-acting elements that regulate miRNA transcription. It is possible that 

there is a new layer of transcriptional regulation via unknown transcriptional modules 

that specifically regulate miRNA genes. In order to begin to address these questions in 

mammalian systems, it is crucial to create a library of inducible miRNA knock-in mouse 

strains that allow for cell- and/or tissue-specific deletion and inducible expression (i.e. 

inducible rescue) of a miRNA. Future efforts should be emphasized on the creation and 

establishment of such a library in order to decipher the role(s) of miRNAs in mammalian 

physiology. 
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