The Cardiac Circadian Proteome and Transcriptome: a Novel Paradigm
Characterizing Cardiovascular Health and Disease

by
Petr Sergey Podobed

A Thesis
presented to
The University of Guelph

In partial fulfillment of requirements
for the degree of
Doctorate of Philosophy
in
Biomedical Sciences

Guelph, Ontario, Canada
© Petr Sergey Podobed, August, 2014

ABSTRACT
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PARADIGM CHARACTERIZING CARDIOVASCULAR HEALTH AND DISEASE
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University of Guelph, 2014

Advisor:
Dr. Tami A. Martino

Circadian rhythms in cardiovascular physiological and molecular processes are essential
for cardiac health in the diurnal (day/night) environment. The circadian clock mechanism found
in most peripheral tissues, including the heart, controls circadian rhythms by regulating ~24h
cycles in gene expression. Previous studies have shown that 9-13% of cardiac genes exhibit
circadian rhythms in mRNA levels. However, these studies are insufficient, because proteins,
and not mRNA, carry out most biological processes in the cell. This thesis investigated diurnal
cardiac proteome in health and disease and the mechanisms underlying protein abundance
rhythms. The first study introduced a cardiovascular circadian proteomics field of investigation
and described the application of two-dimensional difference gel electrophoresis (2D-DIGE) and
mass spectrometry for detecting temporal changes in protein abundance in healthy and diseased
mouse hearts. The second study quantified the healthy murine cardiac proteome across a 12:12
light/dark (LD) cycle by 2D-DIGE and revealed that 90 out of 1147 (~8%) spots exhibited
significant rhythmic changes in abundance. Half of the identified diurnal proteins had
statistically significant changes in expression of their corresponding mRNA. Alterations in
cardiac proteome were detected in cardiomyocyte specific clock mutant (CCM) mice, consistent
with the regulation by the clock mechanism. Diurnal disruption (10:10 LD) altered rhythmic
protein expression, and cardiac contractility on the Langendorff apparatus. Diurnal proteome

could also be important in heart disease, as 70 out of 998 (7%) of detected cardiac proteins and
peripheral blood cytokines exhibited diurnal changes in abundance in a murine model of cardiac
hypertrophy induced by transverse aortic constriction (TAC). Diurnal rhythms in myofilament
ATP consumption were reduced in TAC hearts compared to controls. The third study developed
a bioinformatics framework to investigate clock-controlled transcription in the heart. Putative
clock-controlled genes exhibited a characteristic circadian expression pattern and had conserved
E-box cis enhancer elements in their promoters. The bioinformatics approach was experimentally
validated by demonstrating that the circadian clock regulated rhythmic expression of the titin cap
gene. Collectively, this thesis supports a novel paradigm in cardiovascular biology: temporal
gene and protein expression is an important factor affecting cardiovascular health and disease.
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CHAPTER 1

INTRODUCTION
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A. Circadian Rhythms
A. 1. Circadian rhythms – basic concepts
The term “circadian” was first introduced in the 1950s and originated from Latin circa
(around) and diem (day), meaning approximately one day (reviewed by Halberg et al., 2003).
According to the Cold Spring Harbor Symposium on Biological Clock, a process is circadian if it
is rhythmic with an approximately 24 hour (h) period, self-sustained, endogenously generated,
temperature independent and entrainable by external time-giving cues (Pittendrigh, 1960). These
time-giving cues are called zeitgebers (from German “time giver”), such as zeitgeber time (ZT) 0
refers to the time of stimulus onset (e.g. lights ON) (Aschoff, 1954). In the absence of zeitgebers,
circadian rhythms are maintained by the endogenous clock, which has a ~23.5 h period in mice
(Daan, 1976b) and ~24.2 h period in humans (Czeisler et al., 1999). The discovery of the
circadian clock and the underlying molecular mechanism is described below.

A. 2.The SCN is the master clock
A key discovery in mammalian circadian biology was the identification of the brain
region responsible for generating circadian rhythms and synchronizing them with the light/dark
(LD) cycle (reviewed in Reppert and Weaver, 2002). In mammals, the specific area responsible
for circadian rhythms is the suprachiasmatic nucleus (SCN) of the hypothalamus, because, when
this region is abolished in rats, circadian rhythms of locomotor activity (Stephan and Zucker,
1972) and corticosterone secretion (Moore and Eichler, 1972) are lost. Moreover, transplantation
of the SCN from neonatal into SCN-lesioned adult rats restores circadian rhythms in running
wheel activity (Sawaki et al., 1984). However, the restoration of circadian rhythms could be due
to re-innervation, rather than the SCN itself. The SCN‟s pace making ability was subsequently
2

confirmed using golden hamsters carrying a single mutation in an autosomal locus called tau,
which caused heterozygotes to exhibit a ~22 h period and homozygotes to exhibit a ~ 20 h period
(Ralph and Menaker, 1988). SCNs transplanted from tau mutants into wild type (WT) SCNlesioned hamsters restored circadian rhythms with the period of the donor phenotype (Ralph et
al., 1990). Once the mammalian master clock was discovered, one of the next lines of
investigation was the characterization of the basic functional unit of the SCN responsible for
generating circadian rhythms.

A. 3. The SCN neurons are the functional units of the circadian clock
Using electrophysiology, investigators defined the neurons as the functional units of the
SCN. It was first demonstrated in vivo that the SCN was an autonomous circadian pacemaker, as
isolated hypothalamic islands containing SCN tissue exhibited circadian rhythmicity in neuronal
activity based on extracellular electrode recordings (Inouye and Kawamura, 1979). Moreover,
SCN explants exhibited circadian rhythms in neuronal firing rate in vitro, according to
electrophysiologic recording of the mean discharge rate (Groos and Hendriks, 1982).
Furthermore, individual SCN neurons cultured on a microelectrode array generated autonomous
circadian rhythms in firing rate (Welsh et al., 1995). Subsequent studies established that
circadian rhythms were driven by a molecular mechanism, referred to as a circadian clock.

A. 4. The Drosophila Melanogaster circadian gene – Per
Molecular analysis of circadian rhythms started with the discovery of 3 different
mutations within a single Drosophila melanogaster gene, called period (dPer), that altered
circadian periods in eclosion and locomotor activity (Konopka and Benzer, 1971). Subsequently,
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the circadian rhythm in per mRNA expression in D. melanogaster heads was mechanistically
explained by the negative feedback from the PER protein, based on the observation that WT Per
gene product rescued rhythmic per mRNA expression in arrhythmic Per01 D. melanogaster
mutants (Hardin et al., 1990). The negative feedback model of the rhythmic Per gene expression
was confirmed by the demonstration that constitutively overexpressed PER protein in D.
melanogaster repressed endogenous per mRNA cycling (Zeng et al., 1994). Subsequent studies
in mammals discovered several transcription factors that formed interlinked positive and
negative loops of the circadian clock mechanism (Figure 1). The mammalian clock mechanism is
discussed in the next sections.

A. 5. The mammalian circadian genes – Per1-3
The three mammalian homologues of Drosophila per gene (Per1-3) were named
according to the order in which they were discovered. The first mammalian homologue, Per1
(also known as RIGUI) encoded a basic helix-loop-helix Period-Arnt-Single (PAS) minded
protein, which exhibited a 44% homology with dPER according to Basic Local Alignment
Search Tool (BLAST) and FASTA searches (Sun et al., 1997). Tei and colleagues independently
discovered the mammalian Per1 gene by intra-module scanning-polymerase chain reaction of
human DNA with primers specific to the PAS domain of dPer gene (Tei et al., 1997). Both
groups demonstrated rhythmic mRNA expression of the murine Per1 (mPer1) gene in the SCN
(Sun et al., 1997, Tei et al., 1997). The second mammalian Per gene (Per2) was identified based
on its cDNA homology with the human Per1, according to BLAST and FASTA searches of the
Genbank database, and 53% homology between the translated PER2 protein and dPER (Albrecht
et al., 1997). Furthermore, mouse Per2 (mPer2) was rhythmically expressed in mouse SCN by in

4

Figure 1. Schematic representation of the mammalian circadian clock mechanism. Expression of
Clock and Bmal1 transcription factors initiates the positive loop of the clock mechanism.
CLOCK and BMAL1 form heterodimers and translocate to the nucleus, where they bind E/E‟box cis-enhancer elements in promoters of the core clock (e.g. Rev-erb, Per1-3 and Cry1-2)
and clock-controlled (CCG) genes. PERs are phosphorylated by CKI/, form a heterodimer
with CRYs and translocate to the nucleus, where they inhibit CLOCK-BMAL1-mediated
transcription. Phosphorylation of PERs by CKI/ also targets them for proteasome-dependent
degradation. At the same time, REV-ERBs inhibit and ROREs activate Clock and Bmal1
expression, thus forming an auxiliary loop of the clock mechanism. The cycle repeats after disinhibition of the positive loop.
Note: Taken from Ko and Takahashi, Molecular components of the mammalian circadian clock.
Human Mo1ecular Genetics, 2006, Oct 15;15 Spec No 2:R271-7, by permission of Oxford
University Press. See Appendix 1 for permission details.

situ hybridization (Albrecht et al., 1997). Finally, the third mammalian Per homologue (Per3)
was discovered using computational alignment algorithms, based on the similarity between
mPer1 and mPer2 (Takumi et al., 1998). Out of the three mammalian Per homologues, Per2
5

plays the dominant role, because mutant mice lacking PAS domain in Per2 gene exhibit loss of
circadian rhythms in locomotor activity under constant darkness and loss of rhythmic Per1
expression in the SCN according to in situ hybridization (Zheng et al., 1999). Collectively, all 3
mammalian Per genes are rhythmically expressed in the SCN and are part of the clock
mechanism, but Per2 is essential for generating endogenous circadian rhythms.

A. 6. The mammalian circadian genes – Clock and Bmal1
Circadian Locomotor Output Cycles Kaput (Clock) was the first core clock gene cloned
in mammals. Clock-mutant mice (C57BL/6J background) exhibited normal running wheel
activity under 14:10 LD cycle, but arrhythmic locomotor activity under constant darkness (DD)
conditions. This was due to a single gene mutation induced by forward mutagenesis with Nethyl-N-nitrosourea (Vitaterna et al., 1994). Clock gene cDNA was 7,479 bp long, contained 24
exons and 2,565 bp open reading frame (ORF) that encoded a basic helix loop helix (bHLH)PAS domain transcription factor protein according to positional cloning and sequencing analyses
(King et al., 1997). Also, Clock-mutant mice had a single nucleotide A→T transversion, that
caused deletion of exon 19 in clock mRNA and 51 amino acids in the glutamine-rich region of
the CLOCK protein (hence the mutation is often referred to as Clock19) (King et al., 1997).
CLOCK interacts with the bHLH-PAS transcription factor aryl hydrocarbon receptor nuclear
translocator-like (BMAL1), according to yeast two-hybrid screen, and CLOCK-BMAL1
heterodimers drive transcription from the mPer1 promoter via binding to the E-box cis-enhancer
elements (CACGTG), based on a promoter luciferase reporter assays (Gekakis et al., 1998).
Moreover, BMAL1 is a non-redundant component of the circadian clock mechanism, because
Bmal1-/- mice display an immediate loss of circadian locomotor activity and rhythmic expression
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of the mPer1 and mPer2 in the SCN in constant darkness (DD) (Bunger et al., 2000).
Collectively, these studies established Clock and Bmal1 as components of the positive loop of
the clock mechanism that regulated rhythmic gene expression via binding to E-box cis enhancer
elements.

A. 7. The mammalian circadian gene – Npas2
The neuronal PAS domain protein 2 (Npas2) (also known as MOP4) is another
component of the positive loop of the circadian clock mechanism. Npas2 was originally
discovered through GenBank searches for expressed sequence tags (EST) coding for the bHLHPAS family transcription factors (Zhou et al., 1997). Similar to CLOCK, NPAS2 interacts with
BMAL1, and the BMAL1-NPAS2 heterodimers bind and drive transcription from CACGTGcontaining DNA element, as determined by luciferase reporter assay in African green monkey
kidney fibroblast-like cell line (COS-1) in vitro (Hogenesch et al., 1998). Furthermore, NPAS2BMAL1 heterodimers induce per1, per2 and cry1 mRNA synthesis in the neuroblastoma cell
line SHEP (a substrate adherent (S) type clone of SKNSH) in vitro, which indicates a similar role
with the CLOCK (Reick et al., 2001). To characterize NPAS2 function in vivo, Npas2-/- mice
were generated through deletion of the bHLH domain (Garcia et al., 2000). Deletion of Npas2
preserves robust circadian rhythms in activity, but alters sleep patterns and the animal‟s ability to
adapt to restricted feeding (Dudley et al., 2003). Moreover, Npas2 can compensate for Clock in
the SCN, because Clock-/- (Clock knock out, different from Clock19 dominant negative
mutation) mice are rhythmic under DD, while Npas2-/-Clock-/- double knockout mice are
arhythmic (DeBruyne et al., 2007a). However, NPAS2 cannot compensate for CLOCK in lung
and liver, based on continuous bioluminescence measurements in tissue explants from Clock-/-,
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Npas2-/- or Clock-/-Npas2-/- mice carrying the mPer2luciferase reporter gene (DeBruyne et al.,
2007b). Therefore, NPAS2 is the component of the positive loop of the clock mechanism that
can compensate for the loss of CLOCK in a tissue specific manner.

A. 8. The mammalian circadian genes – Cry1 and Cry2
Cryptochromes (Cry1 and Cry2) are components of the negative loop of the mammalian
clock mechanism, since mCry1-/-, mCry2-/- and mCry1-/-mCry2-/- mice have shorter, longer, and
completely arrhythmic periods of locomotor activity respectively under DD (van der Horst et al.,
1999). Moreover, mCry1 and mCry2 are required for rhythmic mPer1 and mPer2 expression in
the SCN, based on the analysis of mCry1-/- and mCry1-/-mCry2-/- mutant mice (Vitaterna et al.,
1999). Cryptochromes are part of the negative loop of the clock mechanism, since mCRY1 and
mCRY2 abrogate CLOCK-BMAL1-mediated transcription, based on the in situ hybridization
and in vitro luciferase reporter assays (Kume et al., 1999). Furthermore, CLOCK-BMAL1
heterodimers drive cryptochrome expression, as cry1 and cry2 mRNA expression is reduced in
the SCN and peripheral tissues (e.g. skeletal muscle) of Clock19/19 mice (Kume et al., 1999).
Mechanistically, mCRY1 and mCRY2 abolish CLOCK-BMAL1-mediated transcription as part
of a multimeric complex encompassing mPER1, mPER2 and CKI which translocates to the
nucleus and binds DNA (Lee et al., 2001). Therefore, CRY1 and CRY2 are essential components
of the negative loop of the mammalian clock mechanism and form a heterodimer with
phosphorylated PER and CKI to translocate to the nucleus to inhibit CLOCK-BMAL1mediated transcription. Collectively, these studies reveal the integrative transcription-translation
loops of the core clock mechanism.
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A. 9. The mammalian circadian genes – Rev-Erb and Rev-Erb
Although positive and negative loops of the mammalian clock mechanism were
discovered, it did not explain how rhythmic expression of Clock and Bmal1 was controlled. A
search for the regulators of Bmal1 transcription revealed that REV-ERB inhibited bmal1
expression, since REV-ERB rhythmically accumulated at the cis-enhancer Acid-Related
Orphan Receptor Response Element (RRE) upstream from the Bmal1 transcription start site
(TSS) and loss of REV-ERB in Rev-Erb-/- mice caused overexpression of CLOCK and
BMAL1 (Preitner et al., 2002). In addition, REV-ERB also inhibited rhythmic bmal1
expression, as determined using gene knock out and RNA interference experiments in transgenic
mouse cell lines (Liu et al., 2008). It was also shown that REV-ERB directly inhibited clock
expression, as REV-ERB bound at the first intron of the Clock gene, and suppression of REVERB by siRNA upregulated clock mRNA expression (Crumbley and Burris, 2011). Finally,
Rev-Erb was a CLOCK-BMAL1 target gene as CLOCK and BMAL1 bound several E-box cisenhancer elements in Rev-Erb promoter, as demonstrated by chromatin immunoprecipitation
(ChIP) in the murine NIH3T3 fibroblast cell line in vitro (Ripperger, 2006). Taken together,
REV-ERB family proteins regulate expression of CLOCK and BMAL1.

A. 10. The mammalian circadian genes – Rora Ror and Ror
In addition to the negative transcription regulation by REV-ERB proteins, rhythmic
bmal1 expression is positively controlled by the ROR family protiens. For example, ROR
directly activates Bmal1 transcription based on promoter reporter assay in HeLa cells in vitro and
in situ hybridization in Ror-/- mice in vivo (Sato et al., 2004). Moreover, REV-ERB ( and )
competes with ROR (,  and ) for binding the RRE cis-enhancer element in the bmal1
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promoter, which has been demonstrated by electrophoretic mobility shift assays (EMSA)
(Guillaumond et al., 2005). In conclusion, ROR (ROR, ROR, and ROR) and REV-ERB
(REV-ERB and REV-ERB) family proteins form the auxiliary loop of the circadian clock
mechanism that regulates rhythmic bmal1 and clock expression and is important for fine-tuning
the circadian rhythms (reviewed by Buhr and Takahashi, 2013).

B. CLOCK-BMAL1 Circadian Transcription
B.1. Discovery of DNA cis-enhancer elements
Core clock transcription factors regulate complex circadian gene expression program, at
least in part, via binding to DNA cis-enhancer elements. Early evidence of remote cis-enhancer
DNA regulatory elements was obtained in viruses by deleting the two directly repeated 72 bp
sequences approximately 200 bp upstream from the transcription start site (TSS) of the Simian
virus 40 (SV40), which completely abolished transcription of the early genes (Benoist and
Chambon, 1981). These 72 bp repeat sequences were called enhancers by Banerji and
colleagues, who confirmed their ability to activate transcription over long distances by showing
that the 72 bp repeat sequences were capable to induce, otherwise absent, hemoglobin gene
expression in HeLa cells when inserted as far as 1400 bp upstream or 3300 bp downstream from
the rabbit hemoglobin 1 gene TSS (Banerji et al., 1981). It was later demonstrated that the 72
bp region contained open chromatin structure, that was accessible to protein binding, based on its
hypersensitivity to the endonuclease treatment (Fromm and Berg, 1983). Following these studies,
the major circadian cis-enhancer element, E-box, (CANNTG) was discovered by the analysis of
protein-bound DNA regions in the introns of the human immunoglobulin heavy-chain gene using
dimethyl sulphate (DMS) reactivity followed by sequencing (Church et al., 1985). Collectively,
10

E-boxes share properties of other DNA cis-enhancer elements, such as the ability to regulate
transcription over long distances and being the binding sites for transcription factors.

B.2. Proteins that bind E-boxes
The E-box binding proteins contain amphipathic helices separated by an intervening loop
(basic helix loop helix (bHLH) motif), based on the sequence analysis of two cDNAs (E12 and
E47) whose dimerization products bind to E-box within the immunoglobulin  chain enhancer
(Murre et al., 1989a). Also, E12 and E47 proteins form hetero- and homodimers that are capable
of binding to the E-boxes within the immunoglobulin  chain enhancer based on the EMSA
(Murre et al., 1989b). DNA recognition and dimerization of bHLH proteins depends on the
amino acid composition within their basic region, according to crystal structure analysis of E47
dimer (Ellenberger et al., 1994). E-box binding proteins also have a PAS domain, which is
located near bHLH and mediates protein-protein interaction with other PAS-containing proteins
based on co-immunoprecipitation analysis of WT and mutant dPER in vitro (Huang et al., 1993).
In the circadian clock, the bHLH and PAS domains of CLOCK and BMAL1 interact with each
other and form an asymmetric CLOCK-BMAL1 heterodimer, which is characterized by three
different protein interfaces important for complex stability and inhibition by the negative loop of
the clock, according to the crystal structure analysis of the mouse CLOCK-BMAL1 complex
(Huang et al., 2012). Collectively, these studies established that E-box binding transcription
factors formed homo- and heterodimers bound with bHLH-PAS domains.
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B. 3. Canonical palindromic E-box and circadian transcription
Canonical palindromic E-boxes (CACGTG) have the same DNA sequence when read 5‟
to 3‟ on one strand and 5‟ to 3‟ on the complementary strand. In Drosophila, a palindromic Ebox within a 69 bp minimal dPer promoter is necessary for high level rhythmic dPer expression
by promoter-LacZ reporter assay (Hao et al., 1997). In mice, an identical palindromic E-box in
mPer1 promoter is required for transcriptional activation by CLOCK-BMAL1 heterodimers, as
has been demonstrated using a luciferase reporter assay in murine NIH-3T3 cells (Gekakis et al.,
1998). Palindromic E-boxes can also mediate interaction between the core clock and other
transcription factors, as glucocorticoid signalling induces rhythmic expression of mouse
plasminogen activator inhibitor 1 gene only when a distant palindromic E-box is present,
according to the promoter luciferase reporter assay in dexamethasone-stimulated NIH 3T3 cells
(Singletary et al., 2008). Collectively, these studies established that palindromic E-boxes
conform circadian rhythms in gene expression.

B. 4. Canonical non-palindromic E-box and circadian transcription
Non-palindromic E-boxes have CANNTG DNA sequence. Various CANNTG type Eboxes are important for rhythmic gene expression. For example, several non-palindromic Eboxes in the first and second introns of the mouse D site of albumin promoter (Albumin D-Box)
binding protein (mDbp) gene are bound by CLOCK-BMAL1 heterodimers and mediate rhythmic
mDbp expression based on promoter luciferase assays (Ripperger et al., 2000). Also, the
circadian enhancer region, located in the 5‟ flanking region of the mDbp gene, contains a
CATGTG E-box, which drives rhythmic expression of the promoter luciferase reporter construct
in serum-shocked rat-1 fibroblasts (Kiyohara et al., 2008). In addition, the CANNTG type E-box
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(-133 bp from TSS) regulates rhythmic Prolactin gene expression in single living mammotrope
cells derived from lactating Sprague Dawley rats, as has been demonstrated using luciferase
promoter reporter assay (Leclerc and Boockfor, 2005). Taken together, CANNTG type E-boxes
are important for circadian rhythms in gene transcription and exhibit significant sequence
heterogeneity.

B. 5. Non-canonical E’-box and circadian transcription
The bHLH-PAS circadian transcription factors can also bind E‟-box cis-enhancer
elements in conjunction with either CACGTT or CAGCTT sequences. The E‟-box (CACGTT,
20 bp upstream from TSS) in the mPer2 promoter is targeted by the CLOCK-BMAL1
heterodimers, and is responsible for generating the circadian rhythms in mPer2 expression, as
has been demonstrated using DNaseI hypersensitivity and luciferase reporter assays in tissue
explants from mPer2-E2::Luciferase transgenic mice (Yoo et al., 2005). Also, the E‟-box
(CAGCTT, ~20 kb upstream from TSS) is bound by CLOCK-BMAL1 heterodimers and is
required for rhythmic mMyoD expression, based on gel shift and luciferase reporter assays
(Zhang et al., 2012). E/E‟-boxes have been shown to be the key cis enhancer elements in the
circadian transcription network, according to in silico modelling and in vitro luciferase assays
(Ueda et al., 2005). Human/mouse conserved E/E‟-boxes allow prediction of clock-controlled
genes,

as

has

been

demonstrated

using

mammalian

promoter/enhancer

database

(http://promoter.cdb.riken.jp/) (Kumaki et al., 2008). Collectively, these studies suggest that noncanonical E‟-boxes conform circadian transcription patterns and serve as binding sites for
CLOCK-BMAL1 heterodimer.
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B. 6. Tandem E-box and E-box-like elements and circadian transcription
Since the E-boxes are only 6 bp long, several studies have investigated whether
sequences in close proximity to E-boxes conform the specific CLOCK-BMAL1 binding. Closely
positioned E-box (E1, CACGTG, -526 bp from TSS) and E-box-like motif (E2, TGCGTG. -514
bp from TSS) in the dPer promoter form an E1-E2 element that is evolutionary conserved and
allows prediction of clock-controlled genes driven by bHLH-PAS transcription factors in both
insects (D. melanogaster) and vertebrates (e.g. M. musculus) using comparative and functional
genomics data (Paquet et al., 2008). Moreover, E1 and E2 elements, as well as the exact distance
of 6/7 bp between them are essential for cell-autonomous rhythmic expression of hPer2luciferase reporter construct, as measured by in vitro real-time oscillation monitoring system
(Nakahata et al., 2008b). Finally, BMAL1 exhibits stronger binding to several E1-E2 elements,
compared to other sites in the mouse genome, as detected by time-series chromatin
immunoprecipitation deep sequencing (ChIP-Seq) analysis of BMAL1 targets in mouse liver
(Rey et al., 2011). Therefore, closely positioned E1-E2 elements are preferential CLOCKBMAL1 binding sites and are strong predictors of circadian gene expression.

B. 7. Additional cis-enhancer elements in circadian promoters
In order to further elucidate the mechanisms involved in circadian transcription, a number
of studies have searched for over represented cis-enhancer elements within the promoters of the
rhythmically expressed genes. In addition to E-boxes, cyclic adenosine monophosphate (AMP)
responsive elements (CRE) and functional RREs were discovered in promoters of many
rhythmic genes in mouse SCN and liver based on microarray, bioinformatics and promoter
luciferase assay analyses (Ueda et al., 2002). Analysis of the mouse arginine vasopressin (mAvp)
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promoter revealed that a CT-rich region located 23 bp upstream from the canonical E-box
conferred robust CLOCK-BMAL1 binding and circadian expression according to the EMSA and
promoter luciferase assays of WT and mutant mAvp promoters (Munoz et al., 2006). Also, Eboxes, D-boxes, and CRE elements, as well as binding sites for specific protein 1 (Spl),
activating protein 2 (AP-2), signal transducer and activator of transcription 1 (STAT1), hypoxia
inducible factor 1 (HIF-1) and E2F transcription factors, were overrepresented in the promoters
of 167 rhythmic genes compared to 5000 random mouse genes, as determined using position
specific count matrices and Transcription Factor (TRANSFAC) database (Bozek et al., 2007).
Therefore, promoters of the genes exhibiting circadian expression patterns often include binding
sites for several transcription factors, which could potentially interact with the core clock
proteins and influence time of day expression patterns.

B. 8. Chromatin modifications and circadian transcription
Rhythmic chromatin transitions between transcriptionally permissive or repressive states
also play a role in the regulation of diurnal or circadian gene expression patterns (reviewed in
Sahar and Sassone-Corsi, 2013). For example, a circadian rhythm in mDbp gene transcription is
characterized by rhythmic CLOCK-BMAL1 binding and chromatin transitions from
transcriptionally repressive (e.g. dimethylation of Lys9 on histone H3 (H3), an increase in
histone density) to transcriptionally permissive (acetylation of Lys9 (H3), trimethylation of Lys4
(H3), reduction of histone density) states in mouse liver (Ripperger and Schibler, 2006).
Recruitment of chromatin modifying enzymes by the core clock proteins could also help explain
the rhythmic changes in chromatin states. Indeed, BMAL1 interacts with histone acetyl
transferases, CREB binding protein (CBP) and E1A Binding Protein P300 (p300), as
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demonstrated by yeast and mammalian two-hybrid screens (Takahata et al., 2000). CLOCK
rhythmically co-immunoprecipitates with p300, based on Southern blot analysis of mouse liver
DNA (Etchegaray et al., 2003). CLOCK also associates with the nicotinamide adenine
dinucleotide (NAD)-dependent histone deacetylase (HDAC) enzyme Sirtuin 1 (SIRT1) that
rhythmically acetylates BMAL1 and histones in promoters of circadian genes (Nakahata et al.,
2008a). Moreover, CLOCK protein has a histone acetyl transferase (HAT) motif, which has been
discovered by the primary amino acid sequence analysis and functionally confirmed by histone
H3 acetylase activity assay (Doi et al., 2006). With the HAT motif, CLOCK rhythmically
acetylates BMAL1 at Lys537, which facilitates recruitment of CRY1 and subsequent inhibition
of CLOCK-BMAL1-mediated transcription (Hirayama et al., 2007). Taken together, rhythmic
gene expression is accompanied by chromatin transition from transcriptionally permissive to
repressive states, which are mediated in part by the core clock and chromatin modifying
enzymes.

C. Proteomics
C. 1. Two-dimensional polyacrylamide gel electrophoresis
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is a gel-based
technique in molecular biology that allows high throughput quantitative analysis of individual
proteins from complex biological samples. Originally developed by Patrick H. O‟Farrel, 2DPAGE was based on protein separation according to their isoelectric point (using ampholitegenerated pH gradient isoelectric focusing in the first dimension) and mass (using sodium
dodecyl sulfate (SDS) PAGE in the second dimension) (O'Farrell, 1975). In 1982, immobilized
pH gradients replaced the ampholite-generated pH gradients, which offered higher
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reproducibility and better protein separation (Bjellqvist et al., 1982). The proteins were
visualized after 2D-PAGE by either post-staining (e.g. Coomassie Blue, Silver-staining) or
radioactive isotope labeling (e.g. 3H, 14C) (reviewed in Gorg et al., 2004). Eventually, 2D-PAGE
led to the emergence of the proteomics science, as the term proteomics was coined by Wesinger
and colleagues to describe protein complement of Mycoplasma genitalium genome, detected by
2D-PAGE (Wasinger et al., 1995). The evolution of proteomic science is shown in Figure 2.

C. 2. Two-dimensional difference gel electrophoresis
Two-dimensional difference gel electrophoresis (2D-DIGE) is a modification of 2DPAGE that significantly reduces gel-to-gel variability by allowing simultaneous analysis of up to
three samples on the same gel (reviewed in Chevalier, 2010). In the original 2D-DIGE
experiment, proteins were pre-labelled with structurally similar, but fluorescently different
cyanine Cy3 or Cy5 dyes, separated on the same gel, each dye imaged separately and images
superimposed for analysis (Unlu et al., 1997). Inter-gel comparison of 2D-DIGE was further
improved by the incorporation of pooled Cy2-labelled internal standard made of equal amounts
of the analyzed protein samples (Alban et al., 2003). Several software packages were developed
to analyze 2D-DIGE gels, for example PDQuesttm (Bio-Rad, Hercules,CA, USA), Progenesistm
(Nonlinear Dynamics, Newcastle, UK), ProteomWeaver (Definiens, Munich, Germany) and
DeCyder (Amersham Biosciences). Therefore, 2D-DIGE offers several advantages over
traditional 2D-PAGE, namely multiplexing within a gel using Cy2, Cy3 or Cy5 dyes, reduced
gel-to-gel variability due to internal standard, and automated computer analysis with the
dedicated software.
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Figure 2. Timeline showing the evolution of proteomics science.
Note: Adapted by permission from Macmillan Publishers Ltd: Nature Genetics. Patterson and
Aebersold, Proteomics: the first decade and beyond. Nature Genetics Supplement, 2003, Mar;
33: 311-23, copyright 2003. See Appendix 1 for permission details.

C. 3. Mass spectrometry for protein identification from 2D-gels
Proteins separated by 2D-PAGE are most often identified using mass spectrometry (MS).
MS-based protein identification became possible with the development of trypsin digestion
followed by electrospray ionization (ESI) that ionized peptides without destroying their structure
(Fenn et al., 1989). ESI was utilized in matrix-assisted laser desorption/ionization (MALDI) MS,
that measured peptide mass to charge ratios and identified peptides using a protein sequence
database derived from genome sequencing projects (Henzel et al., 1993). A more sophisticated
MS-based technique for protein identification was based on the nano-electrospray tandem mass
spectrometry (MS/MS) that could determine the peptide amino acid sequence, which was then
used to identify proteins using a protein sequence database (Wilm et al., 1996). Taken together,
MALDI and MS/MS have become essential tools for identifying proteins from the 2D-gels.

18

C. 4. Myocardial proteomic database
Several online gel-based and gel-free myocardial proteome databases have been
constructed to facilitate proteomic research. SWISS-2DPAGE database (http://world2dpage.expasy.org/swiss-2dpage) was an online 2D-PAGE database created by the Central
Clinical Chemistry Laboratory of the Geneva University Hospital and the Swiss Institute of
Bioinformatics (SIB) (Appel et al., 1994). The database included 2D-PAGE images, as well as
protein description information (e.g. mapping methods, isoelectric point, molecular weight,
amino acid composition, peptide masses, and bibliography references). SWISS-2DPAGE later
became a World-2DPAGE Constellation (http://world-2dpage.expasy.org/), which queried
several world-wide proteomic databases, including those dedicated to cardiovascular tissues
(Hoogland

et

al.,

2008).

For

example,

it

included

the

“HEART-2DPAGE”

(http://userpage.chemie.fu-berlin.de/~pleiss/) human heart proteins database, where users were
able to directly click on the spots found on 2D gel images to retrieve protein name, molecular
mass (Mr), isoelectric point (pI), methods of identification, accession numbers and links to other
proteomic databases, such as SWISS-PROT (Pleissner et al., 1996). More recently, the Cardiac
Organelle Protein Atlas Knowledgebase (COPaKB) (www.heartproteome.org) database was
created using gel-free cardiac proteomics and included 4,203 liquid chromatography-MS/MS
experiments from human and mouse cardiac lysates, mitochondria, and proteasomes (Zong et al.,
2013). Collectively, these online proteomic databases facilitate proteome annotation and data
mining.
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D. Cardiovascular Circadian Rhythms
D. 1. Circadian rhythm in cardiovascular parameters
The cardiovascular system exhibits pronounced time of day variations in its physiological
parameters. For example, blood pressure and heart rate are highest in the morning and lowest at
night, according to continuous intra-arterial blood pressure and electrocardiogram recordings in
the normotensive ambulatory patients (Millar-Craig et al., 1978). In contrast to humans, blood
pressure and heart rate in C57Bl/6 mice are highest during the dark period and lowest during the
light period, however these corresponded with sleep/wake periods as in humans (Li et al., 1999).
Circadian rhythms in heart rate and blood pressure are endogenously generated, as they persist in
humans studied under constant environmental conditions (Scheer et al., 1999, Shea et al., 2011).
The endogenous circadian rhythms in the cardiovascular parameters may be regulated in part by
the SCN, as SCN ablation in rats results in the loss of circadian rhythms in heart rate (Saleh and
Winget, 1977) and blood pressure (Janssen et al., 1994). Collectively, circadian variations in the
cardiovascular parameters are endogenously generated and possibly help to adapt the heart and
other body organs to daily changes in activity and demand.

D. 2. Abnormal circadian rhythms in blood pressure and cardiovascular disease
Abnormal nocturnal variations in blood pressure are risk factors for cardiovascular
disease. For example, hypertensive patients have been classified into “dippers” (exhibit >10/5
mm Hg drop in BP at night) and “non-dippers” (exhibit <10/5 mm Hg decrease in nocturnal
blood pressure) (O'Brien et al., 1988). Non-dipper hypertensive patients have a higher frequency
of stroke (O'Brien et al., 1988). Moreover, non-dipping blood pressure pattern compared to
dipping is associated with increased risk of obesity, diabetes mellitus, cardiac hypertrophy and
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renal failure, based on clinical data and 24 h blood pressure monitoring of 42,947 hypertensive
patients (de la Sierra et al., 2009). Also, a combination of a shorter sleep duration and riser blood
pressure phenotype (e.g. night time systolic blood pressure is higher than day time) is a strong
predictor of future cardiovascular disease, as determined in the cohort of 1255 Japanese patients
with hypertension (Eguchi et al., 2008). Moreover, night time blood pressure variability assessed
by standard deviation is an independent predictor of an acute cardiovascular disease in patients
with type 2 diabetes (Eguchi et al., 2009). Taken together, 24h rhythms in blood pressure
profiling are important for health and may be used to predict the risk of heart disease.

D. 3. Shift work disrupts circadian rhythms in cardiovascular parameters
Shift work alters normal diurnal rhythms in cardiovascular parameters. For example, shift
workers have a disrupted blood pressure rhythm in relation to the activity cycle, as periods of
high and low blood pressure no longer coincide with subject‟s activity and rest phases (Chau et
al., 1989). In emergency physicians, diastolic blood pressure increases during a night shift
(although stays within a normal range), and heart rate variability increases before and during
night shift, which is indicative of the heightened sympathetic tone (Adams et al., 1998). In the
laboratory model of shift work, diurnal dyssinchrony in humans causes a decrease in leptin,
increase in glucose and insulin, increase in mean arterial blood pressure and decrease in sleep
efficiency (Scheer et al., 2009). Hence, shift work can disrupt diurnal rhythms in cardiovascular
parameters (e.g. heart rate, blood pressure) which may have negative health effects.

21

D. 4. Shift work is associated with heart disease
Consistent with the negative effects caused by shift work, shift workers are at higher risk
for developing cardiovascular diseases. For example, risk of ischemic heart disease significantly
increased after 11 years of shift work among 504 male paper mill workers as compared to day
workers (Knutsson et al., 1986). Moreover, 6 years of shift work led to an increased risk of
developing coronary heart disease based on the prospective study of 79,109 US female nurses
compared to women who never did shift work (Kawachi et al., 1995). Overall, shift workers
have a 40% increase risk of cardiovascular disease compared to day workers (reviewed by
Knutsson, 2003). Hence understanding the mechanisms regulating cardiovascular circadian
rhythms and how they are affected with shift work may lead to novel strategies for preventing
and treating heart disease.

D. 5. The effects of light on diurnal rhythms in heart rate and blood pressure
Light can affect diurnal rhythms in heart rate and blood pressure. For example, light
exposure in the middle of the night increases the resting heart rate in humans (Scheer et al.,
1999). Also, a 6 h shift in the LD cycle causes a change in heart rate and blood pressure, as
detected by continuous radiotelemetry recordings in freely moving rats (van den Buuse, 1999).
The SCN mediates the effects of light on cardiac contractility, as light pulse at night reduces
heart rate in SCN intact, but not SCN-lesioned rats (Scheer et al., 2001). Moreover, there is a
multisynaptic autonomic connection between the heart and SCN, based on retrograde
pseudorabies viral tracing in rats (Scheer et al., 2001). Indeed, neuronal input from the SCN is
required for diurnal rhythms in cardiac core clock gene expression, since blood borne and
behavioral signals were not sufficient to drive rhythmic gene expression in the hearts of SCN-
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lesioned mice, as determined by a parabiosis experiment between SCN-intact and SCN-lesioned
mice (Guo et al., 2005). Taken together, light entrains circadian rhythms in the SCN, which then
signals to the heart at least partially via a multisynaptic neuronal connection.

D. 6. Autonomic nervous system and diurnal rhythms in heart rate and blood pressure
Sympathetic-adrenal medullary system can influence diurnal patterns of cardiovascular
physiology. Circulating levels epinephrine and norepinephrine exhibit diurnal rhythms based on
the radioenzymatic assay in blood plasma collected from healthy men across a 24 h period
(Linsell et al., 1985). Loss of epinephrine and norepinephrine significantly attenuates diurnal
rhythms in blood pressure and heart rate based on the continuous radiotelemetry recordings in hydroxylase knockout mice (Swoap et al., 2004). Moreover, muscle sympathetic nerve traffic
increases in non-dipper, dipper, extreme dipper and riser hypertensive patients compared to
normotensive controls, as determined using recordings from a microelectrode inserted in a
peroneal nerve posterior to the fibular head (Grassi et al., 2008). Collectively, these studies
demonstrate that sympathetic-adrenal output is involved in the daily rhythms in cardiac
contractility.

D. 7. Intrinsic circadian processes regulate cardiac contractility
Cardiac excitation-contraction coupling exhibits an endogenous diurnal rhythm. In 2001,
Young and colleagues reported that cardiac power, carbohydrate oxidation, and oxygen
consumption peaked in the middle of the dark (wake) phase by perfusing rat hearts ex vivo at
different times of the day or night (Young et al., 2001a). More recently, a diurnal rhythm was
discovered in cardiomyocyte shortening, systolic [Ca2+]i, sarcoplasmic reticulum [Ca2+] load and
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response to -adrenergic stimulation with isoproterenol using rat ventricular cardiomyocytes
isolated at ZT3 (light period, sleep time) and ZT15 (dark period, wake time) (Collins and
Rodrigo, 2010). Moreover, cardiac CLOCK and BMAL1 regulate circadian rhythms in
myocardial repolarization and arrhythmogenesis through transcriptional control of krüppel-like
factor 15 (Klf15), which in turn drives the rhythmic expression of Kv channel regulatory subunit, KChIP2, which is critical for the transient outward K+ current (Jeyaraj et al., 2012).
Hence endogenous processes in the heart underlie day vs. night changes in cardiac contractility.

D. 8. Discovery of the circadian clock mechanism in the heart
The circadian clock mechanism is present in virtually all body organs, except for testis
(Yamamoto et al., 2004). Core clock (Bmal1, Clock, Cry1, Cry2, Per1, Per2, and Per3) and
clock-controlled (Dbp, Hlf, and Tef) genes exhibit diurnal expression patterns in healthy rat
hearts according to the real time quantitative polymerase chain reaction (RT-qPCR) (Young et
al., 2001b). Moreover, 462 out of 5120 (9%) genes in the heart and 575 out of 4805 (10%) genes
in the liver, including core clock genes, show circadian expression patterns according to the
microarray gene expression analysis in C57BL/6 mice housed under constant dim light
conditions (Storch et al., 2002). In addition, 1,634 out of 12,488 (13%) genes are rhythmically
expressed in murine hearts under diurnal conditions based on microarrays (Martino et al., 2004).
Rhythmic per1, per2 and bmal1 mRNA expression has been demonstrated by RT-qPCR analyses
of human cardiac papillary muscles collected from various patients and heart donors (Leibetseder
et al., 2009). Therefore, the circadian clock mechanism is present in human and rodent hearts,
and may underlie day/night rhythms in cardiac physiology.
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D. 9. Circadian clock mechanism and myofilaments
Little is known about the role of the circadian clock mechanism in sarcomere structure
and function. There is a link between the clock mechanism and myofilament function, since
CLOCK translocates to the nucleus upon pharmacological induction of cross-bridge cycling,
according to immunohistochemistry and Western blotting (Qi and Boateng, 2006). There is also
indirect evidence for rhythmic myofilament phosphorylation, based on the observation that
glycogen synthase kinase 3β (Gsk3) phosphorylates cardiac myosin–binding protein C and
enhances maximum rate of tension development in cardiomyocytes (Kuster et al., 2013). Gsk3
could rhythmically phosphorylate myofilaments, since Gsk3exhibits diurnal activity in murine
SCN (Iitaka et al., 2005) and has diurnal mRNA expression pattern in murine heart (Durgan et
al., 2010). The role of the clock mechanism in myofilament structure and function has been also
shown in other muscle types. For example, in mouse aorta and vascular smooth muscle cell line,
core clock protein ROR regulates rhythmic expression and activity of Rho-associated kinase 2
(ROCK2), which in turn regulates vascular contractility by mediating the 25.4-hour rhythm in
myosin light chain phosphorylation and Ca2+ sensitivity (Saito et al., 2013). Skeletal muscle
myofilaments from Clock19 and Bmal1 KO mice exhibit reduced contractility and impaired
structure (Andrews et al., 2010). Collectively, these studies suggest that the core clock
mechanism may regulate myofilament function and structure, however, more studies are needed
to elucidate circadian processes important for cardiac contractility.

D. 10. Cardiomyocyte clock mutant mice
Cardiomyocyte specific clock mutant mice (CCM) express truncated Clock gene driven
by -myosin heavy chain promoter specifically in the cardiomyocytes (Durgan et al., 2006).
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CCM mice have been used to investigate metabolic processes regulated by the cardiac circadian
clock. For example, the cardiac clock mechanism mediates the heart‟s responsiveness to fatty
acids, as CCM hearts do not exhibit a fasting-induced increase in fatty acid gene expression
(Durgan et al., 2006). Moreover, cardiomyocyte clock mechanism regulates metabolism, as
evident by a decrease in cardiac efficiency and increase in oxygen consumption and fatty acid
oxidation in isolated perfused CCM hearts compared to WT controls (Bray et al., 2008). In
addition, cardiomyocyte clock mechanism regulates myocardial triglyceride metabolism
according to the analysis of cardiac transcriptome and lipidome of CCM and WT mice subjected
to chronic high fat diet (Tsai et al., 2010). Collectively, the studies utilizing CCM mice have
helped elucidate the diurnal metabolic processes in the heart.

D. 11. Mutations in circadian clock and cardiovascular disease
Whole body disruption of the circadian clock mechanism is associated with heart disease.
For example, Bmal1 knockout (Bmal1-/-) mice develop age-related dilated cardiomyopathy, as
evaluated using echocardiographic and histological analyses, which showed decreased
contractility, ventricular dilation and thinning of the myocardial walls (Lefta et al., 2012). Also,
prolonged dyssynchronization between the endogenous 22 h circadian clock mechanism and the
24 h diurnal environment produces cardiomyopathy in 17 month old tau/+ hamsters, as
demonstrated by echocardiography, hemodynamics and histology analyses (Martino et al., 2008).
Moreover, the lifespan of cardiomyopathic Syrian hamsters decreases by 11% when the animals
are subjected to weekly 12 h shifts in LD cycle (Penev et al., 1998). Therefore, clock-controlled
processes in the body are essential for cardiovascular health and, when disrupted, can lead to
heart disease (e.g. cardiomyopathy).
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D. 12. Timing of onset of acute cardiovascular events
The timing of onset of adverse cardiovascular events exhibits a diurnal pattern. The peak
in the frequency of myocardial infarcts occurs between 6 a.m. and noon, as has been
demonstrated by analysing the time when the patients reported pain onset or labs measured the
first elevation in plasma creatine kinase MB (Muller et al., 1985). This was subsequently
confirmed by many studies (Kanth et al., 2013). In addition, there is a peak in sudden cardiac
deaths which takes place from 7 to 11 a.m., as determined by the analysis of death certificates of
2,203 people in Massachusetts in 1983 (Muller et al., 1987a). Ventricular tachyarrhythmias also
exhibit a morning peak in the timing of onset, based on recordings from implantable
cardiodefibrillators (Tofler et al., 1995). Ruptures and dissections of aortic aneurisms are more
likely to occur between 6:00 a.m. and 12:00 noon (Mehta et al., 2002). Night time infarct onset
correlates with higher risk of congestive heart failure, based on the examination of medical
records from 3625 patients with acute myocardial infarcts (Mukamal et al., 2000). Taken
together, the timing of onset of acute cardiovascular events exhibits a rhythm that could have
implications for prevention and treatment of heart disease.

D. 13. Timing of onset of acute cardiovascular diseases is influenced by circadian clock
Several lines of evidence indicate that the endogenous circadian clock may influence the
circadian variation in the timing of onset of acute cardiovascular events. For example, the timing
of sudden cardiac deaths among recent Japanese visitors to Hawaiian island of Kauai peaked
from noon to 4:00 p.m., which corresponded to the morning time of their biological clock
(Couch, 1990). The peak in cardiac vulnerability coincides with the peak in myocardial
infarctions (10 a.m.) independent of behaviour, as determined by measuring heart beat rhythms
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in healthy humans housed under the diurnal protocol that accounted for both endogenous
circadian and behavioral stimuli (Hu et al., 2004). The cardiomyocyte circadian clock
mechanism has been shown to mediate diurnal variation in myocardial infarct tolerance, as
infarcts administered at ZT12 resulted in worse remodelling and decreased cardiac contractility
compared to infarcts at ZT0 in WT, while there is no diurnal difference in CCM mice (Durgan et
al., 2010). Therefore, the diurnal pattern in the timing of onset of acute cardiovascular events is
mediated by endogenous circadian processes.

D. 14. Transverse aortic constriction animal model
Transverse aortic constriction (TAC) is a well-established surgical procedure that creates
left ventricular pressure overload and induces pathological cardiac hypertrophy and failure
(reviewed by Breckenridge, 2010). The first TAC was performed by tying a 7.0 nylon suture
against a 27-gauge needle positioned between the first and second bifurcations of aorta and
subsequently removing the needle, thus leaving a consistent 0.4 mm constriction (Rockman et
al., 1991). Subsequently, other sites for aortic constriction have been described (Figure 3). For
example, ascending aorta can be constricted by placing the suture before the first bifurcation,
thus causing a more direct pressure overload and accelerated hypertrophy (Tarnavski et al.,
2004). In addition, aorta can be constricted after the third bifurcation (descending aortic banding)
to create a moderate pressure overload in the left ventricle and normalize pressures across all
vessels supplying blood into the brain (Kassiri et al., 2005, Sun et al., 2007). Cardiac response to
TAC also depends on animal‟s genetic background, as C57BL/6 exhibit an earlier onset of
contractile dysfunction compared to 129S1/SvImj mice (Barrick et al., 2007). In this thesis,
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aortic constriction was performed after the third bifurcation, which was consistent with the
previous studies by our group (Martino et al., 2007a, Tsimakouridze et al., 2012).

Figure 3. Schematic representation of the sites for ascending aortic constriction, transverse aortic
constriction and descending aortic constriction.
Note: Reprinted by permission from Macmillan Publishers Ltd: Journal of Cerebral Blood Flow
& Metabolism, Bink et al., Mouse models to study the effect of cardiovascular risk factors on
brain structure and cognition, (2013) 33, 1666–1684, copyright 2013. See Appendix 1 for
permission details.

D. 15. Application of TAC model for studying circadian rhythms in diseased heart
TAC model has been used to investigate rhythmic processes in remodelling myocardium
and gain insight into the role of circadian rhythms in heart disease. For example, rhythmic core
clock gene expression (bmal1, clock, cry1, cry2, per1, per2, per3) is maintained, but expression
of clock-controlled genes (dbp, hlf and tef) is lost in TAC vs. SHAM rat hearts based on RT-
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qPCR analysis (Young et al., 2001b). Also, circadian expression pattern of proopiomelanocortin
(POMC) neuroendocrine gene is altered in TAC mouse hearts compared to SHAM controls,
which suggests possible role of neuropeptides in remodelling myocardia (Chalmers et al., 2008).
Moreover, TAC disrupts circadian rhythm in calcineurin activity and phosphorylation of
phospholamban and inhibitor I, which are important regulators of cardiac contractility (Sachan et
al., 2011). TAC has also been use to demonstrate the importance of normal LD cycle during
heart disease, as disruption of diurnal rhythms (20 h LD) exacerbates pathological cardiac
remodelling in TAC mice (Martino et al., 2007a). In conclusion, identification of the rhythmic
processes in diseased myocardium is warranted, as it will lead to a better understanding of
pathological remodelling processes. Rhythmically expressed genes and proteins could also
become potential therapeutic targets.

RATIONALE
Recent statistics from the World Health Organization indicates that cardiovascular
diseases (CVD) are leading cause of morbidity and mortality globally (World Health
Organization [WHO], 2011). The economic burden of CVD is significant. In Canada alone,
CVD cost 22.2 billion dollars per year in hospital costs, physician care, drugs and lost
productivity (Health Canada, 2009). There is a strong demand to improve outcomes for CVD.
Circadian rhythms have recently emerged as important factors regulating cardiovascular
physiology in health and disease (reviewed by Martino and Sole, 2009, Durgan and Young,
2010). In the mouse heart, 9 – 13% of genes are rhythmically expressed (Martino et al., 2004,
Storch et al., 2002), however proteins, and not mRNAs, are responsible for most cellular
functions. Currently, little is known about the day/night rhythms in cardiac protein abundance.
Therefore, this thesis investigated the diurnal cardiac proteome in healthy and diseased
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myocardia and examined the role of the clock mechanism in driving rhythmic gene and protein
expression in the heart.

Overall Hypothesis:
I hypothesize that cardiac proteins exhibit diurnal changes in abundance; regulation by
CLOCK and BMAL1 plays a role. Specifically, I hypothesize that there is a rhythmic daily
variation in abundance of the soluble cytoplasmic proteins in healthy mouse heart. Moreover, I
hypothesize that rhythmic protein abundance is disrupted relative to the light:dark cycle, when
animals are housed under shortened 20h diurnal cycle (beyond the period of entrainment). In
addition, I hypothesize that diurnal rhythms in protein abundance are altered in the hearts of
cardiomyocyte specific clock mutant mice. Furthermore, I hypothesize that in heart disease
(pressure overload induced cardiac hypertrophy) there are characteristic signatures in diurnal
protein abundance in diseased hearts vs. healthy controls. Lastly, CLOCK and BMAL1 directly
regulate rhythmic expression of cardiac sarcomeric Titin cap, and additional targets regulated in
the same manner can be discovered using bioinformatics and molecular approaches.

Objectives:
I tested the above hypothesis with the following experimental objectives:
1) Establish a cardiovascular circadian proteomics research approach in mice;
2) Discover and characterize the diurnal cardiac proteome in health and disease;
3) Create a bioinformatics framework to study clock-controlled transcription in murine hearts.
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CHAPTER 2

CIRCADIAN PROTEOMICS AND ITS UNIQUE ADVANTAGE FOR DISCOVERY OF
BIOMARKERS OF HEART DISEASE

This Chapter is a modified version of Podobed P.S., Kirby G.M., Martino T.A. (2012) Circadian
Proteomics and Its Unique Advantage for Discovery of Biomarkers of Heart Disease. In T.K.
Man and R.J. Flores (Eds.) Proteomics, Book 1, InTech. ISBN 978-953-307-832-8.
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1. Introduction
Current statistics from the World Health Organization, Heart and Stroke Foundation of
Canada, and the American Heart Association show that cardiovascular disease remains a leading
cause of death worldwide (Heart and Stroke Foundation of Canada [HSFO], 2011, Roger et al.,
2011, World Health Organization [WHO], 2011). Innovative and integrative approaches aimed at
understanding and treating heart disease are needed. Time is a crucial but frequently overlooked
factor affecting our physiology in health and disease. In this chapter we introduced a novel field
of investigation called “Cardiovascular Circadian Proteomics”. This approach was based on the
application of high throughput proteomic technologies for discovery of molecular processes in
cardiovascular tissues over the 24-hour day/night cycles. Circadian cardiovascular proteomics
offered considerable promise to advance our understanding of heart disease (indeed disease in
general), and opened new avenues for treatment of patients clinically.

2. The Circadian System and its Importance to Cardiovascular Physiology
Life on earth is subject to a 24-hour day/night (circadian or diurnal) cycle. Circadian
systems have evolved to allow physiological and behavioural processes to be synchronous with
this cycle – mammals are adapted to sleep either during the day or at night. Circadian clocks
allow us to entrain to environmental cues and hence anticipate the differing physiologic and
behavioural demands of daily events. In mammals, the system is organized as a hierarchy with
multiple oscillators, as has been well reviewed (Rajaratnam and Arendt, 2001, Reppert and
Weaver, 2001, 2002, Hastings et al., 2003). At the top is the hypothalamic suprachiasmatic
nucleus (SCN), a brain region functioning as a master rhythmic regulator (Figure 4A). The SCN
integrates light information received from the eyes to coordinate clocks throughout the body.

33

There are additional circadian regulatory systems such as the food entrainable clock (Storch and
Weitz, 2009) which we are just now beginning to understand, but are beyond the scope of this
review. We observe the output of the entrained clocks as daily physiologic rhythms, many of
which are crucial to the cardiovascular system, such as the cyclic variation in heart rate (HR) and
blood pressure (BP). Daily HR and BP follow the diurnal variation of our autonomic nervous
system and increase around wake-time to help sustain cardiac output, then decrease during the
period of vagal dominance at night and in the early morning (Imai et al., 1990, Guo and Stein,
2003).
Circadian rhythms also underlie the timing of onset of adverse cardiovascular events. The
incidence of myocardial infarction in humans peaks in the morning (~6:00A.M.-12:00 noon)
(Muller et al., 1985, Goldberg et al., 1990, Cohen et al., 1997). A similar pattern is observed in
the incidences of sudden cardiac death (Willich et al., 1987, Muller et al., 1989), ventricular
tachyarrhythmia (Tofler et al., 1995, Eksik et al., 2007), and rupture of aortic aneurysms (Mehta
et al., 2002, Sumiyoshi et al., 2002, Manfredini et al., 2004). Precursor risk factors such as
vasomotor tone, platelet aggregation, and other factors involved in thrombosis or thrombolysis
also exhibit daily rhythms (Decousus et al., 1985, Angleton et al., 1989, Andrews et al., 1996,
Maemura et al., 2000, Otto et al., 2004). Recent studies link timing of onset of adverse cardiac
events with a circadian clock mechanism (reviewed in Martino and Sole, 2009, Sole and
Martino, 2009, Durgan and Young, 2010).
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Figure 4. The Circadian System. A) Light activates dedicated retinal receptors and signals to the
hypothalamic suprachiasmatic nucleus (SCN). The SCN is a master body clock, and orchestrates
physiologic and molecular rhythms in peripheral organs including the heart. Rhythms relevant to
the heart include the daily cycling of heart rate and blood pressure, also timing of onset of acute
cardiac events such as myocardial infarction. B) The molecular clock mechanism is dependent
upon oscillating levels of proteins that interact via a 24-hour autoregulatory feedback. On the
positive arm BMAL1 and CLOCK combine as heterodimers and bind to E-box elements
upstream in the coding regions of other core clock elements, PERIOD and CRYPTOCHROME.
These are phosphorylated by CASEIN KINASE 1 EPSILON (or DELTA), form heterodimers,
then translocate to the nucleus. There, they bind to the same E-box elements thus negatively
regulating their own expression. The positive loop also initiates production of RETINOIC
ACID-RELATED ORPHAN NUCLEAR RECEPTOR ALPHA resulting in its inhibition, and
completion of the 24-hour cycle. CAPITAL=Proteins; italic=mRNA.
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Proteins involved in the molecular clock mechanism have been identified in the last 10+
years, and daily oscillations of this mechanism in peripheral tissues, including the myocardium,
are believed to be primarily a combination of self-sustaining cycling along with neural/hormonal
cues from the SCN. This concept is illustrated in Figure 4B and described in many excellent
reviews (Hastings et al., 2003, Reddy et al., 2005, Roenneberg and Merrow, 2005). Though we
focus here on protein cycling, it is important to note that there are post-translational rhythms,
such as phosphorylation as well. Though beyond the scope of this review the reader is directed to
several examples (Lee et al., 2001, Akashi et al., 2002).
In the following sections, we described how application of the circadian concepts, in
combination with state-of-the-art proteomics, provided significant new opportunities for
understanding disease physiology, for biomarker discovery, and helping patients clinically.

3. Discovery of the Circadian Heart Proteome
Our laboratory is focussed on investigating the circadian heart proteome both in normal
tissue and in disease. Initial studies were done using murine models of cardiovascular disease,
and later were translated clinically. Here we described the circadian proteome in normal C57Bl/6
mouse heart, and in our well-established murine model of heart disease termed pressure-overload
induced cardiac hypertrophy by Transverse Aortic Constriction (TAC). To induce heart disease,
eight week old male mice were entrained to a 12:12 light (L): dark (D) cycle and administered
TAC surgery, where a ligature was placed distal to the third bifurcation of the aorta (Figure 5A).
In sham-operated animals the surgical procedure was identical, but the ligature was not
tightened. (Figure 5A). For proteomic studies, heart tissues were collected one week later (as the
heart remodels), at six time-points 4 hours apart over the 24-hour L:D cycle (Figure 5B). The
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cardiac proteome was analyzed by two-dimensional difference in gel electrophoresis (2D-DIGE)
and mass spectrometry (MS). Figure 5B illustrates the experimental workflow design. The
technical details are described below.

3.1 Protein purification and labelling
The cytoplasmic soluble proteome was purified from TAC and sham left ventricular heart
tissue. Cardiac tissue was immersed in 600 l ice-cold cell lysis buffer (10 mM Tris pH 8, 8 M
Urea, 4% w/v 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and
protease inhibitors). The lysis buffer helped to solubilize, denature, and disaggregate proteins.
Cell disruption was carried out using a Potter-Elvehjem tissue grinder. Following centrifugation
(4 °C, 10 min, 12,000xg) the supernatant was collected and proteins were quantified by Bradford
assay.
Prior to protein separation, 50 g of each sample was labelled with CyDyes (Cy3/Cy5),
and an internal control was pooled from both lysates and labelled with Cy2 (Figure 5B). To
account for any bias due to preferential binding of CyDyes, a dye swap approach was also done
in a separate experiment, so that the samples were alternatively labelled with the reciprocal dye.
CyDyes form a covalent bond between their NHS ester reactive group and epsilon amino group
of protein‟s lysine residues. The labelling reaction does not cause a significant change in
isolectric point because lysine carries an intrinsic +1 charge at neutral or acidic pH, which is
replaced by CyDye‟s +1 charge. CyDyes were added so that there was a stoichiometric excess of
proteins and thus only 1-5% of lysines were labelled. The reaction was carried out for 30 minutes
in the dark, and then quenched with 10 mM lysine.
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Figure 5. Experimental design. A) Heart disease model. Pressure overload cardiac hypertrophy
was induced by transverse aortic constriction (TAC). A ligature was placed distal to the third
bifurcation of aorta. Sham animals underwent the same procedure except the ligature was not
tightened. B) Two-dimensional difference in gel electrophoresis (2D-DIGE) and mass
spectrometry (MS) approach to characterize the circadian cardiovascular proteome in health and
disease. Heart tissue was collected from TAC disease and sham control animals at 6 timepoints
over the 24-hour light/dark cycle. The cytoplasmic proteome from TAC vs. sham hearts was
labelled with Cy3 and Cy5 dye, respectively. An internal control consisted of pooled samples
labelled with Cy2. After 2D-DIGE protein expression was analyzed with DeCyder. SYPRO
Ruby gel for picking spots of interest was created. Proteins were excised and identified by MS.
Results were validated by Western blot.
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3.2 First dimension isoelectric focussing
Proteins were separated in the first dimension by isoelectric focusing (IEF) based on our
standard operating protocol (Hobson et al., 2007). In the experiment shown here (Figure 6) we
used nonlinear 13 cm immobilized pH gradient (IPG) strips pH 3 – 10 (GE Healthcare). The
CyDye labelled samples were combined and mixed with rehydration buffer (8 M urea, 2% w/v
CHAPS, Dithiothreitol (DTT), 0.5% v/v carrier pharmalytes). Then, samples in rehydration
buffer were applied at the bottom of the IPG strip holder. The strip was put on top of the sample
solution and covered with paraffin oil to prevent crystallization of urea, water loss and carbon
dioxide dissolving at the alkaline end of the strip. IEF was done using an Ettan IPGphore unit.
The initial step was active rehydration, allowing proteins to slowly enter the strip along its whole
length under the influence of a small current (30 V for 10 h). The next series of steps were 500 V
step and hold for 2 h, 1000 V gradient for 1 h, 8000 V gradient for 2.5 h, 8000 V step and hold
for 16000 V h, 500 V step and hold for 2 h. The result was that proteins migrated to a position in
accordance with their isoelectric point.

3.3 Second dimension electrophoresis
For the second dimension, the sample containing IPG strips were equilibrated with
sodium dodecyl sulfate (SDS) running buffer (75 mM Tris (pH 8.8), 6 M Urea, 30% v/v
Glycerol and 2% w/v SDS). DTT (1% w/v) was added to reduce disulfide bonds, and
iodoacetamide (IAA) to alkylate thiol groups and prevent disulfide bonds from reforming. After
equilibration the IPG strip was applied directly on top of a large format 16 X 14 cm 12%
acrylamide gel. Agarose was poured on top of the strip to prevent air from getting underneath
and to hold the strip in place. Molecular markers were applied 4 cm from the positive end of the
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strip. The proteins were then separated vertically according to their molecular weight by SDS
polyacrylamide gel electrophoresis (PAGE) on a DALT 6 electrophoresis unit at 20 °C, 6 W/ gel
for 18 h.

3.4 Protein detection and bioinformatics analysis
After 2D-DIGE, the relative abundance of proteins from the TAC heart disease versus
sham protein lysates was determined using a high resolution fluorescent scanner Typhoon 9410
(GE Healthcare). The excitation/emission wavelengths for the CyDyes were as follows: Cy2, 480
nm/530 nm (blue), Cy3, 540 nm/590 nm (green) and Cy5, 620 nm/680 nm (red). Images were
visualized with Image Quant TL software. An overlay image of Cy3 and Cy5 scans is illustrated
in Figure 6A. Proteins that had higher abundance in TAC heart disease vs. sham appeared as a
red spot. Lower levels in TAC heart disease vs. sham appeared green. Equal amounts of protein
in TAC heart disease vs. sham were yellow.
Statistical analysis and quantification of protein expression was achieved by DeCyder
software (GE Healthcare). In the first step of DeCyder workflow, difference in gel analysis
(DIA) used a codetection algorithm to detect and match differently labelled samples (Cy2, Cy3
and Cy5) within the same gel. It was necessary to define a specific area of interest within a gel
and then manually confirm that the program detected all the spots within that area. Spot intensity
corresponding to protein abundance was quantified after background subtraction and
normalization. The second step termed biological variance analysis (BVA) simultaneously
analyzed multiple DIGE gels by matching all the spots to a master gel, defined by the user.
Protein expression was compared between gels and statistically verified (p < 0.05, Student‟s ttest). Based on spot intensity, DeCyder constructed 3D views of relative protein abundance.
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Figure 6. Circadian Cardiovascular Proteomics. A) 2D-DIGE image. The gel on the left had
proteins purified from TAC (heart disease) labelled with Cy3 and those from sham heart labelled
with Cy5. Gel on the right shows alternatively labelled samples, where TAC proteins are labelled
with Cy5 and sham with Cy3. Location of the proteins of interest is shown with arrows. B)
DeCyder computer analysis of three identified protein spots # 596, 615 and 1012. Based on
standardized abundance these protein spots increased in TAC vs. sham. Expression changes are
shown by 3D and Graph views.
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In this study, and as shown in Figure 6B, we found three spots (# 596, 615, and 1012)
that were upregulated in TAC heart disease compared to sham at our sleep-wake transition
timepoint (ZT23). Spot # 596 had a 1.18 fold change, spot # 615 had a 1.48 fold change, and spot
# 1012 had 1.77 fold change. To identify the proteins of interest, a pick gel was created
containing 300 g of unlabelled protein. Glass plates were treated with Bind-Silane (methacryloxypropyltrimethoxysilane) so that the gel was covalently attached to the surface.
After electrophoresis, proteins were fixed in 10% methanol and 7% acetic acid solution for 2
hours, then stained with SYPRO Ruby for 18 hours and destained in 40% methanol/10% acetic
acid solution for 2 hours. The gel was scanned with a Typhoon 9410 scanner at 532 nm (670 BP
30 emission filter). Images were uploaded to DeCyder and matched to the previous DIGE gel.
Unique coordinates for each spot were created using position markers. After manual
confirmation, an Ettan Spot picker (GE Healthcare) was used to excise proteins from the gel.

3.5 Trypsin digestion and mass spectrometry
To determine the identification of the proteins in gel spots # 596, 615 and 1012, we used
an In-Gel Tryptic Digestion Kit (Thermo Scientific) followed by mass spectrometry (MS).
Trypsin is a serine protease that cleaves the peptide bonds at the carboxyl side of lysine and
arginine amino acids. Following digestion, tryptic peptide fragments were separated by nano-LC
which consisted of a trap column (300 μm ID) and an analytical column (75 μm ID) packed with
5 μm, 300Å Zorbax SB C18 beads. A linear binary gradient was used where solvent A was 98%
H2O:2% CH3CN and 0.1% (v/v) formic acid and solvent B was 2% H2O : 98% CH3CN and 0.1%
(v/v) formic acid. Peptides were eluted over a 2 - 95% solvent B gradient for 100 min at a rate of
300 nL/min. The eluent from the nano-LC was coupled to a hybrid triple/quadrupole linear ion
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trap mass spectrometer (QTRAP 4000, ABSciex) through a nano-spray ionization source
equipped with a 15 μm ID emittor tip. Our preferred database for searching was Mascot
(http://www.matrixscience.com). This database contained information on more than 10 million
proteins, with inherent redundancies built in since peptides could correspond to more than one
protein. Each of the spots generated a list of possible protein candidates, and Mascot score and E
value helped identify the correct match. The molecular weight and pI of the identified protein
was comparable to the expected molecular weight and pI of the corresponding spot from the 2DE gel.

3.6 Role of proteins identified in TAC heart disease
Our laboratory was interested in circadian cardiovascular proteomics, to better
understand molecular processes underlying heart disease and clinical treatments. The TAC
upregulated spots 519, 615 and 1012 were identified by MS as Succinyl-CoA:3-ketoacidcoenzyme A transferase 1, mitochondrial (SCOT), Desmin (DESM), and PDZ and LIM domain
protein 1 (PDLIM1), respectively. Three examples from ZT23 (one hour before lights on, murine
sleep-time) were shown here; other proteins were identified from different times of day or night.
Figure 7 shows a representative mass spectrum for one of the identified proteins, SCOT (spot
#519), as well as the number and list of tryptic hits, Mascot score, E-value, and protein sequence.
Functionally, SCOT is a mitochondrial matrix protein and is the key rate limiting enzyme for
ketone body metabolism (Fukao et al., 2004, Orii et al., 2008). The fact that SCOT exhibited
increased expression around sleep time suggested that it played a role in changing cardiac energy
sources. The second identified protein, DESMIN (spot # 615) was crucial for muscle structure
and function (Paulin and Li, 2004). The third protein, PDLIM1 (spot # 1012) was a cytoskeletal
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protein involved in cardiac contractility and cardioprotection (reviewed in Arias-Loza et al.,
2008, Johnsen et al., 2009).

3.7 Validation: Western blotting
Candidate circadian biomarkers identified by 2D-DIGE and MS could be validated by
Western blot protein expression analyses using an independent set of cytoplasmic soluble
proteins from TAC and sham hearts. Proteins (20 g) were separated according to their mass by
12% SDS-PAGE and transferred to polyvinylidene fluoride membrane (Bio-Rad) using a
semidry transfer apparatus (Bio-Rad). Membranes were blocked for 2 hours at room temperature
with 5% non-fat dry milk in TBS-T 0.05 % (20 mM Tris Base, 13 7mM NaCl, 0.05 % Tween 20,
pH 7.6) and incubated overnight at 4 °C with primary antibodies against SCOT, DESM or
PDLIM1. The antibody dilution was optimized using the manufacturer‟s instructions. Anti-actin
antibody (1:40000, Milipore) was used as a loading control. Immunoreactive protein bands were
visualized with horseradish peroxidise-conjugated secondary antibodies (1:5000, Sigma) and
ECLplus reagent (GE Healthcare). Blots were scanned using Storm 860 molecular imager (GE
Healthcare) and protein expression was quantified by Image J software (NIH). Expression levels
of SCOT, DESM and PDLIM1 in TAC samples at ZT23 were compared to sham, thus
independently validating 2D-DIGE approach. Validating the candidate proteins/biomarkers in
human samples will increase their significance and is key to translational applications.

4. Circadian Proteomes in other Body Organs
Our time-of-day circadian approach led to the discovery that SCOT, DESMIN, and
PDLIM were upregulated in TAC cardiac hypertrophy at sleep time. Other groups have also met
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with success investigating circadian proteomics in different tissues and clinical paradigms. A
summary of identified circadian proteomes is shown in Table 1. The first identification of a
circadian proteome was reported by Reddy and colleagues (Reddy et al., 2006), using a 2DDIGE/MS approach to study murine liver. Mice were entrained to 12:12 L:D cycles, then placed
in constant darkness (12:12 D:D) and sacrificed at 6 consecutive time-points 4 hours apart. It was
observed that 135 (21%) out of 642 detected protein spots rhythmically cycled over the 24-hour
period. Many of the newly identified circadian proteins were key rate limiting enzymes including
ketohexokinase, succinate dehydrogenase 1, aldolase 2, enolase 1/aconitase 2, carbamoyl
phosphate synthetase 1, CPS1, arginosuccinate synthetase 1, and arginase 1.
The circadian proteome in the rat pineal gland was identified using 2D-PAGE, silver
stain and tandem mass spectrometry (MS/MS) (Moller et al., 2007). In this study, rats were
entrained to 12:12 L:D cycle. Pineal glands were collected at two timepoints: ZT06 which is 6
hours after lights on (light phase, rats asleep) and ZT18 which is 6 hours after lights off (dark
phase, rats awake). A total of 1737 pineal gland proteins were detected, 35 showed greater
abundance during sleep time and 25 during wake time. Proteins upregulated during wake time
were involved in glycolysis (alpha- and gamma-enolase), morphogenesis (vimentin), energy
transduction (Creatine kinase), purine catabolism (guanine deaminase), protein folding (peptidylprolyl cis–trans isomerase A), and Ca2+-dependent membrane binding (annexin A2, annexin A5).
Proteins with increased abundance during sleep mapped to the Krebs cycle (malate
dehydrogenase, citrate synthase, triosephosphate isomerise), mitochondrial electron transport
(ubiquinol-cytochrome c reductase core protein 1), RNA binding and processing (RNA
recognition motif), protein folding (chaperone-containing TCP1, ER protein ERp29 precursor),
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Figure. 7. MS based identification of Succinyl-CoA:3-ketoacid-coenzyme A transferase 1,
mitochondrial (SCOT). A) Representative mass spectrum of the SCOT peptide:
RGGHVNLTMLGAMQVSKY. B) A total of 24 peptides were identified, corresponding to 13
unique sequences. The Mascot score is 150, E-value is 4.0 ×10-21. C) Identified peptides and
their corresponding match to the SCOT protein sequence.
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cell transport (transitional ER ATPase), complement (C3 precursor), and metabolism
(phosphoserine phosphotase, contrapsin-like protease inhibitor 1 and 3 precursors).
The circadian proteome of the mouse retina was characterized by 2D-PAGE and
Coomassie Brilliant stain (Tsuji et al., 2007). C57Bl/6 mice were entrained at 12:12 L:D cycles,
then placed in constant darkness (12:12 D:D) and sacrificed on the fourth day at 4 timepoints:
CT2, CT8, CT14, and CT20. CT2 corresponded to subjective dawn and CT12 to subjective dusk.
A total of 415 protein spots were detected and 11 exhibited circadian rhythms. The cycling
proteins were important in vesicular transport (N-ethylmaleimide-sensitive fusion protein,
charged multivesicular body protein 4b), calcium-binding (calbindin D28, reticulocalbin-2
precursor), RNA-binding (heterogeneous ribonucleoprotein A/B), protein folding (T-complex 1
delta), metabolism (leukotriene A4 hydrolase), and protein degradation (proteasome subunit
alpha1).
The circadian peptidome released from rat hypothalamic SCN was characterized using a
gel-free approach (Hatcher et al., 2008). Long-Evans/BluGill rats were entrained to 12:12 L:D
and then transferred to constant darkness. Animals were sacrificed during subjective day-time
(CT 0-12) and brain slices containing SCN and optic nerve were prepared. SCN releasates were
obtained from extracellular fluid with pipettes containing solid-phase extraction material or from
the SCN itself with micrometer-sized beads with solid-phase extraction material. Samples of
releasate were collected at the beginning and end of CT 0–4, 4–8, 8–12, 12–16, 16–20, and 20–
24 intervals and analyzed with MALDI TOF MS. Identified peptides were independently
verified with LC-MS/MS. Arginine vasopressin showed a robust circadian rhythm with a peak
during sleep time. Other identified peptides were angiotensin I, arginine vasopressinb,
proenkephalin, galanin, neurokinin-B, neurotensin, melanotropin , PEN, big LEN, little SAAS,
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somatostatin-14b, proSomatostatin, substance P and thymosin -4. Interestingly, this study also
detected previously unknown peptides, which prompted further investigation of their biological
role.

Table 1. Circadian proteomes.
Tissue

Liver
CD1 mice

Pineal gland
Wistar rats

Methods

Mice were
entrained under
12:12 L:D and
then transferred
to 12:12 D:D
(constant
darkness). Liver
tissue was
collected every
4-h over 24-h
starting at CT 0
(n = 3/ time
point)
2D-DIGE
MALDI-TOFMS
LC MS/MS
Rats were
entrained under
12:12 L:D.
Pineal glands
were collected
at ZT6 (6 hours
after lights on)
and ZT18 (6
hours after
lights off)
(n = 8/ time
point)

2D-PAGE

Proteins with
circadian expression
pattern
Arginosuccinate
synthetase 1 (ASS1)
Carbamoyl phosphate
synthetase 1 (CPS1)
Arginase 1 (ARG1)
Ketohexokinase
(KHK)
Succinate
dehydrogenase 1
(SDH1)
Aldolase 2 (ALDO2)
Enolase 1 (ENO1)
Aconitase 2 (ACO2)

Function

Urea cycle

(Reddy et
al., 2006)

Urea cycle

Fructose metabolism

Glycolysis
Kreb‟s cycle

Dark period (rodent wake time)
Alpha enolase
Glycolysis pathway
Gamma enolase
Vimentin
Morphogenesis
Creatine kinase,B
Energy transduction
chain
Guanine deaminase
Purine catabolism
Peptidyl-prolyl cisProtein folding
trans isomerase A
Annexin A2 and A5
Ca2+-regulated
membrane-binding
Light period (rodent sleep time)
Malate
Krebs cycle
Dehydrogenase
Citrate synthase
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Reference

(Moller,
Sparre et
al. 2007)

MALDI-TOF
MS

Retina

Mice were
entrained under
C57BL/6 mice 12:12 L:D and
transferred to
12:12 D:D.
Retinal tissue
was collected
every 6-h over
24-h starting at
CT 2
(n = 5/ time
point)
2D-PAGE
MALDI-TOF
MS

SCN releasate
Long-

Rats were
entrained under
12:12 L:D and

Triosephosphate
Isomerise
Ubiquinolcytochrome
c reductase core
protein I
RNA recognition
motif
Chaperonin containing
TCP1
ER protein ERp29
precursor
(Erp31)
Transitional
endoplasmic reticulum
ATPase
Complement C3
Precursor
Phosphoserine
phosphatise
Contrapsin-like
protease inhibitor 1
and 3 precursor
N-ethylmaleimidesensitive fusion
protein
Charged
Multivesicular body
protein 4b
Reticulocalbin-2
precursor
Calbindin D28

Heterogeneous
ribonucleoprotein A/B
T-complex 1 subunit
delta

Mitochondrial
electron transport
Processing of premRNAs
Chaperone, signal
transduction

Vesicle budding from
the endoplasmic
Reticulum
Activation of the
complement system
Biosynthesis of serine
from carbohydrates
Protein metabolism

Vesicle transport

Calcium binding
Photoreceptor
adaptation, gating of
photic input
RNA-binding
Protein folding,
phototransduction,
morphological
changes
Metabolism

Leukotriene A4
hydrolase
Proteasome subunit
Protein degradation
alpha type 1
Angiotensin I
Arginine vasopressinb
Proenkephalin 219–229
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(Tsuji,
Hirota et
al. 2007)

(Hatcher et
al., 2008)

Evans/BluGill
rats

transferred to
12:12 D:D.
Samples were
taken every 4-h
over 24-h
starting at CT 0
LC MALDITOF MS
LC MS/MS

Urine
Tau mutant
hamsters

Blood
C57Bl/6

Blood

Hamsters
entrained under
14:10 L:D
cycle.
SDS-PAGE
LC MS/MS
Mice entrained
to 12:12 L:D
cycle
SELDI

Mice entrained
under 12:12
C57BL/6 mice L:D cycle.
Samples
collected every
4 hours, starting
at ZT 23 (n = 3/
time point)

Blood
metabo-lome
C57BL/6 and
CBA/N mice

Galanin
Neurokinin-B
Neurotensin
POMC, melanotropin 
PEN
Big LEN
Little SAAS
Somatostatin-14b
proSomatostatin 89-100
Substance P
Thymosin -4
Cytochrome C
Apoptosis
(CYCS)

Fingerprinting assay

Transthyretin

Proof of concept that
de-novo proteins
cycle in the blood,
and that the daily
rhythmic variation
changes in heart
disease
Transports thyroxin
(T4) and retinol
(vitamin A)
Lipid and cholesterol
regulation

Apolipoprotein A1
precursor
Apolipoprotein E
precursor
Apolipoprotein J
Plasminogen
Plasmin formation
SDS-PAGE
Complement C3
Activation of
LC MS/MS
precursor
compliment system
Mice entrained Trimethylamine N-oxide
under 12:12
Glutamine 2-Aminobutyrate
L:D cycles, then Cytidine
transferred to
Sarcosine
either 12:12L:D Carnitine
or 12:12 D:D.
Valine
Blood collected Tryptophan
in fasting
4-Guanidinobutyrate
animals over
Isoleucine
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(Martino et
al., 2008)

Ref
Martino
same one
as below

(Martino,
Tata et al.
2007)

(Minami et
al., 2009)

24-h starting at
ZT 4 or CT 4
LC-MS
CE-MS

3-Methylhistidine
Leucine
Proline
Guanidoacetate
1-Methylnicotinamide
Citrulline
Creatinine
Glycine
Methionine sulfoxide
a-Aminoadipate
Methionine
Phenylalanine
N,N-Dimethylglycine
Thr 13C
Threonine
Ornithine
Hydroxyproline
Creatine
Corticosterone
Lysophosphatidylcoline

5. The Circadian Proteome Helps to Understand Disease and Identify New Biomarkers
Disturbances of the circadian rhythm, such as might occur in humans in shift work or
sleep disorders, can affect many physiologic processes (e.g. circadian rhythms of heart rate, body
temperature, sympathetic nervous activity, chemical, inflammatory, and metabolic processes).
The proteome should characteristically change as well, revealing de novo biomarkers. Martino
and colleagues investigated this using a +/tau hamster model bearing a mutation in the core
circadian clockwork protein casein kinase 1 epsilon (Martino et al., 2008). The circadian rhythm
disruption in these animals etiologically caused heart and kidney disease. The animals exhibited
profound proteinuria. To detect proteomic changes, urine samples collected from +/tau vs.
controls were analyzed on 10-20% tricine gels stained with Coomassie dye. Bands were excised
from the gel, trypsin digested, subjected to MS/MS on a LCQ DECA XP ion trap, and analyzed
using Sequest. Protein identification was validated by Western blot. As shown in Table 1, a ~15
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kDa protein band, appearing only in the urine of the +/tau animals, was identified by MS as
cytochrome c, a biomarker of cellular apoptosis. Apoptosis was confirmed in the renal tissues of
+/tau mutants by terminal uridine deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) staining. Thus by using circadian approaches, a novel biomarker of renal disease was
discovered. This was a particularly exciting discovery as there are notably very few biomarkers
of developing renal disease. For example, a usual biomarker for kidney disease is creatinine,
however, this represents chemical waste generated from muscle metabolism and is only an
indirect marker of renal function. Here Martino et al. identified a direct indicator of early and
ongoing tissue damage, by investigating circadian proteome expression. This marker is easily
obtained by collecting urine samples, thus making it potentially ideal for point-of-care or routine
diagnostics. Additional examples of circadian-based biomarkers, including many fundamental to
human health and disease, are described below.

6. Circadian Biomarkers in Blood
Circadian proteomics can be used for discovery of novel blood biomarkers of heart
disease. Established cardiovascular factors (e.g. hypertension, smoking, diabetes) do not fully
explain the risk for heart disease, and there is substantial interest in the development of new
biomarkers to identify persons at risk and who may be targeted for early preventative measures.
In those with heart disease, biomarkers are in demand to help track disease progression, and aid
physicians in monitoring and better treating their patients. Although a number of strategies are
currently used to identify biomarkers, there have been very few clinical advances. Circadian
variations in blood proteins may allow for the development of new and more accurate
biomarkers of cardiovascular disease.

52

We recently investigated diurnal proteome cycling in murine blood plasma (Martino et
al., 2007b). Blood was the preferred tissue for biomedical investigation because of its ease of
accessibility and minimal invasiveness for sampling. As shown in Table 1, the first approach was
proof of concept and used surface-enhanced laser desorption ionization (SELDI) MS. Only
proteins retained on ion exchange solid phase chromatographic surfaces (or chips) were
examined; substances with other biochemical properties remain open to future investigation.
Expression profiles were collected over a wide mass range; those of lower molecular weight (110 kDa range) classically contained bioactive peptides, while those in the midrange (10-50 kDa)
and larger (>50 kDa) reflected peptides/proteins involved in cell structural and functional
processes. With SELDI MS we essentially created a fingerprint of blood protein expression over
the 24-hour time, from which one could then quantify, statistically analyze and graph data to
visualize daily protein rhythms.
Since one of the drawbacks of SELDI MS was a relative inability to further identify the
fingerprint proteins, the diurnal blood proteome was also characterized following
prefractionation on column chromatography with an ion exchange resin (Martino et al., 2007b).
As shown in Table 1, proteins comprising effluent, salt elution, and bead retentive fractions were
visualized by SDS-PAGE and silver stain. Protein bands that exhibited cyclic variation over 24
hours were excised, trypsin digested, and then injected by electro spray ionization (ESI) into a
LCQ DECA XP ion trap. Proteins were identified by comparison searching molecular mass
against murine databases. Many of the identified blood proteins with diurnal expression linked to
cycles in physiology were those released from liver, such as transthyretin, apolipoprotein A1
precursor, apolipoprotein E precursor, apolipoprotein J, plasminogen and complement C3
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precursor. Ultimately, comparing daily rhythms in sera from healthy individuals vs. heart disease
patients would allow for the creation of new biomarker profiles and discovery platforms.
Another study examining diurnal biomarkers in blood measured 24-hour profiles of small
chemical substances (peptides, amino acids, hormones) (Minami et al., 2009). As shown in Table
1, blood was drawn every 4 hours over the 24-hour period from CBA mice maintained under
L:D or D:D conditions and LC-MS analysis was performed that led to the detection of 176
negative and 142 positive ion peaks. Importantly, in transgenic murine model of clock disruption
(Cry1-/- and Cry2-/-), expression of these metabolites was altered, suggesting that they were
controlled by the clock mechanism. The authors demonstrated that their metabolite timetable
could be used to accurately determine body time in mice with different genetic background, age,
sex and feeding regime. The overall purpose of doing this was to create maps of body time,
which could be applied clinically to optimize understanding of disease or determine the best
times for administering drugs and therapies.

7. Circadian Rhythms in Neuro/hormone Biomarkers
Long before protein cycling was even discovered, it was already known that some key
neuroendocrine hormones important to the heart had daily rhythmic patterns of expression.
Cycling of many of these hormones drives the protein rhythms we observe in normal heart and
other tissues, and the changes that occur in disease. Further details are described below and in
Figure 8 and Table 2.

54

Figure 8. Diurnal cycling of hormones in blood. Left; Melatonin, aldosterone, plasma renin
activity, growth hormone peak during sleep time. Right; cortisol, epinephrine, vasoactive
intestinal peptide peak during wake time. X-axis: white bar = light period, black bar = dark.
Rhythms illustrated here are based on the references listed in Table 2.
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7.1 Sleep-time hormones
The first example is melatonin, and its expression in humans is elevated in the dark but
suppressed by light (thus it is sometimes called the “hormone of darkness”) (Brzezinski, 1997). It
has a cardioprotective effect through antioxidant and antiinflammatory activity (reviewed in
Tengattini et al., 2008). It is a useful circadian biomarker of heart disease. Nocturnal melatonin
levels were low in patients with acute myocardial infarction (MI) vs. healthy controls within the
first 24 hours after hospital admission (Dominguez-Rodriguez et al., 2002). Also, patients with
ST-segment MI who developed adverse events during follow-up had significantly lower
nocturnal melatonin levels than patients without the events (Dominguez-Rodriguez et al., 2006).
In another study it was revealed that nocturnal melatonin levels were reduced in patients with
cardiac syndrome X vs. controls (Altun et al., 2002). Second, the renin-angiotensinaldosterone
system (RAAS) also exhibits circadian rhythm. Aldosterone produced by the adrenal cortex
regulates Na+ and K+ homeostasis. Aldosterone plasma levels peak during sleep time (11:00
P.M. – 7:00 A.M.) (Charloux et al., 1999). As a biomarker of heart disease, it has been reported
that while normal subjects showed an 81% decrease during the wake period, there was only a
40% decrease in low renin hypertensive patients (Grim et al., 1974). Similarly, plasma renin
activity (PRA) cycles in healthy subjects with peak activity during sleep (Charloux et al., 1999).
Patients with hypertensive heart disease exhibited a greater increase in PRA during sleep-time as
compared to normotensive patients (Tuck et al., 1985).
Finally, growth hormone secretion by the anterior pituitary gland is pulsatile and has a
circadian rhythm with the highest peak occurring at midnight (Surya et al., 2006). Growth
hormone is involved in regulation of cardiac metabolism and contractility (reviewed in
Volterrani et al., 2000). In some heart failure patients (New York Heart Association classes I-III)
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there is a loss of circadian rhythm and overall reduction of growth hormone secretion (Duncan et
al., 2003).

7.2 Wake time hormones
Cortisol exhibits diurnal variation with serum levels peaking early in the morning around
wake time and troughing late in the evening (Lightman et al., 1981, Charloux et al., 1999). It
may also be a useful biomarker or mediator of disease as plasma cortisol peaks earlier at 4:00
A.M. in some low renin hypertensive patients, as compared to 8:00 A.M. in normal controls
(Grim et al., 1974). Epinephrine stimulates sympathetic activity including in the cardiovascular
system. It exhibits a robust endogenous circadian rhythm that peaks during wake time (Linsell et
al., 1985), and this expression changes in obstructive sleep apnea heart failure patients, in which
there is increased nocturnal sympathetic tone (Alonso-Fernandez et al., 2005, Bradley and
Floras, 2009). Lastly, vasoactive intestinal peptide affects vasodilation, heart rate and force of
contraction (reviewed in Henning and Sawmiller, 2001). It has a circadian rhythm with a peak
before sleep time (20:00) and a trough later at night (0:00) (Cugini et al., 1991). The rhythm of
this peptide is lost in patients with orthotopic heart transplant (Cugini et al., 1993).
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Table 2: Circadian rhythms in neuro/hormones in humans
Hormone
Selective
Hormone Cycling
function(s)
In healthy
Altered cycling in
relevant to the
humans
specified
cardiovascular
cardiovascular
system
disease
Melatonin

Antioxidant,
circadian
entrainment

Nocturnal peak
in blood (in the
dark)
Secretion is
suppressed by
light and
activated in the
dark

Aldosterone

Regulates
Na+/K+
homeostasis,
blood pressure

Peak serum
levels during
sleep time

Plasma Renin
Activity

Regulates blood Significantly
pressure
higher plasma
activity during
sleep time:

Growth
Hormone

Affects
metabolism and
contractility

Nocturnal decrease
observed within the
first 24h period in
patients with
myocardial infarct
(MI).
Low levels of
melatonin correlate
with adverse events
during follow up in
ST-segment MI
patients
Nocturnal decrease in
patients with cardiac
syndrome X vs.
healthy controls
Does not decrease
normally during the
day in low renin
hypertensive patients
vs. healthy controls

Significantly
upregulated only at
night in some
patients with
essential
hypertension
Nocturnal
Overall decrease and
plasma peak
loss of circadian
rhythm in some
Exhibits pulsatile patients with chronic
expression
heart failure (NY
Heart Association
classes I-III)
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References
* Used in Figure
8
§ Heart disease
# Additional
references
* (Brzezinski,
1997)
# (Claustrat et al.,
1986)
# (Follenius et al.,
1995)
§ (DominguezRodriguez et al.,
2006)
§ (DominguezRodriguez et al.,
2002)
§ (Altun et al.,
2002)

* (Charloux et al.,
1999)
# (Katz et al.,
1975)
# (Lightman et al.,
1981)
§ (Grim et al.,
1974)
* (Charloux et al.,
1999)
# (Katz et al.,
1975)
§ (Tuck et al.,
1985)
* (Surya et al.,
2006)
# (Takahashi et
al., 1968)
# (Hartman et al.,
1991)
§ (Duncan et al.,

2003)
Cortisol

Regulates blood Serum levels
sugar levels,
peak around
increases blood wake-time
pressure

Epinephrine

Increases heart
rate and blood
pressure

Plasma levels
peak during
wake time

Mediates
sympathetic
response

Vasoactive
intestinal
peptide

Regulates
vasodilation,
heart rate, force
of contraction

Plasma peak
before sleep
(20:00), trough
at night (0:00)

Peaks at 4:00 A.M. in * (Charloux et al.,
some low renin
1999)
hypertensive patients * (Lightman et al.,
1981)
# (Lockinger et
al., 2004)
# (Cugini et al.,
1991)
§ (Grim et al.,
1974)
Nocturnal increase in * (Linsell et al.,
some patients with
1985)
obstructive sleep
# (Scheer et al.,
apnea vs. healthy
2009)
controls
# (Akerstedt and
Froberg, 1979)
§ (AlonsoFernandez et al.,
2005)
Circadian rhythm is
* (Cugini et al.,
lost in patients with
1991)
orthotopic heart
# (Cugini et al.,
transplant
1992)
§ (Cugini et al.,
1993)

8. Clinical Translation
Discovery of the circadian cardiovascular proteome and its endogenous drivers provided
a new understanding of cardiovascular health and disease, where time was a new paradigm of
functional significance. Proteomic biomarkers could be easily implemented with ELISA-type
point-of-care diagnostic platforms that could be routinely applied in physician offices, or even
potentially in the consumer‟s home. One of the practical applications of cardiovascular circadian
proteomics is chronotherapy, which requires easily accessible markers of body time for
optimizing the timing of drug treatments. For example, we recently demonstrated that the
efficacy of treatment with the angiotensin converting enzyme inhibitor (ACEi) captopril
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exhibited a diurnal pattern, consistent with the diurnal variation in ACE expression (Martino et
al., 2011). ACEi are common medications given to cardiovascular patients with hypertension,
after a myocardial infarction or with heart failure. We found that drug administration at sleeptime improved heart function, but wake-time did not differ from placebo. This approach could be
used in other diseases such as cancer (Hrushesky and Bjarnason, 1993, Innominato et al., 2010)
and neuroendocrine disorders (Chung et al., 2011) as well.

9. Conclusions
Circadian cardiovascular proteomics is an important new area of research that provides
an excellent opportunity to elucidate molecular processes that underlie our health and disease
across the 24-hour L:D period. At this early stage, temporal analysis of the proteome in
cardiovascular tissues (i.e. heart or blood) of experimental animal models revealed remarkable
24-hour variations in protein abundances. Diurnal protein profiles differed remarkably between
health and disease. Characterization of these proteins is the key to understanding normal body
physiology as well as providing new diagnostic capabilities, and new approaches to treatment by
aiding in the design of personalized therapeutics.
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CHAPTER 3

THE DAY/NIGHT PROTEOME IN THE MURINE HEART

This Chapter is a modified version of P.S. Podobed, W. Glen Pyle, , S. Ackloo, F.J. Alibhai, E.
Tsimakouridze, W.F. Ratcliffe, A. Mackay, J. Simpson, G. Kirby, M. Young, T.A. Martino
(2014) The Day/Night Proteome in the Murine Heart. American Journal of Physiology Regulatory, Integrative and Comparative Physiology. 2014.
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1. Abstract
Circadian rhythms are essential to cardiovascular health and disease. Temporal
coordination of cardiac structure and function has focussed primarily at the physiologic and gene
expression levels. The general lack of investigation into the prominent mediators of cell function
– namely proteins – and their circadian patterns leaves a hole in our understanding of
cardiovascular disease processes. The purpose of this study was to reveal the diurnal cardiac
proteome and its contributions to cardiac function. The 24 hour (h) day/night murine cardiac
proteome was assessed by 2-dimensional difference in gel electrophoresis (2D-DIGE) and liquid
chromatography-mass spectrometry. Daily variation was considerable, as ~7.8% (90/1147) of
spots exhibited statistical changes at paired times across the 24h light (L) dark (D) cycle.
JTK_CYCLE was used to investigate underlying diurnal rhythms in corresponding mRNA. We
next revealed that disruption of the L:D cycle altered protein profiles, and diurnal variation in
cardiac function in Langendorff-perfused hearts, relative to the L:D cycle. To investigate the role
of the circadian clock mechanism, we used cardiomyocyte clock mutant (CCM) mice. The
cardiac proteome was significantly altered in CCM hearts, especially enzymes regulating vital
metabolic pathways. Lastly, we used a model of pressure overload cardiac hypertrophy to
demonstrate the temporal proteome during heart disease. Our studies demonstrate that time of
day plays a direct role in cardiac protein abundance, and indicate a novel mechanistic
contribution of circadian biology to cardiovascular structure and function.
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2. Introduction
Circadian rhythms are intrinsic 24 hour (h) rhythms that underlie behaviour and
physiology (reviewed in Panda et al., 2002b, Reppert and Weaver, 2002, Roenneberg and
Merrow, 2005). They are crucial to many major processes in the cardiovascular system in
humans and other mammals including heart rate (Ohishi et al., 1993) and blood pressure (Shea et
al., 2011), consistent with the sympathovagal balance of the autonomic nervous system
(reviewed in Krauchi, 2002, Guo and Stein, 2003, Martino and Sole, 2009, Sole and Martino,
2009, Durgan and Young, 2010). Circadian rhythms are also associated with the timing of onset
of adverse cardiac events (e.g. myocardial infarction (Muller et al., 1985, Mukamal et al., 2000,
Durgan et al., 2010, Reiter et al., 2012), ventricular tachyarrhythmia (Tofler et al., 1995), and
sudden cardiac death (Willich et al., 1992)) which peak early in the day. Rhythm disruptions
such as occur in shift work and sleep disorders are associated with increased prevalence of
adverse cardiac events, exacerbation of heart disease, and metabolic disorders linked with heart
disease, as evidenced by many clinical (Furlan et al., 2000, Bradley and Floras, 2003, Floras,
2005) and experimental studies (Penev et al., 1998, Martino et al., 2007a, Martino et al., 2008,
Bray et al., 2012). Circadian rhythms are of central relevance to the healthy cardiovascular
system, and their disruption contributes significantly to cardiovascular morbidity and mortality.
Recent studies demonstrate circadian variations not only in cardiac physiology, but also
at the molecular level in the heart (Young et al., 2001b). Global mRNA profiling studies reveal
that ~13% of gene transcripts are rhythmic across 24h light (L) and dark (D) diurnal (Martino et
al., 2004, Martino et al., 2007a, Tsimakouridze et al., 2012) and circadian cycles (Storch et al.,
2002); undoubtedly the heart is transcriptionally a different organ in the day versus the night.
These rhythms are necessary to coordinate biological and biochemical processes crucial for
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maintaining the normal structure and function of the heart, and remodeling in cardiovascular
disease (reviewed in Bray et al., 2008). However, our current understanding is incomplete. For
example, the relative contribution of factors that are extrinsic (e.g. neurohormonal factors) versus
intrinsic (e.g. the cardiomyocyte circadian clock) which drive these rhythms are not fully known.
Moreover, although many studies have investigated diurnal gene expression underlying time-ofday cardiovascular (and other organ) physiology, it is only recently that investigations have
turned towards the proteins. Proteins are fundamentally important as they underlie many
biological processes. Moreover, levels of mRNA and proteins do not always correlate with each
other because of posttranscriptional mechanisms controlling translation rates, half-lives, and
post-translational modifications (Hanash, 2004, Nickel and Rabouille, 2009), thus the proteome
warrants independent investigation. This concept was demonstrated on a global scale by Reddy
et al who reported that only approximately 50% of fluctuations in the hepatic proteome could be
accounted for by changes in mRNA levels (Reddy et al., 2006). Notably, researchers are now
turning their focus towards proteomics approaches applied to the circadian field, where largescale quantitative protein abundance measurements will increase understanding of how protein
rhythms underlie circadian physiology (Reddy et al., 2006, Martino et al., 2007b, Moller et al.,
2007, Tsuji et al., 2007, Hatcher et al., 2008, Patel et al., 2012, Robles and Mann, 2013).
Proteomics has been established as a powerful tool for analyzing biological phenomena.
Most recently, we and others have begun using large-scale proteomics approaches to
demonstrate de novo time of day changes in the proteome (Reddy et al., 2006, Martino et al.,
2007b, Moller et al., 2007, Tsuji et al., 2007, Hatcher et al., 2008, Deery et al., 2009, Dallmann
et al., 2012); however, to date no studies have investigated the global day/night cardiovascular
proteome, despite its critical importance underlying cardiac structure and function. Here, we
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used two-dimensional difference in gel electrophoresis (2D-DIGE) and liquid chromatography
mass spectrometry (LC/MS/MS) to discover that ~7.8% (90/1147 spots on 2D-DIGE) change in
abundance in the normal heart over 24h daily periods, and that protein spots identified with
LC/MS/MS and Western blot may have a corresponding cycling transcript, as shown by
JTK_CYCLE gene expression analyses. In addition, we demonstrated that shortening the 24h
photoperiod to 20h (to which the animals cannot entrain) alters the relationship between the L:D
cycle and their endogenous rhythms, by using the Comprehensive Lab Animal Monitoring
System (CLAMS), along with functional consequences in left ventricular developed pressure on
Langendorff. Moreover, we also examined the cardiac proteome mechanistically using
cardiomyocyte specific clock mutant (CCM) mice. We detected changes in CCM vs. WT mice in
abundance of cardiac metabolic enzymes, revealing the importance of the intact molecular clock
for the temporal cardiac proteome. Finally, we demonstrate important contributions of proteomic
programming in a model of cardiovascular disease.
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Figure 9. Experimental design. Four approaches were used to investigate circadian rhythms
relevant to cardiovascular health and disease. A) Model 1, detection of the diurnal cardiac
proteome in male C57Bl/6 mice housed in a normal 12:12 LD environment. B) Model 2, L:D
disrupted protocol and cardiac protein abundance and heart function. C) Model 3, role of the
cardiomyocyte specific circadian clock (CCM) mechanism on the cardiac proteome. In this third
model, CCM mice (Durgan et al., 2006) were used to determine the importance of CLOCK
(circadian clock mechanism) in the heart on the cardiac proteome. D) Model 4, diurnal proteome
in cardiovascular disease. This investigates diurnal proteome in heart disease, using the pressureoverload induced cardiac hypertrophy (TAC) model in mice at 1 week post TAC.
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3. Materials and Methods
3.1 Animals
All animal work was conducted under the guidelines of the Canadian Council on Animal
Care. The experimental approach is summarized in Figure 9. For detection of the diurnal cardiac
proteome (Figure 9A), male C57Bl/6 mice (8 weeks old, Charles River) were entrained to a 12h
light: 12h dark cycle (12:12 L:D) for 2 weeks at the University of Guelph. Animals were
euthanized by isoflurane and cervical dislocation. Tissues were collected from animals sacrificed
every 4h starting 1h before lights on (Zeitgeber Time [ZT] 23) for 1 day/night cycle (n=3/ time).
For the L:D disrupted protocol (Figure 9B), animals were housed under controlled conditions in
a 12:12 L:D cycle for 2 weeks, then on either their normal 12:12 L:D or an established diurnal
disruption protocol that shortens the photoperiod (10:10 L:D) ) (Martino et al., 2008, Karatsoreos
et al., 2011). Animals were euthanized (n=3/time point; 4 times; n=12/group) for tissue
collection. To investigate the role of the cardiomyocyte-specific clock (Figure 9C), we used male
CCM mice (FVB background, University of Alabama at Birmingham) and WT littermates.
Animals were euthanized (n=8/time point; 4 times; n=32 per group) and ventricular tissues
collected. To investigate diurnal rhythms in heart disease (Figure 9D) we used the transverse
aortic constriction (TAC) model of cardiac hypertrophy in male C57Bl/6 mice, as described
previously (Martino et al., 2007a). Briefly, cardiac hypertrophy was induced in mice anesthetized
with isoflurane, and intubated and ventilated (0.3 l/min O2, 140 respirations/min, Harvard
Apparatus 687). A thoracotomy was performed in the second left intercostal space, the aorta
distal to the subclavian artery cleared, and a silk suture (Ethicon 7-0) placed around a 27-gauge
needle to constrict the arch. Sham operated animals underwent the same surgical procedure,
except the ligature was not tightened. Mice were administered buprenorphine (0.1 mg/kg) upon
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awakening and at 8h and 24h post-op. At 1 week post-surgery, animals were euthanized by
isoflurane and cervical dislocation every 4h starting 1h before lights on (ZT23) for 1 diurnal
cycle (n=3/time point, 18 TAC, 18 sham) and serum and ventricular tissue collected, frozen in
liquid nitrogen and stored at -80 °C.

3.2 Protein Purification
Soluble heart proteins were collected following tissue homogenization in Urea/CHAPs
lysis buffer (10 mM Tris pH8, 8 M Urea, 4% w/v 3-[(3- cholamidopropyl) dimethylammonio]-1propanesulfonate), with protease inhibitors (Roche, complete Mini EDTA-free). Tissue was
homogenized on ice using a Potter- Elvehjem grinder, centrifuged at 12000 x g, supernatant
collected, and protein concentration measured with Bradford assay (BioRad).

3.3 Two-Dimensional Difference Gel Electrophoresis
Soluble cardiac protein extracts (50 g) were incubated in the dark with 200 pmole
CyDye Fluors (GE Healthcare) for 30 min at 0 °C, and the reaction quenched with 10 mM
lysine, as described previously (Hobson et al., 2007). For detection of the diurnal cardiac
proteome (Figure 9A), individual hearts collected 12h apart were analyzed as i) ZT23 (Cy5) vs.
ZT11 (Cy3), or ii) ZT15 (Cy5) vs. ZT03 (Cy3), or iii) ZT07 (Cy5) vs. ZT19 (Cy3) (n=3 gels/
time point, 9 gels total). The rationale for pairing time points that were 12 hours apart is in
relation to mathematical modeling of circadian expression by cosine function, where peak and
trough are approximately 12h apart (for example (Bingham et al., 1982, Reddy et al., 2006,
Hughes et al., 2010)). For studies investigating the clock mechanism (Figure 9C), CCM samples
were labelled with Cy3, and WT controls with Cy5. Gels were labelled as i) ZT23, or ii) ZT03,
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or iii) ZT11, or iv) ZT15 (n=3 gels/ time, 12 gels total). For TAC heart disease (Figure 9D)
samples were labelled as i) ZT23 (Cy5) vs. ZT11 (Cy3), or ii) ZT15 (Cy5) vs. ZT03 (Cy3), or
ZT07 (Cy3) vs. ZT19 (Cy5) (n=3 gels/ time, 9 gels total). For all studies, the internal standard
was labelled with Cy2, and consisted of the pooled protein extracts used in each study, in
accordance with field standards (Tonge et al., 2001, Alban et al., 2003, Lilley and Friedman,
2004). For the first dimension, Cy-dye labelled proteins were mixed with rehydration buffer (8
M urea, 1% CHAPS, 65 mM DTT, 0.5% v/v pharmalytes pH 3–10) and added to 13 cm
nonlinear immobilized pH gradient dry strips (pH3–10) (GE Healthcare). Isoelectric focusing
(IEF) was performed using a Protean cell (GE Healthcare). For the second dimension, IEF strips
were equilibrated (75 mM Tris (pH 8.8), 6 M Urea, 30% glycerol, 2% SDS, 1% w/v DTT, 2.5%
w/v iodoacetamide), overlaid on 12% SDS-polyacrylamide gels, and electrophoresed using a
DALT 6 apparatus (GE Healthcare). Gels were scanned with a Typhoon 9410 using the
excitation/emission filters: 532 nm/580 nm for Cy3, 633 nm/670 nm for Cy5, and 488 nm/520
nm for Cy2. The photomultiplier tube was set at 550 and pixel size at 100 microns.

3.4 Bioinformatics
2D-DIGE gels were analyzed with DeCyder 6.5 software (GE Healthcare). Difference in
gel analysis was used to detect and match differentially labelled proteins within the gels. Protein
abundance was calculated after background subtraction and normalization to the internal Cy2
control. Biological variance analysis was used to match multiple 2D-DIGE gels and calculate
fold change (FC). Spots present in >75% of gels with volumes > 2x104 were included in the
analyses. Normalized protein abundances were visualized in DeCyder where peak height and
volume correlated with spot intensity. Normalized protein abundance and FC were visualized
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using graph view, and dashed lines represented individual FC, and the solid lines average FC.
Spots that exhibited ≥ 1.4 fold change in abundance between the paired time points were
considered rhythmic (p < 0.05).

3.5 In-Gel Digestion
Spots were excised from 2D-DIGE SYPRO Ruby gels containing 300 g pooled protein,
using the Ettan Spot Picker (GE Healthcare). Trypsin digestion was carried out using In-Gel
Digest Kit (Thermo Scientific). Gel pieces were destained (25 mM ammonium bicarbonate, 50%
v/v acetonitrile), reduced (50 mM Tris[2-carboxyethyl]phosphine in 25 mM ammonium
bicarbonate), alkylated (100 mM iodoacetamide), then dried (acetonitrile), as per manufacturer‟s
directions. Gel spots were rehydrated in 10 ng/ l trypsin digestion buffer and incubated at 30 °C
overnight. Solution containing tryptic peptide fragments was collected for LC/MS/MS analysis.
Peptide fragments were identified by nano-liquid chromatography (LC)-1D coupled to a hybrid
linear ion trap / triple quadrupole mass spectrometer (QTRAP4000, ABSciex). Separation was
performed using a linear binary gradient starting at 5% solvent B and ramping to 30% solvent B
in 60 min; then the gradient reached 100% B in 5 min and was held for 15 min before returning
to the initial conditions. Solvent A contained 2% acetonitrile in water with 0.1% formic acid;
solvent B contained 2% water in acetonitrile with 0.1% formic acid. Separation was performed at
a flow-rate of 500 nL/min. The MS was set up in independent data acquisition (IDA) mode
where an enhanced mass scan (EMS) triggered an enhanced product ion scan (EPI) for ions
between m/z 400 and m/z 1000, with charge state 2 and 4, which exceeded 3000 counts per
second (cps). Mascot version 2.4, ProteinPilotTM v2.0.1, X!Tandem and Mouse Swiss Prot
database were used for searching. Search parameters were: trypsin, mouse, fixed modifications

70

(carbamidomethyl), partial modifications (dehydration, deamidated (NQ), dioxidation (M), Gln>pyro-Glu (N-term Q), Gln->pyro-Glu (N-term E), oxidation (M), 3 missed cleavages. False
positives were controlled by comparing molecular mass of the target spot on 2D-DIGE with the
molecular weight of the identified protein, and estimated to be <1%.

3.6 Western Blot
Proteins identified by LC/MS/MS were independently validated at their 2D-DIGE
identified time points (12h paired time points) using pooled protein extracts (n = 3). In addition,
time-of-day profiles (all 6 ZT time points) for proteins were independently determined from n=3
individual samples taken at each time point across the diurnal cycle. Proteins were visualized by
12% SDS-PAGE (4–20% (Lonza) for PER2) and transferred to polyvinyl fluoride membrane
(BioRad). The following antisera were used - 1:10000 mouse monoclonal STIP1 (Stressgen,
SRA1500); 1:2500 rabbit polyclonal IGF2 (Abcam, Ab9574); 1:100 rabbit polyclonal
ALDH4A1 (SantaCruz, sc130948); 1:1000 rabbit polyclonal PER2 (Millipore, AB5428P);
1:1000 goat polyclonal ALDH2 (SantaCruz, sc48837); 1:2000 rabbit polyclonal ECHS1
(ProteinTech, 11305-1-AP); 1:3000 goat polyclonal LDHB (Abcam, ab2101); 1:1500 rabbit
polyclonal DLST (Aviva systems biology, OAAB01666); 1:1500 rabbit polyclonal GOT2
(Aviva, ARP43518T100); 1:2000 mouse monoclonal PDHE1a (Abcam, ab110330); 1:5000
rabbit polyclonal CA2 (SantaCruz sc25596); 1:100 goat polyclonal FGB (SantaCruz, sc18029);
1:200 rabbit polyclonal PSMA6 (SantaCruz, sc67343); 1:200 goat polyclonal PCCA (SantaCruz,
sc68997); 1:1000 rabbit polyclonal PDIA3 (Enzo, ADISPA585); 1:1000 rabbit polyclonal
HSPB1 (Enzo, ADISPA801). Mouse monoclonal to -ACTIN at 1:25000 (Millipore clone C4,
MAB1501) was used as a loading control. Immunoreactive bands were visualized with ECLplus
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(GE Healthcare) and 1:5000 HRP-conjugated secondary antibodies as applicable - goat antimouse (Sigma A9917); rabbit anti-goat (Sigma A5420); goat anti-rabbit (Sigma A2304).

3.7 mRNA Expression and JTK analysis
mRNA expression profiles were derived from our Affymetrix MOE430A GeneChip
microarrays (GEO Accession Number GSE36407) (Martino et al., 2007a, Tsimakouridze et al.,
2012). Briefly, a separate set of hearts were collected in the same diurnal manner as those used
for protein studies, that is, every 4 h over 24 h starting at 1 h before lights on (Zeitgeber time
ZT23) (ZT23, 03, 07, 11, 15, 19; n=3 per time point,18 samples total). Total RNA was isolated
by Trizol (Invitrogen) and assessed for high quality using a Nanodrop ND1000 (Thermo
Scientific) and the Agilent Bioanalyzer 2100 (Agilent Technologies). Hybridization and
scanning were in accordance with Affymetrix specifications, as described previously
(Tsimakouridze et al., 2012). The raw data set covered 22,690 transcripts (based on UniGene
database build 107, June 2002), and were analyzed for diurnal rhythms in gene expression using
the JTK_CYCLE nonparametric algorithm (Hughes et al., 2010), as described on the CircaDB
database (http://bioinf.itmat.upenn.edu/circa) (Pizarro et al., 2013).

3.8 In silico Circadian Motif Search
The 2,000 base pair region upstream of the coding sequence for genes of interest
(http://genome.ucsc.edu/cgi-bin/hgTables) were searched for putative circadian E/E‟-box
sequences (CANNTG, CACGTG, CACGTT), RORE motifs (AAAGTAGGTCA), and D-boxes
([A/G]T[G/T]A[T/C]GTAA[T/C]).

We

also

searched

the

circadian

mammalian

promoter/enhancer database (PEDB, http://promoter.cdb.riken.jp/circadian.html) for E-boxes, D-
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boxes and RREs that are predicted to be conserved in human vs. mouse, and searched circadian
motifs identified in published reporter assays (Kumaki et al., 2008), and published ChIP and
deep sequencing analyses (Rey et al., 2011), and time dependent patterns of circadian
transcription (Koike et al., 2012).

3.9 Comprehensive Laboratory Animal Monitoring System (CLAMS)
To investigate whole body behavioural and metabolic analyses, mice were housed in a
CLAMS (Columbus Instruments). Recordings were first taken under a 12:12 L:D cycle (normal
environment) for 5 days, after which the photoperiod was shortened to a 10:10 L:D for 5 days (6
L:D cycles). Daily patterns of respiratory exchange ratio (RER), energy expenditure, food intake,
and physical activity were measured, as described previously (Alibhai et al., 2014).

3.10 Langendorff
For ex-vivo functional studies, hearts were excised, mounted, and perfused with KrebsHenseleit buffer (118 mM NaCl, 25 mM NaHCO3, 1.2 mM KH2PO4, 4.7 mM KCl, 2.5 mM
CaCl2, 1.2 mM MgSO4, 11 mM glucose, 0.2 mM EDTA, 0.5 mM Na pyruvate (95% O2/5% CO2,
37 °C and 80 mmHg perfusion pressure). A balloon attached to a pressure transducer
(ADInstruments) was inserted into the left ventricle and inflated to give end diastolic pressures
of 1-5 mmHg. Left ventricular developed pressure (LVDP) was determined after 30 min of
stabilization (ADInstrument PowerLab, Chart Software v5.5.5, Colorado Creeks, USA).
Function was assessed in hearts collected in the light period (murine sleep time) at 3 h after
lights on, and in the dark period (murine wake time) at 3 h after lights off.
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3.11 Myofilaments
Cardiac myofilaments were isolated as described (Yang et al., 2008). Ventricular tissue
was homogenized in ice-cold standard buffer (30 mM Imidazole (pH 7.0), 60 mM KCl, 2 mM
MgCl2, 0.2 mM PMSF, 0.01 mM Leupeptin, 0.1 mM Benzamidine). Tissue pellets were
dissolved in skinning buffer (14.4 mM KCl, 60 mM Imidazole (pH 7.0), 10 mM EGTA, 8.2 mM
MgCl2, 5.5 mM ATP, 12 mM creatine phosphate, 10 U/mL bovine creatine phosphokinase, 0.2
mM PMSF, 0.01 mM Leupeptin, 0.1 mM Benzamidine, 1% Triton X‐100) for 45 min at 4 °C.
Resulting pellets were washed 3 times in ice-cold standard buffer and protein concentrations
determined with a Bradford assay.

3.12 Actomyosin MgATPase
We used an actomyosin Mg2+ ATPase assay to assess myofilament function.
Myofilaments (50 μg) were incubated at 32 °C for 10 min in mixtures of Activating and
Relaxing buffer to create a range of free Ca2+. Activating Buffer contained 23.5 mM KCl, 20
mM Imidazole (pH 7.0), 5 mM MgCl2, 3.2 mM ATP, 2 mM EGTA, 2.2 mM CaCl2, 0.2 mM
PMSF, 0.01 mM Leupeptin and 0.1 mM Benzamidine Relaxing Buffer consisted of 26 mM KCl,
5.1 mM MgCl2, 3.2 mM ATP, 2 mM EGTA, 20 mM Imidazole (pH 7.0), 4.9 μM CaCl2. Free
calcium was calculated using MaxChelator software (Patton et al., 2004). Reactions were
quenched by adding an equal volume of ice-cold 10% trichloroacetic acid (TCA). Proteins were
removed by centrifugation and an equal volume of developing solution (0.5% FeSO4, 1%
ammonium molybdate in 1M H2SO4) was added to the supernatant. Absorbance was measured at
630 nm. ATPase values were plotted as the amount of phosphate released (nmol Pi/min/mg of
protein) vs. free Ca2+ (μM). Sigmoidal actomyosin Mg2+ATPase activity-calcium relations were
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fit by a nonlinear procedure to a modified Hill equation: P = max●[Ca2+]H/([Ca2+]H + EC50 H)
where „P‟ is actomyosin MgATPase activity, „max‟ is the maximum value at saturating calcium,
„EC50‟ is the calcium concentration at which 50% of maximum is reached, and „H‟ is the slope of
the relationship (Hill coefficient) (Pyle et al., 2002).

3.13 Blood Serum Cytokines
Serum cytokines were quantified using the murine Th1/Th2/Th17 Cytometric Bead Array
(BD BioSciences) according to the manufacturers‟ specifications.

3.14 Statistical Analyses
Values are expressed as mean +/- SEM. Statistical comparisons were done using
DeCyder values for normalized protein abundance (2D-DIGE) and either an unpaired Student‟s
t-test or one-way analysis of variance (ANOVA) followed by Tukey test for multiple groups in
GraphPad Prism (GraphPad Software Inc., CA). Values of p<0.05 were considered statistically
significant.

75

4. Results
We first used a conventional diurnal environment to show that hearts from mice housed
in the normal 24h L:D cycle had evidence of a diurnal cardiac proteome, as indicated by the
differences in spot abundance on 2D-DIGE (Figure 10). The 2D-DIGE approach is a variant of
2D gel electrophoresis that specifically addresses the variation between gels (which used to
occur with 2D gels). Moreover, this technique has the advantage of running an internal standard
as part of each separation (Cy2-labelled pools of all proteins run on the gel). It also allows for
running two test samples simultaneously (thus the paired time points) with more accurate and
reliable results. Gels were run for each 12h time point comparison (ZT11 vs. ZT23; ZT07 vs.
ZT19; ZT03 vs. ZT15), using the soluble cardiac proteome from individual murine hearts (3
individual murine hearts per time point, all gels run in triplicate), and a total of 1147 protein
spots were reliably detected on the gels (>75% of gels, spot volume> 2 x 104 a.u.) (Figure 10A).
Of these consistently detected spots, there were 382 uniquely identified as exhibiting altered
abundance at paired time points, and 90 (7.8%) were statistically significant (p<0.05) by analysis
of variance (ANOVA, DeCyder software). Of these 90 spots, 38 exhibited statistically (p<0.05)
increased abundance in the light period (murine sleep time), and 52 were increased (p<0.05) in
the dark period (murine wake time). The DeCyder software illustration of abundance (top
image), area under the peak (middle image) and relative expression (bottom graph) for 6 of these
spots at paired time points is shown in Figure 10B. Thus overall we found that about 7.8% of the
soluble cardiac proteome varies in abundance over 24h diurnal cycles.

76

Figure 10. Detection of diurnal cardiac proteome with two-dimensional difference in gel
electrophoresis (2D-DIGE). A) Cardiac protein samples collected 12 h apart were analyzed by
2D-DIGE. Left to right, ZT11 (Cy3) vs. ZT23 (Cy5), ZT07 (Cy5) vs. ZT19 (Cy3), ZT03 (Cy3)
vs. ZT15 (Cy5). Spots with FC ≥ 1.4 (p<0.05) were identified by LC/MS/MS (arrows). B)
Representative DeCyder bioinformatics revealing single channel Cy3/Cy5 spot images (top) and
3D peaks (middle), and Cy2-normalized graphs (bottom) for proteins subsequently validated by
Western blot. C) Representative Western blots for ALDH4A1, HSPD1, PRDX1, ACO2, STIP1,
and IGF2. PER2 is a positive control for rhythmic protein abundance, and -ACTIN is a loading
control. D) Western blot densitometry analyses (n=3 samples per time point).
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To independently demonstrate time-of-day changes, and confirm that these spots
correlated with proteins that vary in abundance in the heart over the 24h diurnal cycle, we
selected the 10 high stringency spots identified with 1.4-fold or greater difference in abundance
at pair wise time points (ZT23 vs. ZT11; ZT03 vs. ZT15; ZT07 vs. ZT19) and significant
(p<0.05) by ANOVA (Figure 10A arrows, Table 3). The 10 selected spots were identified by
LC/MS/MS as delta-1-pyrrolinie-5-carboxylate dehydrogenase, mitochondrial (ALDH4A1)
(2.4±0.5 FC), cAMP-dependent protein kinase alpha (PRKACA) (1.7±0.4 FC), ATP synthase
alpha, mitochondrial (ATP5A1) (2.8±0.3 FC), stress-induced phosphoprotein-1 (STIP1) (1.5±0.1
FC), aconitate hydratase, mitochondrial (ACO2) (1.5±0.1 FC), peroxiredoxin-1 (PRDX1)
(1.95±0.04 FC), trifunctional enzyme subunit beta, mitochondrial (HADHB) (1.6±0.1 FC),
insulin-like growth factor II (IGF2) (2.0±0.3 FC), inner membrane protein, mitochondrial
(IMMT) (1.5±0.1 FC), and 60 kDa heat shock protein (HSPD1) (2.5±0.5 FC). See Appendix 2
for protein name, replicate gels, accession numbers, MW, Mascot search and query scores, other
database information, number of peptides, tryptic sequences, measured/predicted peptide mass,
and specificity. We independently validated proteins by Western blot (Figure 10C). Our choice
of targets was determined by unique tryptic peptide matches per protein, and the availability of
commercial antisera. Moreover, we examined protein abundance over the 24h diurnal cycle
using samples from all 6 time points by Western blot (Figure 10C). Protein abundance (n=3
hearts per time point) varied across the L:D cycle, as illustrated by densitometry analyses of the
Western blots (Figure 10D). The core circadian clock protein Period2 (PER2) was used as a
positive control for rhythmic protein abundance and exhibited a 24h cycle consistent with its
known protein cycling pattern (Martino et al., 2004).
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Table 3. Diurnal protein profiles for Figure 10, 14, 15.
Protein

Group

DeCyder
selected ZT
time points

DeCyder
T-test
p-value

Across all diurnal
time points
ANOVA
p-value

STIP1
IGF2
PRKACA
HADHB
ACO2
ALDH4A1
HSPD1
PRDX1
ATP5A1
IMMT
PCCA
PDIA3
FGB
CA2
PSMA6
HSPB1
PDHE1a
ALDH2
GOT2
LDHB
DLST
ECHS1
BDH1

12:12
12:12
12:12
12:12
12:12
12:12
12:12
12:12
12:12
12:12
TAC
TAC
TAC
TAC
TAC
TAC
CCM vs WT
CCM vs WT
CCM vs WT
CCM vs WT
CCM vs WT
CCM vs WT
CCM vs WT

ZT07 vs ZT19
ZT03 vs ZT15
ZT07 vs ZT19
ZT11 vs ZT23
ZT07 vs ZT19
ZT11 vs ZT23
ZT11 vs ZT23
ZT07 vs ZT19
ZT11 vs ZT23
ZT03 vs ZT15
ZT07 vs ZT19
ZT11 vs ZT23
ZT07 vs ZT19
ZT03 vs ZT15
ZT11 vs ZT23
ZT03 vs ZT15
ZT23
ZT11
ZT23
ZT11
ZT03
ZT15
ZT15

0.006*
0.003*
0.005*
0.010*
0.005*
0.050*
0.045*
0.020*
0.005*
0.020*
0.030*
0.050*
0.030*
0.040*
0.040*
0.020*
0.020*‡
0.0001*‡≦
0.010*‡
0.009*‡
0.007*‡
0.002*‡
0.002*‡

0.030†
0.0020†
0.040†
0.030†
0.010†
0.030†
0.020†
0.030†
0.0007†
0.050†
0.002†
0.120
0.040†
0.030†
0.005†
0.020†
-

Key: * p≤0.05 for DeCyder Selected ZTs by T-test; † p≤0.05 across all ZT time points, 24 h
profile, by ANOVA; ‡ CCM vs WT at DeCyder selected ZTs by 2D-DIGE; ¥ CCM rhythmic
abundance across all ZT time points by Western Blot
To determine whether proteins exhibiting diurnal profiles had an underlying rhythmic
mRNA complement in the heart, we compared the protein profiles with our earlier diurnal (L:D)
Affymetrix microarray gene expression data collected from independent sets of hearts over the
24h day/night cycle (Martino et al., 2004, Martino et al., 2007a, Tsimakouridze et al., 2012).
Diurnal mRNA rhythms were determined using the JTK_CYCLE algorithm (Hughes et al.,
2010, Pizarro et al., 2013). A total of 3875 out of 22690 (17%) rhythmic mRNA transcripts were
detected (ADJ.P <0.05), and 599/22690 (2.6%) were detected at highest stringency using JTK
(BH.Q <0.05). We found diurnal microarray data for all corresponding proteins of interest
(Figure 11). The significant JTK p-values were for Igf2 (p<0.006) and Stip1 (p<0.022),
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indicative of rhythmic expression and consistent with the positive control Per2 (p<2.5 x 10 -05)
(Table 4). Per2 was used as a positive control for circadian cycling and exhibited a significant
(p<0.05) peak at ZT15 and a trough at ZT03 as anticipated (Durgan et al., 2011a). Moreover, the
Per2 mRNA exhibited a delay between message and protein as anticipated (Lee et al., 2001).
Interestingly, Igf2, Aldh4a1, and Aco2 mRNA and protein exhibited diurnal profiles that were
phase matched and Stip1 protein was phase-advanced compared to mRNA.
Table 4. mRNA Expression
Protein

Affymetrix ID

RefSeq NM_

IGF2
HSPD1
ACO2
PER2
ALD4A1
STIP1
RDX1
HADHB
ATP5A1
PRKACA
IMMT

1448152_at
1426351_at
1436934_s_at
1417602_at
1452375_at
1415909_at
1416000_a_at
1426522_at
1449710_s_at
1450519_a_at
1429533_at

NM_010514
NM_010477
NM_080633
NM_011066
NM_175438
NM_016737
NM_011034
NM_145558
NM_007505
NM_008854
NM_029673

JTK_
CYCLE
P-value
0.005843
0.475764
1
0.000026
0.859241
0.0022151
1
0.030066
1
0.195688
1

JTK_
CYCLE
Q-value
0.102335
1
1
0.006933
1
0.202809
1
0.235067
1
0.613555
1

JTK_
CYCLE
PERIOD
24
24
24
24
20
28
24
24
20
24
20

mRNA
ANOVA
p
0.0061
0.2322
0.033
< 0.0001
0.7981
0.0312
0.4499
0.05
0.6602
0.05
0.9946

mRNA
peak
ZT
ZT19
ZT23
ZT07
ZT15
ZT19
ZT19
ZT23
-

Protein
peak
ZT
ZT15
ZT11
ZT15
ZT19
ZT07
ZT19
ZT23
-

To explain the circadian patterns in mRNA, we explored mechanisms that could account
for mRNA changes, with the hypothesis that fluctuating mRNA are under control of the clock
mechanism.

To

do

this,

we

searched

http://genome.ucsc.edu/cgi-bin/hgTables)

for

promoter
circadian

sequences
elements

(retrieved
(E/E‟

box),

from
the

(http://promoter.cdb.riken.jp/circadian.html) circadian mammalian promoter/enhancer database
PEDB (Kumaki et al., 2008), and previously published ChIP assays with deep sequencing and
reporter assays investigating circadian elements (Rey et al., 2011, Koike et al., 2012). We
detected circadian elements in all mRNA that exhibited a diurnal rhythm, as well as those mRNA
that were not rhythmic across the diurnal cycle by microarray and JTK_CYCLE analyses (Table
5), suggesting that there are also other mechanisms underlying diurnal translational control.
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Figure 11. The diurnal cardiac proteome and transcriptome. Diurnal profiles of microarray gene
expression data (dotted line), compared to proteins identified by DIGE and LC/MS/MS, then
validated by triplicate Western blot across all diurnal time points (solid line). Microarray gene
expression values are provided as log normalized mRNA abundance (f.u.= fluorescence units)
using GeneSpring software. Rhythmic gene expression was assessed by JTK_CYCLE algorithm
and values are provided in Table 4. For protein expression, values are provided as triplicate
densitometry from Western blots (see Figure 10D). For all graphs, the first (left) y-axis is
normalized protein abundance (a.u. = arbitrary units) and the second (right) y-axis is log
normalized mRNA abundance (f.u. = fluorescence units), and x-axis is time of day in zeitgebers
as denoted in the legend key box inset. Values are mean ± SEM, n=3/ time point.
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Table 5. Promoter elements.
E-box
(CACGTG)

E'-box
(CACGTT)

IGF2

-

-1040

PRKACA

-185

-1066

HSPD1
PRDX1

-391, -663
-

-

Protein

PER2

-

-

STIP1

-

-807

HADHB

-

-1246

ACO2

-

-

ALD4A1

-

-935

ATP5A1

-13

-

IMMT

-

-

E-box (CANNTG)

-291, -1235, -1355
-185, -505, -645, -772, 1188, -1459, -1687, 1944
-178, -391, -663, -722, 991, -1518, -1793
-523, -1201, -1358, -1825
-1675, -1627, -1419, 1359, -1353, -1130 -831,
-777, -591, -370, -247, 131, -91, -49
-218, -329, -445, -684, 973, -1105, -1116, -1563,
-1844
-1186,-1603, -1620, 1760, -1889, -1955
-325,-413, -1006, -1498, 1732, -1967, -1977
-245, -267, -290, -548, 1048, -1170, -1649, 1766, -1956
-13, -54, -547, -1533, 1552, -1681, -1697, 1879
-151, -921, -1102, -1654,
-1788,-1801

Mammalian
conserved
E/E’-box
(PEDB)(Ku
maki et al.,
2008)
1827, 8132

Diurnal
BMAL1
binding in
mouse liver
(Rey et al.,
2011)
-

Circadian
BMAL1
binding in
mouse liver
(Koike et
al., 2012)
-

-

-

-142

-

-

-

11

-366, 6

18985,
3295, -180,
13080,-485,

-

-

-

-

-

-

-

-

25522

-

9227

1431, 8426,
9481

-

-

-

-

5012

-

KEY: PEDB = Mammalian Promoter Enhancer Database (Circadian Section)
http://promoter.cdb.riken.jp/

Next, we examined what happens when the diurnal cycle is altered to 10:10 L:D. The
rationale for altering L:D is that numerous experimental and epidemiologic studies have
previously demonstrated that altered L:D cycles can affect cardiovascular health and disease in
humans and rodents, for example (Penev et al., 1998, Furlan et al., 2000, Martino et al., 2007a,
Martino et al., 2008). Moreover, altering the 24h L:D cycle affects molecular cardiac gene
expression (Martino and Sole, 2009). Mice were subjected to an established L:D disruption
protocol (10:10 L:D) (Martino et al., 2007a, Karatsoreos et al., 2011). To investigate the effect of
the shortened photoperiod on endogenous rhythms we used a CLAMS. As shown in Figure
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12A-D, under normal 12:12 L:D environment (black line), respiratory exchange ratio (RER),
food intake, physical activity and energy expenditure exhibit a predictable diurnal profile that is
lowest during the light phase (rodent sleep time) and highest in the dark (rodent wake time). The
animals cannot entrain to the shortened 20h photoperiod, and as shown in Figure 12A-D (red
lines), they continued to exhibit a clear endogenous rhythms in RER, food intake, activity and
energy expenditure that did not follow the L:D cycle. These data were consistent with the
findings of Karatsoreos et al, which showed that the endogenous circadian rhythm in body
temperature was maintained in the 10:10 L:D cycle (Karatsoreos et al., 2011).
We next tested whether altering the L:D cycle also impacted abundance of the identified
proteins in the heart. Mice were subjected to 10:10 L:D cycle and hearts collected after 5 days of
disrupted cycles. The times at which heart tissue was collected for protein analyses, in reference
to both the L:D cycle and the endogenous rhythms are illustrated in Figure 13A and values for
RER, energy expenditure, food intake, and physical activity are listed in Table 6. As a control,
independent pooled sets of hearts were taken from mice under normal diurnal 12:12 L:D and
they exhibited the same relative abundance of the sentinel proteins ALDH4a1, STIP1, IGF2, and
PER2 at D:L (transition to sleep time, Figure 13B, C) and L:D (transition to wake, Figure 13C,
D) time points. However, profiles were significantly (p<0.05) altered in hearts from diurnal
Table 6. CLAMS data for Figure 13.
12:12 LD (n=5)
a
RER
1.02±0.03
Physical activity (beam breaks)
258.6±79.94
Energy expenditure (kcal/hr)
0.5±0.01
Food intake (g)
0.37±0.01
10:10 LD (n=5)
a
RER
0.91±0.02
Physical activity (beam breaks)
34.8±24.62
Energy expenditure (kcal/hr)
0.39±0.01
Food intake (g)
0.07±0.005
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b
0.91±0.02
96.8±49.21
0.38±0.01
0.09±0.04
b
0.96±0.02
75.8±34.61
0.42±0.01
0.2±0.004

c
0.88±0.01
56.8±16.18
0.41±0.01
0.16±0.001
c
1.09±0.01
345±89.32
0.65±0.01
0.33±0.001

d
1.06±0.01
42.2±131.64
0.50±0.01
0.38±0.01
d
1.02±0.02
214±100.4
0.47±0.01
0.17±0.008

Figure 12. The effects of shortened diurnal period (10:10 L:D) on the endogenous circadian
rhythms as measured using a CLAMS. Respiratory exchange ratio (A), food intake (B), physical
activity (C), and energy expenditure (D) fail to entrain to shortened L:D cycle and continue to
exhibit an endogenous rhythm. Mice (n=5) were entrained to 12:12 L:D cycle (black line, replotted) for 48 h and then housed under 10:10 L:D cycle for 5 days (red line). Data plotted as
mean ± SEM. Black and white bar on the X axis represents the 12:12 L:D cycle; grey vertical
bars represent the 10:10 L:D cycle.
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disrupted mice (Figures 13B-E, Table 7). To pursue further the functional impact of L:D
disruption we assessed contractile function in Langendorff perfused hearts. Function was
assessed in hearts collected in the light period at 3h after lights on, and the dark period at 3h after
lights off. Consistent with left ventricular developed pressure (LVDP) as a measure of cardiac
function ex vivo, hearts from animals maintained in the normal (12L:12D) environment exhibited
diurnal variation (p<0.05) (light period, 66.81±2.02 mmHg vs. dark, 96.85±6.71 mmHg; Figure
13C), revealing differences in cardiac function day versus night, as anticipated (Young et al.,
2001a). However, hearts from the 10:10 mice lacked this diurnal variation in LVDP relative to
the L:D cycle (light, 72.91±2.44 mmHg vs. dark, 72.37±2.36 mmHg; Figure 13F).

Table 7. Densitometry quantification Figure 13.
Dark to Light transition- graphs in Figure 13B, 13C.
Protein
Group
Band

Normalized
p value
Abundance
ALDH4A1
12:12
a
10.06 ± 0.41
ns
b
10.27 ± 0.22
10:10
c
7.97 ± 0.09
*p<0.05
d
9.70 ± 0.34
STIP1
12:12
a
8.34 ± 0.29
§p<0.05
b
5.53 ± 0.46
10:10
c
9.18 ± 0.98
ns
d
8.38 ± 0.54
IGF2
12:12
a
4.63 ± 0.88
ns
b
4.37 ± 0.09
10:10
c
5.36 ± 0.38
*p<0.05
d
3.98 ± 0.07
PER2
12:12
a
9.81 ± 0.45
§p<0.05
b
8.07 ± 0.20
10:10
c
10.05 ± 0.24
*p<0.05
d
12.86 ± 0.38
KEY: Mean ± SEM. §p<0.05 a vs. b, 12:12 hearts across the D:L time points. *p<0.05 c vs. d,
10:10 hearts across the D:L time points.
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Table 7. Densitometry quantification Figure 13.
Light to Dark transition- graphs in Figure 13D, 13E.
Protein
Group
Band

Normalized
p value
Abundance
ALDH4A1
12:12
e
10.93 ± 0.56
ns
f
11.20 ± 0.19
10:10
g
7.1 ± 0.39
*p<0.05
h
9.18 ± 0.25
STIP1
12:12
e
6.09 ± 0.45
§p<0.05
f
8.68 ± 0.50
10:10
g
8.66 ± 0.8
ns
h
8.45 ± 0.22
IGF2
12:12
e
3.27 ± 0.13
§p<0.05
f
5.84 ± 0.43
10:10
g
4.04 ± 0.20
ns
h
3.99 ± 0.21
PER2
12:12
e
8.09 ± 0.16
§p<0.05
f
9.09 ± 0.08
10:10
g
9.24 ± 0.17
ns
h
9.69 ± 0.39
KEY: Mean ± SEM. §p<0.05 e vs. f, 12:12 hearts across the L:D time points. *p<0.05 g vs. h,
10:10 hearts across the L:D time points.

Critical to circadian clock function is the transcription factor CLOCK (reviewed in Panda
et al., 2002a, Reppert and Weaver, 2002, Roenneberg and Merrow, 2005, Martino and Sole,
2009, Durgan and Young, 2010). To investigate the relative contribution of cardiomyocyte clock
on cardiac protein expression, we utilized cardiomyocyte specific clock mutant (CCM) mice
(Durgan et al., 2006). We first examined in CCM hearts the proteins that exhibited a diurnal
variation in WT hearts (Figure 14A, Table 8). ALDH4A1 was no longer rhythmic in CCM vs.
WT littermates, whereas STIP1, ACO2, and HSPD1 were rhythmic in CCM and WT hearts, but
their rhythms in CCM hearts were disrupted. PRDX1 was not rhythmic in both WT and CCM
mice. In addition, we performed 2D-DIGE to investigate global protein changes in CCM vs WT
hearts across the diurnal cycle. Triplicate mouse hearts (n=3) were examined at each time point.
As shown in Figure 14B, 2D-DIGE revealed that CCM hearts had 56 spots that differed (p<0.05)
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Figure 13. Diurnal disruption. Mice subjected to a shortened L:D cycle (10:10) exhibited altered
cardiac protein abundance and contractility. A) Whole body RER measured under 12:12 L:D
(black line) and 10:10 L:D (red line) showing that sampling times are similar relative to the L:D
cycle but different in regards to the endogenous rhythm. B) Western blot, showing dark (1 h
before lights on) to light (3 h after lights on) transition times and C) normalized densitometry
analysis. D) Western blot, showing light (1 hour before lights off) to dark (3 hours after lights
off) transition times and E) normalized densitometry analysis. All values are mean ± SEM, n=3
per time point, a.u.=arbitrary units, §=p<0.05 represents a statistical difference under 12:12 L:D
conditions, and *=p<0.05 represents a statistical difference in 10:10 LD. F) Normal diurnal
variation in left ventricular developed pressure on Langendorff under 12:12 L:D is lost in mice
placed in 10:10 L:D group. Function was assessed in the hearts collected 3 h after lights on, and
3 h after lights off. Values are mean ± SEM, *=p<0.05 light vs. dark, n=5 per group.
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in abundance (of 1471 spots identified on these gels) versus WT. A subset were identified by
LC/MS/MS and Mascot (Figure 14B, arrows), then independently validated by DeCyder (Figure
14C), and Western blot (Figure 14D). Proteins with increased (p<0.05) abundance in CCM
hearts included pyruvate dehydrogenase E1, mitochondrial (PDHE1) (1.4±0.1 FC), aspartate
aminotransferase,

mitochondrial

(GOT2)

(1.4±0.02

FC),

and

dihydrolipoyllysine

succinyltransferase of 2-oxoglutarate dehydrongenase, mitochondrial (DLST) (1.5±0.1 FC),
while proteins with decreased (p<0.05) abundance were aldehyde dehydrogenase, mitochondrial
(ALDH2) (1.4±0.01 FC), L-lactate dehydrogenase B (LDHB) (1.3±0.01 FC), enoyl-CoA
hydratase, mitochondrial (ECHS1) (1.6±0.1 FC), and D-beta hydroxybutyrate dehydrogenase,
mitochondrial (BDH1) (2.1±0.1 FC) (see Appendix 2, Table3 for details). Taken together we
estimated that 3.8% of the soluble cardiac proteome exhibited differences in abundance in CCM,
as compared to 7.8% in WT hearts, providing further support for a role for the circadian clock in
regulating protein abundance in heart. In addition to modulation of total protein levels, the
cardiomyocyte clock may influence the proteome through posttranslational modifications. Our
2D-DIGE revealed multiple proteins undergoing post-translational modifications in the heart;
which may cause charge differences and thus are segregated by isoelectric focussing (Reddy et
al., 2006). For example, 3 distinct spots were present for 60 kDa heart shock protein,
mitochondrial (HSPD1) in normal C57BL/6 hearts (Figure 14E). Moreover, we found six distinct
PDHE1a spots which predominated in CCM versus WTs at different times of day or night
(Figure 14F). PDHE1a protein at spot i exhibits a 1.88 increase at ZT03 (p<0.05) in CCM vs.
WT (1.70±0.26au vs. 0.90±0.04au) heart, and at spot ii a 1.57 decrease (p<0.05) in CCM vs. WT
(0.67±0.03au vs. 1.05±0.01au) heart. One likely posttranslational modification that expresses in
a circadian manner is phosphorylation (Reddy et al., 2006), other possibilities may also exist.
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Figure 14. The proteome in cardiomyocyte clock mutant (CCM) heart. A) Western blots
demonstrating disrupted rhythmic protein abundance in CCM hearts at D:L and L:D time points.
B) Detection of de novo proteins with altered abundance (FC ≥ 1.4, p<0.05) in CCM (Cy3) vs.
WT (Cy5) hearts at 4 different time points (ZT23, ZT03, ZT11, ZT15) by 2D-DIGE. C)
DeCyder bioinformatics analyses. D) Western blot validation of the spots identified by
LC/MS/MS. E) Post-translational modifications also occur at different times of day or night in
the heart, with multiple rhythmic isoforms revealed for HSPD1 (upper, 2D-DIGE; lower,
SYPRO Ruby stain) in normal C57Bl/6 hearts, and F) PDHE1 (upper, 2D-DIGE; lower,
DeCyder peak views) in CCM hearts. For all investigations, n=3 per group.
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Table 8. Densitometry quantification. Western Blots in Figure 14A
Time
Normalized
CCM vs. FVB
1-way ANOVA
(ZT)
Abundance
p-value (*)
p-value (§)
ALDH4A1
23
8.51 ± 031
<0.05 *
<0.05 §
3
6.31 ± 0.44
Ns
11
7.93 ± 0.04
<0.05 *
15
7.19 ± 0.46
Ns
CCM
23
6.21 ± 0.36
ns
3
5.77 ± 0.41
11
6.76 ± 0.24
15
6.94 ± 0.09
STIP1
WT
23
8.22 ± 0.42
ns
<0.05 §
3
7.02 ± 0.18
<0.05 *
11
7.09 ± 0.13
ns
15
8.74 ± 0.54
ns
CCM
23
9.02 ± 0.61
<0.05 §
3
8.80 ± 0.54
11
6.01 ± 0.56
15
8.13 ± 0.32
ACO2
WT
23
10.613 ± 0.95
<0.05 *
<0.05 §
3
5.32 ± 0.13
ns
11
5.85 ± 0.39
<0.05 *
15
6.85 ± 0.26
ns
CCM
23
7.76 ± 0.85
<0.05 §
3
5.42 ± 0.42
11
4.57 ± 0.39
15
7.25 ± 0.26
HSPD1
WT
23
8.58 ± 0.63
ns
<0.05 §
3
5.04 ± 0.27
<0.05 *
11
6.72 ± 0.13
ns
15
7.15 ± 0.79
ns
CCM
23
9.10 ± 0.26
<0.05 §
3
7.24 ± 0.19
11
6.14 ± 0.57
15
7.18 ± 0.28
PRDX1
WT
23
7.70 ± 2.53
ns
ns
3
5.61 ± 1.24
ns
11
5.09 ± 0.37
<0.05 *
15
5.60 ± 0.87
ns
CCM
23
4.39 ± 0.21
<0.05 §
3
4.99 ± 0.63
11
3.95 ± 0.38
15
6.92 ± 0.28
KEY: Values presented as mean ± SEM. *, p < 0.05 WT vs. CCM; &, p < 0.05 WT or CCM 1-way
ANOVA.
Protein

Mouse
Genotype
WT
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Finally, we examined diurnal proteome in heart disease. Circadian rhythms play an
important role in the timing of onset of adverse cardiovascular events, for example (Muller et al.,
1985, Muller et al., 1987b, Willich et al., 1987, Tofler et al., 1995, Mehta et al., 2002). In
addition, blood pressure exhibits a 24 h cycling pattern; a major risk factor for cardiovascular
disease occurs in hypertensives that do not exhibit a dip during the night (White et al., 2002).
Moreover, diurnal timing for cardiovascular therapies may benefit cardiac remodeling (Martino
et al., 2011). Thus in this fourth model we investigated what happened to the soluble diurnal
proteome in heart disease, using an established murine model of transverse aortic constriction
(TAC) to create pressure overload induced cardiac hypertrophy. As anticipated, increased
(p<0.01) heart weight to body weight ratio was observed in TAC mice (6.4 ± 0.4 mg/g vs. 4.9 ±
0.1 mg/g for WT) at one week post-surgery (Figure 15A, Table 9). Moreover, analysis by 2DDIGE revealed that TAC hearts had 70 spots that differed (p<0.05) in abundance across the
diurnal cycle on 2D-DIGE (of the 997 identified). We selected 6 (arrows) with differences at
pairwise times (ZT23 vs. ZT11; ZT03 vs. ZT15; ZT07 vs. ZT19) for identification by
LC/MS/MS (see Appendix 2, Table 3). One representative gel is shown in Figure 15B, with the
identified spots noted. Differences in abundance were also illustrated by DeCyder single channel
(Figure 15C, upper), graphs (lower), and validated by Westerns across the diurnal time points
(Figure 15D). Proteins with increased (p<0.05) abundance in TAC hearts in the light phase were
fibrinogen beta chain (FGB) (ZT07 vs. ZT19, 1.6±0.2 FC), heat shock protein b1 (HSPB1)
(ZT03 vs. ZT15, 2.0±0.4 FC), proteasome subunit 6a (PSMA6) (ZT11 vs. ZT23, 1.4±0.1 FC),
and propionyl-CoA carboxylase alpha (PCCA) (ZT07 vs. ZT19, 3.7±0.9 FC), and protein
disulfide isomerase A3 (PDIA3) (ZT11 vs. ZT23, 1.5±0.3 FC). Carbonic anhydrase 2 (CA2)
(ZT03 vs. ZT15, 1.5±0.2 FC) was increased (p<0.05) during the dark.
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Figure 15. Altered day/night protein profiles in TAC heart. To demonstrate a time-of day
proteome underlying heart disease we used a transverse aortic constriction (TAC) model. A)
Representative TAC hearts from mice at 1 week post-surgery were enlarged (left, top) vs. sham
(left, bottom), and characterized by cardiac hypertrophy (graph, right). *p<0.05, n=36 (18 TAC,
18 sham). HW=heart weight (mg), BW=body weight (g). B) Proteins with altered abundance in
TAC hearts across the diurnal cycle were identified by 2D-DIGE, and C) DeCyder
bioinformatics (top, single channel spot images; bottom, graph views), with D) independent
validation by Western blot. TAC profiles were further compared to the sham profiles on
Westerns. E) TAC hearts maintained diurnal variation in myofilament activity as measured by
actomyosin MgATPase, but the diurnal activity was attenuated. F) Compared with shams, the
TAC mice had altered diurnal profiles in serum cytokines important for early remodeling, as
measured by multiplex ELISA. Values are mean ± SEM, *=p<0.05, n=6 samples per time point.
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Table 9. TAC pathophysiology
Sham
TAC
p value
Morphometry
n
18
18
BW (g)
23.81 ± 0.21
23.34 ± 0.32
0.8900
HW (mg)
115.77 ± 2.56
146.94 ± 7.26 †
<0.0001
HW:BW (mg/g)
4.9 ± 0.1
6.3 ± 0.4 *
<0.01
Pathophysiology
n
5
6
HR (bpm)
558 ± 19
567 ± 10
0.69
LVP (mmHg)
98 ± 2.2
136 ± 5.0 †
<0.0001
dp/dt max (mmHg/s) 9411 ± 183
9141 ± 380
0.564
@LVP40 (mmHg/s) 9143 ± 181
7965 ± 212 †
<0.005
EDP (mmHg)
2.0 ± 0.7
16.6 ± 2.5 †
<0.001
dp/dt min (mmHg/s) 8943 ± 422
8550 ± 688
0.656
dp/dt min/Map
129 ± 12
93 ± 7 *
<0.05
SBP (mmHg)
91 ± 3
129 ± 5 †
<0.0001
DBP (mmHg)
60 ± 3
73 ± 4 *
<0.05
MAP (mmHg)
71 ± 3
92 ± 4 †
<0.005
KEY: HW, heart weight; BW, body weight; HW:BW, heart weight:body weight ratio; HR, heart
rate; LVP, left ventricle systolic pressure; EDP, left ventricle end diastolic pressure; dP/dt max
and min, maximum and minimum first derivative of left ventricular pressure. SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure. *= p<0.05, † = p< 0.001,
TAC vs. SHAM. Values are means ± SEM.

We also investigated day/night myofilament proteome in TAC hearts, since myofilaments
formed a cardiac contractile apparatus and their diurnal function could be affected in heart
disease. We purified cardiac myofilaments and measured actomyosin MgATPase activity (Figure
15E, Table 10) revealing that TAC hearts exhibited a diurnal pattern of maximum Ca2+dependent myofilament ATP consumption (dark, 217.06±14.24 nmol Pi/min.mg vs. light,
181.31±4.93 nmol Pi/min.mg); however, levels were reduced (p<0.05) compared to sham hearts
(dark, 242.69±17.18 nmol Pi/min.mg vs. light, 198.70±11.82 nmol Pi/min.mg). Heart disease
could also induce diurnal changes in peripheral blood proteome. Therefore, we measured diurnal
changes in circulating cytokines, since cytokines are signalling molecules with pleiotropic
cellular function. We found that TAC altered (p<0.05) diurnal cycling of innate serum cytokines

93

IL6, TNFα, and IL17α, but not Th1/Th2 cytokines implicated in other types of responses (Figure
15F, Table 11). Taken together, these studies confirm that coordination of cardiac function in
health and disease is more complex than previously anticipated, and that circadian regulation
occurring across multiple levels including transcriptional, translational, and posttranslational can
play a role in the disease process.

Table 10. Diurnal Myofilament ATP consumption.
TAC
TAC
ATPase Data
-Dark/Wake - Light/Sleep
A. Maximum
217.06 ±
181.31 ± 4.93*
(nM Pi/min/mg
14.24*¥
protein)
B. EC50
1.02 ± 0.07
0.99 ± 0.06
(uM Ca2+)
C. Hill coefficient
1.75 ± 0.17
1.74 ± 0.13
KEY: *p<0.05, TAC vs. Sham
¥ p<0.05, light compared to dark
Data are mean +/- SEM.

Sham
-Dark/Wake
242.69 ±
17.18¥

Sham
-Light/Sleep
198.70 ± 11.82

1.16 ± 0.06

1.17 ± 0.07

1.70 ± 0.11

1.50 ± 0.08

Table 11. Diurnal Cytokine Elaboration. Multiplex ELISA data
IL6-TAC
IL6-SH
IL17A-TAC
IL17A-SH
TNFa-TAC
TNFa-SH
IL10-TAC
IL10-SH
IL4-TAC
IL4-SH
IFNg-TAC
IFNg-SH
IL2-TAC
IL2-SH

ZT23
26.9±8.8
39.4±17.0
1.8±0.1¥
4.9±2.7
10.6±2.6
9.2±1.9
18.3±9.0
13.1±2.3
2.2±0.5
1.9±0.3
3.0±0.6
3.0±0.3
2.0±0.3
2.1±0.1

ZT03
34.9±8.3¥
2.8±0.8
3.4±0.5
4.0±1.1
10.0±1.0
8.2±0.7
10.2±1.9
9.1±0.5
2.1±0.4
2.0±0.5
3.1±0.5
2.7±0.5
2.2±0.3
1.7±0.1

ZT07
45.0±1.2¥
6.2±0.9
9.3±2.0¥
3.8±0.9
14.4±1.7¥
8.8±1.1
18.3±3.2
9.1±2.2
2.4±0.3
1.6±0.2
4.4±1.2
2.5±0.3
2.5±0.4
2.4±0.3

ZT11
10.2±2.2
4.7±1.0
3.0±1.0
3.8±0.7
10.3±1.6
6.1±1.2
17.4±5.0
12.3±4.0
2.42±0.5
1.6±0.2
3.8±0.5
2.6±0.3
2.3±0.3
2.2±0.3

KEY: *p<0.05, ANOVA
¥p<0.05 TAC vs. SHAM
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ZT15
7.0±0.7
7.5±1.6
3.4±0.6
4.6±1.1
5.7±0.8
7.7±0.6
6.6±0.7
14.0±1.9
1.4±0.2
2.3±0.6
1.9±0.1
3.8±0.7
2.0±0.2
2.1±0.3

ZT19
38.7±10.5¥
4.8±0.9
4.9±0.9
5.2±0.7
8.6±0.5
8.3±1.2
9.1±1.4
14.3±1.5
1.8±0.2
2.4±0.3
7.0±0.3
4.2±0.5
2.1±0.2
2.6±0.3

ANOVA
F-value
2.922
2.116
5.358
0.4313
2.492
1.137
0.8385
1.152
0.5298
0.7513
1.479
2.492
0.4592
1.387

ANOVA
p-value
0.0420*
0.1035
0.0031*
0.8214
0.0538*
0.3601
0.5406
0.3681
0.7512
0.5930
0.2368
0.0558
0.8024
0.2581

DISCUSSION
In this study, global proteomic approaches were used to test the hypothesis that the
cardiac proteome differs in abundance over the 24 h day/night period, that temporal changes in
proteins can be dependent on the cardiomyocyte circadian clock mechanism and that maintaining
these rhythms is important for cardiac function. We found differences in abundance in ~7.8% of
the normal soluble cardiac proteome as analyzed by 2D-DIGE and mass spectrometry at 12 h
paired time points across the diurnal cycle. This estimate is conservatively within the range in
other murine tissues and other organisms (Reddy et al., 2006, Moller et al., 2007, Tsuji et al.,
2007, Deery et al., 2009, Hwang et al., 2011, Stockel et al., 2011), albeit slightly lower than
murine liver (up to 20%) (Reddy et al., 2006). Daily oscillations in cellular function are due to a
combination of fluctuations in the neurohormonal milieu (i.e. extrinsic factors) and cell
autonomous rhythms (driven by circadian clocks). Manipulation of the L:D cycle affects both
extrinsic and intrinsic factors, and accordingly disrupts rhythms in both the cardiac proteome and
contractility relative to the diurnal cycle. Selective genetic disruption of the cardiomyocyte
circadian clock attenuates rhythms in the sub-set of the cardiac proteome. There is also a
temporal cardiac proteome underlying heart disease.
In our first study in the normal heart, we identified cyclical changes in several
mitochondrial metabolic proteins involved in substrate generation for the citric acid cycle
(HADHB (Uchida et al., 1992), ALDH4a1 (Valle et al., 1979)), the citric acid cycle itself
(ACO2), and ATP production (ATP5A1 (Kagawa et al., 1979)). HADHB, a component of the
trifunctional protein complex responsible for fatty acid beta oxidation, was most abundant during
the sleep phase which corresponds with times of greater reliance on fatty acids by the heart
(Young, 2006). Conversely, ALDH4a1 was most abundant during the L:D transition times,
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making it tempting to speculate on alternative substrates for energy production during this
transitional metabolic period. Moreover, ACO2 which catalyzes the conversion of citrate to
isocitrate in the citric acid cycle was least abundant during ALDH4a1 peak abundance, thus
providing further support for time-of-day activity. Decreased isocitrate production may be
compensated for by increased alpha-ketogluturate production, allowing the TCA cycle to
continue. Since our studies focused on soluble proteins, many of the diurnal proteins identified
included enzymes predominantly associated with vital cardiac metabolic pathways. Indeed, it is
tempting to speculate that mitochondrial content in general exhibits a circadian pattern. This
would be consistent with the notion of diurnal metabolism, and moreover, it was recently
demonstrated that mitochondrial proteins involved in metabolic pathways are influenced by
circadian clock-driven acetylation (Masri et al., 2013). A more detailed look at the day/night
cardiac mitochondrial proteome is likely worthy of further investigation, though beyond the
scope of the current study.
We also investigated the underlying diurnal mRNA expression by JTK_CYCLE, which
revealed statistically significant rhythms for up to 17% of the cardiac transcriptome, which is
consistent with reports by others (Storch et al., 2002, Martino et al., 2004, Martino et al., 2007a,
Tsimakouridze et al., 2012). These included several of our genes of interest, supporting the
notion that transcription can underlie rhythmic protein abundance. Moreover, the Per2 mRNA
exhibited a delay between message and protein as anticipated, and interestingly, Igf2, Aldh4a1,
and Aco2 were relatively coincident and Stip1 appeared to exhibit a delay. Our in silico analyses
revealed the presence of E-boxes in many additional genes, suggesting that translational control
through promoter activity of known circadian elements alone is not sufficient to explain these
corresponding mRNA profiles. Additional mechanisms likely are also involved in regulating
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diurnal protein abundance in the heart. These findings are consistent with reports in other organs
such as liver (Reddy et al., 2006). Collectively, these studies promote a new understanding of
cardiac processes, and diurnal regulation provides a means for promoting protein abundance and
flexibility over a 24hr period.
Next, we examined what happens to the cardiac proteome when L:D rhythms were
altered. We and others have previously demonstrated that altered L:D cycles adversely affects
the expression of diurnal gene rhythms in the heart and cardiac function (Penev et al., 1998,
Martino et al., 2007a, Young and Bray, 2007, Martino et al., 2008, Martino and Sole, 2009,
Durgan et al., 2011b), however effects on the cardiac proteome have not been similarly
investigated. This study revealed altered cardiac protein profiles with altered L:D. A CLAMS
was used to demonstrate that the mice do not synchronize to the shortened L:D cycle, consistent
with previous studies (Karatsoreos et al., 2011). Therefore heart proteins were sampled in
reference to the L:D cycle, but there was still a clear endogenous rhythm in body physiology that
likely contributed to altered protein abundance. Moreover, there was loss of diurnal variation in
LVDP on Langendorff analyses in the hearts of diurnal disrupted mice, relative to the L:D cycle.
Thus the altered diurnal environment can impact cardiac protein abundance and heart function
relative to the L:D cycle. These findings have implications for cardiovascular health and disease
of individuals subjected to rhythm disruptions such as shift workers, patients with sleep disorders
(including sleep apnea), non-dipping hypertensives, as well as others associated with the 24/7
demands of society.
Our findings also suggest that protein abundance in the heart is regulated in part by the
cardiomyocyte clock. Rhythmic expression of the diurnal proteins was disrupted in CCM mice
compared to WT. Interestingly, STIP1, ACO2 and HSPD1 exhibited rhythmic abundance
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changes in CCM hearts, but the rhythm profiles were different from WT hearts. These results
indicate potential involvement of additional time-giving mechanisms in the heart, such as
neurohormonal stimulation. Also, we found significantly altered abundance of GOT2 and BDH1
in CCM hearts. Similarly, previous microarray studies revealed altered Got2 and Bdh1 gene
expression in CCM versus WT hearts (Bray et al., 2008), consistent with our findings. Also,
regulation of PDHE1a and LDHB by the circadian clock may be at the translational level
contributing to the observed rhythms in glucose and lactate metabolism, and are supported by
previous observations that rhythmic cardiac glucose and lactate metabolism are disrupted in
CCM mice (Durgan et al., 2011a). Lastly, it is tempting to speculate that the posttranslational
modification of PDH observed in CCM hearts is potentially phosphorylation. PDH, when
phosphorylated, is inactivated. Decreased PDH activity, plus decreased LDHB, ECHS1, and
BDH1 could limit acetyl-CoA production in CCM hearts. A mechanistic illustration of the
metabolic proteins with altered abundance in CCM hearts is in Figure 16.
The heart responds to diurnal variations in drive, altering metabolic expression, oxidative
metabolism, and energy handling. While significant research has been undertaken to understand
the circadian variances in these areas, relatively little is known about how myofilaments – the
central contractile element and largest consumer of energy in cardiac myocytes – are affected by
circadian rhythms. Recently, investigators identified a link between cardiac myofilaments and
the circadian clock when they reported the movement of CLOCK protein between cardiac Zdiscs and nuclei of cells under stress (Boateng and Goldspink, 2008); however, subsequent work
failed to repeat these findings (Wang et al., 2012). Interestingly, recent work by Collins et al
reports novel time-of-day variation in myocardial contractility that could not be fully explained
by differences in calcium handling (Collins et al., 2013). Moreover, a comprehensive cardiac

98

Figure 16. Circadian control of critical cardiac processes. Protein abundance differs in CCM
versus WT heart at different times of day or night, including rate limiting enzymes important for
vital metabolic pathways that provide substrate for the TCA cycle. Identified proteins are circled.

myofilament subproteome has been described with potential for studying dynamic changes
important for myofilament contraction (Yin et al., 2010). Roles for myofilaments have been
hypothesized; however, no previous study has examined diurnal variations in myofilament
function or regulation. Thus, despite these and other studies suggesting that cardiac
myofilaments are targeted by the circadian clock, to our knowledge the current study is the first
investigation of circadian variations in cardiac myofilament function.
A novel finding of our experiments is that myofilament function exhibits a temporal
oscillation in the heart. The observed rhythms may be due in part to daily variations in cAMP
levels (Prosser and Gillette, 1991), a molecule known to regulate bioavailability of the cAMP
dependant protein kinase A which is crucial for phosphorylating myofilament proteins (Solaro et
al., 2013). Consistent with this notion is that we found rhythms in PRKACA, the major catalytic
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subunit of cAMP-protein dependent kinase (PKA) responsible for regulation of cardiac structure
and function via post-translational modification of numerous intracellular targets. PRKACA was
most abundant in normal hearts during the early waking hours which may allow for increased
PKA activity and modulation of cardiac function via myofilament phosphorylation. Consistent
with the diurnal variations in sarcomeric structure/function is that GSK3 exhibits diurnal
activity (Iitaka et al., 2005) and is mechanistically tied to the cardiac circadian clock mechanism
(Durgan et al., 2010), and has been shown recently to phosphorylate cMyBP-C (Kuster et al.,
2013). A critical implication of these findings relates to cardiac hypertrophy (TAC mice), in
which we observed a reduction in myofilament sensitivity to Ca2+. Moreover, these findings are
consistent with recent reports of circadian oscillations in calcineurin activity and protein
phosphorylation in normal versus TAC hypertrophy and failing hearts (Sachan et al., 2011).
There are also diurnal variations in myocellular excitation-contraction coupling that relate to
calcium homeostasis (Collins and Rodrigo, 2010). Other avenues could also be worthy of future
study. For example, we enriched for myofilaments consistent with our established protocols
(Pyle et al., 2002, Yang et al., 2008), however future studies could use 2D-DIGE to examine
preparations enriched for sarcomeric proteins, including alpha and beta myosin heavy chain
changes in disease, and circadian changes in phosphorylation of sarcomeric proteins identified
by isoelectric focusing. In summary, these findings indicate novel time-dependent posttranslational mechanisms within cardiac sarcomeres that influence myofilament contractility and
relaxation over the course of the day.
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CHAPTER 4

IDENTIFICATION OF CARDIAC CLOCK-CONTROLLED GENES USING OPEN
ACCESS BIOINFORMATICS DATA. VALIDATION OF TCAP AS A CLOCKCONTROLLED GENE IN MURINE HEART

This Chapter is a modified version of P. S. Podobed, F.J. Alibhai, C.W. Chow, T. A. Martino
(2014) Circadian Regulation of Myocardial Sarcomeric Titin-cap (Tcap, Telethonin):
Identification of Cardiac Clock-Controlled Genes Using Open Access Bioinformatics Data. Plos
One 9:e104907.
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1. Abstract
Many cardiovascular physiological and biochemical processes exhibit circadian rhythms
that are essential for heart function over 24 hours. While several studies have established that 9 –
13% of genes are rhythmically expressed in the heart, little is known about the regulation of
cardiac circadian transcription by the clock mechanism. In the present study, we used open
access bioinformatics databases to identify cardiac genes controlled by the core clock
transcription factors CLOCK and BMAL1. We found 94 transcripts with expression profiles
characteristic of CLOCK-BMAL1 target genes. Cardiac specificity of the clock-controlled
transcription was evident from the presence of 22 heart-enriched genes. We found that 10 heartenriched genes had human/mouse conserved CLOCK-BMAL1 binding sites (E-box) in their
promoters. Furthermore, we validated our approach by showing that tcap was regulated by
CLOCK-BMAL1 transcription factors. We confirmed rhythmic expression of tcap and a core
clock gene per2 in the hearts from wild type C57Bl6/J mice housed under constant darkness
conditions. There was no rhythmic tcap and per2 expression in the hearts from Clock mutant
mice that did not have a functional clock mechanism. In addition, BMAL1 rhythmically bound to
the conserved E-box containing region in Tcap promoter. Under diurnal conditions, Tcap mRNA
and protein exhibited rhythmic changes in abundance, such as the peak in protein abundance
occurred 4 hours after the peak in mRNA expression. Finally, diurnal disruption (10:10 LD)
altered rhythmic TCAP abundance relative to the LD cycle. Taken together, this study
demonstrates how to identify CLOCK-BMAL1 controlled genes using open access
bioinformatics databases and reveals that tcap is a clock-controlled gene in the heart.
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2. Introduction
Circadian clock mechanism, comprised of integrated transcription-translation feedback
loops, has emerged as an important regulator of cardiovascular physiological and biochemical
processes (Martino and Sole, 2009, Durgan and Young, 2010, Paschos and FitzGerald, 2010).
Core clock genes, muscle arnt-like protein 1 (Bmal1), circadian locomotor output cycles kaput
(Clock), period (Per)1, -2, and -3 and cryptochrome (Cry)1 and -2 exhibit rhythmic expression in
rodent hearts based on RT-qPCR analyses (Young et al., 2001b). The circadian clock regulates
expression of clock output genes in the heart over 24 h as 462 of cardiac genes (9% of all
analyzed) exhibit circadian expression based on the microarray analysis of mice housed under
constant dim light conditions (Storch et al., 2002). Light/dark cycle also regulates circadian gene
expression, as 1634 cardiac genes (13% of all analyzed) are rhythmically expressed in mice
housed in a diurnal environment (Martino et al., 2004). However, rhythmic gene expression does
not necessarily constitute a direct regulation by the circadian clock mechanism. Therefore, to
fully understand cardiac circadian transcription, it is important to distinguish between genes
controlled by the core clock mechanism and those that are not.
Circadian transcription is tissue-specific. Comparison of circadian microarrays between
mouse heart and liver revealed that only 52 of the rhythmic genes were common in both organs
(Storch et al., 2002). Integrated analysis of mouse circadian microarrays from 14 different tissues
concluded that only 41 genes were common, many of which were core clock and known clockcontrolled genes (Yan et al., 2008). The specificity of circadian transcription was further
demonstrated by a microarray analysis of mouse skeletal muscle transcriptome, which detected
muscle-enriched genes among the 215 rhythmic transcripts (McCarthy et al., 2007). Therefore,
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circadian transcriptome is tissue-specific, and organ-enriched clock-controlled genes underlie
physiological processes unique to a given tissue.
In this study, we developed a novel bioinformatics analysis workflow to identify
CLOCK-BMAL1-controlled genes in the heart by an integrative analysis of rhythmic gene
expression and promoter sequence using open access bioinformatics databases. We validated our
approach by demonstrating that titin cap (Tcap) gene expression is regulated by CLOCKBMAL1 heterodimers. Our investigation is a step towards a bioinformatics-driven research and
can be applied to identify tissue-specific clock-controlled genes.

3. Methods
3.1 Animals
All animal work was conducted in accordance with the guidelines of the Canadian
Council on Animal Care and approved by the Animal Care and Use Committee of the University
of Guelph. Founder ClockΔ19 (isogenic C57BL/6J background) mice (Vitaterna et al., 1994) were
generously provided by Dr. Erik Herzog and Dr. Joseph Takahashi. Eight week old homozygous
male ClockΔ19 and wild type (WT) littermates were entrained to 12 h light 12 h dark (12:12 LD)
cycle with food and water available ad libitum and then transferred into constant darkness (DD)
(dim red light, < 1 lux) conditions. After 30 h in DD, hearts were collected every 4 h from WT
(CT18 to CT62) and ClockΔ19 (CT22 to CT46) mice (n = 4/time point). In addition, 7 week old
male C57Bl/6 mice were purchased from Charles River Laboratories (Quebec, Canada) and
entrained 12:12 LD cycle with food and water available ad libitum. Hearts were collected every
4 h across the 12:12 LD cycle starting 1 h before lights ON at Zeitgeber time (ZT) 23 (n = 6/time
point).
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3.2 CircaDB gene expression analysis
CircaDB (http://bioinf.itmat.upenn.edu/circa) was used to visualize rhythmic gene
expression in the mouse heart across 2 circadian cycles (CT18 to CT62) (Pizarro et al., 2013).
JTK_Cycle (JTK) algorithm (Hughes et al., 2010), included in CircaDB, was used to evaluate
rhythmic gene expression based on period, phase, p-value and q-value. JTK p-value estimated
the probability for rejecting the null hypothesis that the target gene expression was not circadian.
JTK q-value estimated the false discovery rate for considering the gene circadian.

3.3 BioGPS gene annotation and expression analyses
Gene Ontology (GO) annotation (Ashburner et al., 2000) according to the biological
function was performed using BioGPS (http://biogps.org/) (Wu et al., 2009) Gene Identifiers
plugin. Heart-enriched genes were selected using the BioGPS Gene Expression/Activity chart
and GeneAtlas MOE430, gcrma dataset by dividing the gene abundance in the heart by the mean
abundance in the dataset.

3.4 Promoter analysis
To identify putative CLOCK-BMAL1 binding sites, we analyzed human and mouse
promoter regions 1000 bp upstream from the transcription start site (TSS). University of
California

Santa

Cruz

(UCSC)

table

browser

(http://genome.ucsc.edu/cgi-

bin/hgTables?command=start) (Karolchik et al., 2004) was used to retrieve promoter sequences
from mouse GRCm38 mm10 Dec. 2011 or human GRCh37/hg19 Feb. 2009 genome assembly,
using gene and gene predictions group, RefSeq genes track, refGene table and genomic region
output setting. A 1000 bp promoter/upstream DNA sequence was copied into Notepad (v. 6.3)
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and searched for E-boxes (CANNTG) and E‟-boxes (CACGTT or CAGCTT) using the search
tool. To identify inter-species conserved E/E‟-boxes, human and mouse sequences were aligned
using

the

European

Bioinformatics

Institute

pairwise

nucleotide

alignment

tool

(http://www.ebi.ac.uk/Tools/psa/emboss_water/nucleotide.html). In addition, human vs. mouse
conserved E-boxes were identified using the circadian mammalian promoter/enhancer database
(PEDB, http://promoter.cdb.riken.jp/circadian/html) (Kumaki et al., 2008)

3.5 Real time quantitative PCR
To measure rhythmic gene expression, total RNA was isolated from hearts using
TRIZOL reagent (Invitrogen, Canada), as previously described (Tsimakouridze et al., 2012,
Podobed et al., 2014) (Chomczynski and Sacchi, 1987). RNA was quantified using Nanodrop
ND1000 (Nanodrop, Thermo-Scientific, Wilmington, Delaware, USA). All RNA samples were
good quality as estimated by A260/280 nm absorbance ratio of ~ 2.0. Real time quantitative
polymerase chain reaction (RT-qPCR) was performed using the Viia7 machine (Applied
Biosystems) and Power SYBR® Green RNA-to-CT™ 1-Step Kit (Applied Biosystems),
according

to

the

manufacturer‟s

specifications.

Primers

for

Tcap

(forward

CCTTCTGGGCTGAGTGGAAA; reverse CTGCCGGTGGTAGGTCTCAT), Per2 (forward
TCATCATTGGGAGGCACAAA; reverse GCATCAGTAGCCGGTGGATT), His (forward
GCAAGAGTGCGCCCTCTACTG; reverse GGCCTCACTTGCCTCCTGCAA) were designed
using Primer Express Software (Applied Biosystems). Target gene mRNA expression was
normalized to histone (ΔCt) and measured as fold change against the trough by 2-ΔΔCt method.
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Figure 17. Novel bioinformatics workflow to identify CLOCK-BMAL1 target genes. Distinct
pattern of circadian gene expression in the heart was visualized using Circadian expression
profiles database (CircaDB) (Pizarro et al., 2013). Putative CLOCK-BMAL1 target genes were
identified using the JTK_cycle parameters (p<0.01, period 23 – 25 h and phase 16 – 20 h)
(Hughes et al., 2010). Heart-enriched genes were selected using the Gene Expression/Activity
chart of the BioGPS based on the fold increase in the heart compared to other tissues (>1.5 fold)
(Wu et al., 2009). Conserved promoter E/E‟-boxes (CANNTG, CACGTT, and CAGCTT) were
identified within the -1000 bp human and mouse promoter regions retrieved from the UCSC
genome browser.
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3.6 Western blotting
Hearts were homogenized with Potter-Elvehjem tissue grinder in ice-cold Urea/CHAPs
lysis buffer (10 mM Tris pH8, 8 M Urea, 4% w/v 3-[(3-cholamidopropyl) dimethylammonio]-1propanesulfonate) supplemented with protease inhibitors (Roche, complete Mini EDTA-free).
Protein homogenates were centrifuged at 4 °C for 10 min at 13,000 RPM, and supernatant
containing the soluble protein extract was separated into a new tube. Protein concentration was
measured by Bradford assay (BioRad), according to the manufacturer‟s specifications. Protein
extracts (10 g) were separated by a sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (12% resolving gel) and transferred to a polyvinyl difluoride (PVDF) membrane.
The membranes were blocked for 1 h at room temperature with 5% dried non-fat milk in 5%
TBST (10 mM Tris [pH 8.0], 150 mM NaCl, and 0.05% Tween-20). The membranes were
washed 2 times in 5% TBST and incubated overnight at 4 °C with mouse monoclonal anti-TCAP
antibody (1:2000; BD, Cat # 612328). Mouse monoclonal anti--ACTIN antibody (1:25000;
Millipore, Cat# MAB1501) was used as a loading control. Protein bands were visualized with
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Fab specific) secondary
antibody (1:5000; Sigma, Cat # A2304) and Clarity reagent (BioRad) on a Chemidoc MP system
(BioRad).

3.7 Chromatin Immunoprecipitation Assay
WT hearts were collected at CT26 and CT38 as described (n = 3/time point). Chromatin
immunoprecipitation (ChIP) was performed using a Magna ChIP G kit (Millipore, Cat # 17-611)
according to the manufacturer‟s specifications. Chromatin was sonicated using Sonic
Dismembrator Model 100 (Fisher) to achieve ~500 bp length, as determined by ethidium
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bromide agarose gel electrophoresis. DNA was quantified using Nanodrop ND1000 (Nanodrop,
Thermo-Scientific, Wilmington, Delaware, USA) and 50 g of chromatin were used for the
immunoprecipitation. For input, 1% of the chromatin was saved prior to immunoprecipitation.
Chromatin was pre-cleared for 1 h at 4 °C with 20 l of magnetic beads and incubated with
rabbit polyclonal anti-BMAL1 (Abcam, Cat # #ab3350), or normal rabbit IgG (Millipore, Cat
#12-370) antibodies overnight at 4 °C. DNA was purified using the spin columns provided with
the kit and quantified by the RT-qPCR and Fast SYBR Green Master Mix (Quanta Bioscience,
Gaithersburg, Maryland, USA) on a Viia7 machine (Applied Biosystems). The PCR primers for
ChIP

were

Tcap

E1

(forward

CCCATCACCACCAGTGAGTCT;

reverse

GCCCTTTAAATAGCCCCTTCTTC). The following RT-qPCR cycling conditions were used:
95 °C for 10 min, 40 cycles of 95 °C for 5 sec and 60 °C for 20 sec. DNA abundance was
quantified as percent input.

3.8 Statistical Analysis
JTK-Cycle nonparametric algorithm was used by CircaDB to detect circadian transcripts
(Hughes et al., 2010, Pizarro et al., 2013). Experimental data were statistically analysed using
SPSS software v.21 (IBM). One-way ANOVA with Tukey post hoc tests were used to determine
the effect of time on gene or protein expression. Two-way ANOVA was used to compare the
effects of genotype (WT or Clock19) and time on gene expression. Student‟s t-test was used to
compare means of % input from the ChIP experiment.
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4. Results
4.1 Distinct Expression Profiles of Clock-Controlled Genes
To identify cardiac CLOCK-BMAL1-controlled genes, we designed a workflow that is
illustrated in Figure 17. Cardiac time-series gene expression profiles were obtained using
CircaDB (http://bioinf.itmat.upenn.edu/circa) open access online database (Pizarro et al., 2013).
CircaDB has been used to statistically analyze cardiac gene expression profiles by the JTK-Cycle
nonparametric algorithm, which has been previously shown to be a superior method for analysis
of gene expression rhythms (Hughes et al., 2010). Using this information, we identified a distinct
expression profile of known CLOCK-BMAL1 controlled genes which exhibited a period of 24 h
and phase between 16-19 h (Table 12).
We next used JTK period and phase of known CLOCK-BMAL1 target genes (Table 12)
to identify putative clock-controlled genes in the heart. We identified a list of 267 transcripts that
had p<0.05, period 23 – 25 h and phase 16 – 20 h. To reduce the number of false positive
transcripts in our list, we performed a more stringent cut off with p<0.001. This analysis yielded
94 transcripts with robust circadian expression patterns similar to known CLOCK-BMAL1 target
genes (Appendix 3). Collectively, these results demonstrate that putative clock-controlled genes
can be identified using CircaDB. We then subjected the gene list to the bioinformatics analysis to
identify heart-enriched transcripts containing CLOCK-BMAL1 binding sites in their promoter
regions.
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Table 12. Circadian expression of known CLOCK-BMAL1 controlled genes.
JTK p-Value
JTK q-Value
JTK Period
JTK Phase Reference for CLOCK(Pizarro et al., (Pizarro et al.,
(Pizarro et
(Pizarro et BMAL1 control
Gene 2013)
2013)
al., 2013)
al., 2013)
(Gekakis et al., 1998)
Per1
0.00179
0.0575019
24
16
(Yoo et al., 2005)
Per2
2.48E-10
1.47E-06
24
19
(Travnickova-Bendova
Per3
1.26E-11
1.49E-07
24
18
et al., 2002)
(Yang et al., 2013)
Nr1d2 3.28E-09
6.85E-06
24
17
(Ripperger et al., 2000)
Dbp
5.34E-08
4.63E-05
24
16.5

4.2 Identification of Heart Enriched Rhythmic Genes and E-box Promoter Elements
To determine which of our identified genes are heart-enriched and therefore may regulate
cardiac-specific processes, we analysed expression of the 94 putative CLOCK-BMAL1
controlled genes in multiple tissues using the GeneAtlas MOE430, gcrma dataset accessed via
gene expression/activity module of the BioGPS (http://biogps.org/#goto=welcome) (Wu et al.,
2009). We found that 22 transcripts (23%) exhibited increased expression of 1.5 fold or higher in
the heart compared to the mean expression in the 96 mouse tissues included in the GeneAtlas
dataset (Table 13). Interestingly, Tcap (10.1 fold enrichment) has been previously shown to be
important to heart function as part of the cardiomyocyte stretch sensor machinery (Knoll et al.,
2002).
To next determine whether the heart-enriched rhythmic genes had putative CLOCKBMAL1 binding sites, we searched mouse and human -1000bp promoter regions for conserved
E-box (CANNTG) and E‟-box (CACGTG or CAGCTG) cis-enhancer elements. Conserved
E/E‟-boxes were found within a 1000 bp promoter regions of Rhobtb1, Tcap, Mylk4, Ccdc141,
Kcnh2, Ppip5k2, Socs2, Usp2, Nfia, and Slco5a1. The results are summarized in Table 14. Taken
together, the distinct expression pattern and conserved E-boxes indicated that CLOCK-BMAL1
may regulate the rhythmic expression of these genes.
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Table 13. Heart-enriched circadian genes.
Gene
Heart-enriched
JTK pSymbol
(fold change)
Value
(Wu et al., 2009)
(Pizarro et
al., 2013)
Rhobtb1
12.8
1.229E-10
Tcap
10.1
1.053E-08
Mlf1
9.2
5.973E-07
Mylk4
7.5
2.364E-07
Ccdc141
6.3
3.222E-04
Kcnh2
6.1
2.364E-07
Sh3rf2
5.2
5.841E-04
Gpcpd1
4.5
3.781E-07
Calcoco1
4.2
7.792E-04
Ppip5k2
4.0
1.257E-04
Vps25
3.9
3.244E-05
Raph1
3.9
5.841E-04
Nfia
3.6
3.244E-05
Socs2
3.5
1.732E-04
Cygb
3.3
1.080E-05
Klf9
3.2
6.482E-05
Usp2
2.6
9.323E-07
Dusp7
2.4
1.732E-04
1810013L24Ri 2.3
k
3.222E-04
Acer2
1.9
4.603E-05
Slco5a1
1.8
3.781E-07
Timp3
1.6
9.430E-10
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JTK qValue
(Pizarro et
al., 2013)
8.741E-07
1.628E-05
2.124E-04
1.274E-04
1.776E-02
1.274E-04
2.683E-02
1.660E-04
3.326E-02
9.066E-03
3.516E-03
2.683E-02
3.516E-03
1.153E-02
1.685E-03
5.748E-03
2.934E-04
1.153E-02

JTK Period
(Pizarro et
al., 2013)

JTK Phase
(Pizarro et
al., 2013)

24
24
24
24
24
24
24
23
24
24
24
24
24
24
24
24
24
25

19
16
17.5
18
16
18
17
18
18
19
18
20
16
18
17
16
18
19

1.776E-02
4.547E-03
1.660E-04
3.353E-06

23
24
24
23

18
18
20
20

Table 14. Heart-enriched rhythmic proteins with human-mouse conserved E/E'-box enhancer
elements in their promoter sequences
Gene
Symbol
Rhobtb1

Gene name
rho-related BTB
domain containing 1

Mouse RefSeq
NM_
NM_001081347

Human RefSeq
NM_
NM_014836

NM_001252636

-

Humanmouse
conserved
E/E'-box
CACGTG ;
CAGCTG
-

NM_001252637

-

-

-

NM_001252638

NM_014836

CAGCTG

-549

-464

CATGTG;
CATCTG
CAGGTG;
CACCTG

-274
-74
-552
-267

-246
-77
-615
-334

CAGCTG;
CAGCTG;
CAGCTG
CAGCTG;
CAACTG;
CACCTG

-897
-872
-216
-923
-713
-320

-922
-896
-181
-942
-733
-250

Distance
from TSS
in mice
-62
-12
-

Distance
from TSS
in humans
-517
-464

Tcap

titin cap (Telethonin)

NM_011540

NM_003673

Mylk4

myosin light chain
kinase family,
member 4
coiled-coil domain
containing 141

NM_001166030

NM_001012418

NM_001025576

NM_173648

potassium voltagegated channel,
subfamily H (eagrelated), member 2
diphosphoinositol
pentakisphosphate
kinase 2
suppressor of
cytokine signaling 2

NM_013569

NM_000238

NM_173760

NM_001281471

CATATG

-768

-803

NM_007706

NM_001270468

NM_001168655

NM_001270470

CAGCTG;
CACGTG
CACGTG

-303
-74
-719

-322
-93
-793

NM_001168656

NM_001270471

CAGGTG

-22

-148

NM_001168657

NM_001270467

CAGGTG

-223

-168

NM_198091

-

-

-

NM_016808

-

-

-

NM_198092

NM_004205

CACGTG

-153

-97

NM_010905

NM_005595

CAAATG

-457

-356

NM_001122952

-

-

NM_001122953

NM_005595

CAAATG

-457

-356

NM_153459

NM_001947

NM_172841

NM_001146008

CACGTG;
CATTTG
CACCTG;
CACGTG

-691
-404
-846
-349

-877
-404
-801
-299

Ccdc141

Kcnh2

Ppip5k2

Socs2

Usp2

Nfia

Dusp7
Slco5a1

ubiquitin specific
peptidase 2

nuclear factor I/A

dual specificity
phosphatase 7
solute carrier organic
anion transporter
family, member 5A1
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Figure 18. Clock mechanism regulated rhythmic tcap expression in the heart. mRNA was
extracted from whole hearts collected every 4 h under dim red light from wild type (■) (circadian
time (CT) 18 to CT62) and from ClockΔ19 (○) (CT22 to CT46) mice. Expression of tcap (A), and
per2 (B) was analyzed using RT-qPCR and exhibited rhythmic changes in abundance in WT
hearts (p<0.05, n=3-4/time point). Rhythmic expression of tcap and per2 were attenuated in the
hearts from ClockΔ19 mice (p>0.05).
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4.3 Clock mechanism regulates rhythmic tcap expression
To validate our bioinformatics approach, we first demonstrated that the clock mechanism
regulated rhythmic tcap expression in the heart. We performed real time quantitative polymerase
chain reaction (RT-qPCR) analysis of tcap mRNA expression in wild type (WT) C57Bl/6J mice
collected under constant darkness (DD) conditions every 4 h over 48 h. The results shown in
Figure 18A validate that tcap mRNA expression exhibits an endogenous rhythm (p<0.05) with a
4.39 ± 0.28 fold change in amplitude. To next determine whether loss of a functional circadian
clock altered rhythmic tcap expression, we performed RT-qPCR on hearts collected from
Clock19 mice every 4 h from CT22 – 46. Consistent with circadian clock regulation of tcap,
rhythmic expression was reduced and phase-shifted in Clock19 hearts and displayed a significant
genotype effect (p<0.05) (Figure 18A). Similar to tcap, per2 (known clock-controlled gene)
mRNA exhibits rhythmic expression in the hearts from WT mice (p<0.05) with a 26.18 ± 1.46
fold change, which is reduced in the hearts from Clock19 mice (Figure 18B), consistent with the
previous study by Jin and colleagues (Jin et al., 1999). These results demonstrate that functional
clock mechanism is required for rhythmic tcap expression.

4.4 BMAL1 Rhythmically Binds to the Tcap Promoter
Since CLOCK-BMAL1 heterodimer drives transcription via binding to E-box cisenhancer elements, we tested whether BMAL1 rhythmically bound to the E-box (-74 bp) in the
Tcap promoter (Figure 19A). Chromatin immunoprecipitation (ChIP) was conducted using antiBMAL1 or anti-IgG antibodies on WT mouse hearts collected at the times when tcap mRNA
increases (CT26) and decreases (CT38). ChIP data showed that BMAL1 rhythmically bound
(p<0.05) to the E-box containing region, such as percent input using anti-BMAL1 antibody at
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CT26 was 0.094 ± 0.008 and at CT38 was 0.065 ± 0.001 (Figure 19B). These data support that
rhythmic tcap expression is under the direct regulation by the molecular clock mechanism.

Figure 19. BMAL1 rhythmically binds tcap promoter. (A) A schematic diagram of primer
locations flanking the E-box (-74) cis-enhancer element in the Tcap promoter. (B) Chromatin
immunoprecipitation assay using anti-BMAL1 antibody in wild type mouse hearts collected at
CT26 and CT38. Immunoprecipitated DNA was quantified using RT-qPCR and presented as
percent input. More DNA was pulled down with anti-BMAL1 antibody at CT26 vs. CT38
(p<0.05, n=3/time point). Non-specific rabbit IgG was used as a negative immunoprecipitation
control.

4.5 Tcap expression under diurnal conditions
Normal physiological conditions differ from a circadian environment (constant darkness),
in a way that a diurnal (light/dark) component exists. To determine whether tcap was
rhythmically expressed under diurnal conditions, we first performed RT-qPCR analysis of whole
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heart mRNA extracts from C57Bl/6 mice sacrificed every 4 h over one 12:12 LD cycle. Tcap
abundance was rhythmic (p<0.05) and peak (ZT7) to trough (ZT23) ratio was 4.42 ± 0.27
(Figure 20A). Using western blots we detected TCAP protein levels across 12:12 LD cycle in
whole heart extracts from C57Bl/6 mice (Figure 20B). Densitometry analysis revealed that
TCAP abundance was rhythmic (p<0.05) with peak (ZT11) to trough (ZT3) ratio of 1.70 ± 0.24.
Collectively, these data suggest that Tcap protein and mRNA are rhythmic under diurnal
conditions, and that the peak in TCAP protein abundance is phase-delayed compared to mRNA.

4.6 Diurnal rhythm disruption alters tcap expression
To investigate whether diurnal disruption alters rhythmic TCAP abundance, we housed
mice under 10:10 LD cycle, as previously described (Martino et al., 2007a), and measured TCAP
abundance relative to LD cycle. At the dark to light transition time points, western blot analysis
(Figure 21A) showed that normalized TCAP abundance in 12:12 LD group (ZT23, 1.45 ± 0.28
and ZT3 1.45 ± 0.11) was significantly different from 10:10 LD group (ZT19, 2.05 ± 0.19 and
ZT3, 3.25 ± 0.69) (p<0.05) (Figure 21B). At the light to dark transition time points, western blots
(Figure 21C) also showed that normalized TCAP abundance in 12:12 LD group (ZT11, 7.46 ±
0.98 and ZT15, 5.68 ± 0.51) was significantly different from 10:10 LD group (ZT9, 4.04 ± 0.42
and ZT13, 3.62 ± 0.23) (p<0.05) (Figure 21D). Taken together, these data suggest that TCAP
abundance is disrupted relative to the LD cycle in the hearts of diurnally disrupted mice
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Figure 20. Rhythmic Tcap protein and mRNA expression under diurnal conditions. Soluble
proteins and mRNA were extracted from whole hearts collected every 4 h over one 12:12 LD
cycle from C57BL/6 mice. (A) Tcap protein (solid line) and mRNA (dotted line) exhibited
rhythmic changes in abundance across 12:12 LD cycle (p<0.05, n=3/time point). Peak in protein
abundance (ZT11) was phase-delayed compared to the peak in mRNA abundance (ZT7). (B)
Representative western blot demonstrating changes in TCAP protein abundance over 12:12 LD
cycle.

5. Discussion
The cardiac transcriptome includes hundreds of rhythmic genes that underlie circadian rhythms
in the cardiovascular system, but the genes directly regulated by the cardiac circadian clock
mechanism have remained mostly unknown. In this study, we generated a list of heart-enriched
genes most likely to be under direct regulation by the positive loop of the circadian clock
mechanism. In the first step in our bioinformatics analysis (Figure 17), we selected genes with

118

expression patterns similar to known clock-controlled genes, namely Per1 (Gekakis et al., 1998),
Per2 (Yoo et al., 2005), Per3 (Travnickova-Bendova et al., 2002), Nr1d2 (Yang et al., 2013) and
Dbp (Ripperger et al., 2000). Being interested in cardiac-specific processes, we selected heartenriched transcripts using open access gene annotation portal (BioGPS) (Wu et al., 2009). We
then searched for conserved E/E‟-box cis enhancer elements in the promoters of rhythmic heartenriched genes, since conserved E/E‟-box cis enhancer elements have been previously shown to
be strong predictors of the regulation by CLOCK-BMAL1 (Kumaki et al., 2008). We found 12
putative CLOCK-BMAL1 target genes (table 14). We validated our approach by demonstrating
clock regulation of the rhythmic tcap expression.
Since E/E‟-box elements are relatively short and exhibit sequence heterogeneity, they can
be found in the promoters of most mouse genes, however not all E-boxes are targeted by
CLOCK-BMAL1 heterodimers (Munoz et al., 2002). Systems level prediction of clockcontrolled genes in mammals using promoter/enhancer database (http://promoter.cdb.riken.jp/)
revealed that putative clock-controlled E-boxes are human/mouse conserved and preferentially
located within the proximal promoter region (Kumaki et al., 2008). The functional importance of
the evolutionary conserved E-boxes was further evident from the report that the 2 closely
positioned E-box like elements from Drosophila Melanogaster period gene were conserved
among many clock-controlled genes in insect and vertebrate species (Paquet et al., 2008).
Therefore, the presence of the evolutionary conserved E/E‟-boxes is a strong indicator that the
circadian expression of the target gene is functionally important.
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Figure 21. Soluble proteins were extracted from the hearts of C57Bl/6 mice housed under
12:12 LD or 10:10 LD cycle. (A) Western blot showing TCAP abundance at the dark (ZT23 for
12:12 LD or ZT19 for 10:10 LD) to light (ZT3 for 12:12 LD or ZT3 for 10:10 LD) transition
time points. (B) Disruption of the light dark cycle significantly altered rhythmic TCAP
abundance at the dark to light transition time points (p<0.05, n=3/time point). (C) Western blot
showing TCAP abundance at the light (ZT11 for 12:12 LD or ZT9 for 10:10 LD) to light (ZT15
for 12:12 LD or ZT13 for 10:10 LD) transition time points. (D) Disruption of the light dark cycle
significantly altered rhythmic TCAP abundance at the dark to light transition time points
(p<0.05, n=3/time point).
Our analysis does not exclude the possibility that transcription factors, other than
CLOCK and BMAL1, play a role in the rhythmic expression of the heart-enriched genes.
Cardiac-specific transcription is regulated by a group of core cardiac transcription factors, such
as GATA-binding proteins 4-6 (GATA4-6), myocyte-enhancer factor 2 A-D (MEF2A-D) and
NK2 transcription factor-related, locus (NKX2-5) (reviewed in Akazawa and Komuro, 2003,
Olson, 2006). Moreover, cardiac transcription factors cooperate and co-occupy chromatin
regions responsible for cardiac-specific gene expression, based on ChIP-Seq analysis of GATA4,
NKX2-5, TBX5, SRF, and MEF2A genome binding sites in HL-1 cardiomyocyte cell line (He et
al., 2011). Indeed, rhythmic cardiac genes have over-represented binding sites for several cardiac
transcription factors in their promoters (Bozek et al., 2009). Also, other components of the clock
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mechanism, such as Rev-Erb and ROR may regulate transcription of the clock-output
genes via the Rev-Erb/ROR response elements, as was first demonstrated using bioinformatics
analysis of the genes cycling in mouse liver and suprachiasmatic nucleus (Ueda et al., 2002). It is
tempting to speculate that cardiac transcription factors maintain the basal levels of gene
expression, whereas core clock transcription factors control the rhythmic expression of the target
genes. In support of this hypothesis, we detected tcap expression in the hearts from Clock19
mice, although the expression levels were reduced and phase shifted. It remains to be
investigated whether cooperation between core clock and cardiac transcription factors is
important for circadian rhythms in cardiac gene expression.
An interesting finding using our bioinformatics approach was that tcap was a putative
clock-controlled gene. TCAP is important for cardiac health, as mutations impairing the
interaction between TCAP and other Z-disk proteins have been discovered in patients with
dilated and hypertrophic cardiomyopathies (Hayashi et al., 2004). Also, Bmal1-KO mice develop
dilated cardiomyopathy which, among other things, is characterized by a change in TITIN
isoforms (Lefta et al., 2012). We previously demonstrated that disturbed diurnal rhythms altered
rhythmic expression of core clock genes in the heart and exacerbated pathological cardiac
remodelling after transverse aortic constriction in mice (Martino et al., 2007a). Moreover,
disorganization between the environment and the endogenous short-period of tau mutant
hamsters leads to cardiomyopathy, fibrosis and contractile dysfunction, as determined with
histological and functional analyses of the heart (Martino et al., 2008). It remains to be
investigated whether disturbed circadian rhythms in TCAP contribute to the etiology of heart
disease.
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In conclusion, we described a novel method for the identification of tissue-specific clockcontrolled genes using open access bioinformatics databases. We validated our results by
demonstrating that tcap expression was regulated by circadian clock in vivo. While we
specifically studied clock-controlled genes in the mouse heart, our bioinformatics approach is
applicable to a wide range on mouse tissues. Future studies can extend our analysis to the genes
controlled by other core clock transcription factors (e.g. Rev-Erb and ROR family).
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CHAPTER 5

GENERAL DISCUSSION
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In this thesis, the cardiac circadian proteome and genome were investigated to further
advance our understanding of the molecular processes underlying circadian rhythms in the
cardiovascular system. The experimental findings presented here reveal diurnal rhythms in
protein abundance in the hearts from (i) healthy mice (ii) diurnally disrupted mice, (iii) CCM
mice, (iv) mice with heart disease. Proteins undergoing diurnal changes in abundance include
rate limiting enzymes important for vital cardiac processes in health and disease. Temporal
transcriptional and post-transcriptional processes regulate rhythmic protein abundance in the
heart. In addition, the cardiac clock mechanisms drives cardiac specific gene expression and
controls diurnal protein abundance profiles. Taken together, these findings provide a novel
understanding of the circadian processes regulating cardiovascular physiology in health and
disease.

The Diurnal Cardiac Proteome is Important for Health and Disease
Circadian rhythms offer selective evolutionary advantage by allowing the organism to
anticipate and timely respond to recurring changes in environment (Edery, 2000). Circadian
rhythms are essential for normal cardiac function, since the heart is a continuously working
organ subjected to increased stress during the wake period and decreased stress during the sleep
period. For example, wake-time increase in physical activity correlates with a raise in heart rate
and blood pressure in both humans (Millar-Craig et al., 1978) and laboratory mice (Li et al.,
1999). As proteins carry out most processes in the cell, it is tempting to speculate that the diurnal
rhythm in cardiac proteome has evolved to improve heart‟s adaptation to external stress and
consequently improve organism‟s fitness. As an indirect support for this hypothesis, abnormal
circadian rhythms in blood pressure in hypertensive patients are associated with increased
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mortality (Fagard et al., 2009). In addition, several studies in animal models have provided
experimental evidence that circadian rhythms confer survival under LD conditions.
Cyanobacteria strains with the endogenous free running period similar to the environmental LD
cycle outcompete the strains with the different periods, indicating evolutionary selection
(Ouyang et al., 1998). In another study, disruption of circadian rhythms decreases survival in the
wild, based on the investigation of SCN-lesioned antelope ground squirrels (DeCoursey et al.,
1997) and chipmunks (DeCoursey and Krulas, 1998), thus providing further support for this
notion. Taken together, the selective evolutionary advantage, conferred by circadian rhythms,
helps appreciate the diurnal rhythms in cardiac proteome as an essential adaptive mechanism
important for optimal organ function in health and disease.
It seems likely that the diurnal cardiac proteome orchestrates the timing of cardiac
molecular processes to the optimal phase in relation to the rest of the body. This is particularly
important for the cardiac metabolic processes, since nutrient availability in the blood changes
across the 24 h period. For example, carbohydrate concentration in human blood plasma
increases during the wake time (Bolli et al., 1984), whereas concentration of free fatty acids
increases during the sleep time (Schlierf and Dorow, 1973). Animal models have confirmed that
intrinsic cardiac processes underlie heart‟s metabolic adaptations. Rat hearts isolated during the
wake period exhibit increase in cardiac power, oxygen consumption and carbohydrate oxidation
compared to sleep period (Young et al., 2001a). There is evidence that cardiomyocyte circadian
clock mechanism directly regulates myocardial triglyceride metabolism in mouse hearts (Tsai et
al., 2010). Moreover, cardiomyocyte clock mechanism helps regulate cardiac substrate
utilization, as oxygen consumption and fatty acid -oxidation are increased in perfused CCM
hearts compared to WT (Bray et al., 2008). Collectively, rhythmically expressed proteins could
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mediate these and other cardiac adaptations to cyclic changes in external and internal
environments. Future studies examining diurnal cardiac myofilament and mitochondrial subproteomes would likely reveal novel proteins important for cardiac function.
LD cycle disruption alters diurnal rhythms in protein abundance in the mouse heart,
which likely dyssynchronizes cardiac intrinsic processes with the outside world. This is relevant
to humans, since the negative health effects of LD cycle disruption are well established. For
example, work at night is associated with reduced cardiac sympathetic modulation compared to
day time, as measured by electrocardiogram in shift workers (Furlan et al., 2000). Shift workers
also have a 40% higher risk of developing heart disease compared to the general day-working
population, based on longitudinal and cohort epidemiological studies (reviewed by Knutsson,
2003). In addition, alternating shift work is an independent risk factor for developing obesity
(Suwazono et al., 2008) and type II diabetes (Morikawa et al., 2005), which are risk factors for
cardiovascular disease. Moreover, LD disruption exacerbates preexisting heart disease.
Cardiomyopathic hamsters subjected to weekly reversal of the 12:12 LD cycle exhibit 11%
reduction in longevity compared to the controls maintained under the fixed LD schedule (Penev
et al., 1998). Disruption of diurnal rhythms (10:10 LD) aggravates pathological cardiac
remodelling and progression to heart failure after TAC (Martino et al., 2007a) or myocardial
infarction (Alibhai et al., 2014). One potential avenue for future work is to investigate different
approaches for synchronizing cardiac diurnal proteome with the disrupted LD cycle. For
example, bright light treatment can potentially improve adaptation to shift work (Boivin and
James, 2005). In addition, future studies may perform a proteomic analysis of human blood for
markers of circadian disruption that can be used to assess the health risks of shift work and
facilitate early diagnosis of disease.
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In heart disease, a diurnal rhythm in protein abundance could provide temporal control
over the remodelling processes. For example, it has been suggested that processes important for
cardiac growth and remodeling occur during the sleep phase, when there is less stress and
demand on the heart (Martino and Sole, 2009). In support of this theory, cardiac response to the
-adrenergic agonist isoproterenol is greater when administered at the onset of sleep compared to
the onset of wake periods in mice (Durgan et al., 2011b). In humans, myocardial infarcts that
occur at night are more likely to cause heart failure (Mukamal et al., 2000). Also, a switch to
nocturnal dialysis results in decreased cardiac hypertrophy among end-stage renal disease
patients, which correlates with a nocturnal reduction in blood pressure and volume (Chan et al.,
2002). The diurnal variation in cardiac protein abundance could also mediate the efficacy of drug
treatment. For example, angiotensin converting enzyme inhibitor captopril reduces pathological
cardiac remodelling when administered at the wake to sleep transition time, consistent with the
diurnal variation in the expression of angiotensin converting enzyme mRNA in TAC mouse
hearts (Martino et al., 2011). Future studies may test chronotherapeutic approaches targeting the
diurnal proteins discovered in this thesis. For instance, TCAP could have a cardioprotective role,
as Tcap knockout mice show an increase in p53 expression and apoptosis (Knoll et al., 2011).
Another example is CAII, such as inhibition of CAII with 6-ethoxyzolamide or methazolamide
prevents and reverses phenylephrine-induced hypertrophy in neonatal and adult cardiomyocytes
(Alvarez et al., 2007).
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Mechanisms Regulating the Diurnal Cardiac Proteome
An outstanding question is what mechanisms control the diurnal cardiac proteome.
Functional cardiomyocyte circadian clock mechanism is required for normal diurnal rhythms in
protein abundance in the heart. The clock mechanism could regulate cardiac proteome by
controlling diurnal rhythms in the underlying mRNA abundance, since genes are transcribed into
mRNAs, and mRNAs are translated into proteins (Jacob and Monod, 1961). In support of this
model, mRNA expression is altered in the hearts from CCM mice compared to WT littermates
based on the microarray analysis (Bray et al., 2008). Mechanistically, the core clock proteins
drive mRNA expression via binding the cis-enhancer elements (e.g. E/E‟-box, RRE) in
promoters of the target genes (Reppert and Weaver, 2002, Martino and Sole, 2009, Buhr and
Takahashi, 2013). The putative cis-enhancer elements, bound by the core clock proteins, can be
identified using the bioinformatics analysis utilizing the significant advances in human (Lander
et al., 2001) and mouse (Waterston et al., 2002) genome sequencing, as well as mapping of
promoters and TSS (Carninci et al., 2006, Wakaguri et al., 2008). For example, identification of
the human/mouse conserved E/E‟-box elements using PEDB database allowed prediction of the
CLOCK-BMAL1 target genes (Kumaki et al., 2008). Recently, cis-enhancer elements, bound by
the core clock proteins, have been experimentally discovered using ChIP-Seq analysis. For
example, genome-wide temporal mapping of BMAL1 (Rey et al., 2011), CLOCK (Yoshitane et
al., 2014), and REV-ERB/(Cho et al., 2012) binding sites in mouse liver revealed genes
regulated by the clock mechanism and provided insights into liver-specific clock function. Future
studies investigating core clock transcription factor binding sites in the heart are needed. These
studies will help elucidate genes and proteins regulated by the clock mechanism and will provide
an in depth understanding of the clock function in the heart.
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The clock mechanism can also regulate the diurnal cardiac proteome indirectly. For
example, CLOCK-BMAL1 heterodimers have been shown to drive rhythmic expression of
krüppel-like factor 15 (Klf15) transcription factor in murine heart, which in turn transcriptionally
regulates rhythmic expression of Kv channel interacting protein 2 (KChIP2) and thus controls
myocardial repolarization (Jeyaraj et al., 2012). In addition, diurnal rhythms in cardiac proteome
could be regulated by clock-controlled post-transcriptional processes, as suggested by studies in
mouse liver, where only ~30% of the rhythmic mRNAs are newly transcribed (Koike et al.,
2012, Le Martelot et al., 2012, Menet et al., 2012). One potential mechanism involves clockcontrolled microRNAs, since core clock protein REV-ERB has been shown to control mir-122
expression, a liver microRNA targeting hundreds mRNAs, including those that are expressed in
a circadian manner (Gatfield et al., 2009 4342). Another mechanism may involve clockcontrolled translation efficiency, as clock regulates expression of translation initiation factors,
ribosomal protein mRNAs and RNAs in mouse liver (Jouffe et al., 2013). Mechanistic
understanding of the clock-controlled diurnal rhythms in cardiac proteome will help elucidate
cardiac-specific function of the clock mechanism. This knowledge may be translated into clinical
practice, as the small molecular modifiers of circadian clocks have recently emerged as putative
therapeutic agents (Chen et al., 2013).
An interesting finding, using the bioinformatics framework developed in this thesis, is
that TCAP is a putative clock-controlled protein (Figure 22). TCAP is a small sarcomeric protein
(19 kDa) that localizes to the Z-disk and anchors two N-termini of TITIN molecules, according
to yeast two hybrid screens and protein binding assays (Mues et al., 1998). TCAP is important
for cardiac health, since two different Tcap mutations have been detected in patients with dilated
cardiomyopathy and another mutation in patients with hypertrophic cardiomyopathy (Hayashi et
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al., 2004). In addition, mutation in muscle LIM protein (MLP) that impairs its association with
TCAP and localization of TCAP at the Z-disk has been found in patients with dilated
cardiomyopathy (Knoll et al., 2002). Overall, mutations in Tcap and MLP account for 4.1 % of
all hypertrophic cardiomyopathies, as determined in a cohort of 319 unrelated cardiomyopathy
patients (Bos et al., 2006). In the heart TCAP functions as part of TITIN stretch-sensing
machinery and an important mediator of cardiomyocyte mechanosenstation (Miller et al., 2004).
TCAP translocates to the nucleus and co-localizes with p53 in TAC-induced pressure overloaded
hearts, whereas TCAP KO mice exhibit an increase in p53 expression and apoptosis (Knoll et al.,
2011). Based on the data presented in this thesis, TCAP abundance peaks during the dark phase,
when mice are active. Furthermore, it is possible that TCAP is rhythmically incorporated in the
sarcomere, since sarcomeres are dynamic structures and undergo constant turnover (Boateng and
Goldspink, 2008, Willis et al., 2009). Importantly, the clock-controlled nocturnal increase in
TCAP coincides with the period of increased demand and stress on the heart, which can be
important for increased mechanosensation and cardiac contractility at that time. Investigation of
the role of the clock mechanism in cardiac mechanosensation will be an exciting future area of
research.
In summary, proteins undergo diurnal rhythms in abundance and post-translational
modifications in the heart. Diurnally expressed proteins regulate the timing of cardiac molecular
processes, which is critical for healthy organ function in the cyclic day/night environment. In a
diseased myocardium, diurnal proteome is important for temporal growth and remodelling
processes. Diurnal rhythms in cardiac protein abundance are regulated by the clock mechanism,
either directly and indirectly. Cardiac genes and proteins directly controlled by the clock
mechanism can be identified based on the presence of evolutionary conserved E-box cis-
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enhancer elements and characteristic rhythmic expression pattern, which also indicate functional
significance of the rhythmic expression of the target gene. Future studies examining diurnal
rhythms in cardiac protein expression and function represent an important area of research. It
will further advance our knowledge of the cardiovascular system and will help develop novel
strategies for preventing and treating heart disease.

Figure 22. Proposed model of clock-controlled TCAP expression and its role in
mechanosensation and contractility in a heart. Tcap rhythmic expression is regulated by
CLOCK-BMAL1 heterodimer via binding to E-box in Tcap promoter. Tcap mRNA abundance
increases during the sleep period (day), when mice are inactive, TCAP protein abundance during
wake (night), when mice are active. Nocturnal expression of TCAP may facilitate changes in
cardiac mechanosensation and contractility in the day vs. the night.
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Appendix 1. Permissions
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Appendix 2. Summary of the identified cardiac proteins
* designates proteins validated with Western blots.
False positive rate is estimated to be at 1%.
Database origin: Swiss Prot, 2012_07 (536789 sequences; 190518892 residues); Mus Musculus.
Proteins were identified using Mascot search engine. ProteinPilot was used when protein could not be identified with Mascot.
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-43

39

Unique

K.MNLGVGAYR.D

1010.5

1011.5

-43

39

Unique

K.EFSVYMTK.D

1019.2

1019.5

38

34

Unique

R.TQLVSNLKK.E

1030.7

1031.6

29

40

Unique

K.EFSVYMTK.D

1035.9

1035.5

-14

31

Unique

R.DAGMQLQGYR.Y

1137.6

1137.5

71

38

Unique

R.DAGMQLQGYR.Y

1139.8

1138.5

-16

33

Unique

R.DAGMQLQGYR.Y

1152.1

1153.5

-55

40

Unique

R.DAGMQLQGYR.Y

1155.7

1155.5

-12

26

Unique

R.IAATILTSPDLR.K

1268.6

1269.7

62

40

Unique

R.FVTVQTISGTGALR.V

1450.6

1449.8

22

36

Unique

R.DDNGKPYVLPSVR.K

1457.7

1458.7

56

41

Unique

R.DDNGKPYVLPSVR.K

1458.8

1459.7

-44

39

Unique

K.ASAELALGENNEVLK.S

1556.3

1556.8

38

34

Unique

ALDH2_MOU
SE*

Aldehyde
dehydrogenase 2,
mitochondrial

3

NCBI:

57

222

n/a

25

NM_0096
56
NP_03378
6
Uniprot:

ALDH2,
AHD5

P47738

LDHB_MOUS
E*

L-lactate
dehydrogenase B
chain

3

NCBI:

LDH2,

NM_0084
92
NP_03251
8
Uniprot:

H-LDH,

P16125

LDHB,

37

205

n/a

K.ILGYIK.S

706.0

705.4

14

30

Unique

R.VTLELGGK.S

815.9

815.5

19

33

Unique

R.LADLIER.D

827.7

828.5

50

39

Unique

K.TIEEVVGR.A

901.8

901.5

47

40

Unique

R.YYAGWADK.Y

972.4

972.4

49

40

Unique

R.VVGNPFDSR.T

989.2

989.5

61

40

Unique

R.VVGNPFDSR.T

992.0

990.5

-30

40

Unique

K.LLCGGGAAADR.G

1059.1

1059.5

71

40

Unique

K.LGPALATGNVVVMK.V

1370.2

1368.8

-41

38

Unique

K.LGPALATGNVVVMK.V

1386.1

1385.8

-33

39

Unique

K.LGPALATGNVVVMK.V

1386.3

1384.8

44

30

Unique

K.EEIFGPVMQILK.F

1418.2

1418.7

53

41

Unique

R.TEQGPQVDETQFK.K

1505.0

1505.7

60

41

Unique

R.TEQGPQVDETQFK.K

1506.3

1506.7

-53

41

Unique

K.TIPIDGDFFSYTR.H

1529.9

1530.7

54

34

Unique

R.TEQGPQVDETQFKK.I

1634.6

1634.8

35

41

Unique

R.TFVQENVYDEFVER.S

1773.7

1773.8

46

35

Unique

K.VAEQTPLTALYVANLIK.E

1843.1

1843.0

31

41

Unique

R.NVNVFK.F

719.5

719.4

20

28

Unique

K.IVVVTAGVR.Q

913.0

912.6

47

39

Unique

K.DDEVAQLR.K

944.5

944.5

52

40

Unique

R.GLTSVINQK.L

959.0

958.5

-45

35

Unique

R.GLTSVINQK.L

959.2

959.5

-48

40

Unique

R.GLTSVINQK.L

960.9

960.5

52

40

Unique

K.SADTLWDIQK.D

1176.5

1175.6

46

40

Unique

K.LKDDEVAQLR.K

1185.0

1185.6

58

40

Unique

K.LKDDEVAQLR.K

1187.2

1186.6

-46

40

Unique

R.VIGSGCNLDSAR.F

1247.3

1247.6

66

40

Unique

14

LDH-H

167

ODO2_MOUS
E*

DLST,
DLTS

ECHM_MOUS
E*

Dihydrolipoyllys
ine
succinyltransfera
se component of
2-oxoglutarate
dehydrogenase
complex,
mitochondrial

Enoyl-CoA
hydratase,
mitochondrial

3

NCBI:

49

102

n/a

Q9D2G2

NCBI:

32

82

n/a

Q8BH95

BDH_MOUSE
*

D-betahydroxybutyrate
dehydrogenase,
mitochondrial

3

NCBI:

39

39

n/a

1248.6

-28

32

Unique

1269.3

1268.6

49

40

Unique

K.LIASVADDEAAVPNNK.I

1626.7

1625.8

-32

41

Unique

K.LIASVADDEAAVPNNK.I

1628.0

1626.8

39

41

Unique

K.MNRMR.Q

736.9

738.3

10

24

Unique

R.EAVTFLR.K

834.9

834.5

32

35

Unique

R.GLVVPVIR.N

852.3

851.6

44

38

Unique

R.TINELGEK.A

902.9

902.5

41

40

Unique

K.LGFMSAFVK.A

1014.5

1014.5

45

40

Unique

K.VEGGTPLFTLR.K

1190.4

1188.7

51

35

Unique

R.EKMNRMRQR.I

1266.5

1264.6

11

25

Unique

R.NVETMNYADIER.T

1453.0

1453.7

-55

39

Unique

R.NVETMNYADIER.T

1469.2

1469.6

61

41

Unique

K.AFAAGADIK.E

862.1

862.5

38

40

Unique

R.EGMTAFVEK.R

1025.3

1024.5

33

33

Unique

R.EGMTAFVEK.R

1027.3

1026.5

-30

35

Unique

R.TFQDCYSSK.F

1134.0

1134.5

41

40

Unique

K.LVEEAIQCAEK.I

1289.1

1288.6

-17

31

Unique

K.LVEEAIQCAEK.I

1289.9

1289.6

52

40

Unique

K.FLSHWDHITR.V

1310.3

1310.7

51

40

Unique

K.SLAMEMVLTGDR.I

1353.4

1353.6

47

40

Unique

R.LFYSTFATDDRR.E

1490.9

1490.7

47

34

Unique

K.ESVNAAFEMTLTEGNK.L

1739.0

1739.8

16

29

Unique

K.AQFGQPEILLGTIPGAGGTQR.L

2112.2

2112.1

43

42

Unique

R.VVNISSMLGRMANPAR.S

1747.8

1747.9

9

21

Unique

K.HLHSKGFLVFAGCLMK.D

1842.3

1844.0

39

39

Unique

11

NM_0531
19
NP_44434
9
Uniprot:

ECHS1

1248.6

K.MVVDSAYEVIK.L

9

NM_0302
25
NP_08450
1
Uniprot:

3

R.VIGSGCNLDSAR.F

2

NM_1751
77

168

NP_78038
6
Uniprot:

BDH1,
BDH

Q80XN0

PDIA3_MOUS
E*

Protein disulfideisomerase A3

3

NCBI:

57

57

n/a

11
K.DPNIVIAK.M

870.2

869.5

23

34

Unique

K.YGVSGYPTLK.I

1084.9

1083.6

43

32

Unique

R.LAPEYEAAATR.L

1191.3

1190.6

17

29

Unique

K.LSKDPNIVIAK.M

1197.4

1196.7

43

38

Unique

R.FAHTNIESLVK.E

1258.9

1257.7

18

31

Unique

ERp60,

K.SEPIPESNEGPVK.V

1381.2

1381.7

35

35

Unique

ERp61,

K.VDCTANTNTCNK.Y

1397.4

1396.6

38

29

Unique

GRp58

R.EATNPPIIQEEKPK.K

1577.1

1576.8

18

29

Unique

PDI,

R.EATNPPIIQEEKPK.K

1595.4

1593.8

-13

25

Unique

PDI-Q2,

K.MDATANDVPSPYEVK.G

1652.8

1652.7

31

39

Unique

PLCA,

K.FIQDSIFGLCPHMTEDNK.D

2184.8

2184.0

19

33

Unique

K.QTESTSFLEK.K

1151.7

1151.5

26

35

Unique

R.HITIFSPEGR.L

1155.9

1155.6

19

27

Unique

K.AINQGGLTSVAVR.G

1285.1

1284.7

86

40

Unique

R.VPVIRPDVAK.W

1093.8

1092.7

24

28

Unique

R.IAWDDEETR.D

1134.7

1133.5

40

31

Unique

R.QAMGEQAVALAK.A

1229.7

1231.6

7

22

Unique

K.MQNSMTAGKMGK.V

1381.7

1380.5

10

29

Unique

R.FSSQEAASSFGDDR.L

1500.6

1502.6

17

30

Unique

NM_0079
52
NP_03197
8
Uniprot:

PDIA3,
ERp,

P27773

ERp57,

PI-PLC
PSA6_MOUS
E*

Proteasome
subunit alpha
type-6

3

NCBI:

28

86

n/a

3

NM_0119
68
NP_03609
8
Uniprot:

PSMA6,
IOTA

Q9QUM9

PCCA_MOUS
E*

PCCA,
C79630

Propionyl-CoA
carboxylase
alpha chain,
mitochondrial

3

NCBI:

81

44

n/a

15

NM_1448
44
NP_65909
3
Uniprot:
Q91ZA3

169

HSPB1_MOU
SE*

Heat shock
protein beta-1

3

NCBI:

23

46

n/a

HSP25

P14602

CAH2_MOUS
E*

CA2,
CA-II,

Carbonic
anhydrase 2

3

NCBI:

29

55

n/a

1526.7

1525.7

15

27

Unique

K.MADEAVCVGPAPTSK.S

1549.3

1547.7

17

27

Unique

R.LSQYQEPIHLPGVR.V

1636.9

1635.9

17

29

Unique

K.SYLNMDAIMEAIKK.T

1659.1

1658.8

22

30

Unique

K.TVAIHSDVDASSVHVK.M

1665.6

1663.9

32

25

Unique

K.VVEEAPSIFLDPETR.Q

1702.1

1700.9

14

30

Unique

K.HGNALWLNERECSIQRR.N

2139.0

2139.0

24

32

Unique

M.AGQWVRTVALLAARRHWR.R

2148.9

2147.2

9

23

Unique

K.MQNSMTAGKMGKVKLVHCK.A

2179.4

2181.0

13

23

Unique

K.KMGIKTVAIHSDVDASSVHVK.M

2220.8

2221.2

24

30

Unique

K.EGVVEITGK.H

931.6

930.5

39

40

Unique

R.QLSSGVSEIR.Q

1059.1

1057.5

27

30

Unique

R.QLSSGVSEIR.Q

1076.3

1075.6

-25

37

Unique

R.QDEHGYISR.C

1086.1

1086.5

41

37

Unique

R.QDEHGYISR.C

1104.6

1104.5

-12

25

Unique

R.VSLDVNHFAPEELTVK.T

1798.4

1797.9

45

41

Unique

K.GGPLSDSYR.L

951.6

950.4

41

38

Unique

K.IGPASQGLQK.V

998.3

997.6

49

39

Unique

K.DFPIANGDR.Q

1005.2

1004.5

29

36

Unique

R.EPITVSSEQMSHFR.T

1664.1

1663.8

27

35

Unique

R.QSPVDIDTATAQHDPALQPLLISY
DK.A

2836.0

2836.4

-23

33

Unique

R.QSPVDIDTATAQHDPALQPLLISY
DK.A

2837.6

2836.4

36

30

Unique

6

NM_0135
60
NP_03858
8
Uniprot:

HSPB1,

K.RMEDALDNYVIR.G

7

NM_0098
01
NP_03393
1
Uniprot:
P00920

CAR2,
LTW-5,
LVTW-5,
CAC

170

FIBB_MOUSE
*

FGB

Fibrinogen beta
chain

3

NCBI:

55

n/a

39%

17

NM_1818
49
NP_86289
7
Uniprot:
Q8K0E8

GFGNIATNEDAK

n/a

SSILEDQR

n/a

ARPAKATANQKK

n/a

CHAANPNGR

n/a

CRTPCTVSCNIPVVSGKECEEIIRK

n/a

ECEEIIRK
EEPPSLRPAPP
ENENVINEYSSILEDQRLYIDETVND
NIPLNLR
GDKVKAHYGGFTVQNEASKYQVSV
NK
GDKVKAHYGGFTVQNEASKYQVSV
NK
GTAGNALMDGASQLVGENR
IDETVNDNIPLNLRVLRSILEDLRSKI
QK
KGTAGNALMDGASQLVGENR

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a
n/a
n/a
n/a
n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

LYIDETVNDNIPLNLR

n/a

n/a

n/a

n/a

n/a

QCSKEDGGGWWYNRCHAANPNGR

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

YKGTAGNALMDGASQLVGENRTM
TIHNGMF
YQVSVNKYKGTAGNALMDGASQL
VGENR

171

n/a

n/a
n/a

Appendix 3. Rhythmic cardiac transcripts (p<0.001) with period 23-25 h and phase 16-20 h as determined by CircaDB.
Gene
Symbol

Genome
Location
(NCBI37/mm9)
Assembly

CircaDB JTK
p-Value
(Pizarro et
al., 2013)

CircaDB JTK
q-Value
(Pizarro et
al., 2013)

CircaDB
Phase
(Pizarro
et al.,
2013)
16

Gene Ontology Annotation (Wu et al., 2009)

4.547E-03

CircaDB
Period
(Pizarro
et al.,
2013)
24

0610007C21
Rik (Atraid)

chr5:3104831231054633

4.603E-05

1810013L24
Rik
2310044g17
Rik
Acer2

chr16:88301008858916
chr12:8694734386965362
chr4:8687439686934822

3.222E-04

1.776E-02

23

18

biological_process (GO:0008150)

4.603E-05

4.547E-03

24

20

biological_process (GO:0008150)

4.603E-05

4.547E-03

24

18

2.267E-05

2.790E-03

24

19

negative regulation of cell-matrix adhesion (GO:0001953);
lipid metabolic process (GO:0006629); ceramide metabolic
process (GO:0006672); activation of cysteine-type
endopeptidase activity involved in apoptotic process
(GO:0006919); positive regulation of cell proliferation
(GO:0008284); positive regulation of cell death
(GO:0010942); response to retinoic acid (GO:0032526);
negative regulation of cell adhesion mediated by integrin
(GO:0033629); sphingosine biosynthetic process
(GO:0046512); negative regulation of protein glycosylation
in Golgi (GO:0090285)
retinoid metabolic process (GO:0001523); ethanol catabolic
process (GO:0006068); ethanol oxidation (GO:0006069);
response to retinoic acid (GO:0032526); response to
testosterone stimulus (GO:0033574); retinol metabolic
process (GO:0042572); retinoic acid metabolic process
(GO:0042573); acetaldehyde biosynthetic process
(GO:0046186); behavioral response to ethanol
(GO:0048149); response to steroid hormone stimulus
(GO:0048545); oxidation-reduction process (GO:0055114)

Adh1

chr3:138260991138290698

172

regulation of gene expression (GO:0010468); cell
differentiation (GO:0030154); positive regulation of bone
mineralization (GO:0030501); negative regulation of
osteoblast proliferation (GO:0033689); positive regulation of
osteoblast differentiation (GO:0045669); negative regulation
of cyclin catabolic process (GO:2000599)

Ahnak

chr19:89892849076919
chr10:4028745840302188

4.603E-05

4.547E-03

24

20

-

9.323E-07

2.934E-04

24

20

in utero embryonic development (GO:0001701); polyamine
biosynthetic process (GO:0006596); spermine biosynthetic
process (GO:0006597); spermidine biosynthetic process
(GO:0008295)

chr2:3321606933247717
chr18:1538939415403684

1.439E-06

4.093E-04

24

18

-

9.063E-04

3.800E-02

24

19

transport (GO:0006810); water transport (GO:0006833);
sensory perception of sound (GO:0007605); carbon dioxide
transport (GO:0015670); water homeostasis (GO:0030104);
protein homooligomerization (GO:0051260); transmembrane
transport (GO:0055085); renal water absorption
(GO:0070295); cellular response to interferon-gamma
(GO:0071346)

Arhgap26

chr18:3860153439376284

2.267E-05

2.790E-03

24

20

signal transduction (GO:0007165); filopodium assembly
(GO:0046847)

Atp10d

chr5:7220332972298775

9.063E-04

3.800E-02

24

20

ATP catabolic process (GO:0006200); cation transport
(GO:0006812); phospholipid transport (GO:0015914)

Amd1

Angptl2
Aqp4

173

Bcl2l1

chr2:152780668152831728

7.792E-04

3.326E-02

24

19

174

cytokinesis (GO:0000910); ovarian follicle development
(GO:0001541); in utero embryonic development
(GO:0001701); release of cytochrome c from mitochondria
(GO:0001836); apoptotic process (GO:0006915); mitotic cell
cycle checkpoint (GO:0007093); germ cell development
(GO:0007281); spermatogenesis (GO:0007283); cell
proliferation (GO:0008283); positive regulation of cell
proliferation (GO:0008284); male gonad development
(GO:0008584); intrinsic apoptotic signaling pathway in
response to DNA damage (GO:0008630); response to
radiation (GO:0009314); fertilization (GO:0009566);
response to virus (GO:0009615); suppression by virus of host
apoptotic process (GO:0019050); response to cytokine
stimulus (GO:0034097); growth (GO:0040007); regulation of
apoptotic process (GO:0042981); positive regulation of
apoptotic process (GO:0043065); negative regulation of
apoptotic process (GO:0043066); negative regulation of
cysteine-type endopeptidase activity involved in apoptotic
process (GO:0043154); negative regulation of neuron
apoptotic process (GO:0043524); response to cycloheximide
(GO:0046898); regulation of mitochondrial membrane
permeability (GO:0046902); neuron apoptotic process
(GO:0051402); regulation of mitochondrial membrane
potential (GO:0051881); cellular process regulating host cell
cycle in response to virus (GO:0060154); cellular response to
amino acid stimulus (GO:0071230); cellular response to
alkaloid (GO:0071312); cellular response to gamma radiation
(GO:0071480); apoptotic process in bone marrow
(GO:0071839); negative regulation of establishment of
protein localization to plasma membrane (GO:0090005);
negative regulation of release of cytochrome c from
mitochondria (GO:0090201); extrinsic apoptotic signaling
pathway in absence of ligand (GO:0097192); hepatocyte
apoptotic process (GO:0097284); negative regulation of
execution phase of apoptosis (GO:1900118); negative
regulation of intrinsic apoptotic signaling pathway in
response to DNA damage (GO:1902230); negative regulation
of anoikis (GO:2000811); negative regulation of intrinsic
apoptotic signaling pathway (GO:2001243)

Calcoco1

chr15:102706779102722178

7.792E-04

3.326E-02

24

18

transcription, DNA-dependent (GO:0006351); signal
transduction (GO:0007165); Wnt receptor signaling pathway
(GO:0016055); intracellular steroid hormone receptor
signaling pathway (GO:0030518); positive regulation of
transcription, DNA-dependent (GO:0045893); positive
regulation of transcription from RNA polymerase II promoter
(GO:0045944)

Ccbe1

chr18:6604530266302739

7.279E-09

1.607E-04

24

19

Ccdc141

chr2:7700990277170636
chr2:167688915167690418

3.222E-04

1.776E-02

24

16

angiogenesis (GO:0001525); lymphangiogenesis
(GO:0001946); multicellular organismal development
(GO:0007275); positive regulation of endothelial cell
migration (GO:0010595)
biological_process (GO:0008150)

9.060E-05

7.255E-03

24

19

embryonic placenta development (GO:0001892);
transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); cell
differentiation (GO:0030154); neuron differentiation
(GO:0030182); response to lipopolysaccharide
(GO:0032496); mammary gland epithelial cell proliferation
(GO:0033598); response to endoplasmic reticulum stress
(GO:0034976); negative regulation of neuron apoptotic
process (GO:0043524); regulation of interleukin-6
biosynthetic process (GO:0045408); fat cell differentiation
(GO:0045444); positive regulation of osteoblast
differentiation (GO:0045669); negative regulation of
transcription, DNA-dependent (GO:0045892); positive
regulation of transcription, DNA-dependent (GO:0045893);
positive regulation of transcription from RNA polymerase II
promoter (GO:0045944); brown fat cell differentiation
(GO:0050873); mammary gland epithelial cell differentiation
(GO:0060644); cellular response to amino acid stimulus
(GO:0071230)

chr2:160946978161109075

1.257E-04

9.066E-03

24

20

-

Cebpb

Chd6

175

Cirbp

chr10:8016598580172786

1.257E-04

9.066E-03

24

16

response to stress (GO:0006950); response to UV
(GO:0009411); negative regulation of translation
(GO:0017148); stress granule assembly (GO:0034063);
positive regulation of translation (GO:0045727); mRNA
stabilization (GO:0048255)

Commd5

chr15:7689991076901305
chr2:9240364692434043

1.080E-05

1.685E-03

24

18

cell cycle arrest (GO:0007050)

3.244E-05

3.516E-03

24

18

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); DNA repair (GO:0006281);
transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); protein import
into nucleus (GO:0006606); circadian rhythm
(GO:0007623); protein-chromophore linkage (GO:0018298);
negative regulation of phosphoprotein phosphatase activity
(GO:0032515); regulation of circadian rhythm
(GO:0042752); rhythmic process (GO:0048511); response to
stimulus (GO:0050896)

Cygb

chr11:116645595116654313

1.080E-05

1.685E-03

24

17

transport (GO:0006810); response to oxidative stress
(GO:0006979); oxygen transport (GO:0015671); oxidationreduction process (GO:0055114)

Dbp

chr7:4570508845710155

5.337E-08

4.629E-05

24

16.5

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); circadian
rhythm (GO:0007623); positive regulation of transcription
from RNA polymerase II promoter (GO:0045944); rhythmic
process (GO:0048511)

Dusp7

chr9:106368632106375724

1.732E-04

1.153E-02

25

19

inactivation of MAPK activity (GO:0000188); protein
dephosphorylation (GO:0006470); dephosphorylation
(GO:0016311); peptidyl-tyrosine dephosphorylation
(GO:0035335); negative regulation of MAP kinase activity
(GO:0043407)

Efhd2

chr4:141858142141874920

1.572E-05

2.200E-03

24

19

-

Cry2

176

Eny2

chr15:4442811144437685

9.060E-05

7.255E-03

24

16

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); transport
(GO:0006810); chromatin modification (GO:0016568);
histone deubiquitination (GO:0016578); positive regulation
of transcription, DNA-dependent (GO:0045893); mRNA
transport (GO:0051028)

Ephx1

chr1:180976155181020904

2.197E-06

5.620E-04

24

18

cellular aromatic compound metabolic process
(GO:0006725); response to toxic substance (GO:0009636);
response to organic cyclic compound (GO:0014070);
aromatic compound catabolic process (GO:0019439)

F830001A0
7Rik
Fam107a

chr9:6883534168835776
chr14:82962748318023
chr1:5991300659985346
chrX:5906214559568071

8.889E-08

6.450E-05

24

20

-

1.257E-04

9.066E-03

24

19

regulation of cell growth (GO:0001558)

2.370E-04

1.433E-02

24

18

biological_process (GO:0008150)

5.337E-08

4.629E-05

24

17

MAPK cascade (GO:0000165); neuron migration
(GO:0001764); apoptotic process (GO:0006915); negative
regulation of microtubule depolymerization (GO:0007026);
nervous system development (GO:0007399); learning
(GO:0007612); memory (GO:0007613); cell proliferation
(GO:0008283); hippocampus development (GO:0021766);
cerebral cortex cell migration (GO:0021795); establishment
of neuroblast polarity (GO:0045200); positive regulation of
protein kinase activity (GO:0045860); microtubule
polymerization (GO:0046785); negative regulation of
collateral sprouting (GO:0048671); protein localization to
plasma membrane (GO:0072659)

Fam117b
Fgf13

177

Fzd4

chr7:8940436689410110

7.359E-06

1.308E-03

24

18.5

178

luteinization (GO:0001553); blood vessel development
(GO:0001568); vasculogenesis (GO:0001570); regulation of
transcription from RNA polymerase II promoter
(GO:0006357); signal transduction (GO:0007165); cell
surface receptor signaling pathway (GO:0007166); G-protein
coupled receptor signaling pathway (GO:0007186); Wnt
receptor signaling pathway, calcium modulating pathway
(GO:0007223); multicellular organismal development
(GO:0007275); sensory perception of sound (GO:0007605);
embryo development (GO:0009790); negative regulation of
cell-substrate adhesion (GO:0010812); Wnt receptor
signaling pathway (GO:0016055); regulation of vascular
endothelial growth factor receptor signaling pathway
(GO:0030947); locomotion involved in locomotory behavior
(GO:0031987); substrate adhesion-dependent cell spreading
(GO:0034446); extracellular matrix-cell signaling
(GO:0035426); progesterone secretion (GO:0042701);
positive regulation of JUN kinase activity (GO:0043507);
positive regulation of transcription, DNA-dependent
(GO:0045893); positive regulation of sequence-specific
DNA binding transcription factor activity (GO:0051091);
canonical Wnt receptor signaling pathway (GO:0060070);
retina vasculature morphogenesis in camera-type eye
(GO:0061299); cerebellum vasculature morphogenesis
(GO:0061301); retinal blood vessel morphogenesis
(GO:0061304)

Gm2a

chr11:5509811555113029

1.257E-04

9.066E-03

24

16

lipid metabolic process (GO:0006629); sphingolipid
metabolic process (GO:0006665); ganglioside catabolic
process (GO:0006689); learning or memory (GO:0007611);
oligosaccharide catabolic process (GO:0009313); lipid
storage (GO:0019915); positive regulation of catalytic
activity (GO:0043085); neurological system process
(GO:0050877); neuromuscular process controlling balance
(GO:0050885)

Gpcpd1

chr2:132529082132587729

3.781E-07

1.660E-04

23

18

glycerol metabolic process (GO:0006071); lipid metabolic
process (GO:0006629)

Gpr182

chr10:127747276127751732

4.351E-04

2.188E-02

24

18

signal transduction (GO:0007165); G-protein coupled
receptor signaling pathway (GO:0007186)

179

Hdac4

chr1:9193275792148393

2.197E-06

5.620E-04

24

20

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); skeletal system development
(GO:0001501); osteoblast development (GO:0002076);
chromatin remodeling (GO:0006338); transcription, DNAdependent (GO:0006351); regulation of transcription, DNAdependent (GO:0006355); protein deacetylation
(GO:0006476); positive regulation of cell proliferation
(GO:0008284); negative regulation of cell proliferation
(GO:0008285); negative regulation of myotube
differentiation (GO:0010832); regulation of cardiac muscle
contraction by calcium ion signaling (GO:0010882);
response to denervation involved in regulation of muscle
adaptation (GO:0014894); chromatin modification
(GO:0016568); histone deacetylation (GO:0016575);
positive regulation of protein sumoylation (GO:0033235);
peptidyl-lysine deacetylation (GO:0034983); response to
drug (GO:0042493); regulation of protein binding
(GO:0043393); negative regulation of sequence-specific
DNA binding transcription factor activity (GO:0043433);
negative regulation of osteoblast differentiation
(GO:0045668); negative regulation of glycolysis
(GO:0045820); negative regulation of transcription, DNAdependent (GO:0045892); positive regulation of
transcription, DNA-dependent (GO:0045893); positive
regulation of transcription from RNA polymerase II promoter
(GO:0045944); regulation of skeletal muscle fiber
development (GO:0048742); positive regulation of sequencespecific DNA binding transcription factor activity
(GO:0051091); regulation of striated muscle cell
differentiation (GO:0051153); response to interleukin-1
(GO:0070555); histone H3 deacetylation (GO:0070932);
histone H4 deacetylation (GO:0070933)

Hhipl1

chr12:108306270108328300

3.244E-05

3.516E-03

24

19

carbohydrate metabolic process (GO:0005975);
biological_process (GO:0008150)

180

Hlf

chr11:9033653690390895

1.839E-08

2.255E-05

24

18

Ikbip

chr10:9108294091102607
chr19:2992511429960718

1.082E-04

8.470E-03

24

16

1.732E-04

1.153E-02

24

19.5

negative regulation of leukocyte migration (GO:0002686);
negative regulation of T-helper 1 type immune response
(GO:0002826); positive regulation of type 2 immune
response (GO:0002830); transcription, DNA-dependent
(GO:0006351); positive regulation of gene expression
(GO:0010628); negative regulation of interferon-gamma
production (GO:0032689); positive regulation of interleukin13 production (GO:0032736); positive regulation of
interleukin-4 production (GO:0032753); positive regulation
of interleukin-5 production (GO:0032754); positive
regulation of interleukin-6 production (GO:0032755);
positive regulation of macrophage activation (GO:0043032);
positive regulation of transcription from RNA polymerase II
promoter (GO:0045944); positive regulation of inflammatory
response (GO:0050729); positive regulation of
immunoglobulin secretion (GO:0051024); negative
regulation of immunoglobulin secretion (GO:0051025);
positive regulation of chemokine secretion (GO:0090197)

chr3:4053128640704774

5.543E-05

5.341E-03

24

17

multicellular organismal development (GO:0007275);
nervous system development (GO:0007399); regulation of
smoothened signaling pathway (GO:0008589); spinal cord
dorsal/ventral patterning (GO:0021513); cell projection
organization (GO:0030030); cilium assembly (GO:0042384);
limb development (GO:0060173)

Il33

Intu

181

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); skeletal
muscle cell differentiation (GO:0035914); rhythmic process
(GO:0048511)
-

Kcnh2

chr5:2431958924351604

2.364E-07

1.274E-04

24

18

182

phosphorelay signal transduction system (GO:0000160);
transport (GO:0006810); ion transport (GO:0006811);
potassium ion transport (GO:0006813); signal transduction
(GO:0007165); regulation of ion transmembrane transport
(GO:0034765); cellular response to drug (GO:0035690);
regulation of membrane potential (GO:0042391); protein
heterooligomerization (GO:0051291); potassium ion
homeostasis (GO:0055075); transmembrane transport
(GO:0055085); cardiac muscle contraction (GO:0060048);
regulation of membrane repolarization (GO:0060306);
regulation of ventricular cardiac muscle cell membrane
repolarization (GO:0060307); potassium ion export
(GO:0071435); potassium ion transmembrane transport
(GO:0071805); potassium ion transmembrane transport
(GO:0071805); regulation of ventricular cardiac muscle cell
action potential (GO:0086005); membrane depolarization
involved in regulation of action potential (GO:0086010);
membrane repolarization involved in regulation of action
potential (GO:0086011); membrane repolarization involved
in regulation of cardiac muscle cell action potential
(GO:0086013); regulation of heart rate by cardiac conduction
(GO:0086091); regulation of potassium ion transmembrane
transport (GO:1901379); negative regulation of potassium
ion transmembrane transport (GO:1901380); positive
regulation of potassium ion transmembrane transport
(GO:1901381); negative regulation of potassium ion export
(GO:1902303)

Klf9

chr19:2314122623166911

6.482E-05

5.748E-03

24

16

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); embryo
implantation (GO:0007566); progesterone receptor signaling
pathway (GO:0050847); cellular response to thyroid
hormone stimulus (GO:0097067)

Lamb3

chr1:193301957193343878

9.063E-04

3.800E-02

24

16

cell adhesion (GO:0007155); brown fat cell differentiation
(GO:0050873)

Lrrc10

chr10:117045341117046768
chr19:88507858853909
chr17:6460073664755110

7.792E-04

3.326E-02

24

19

cardiac muscle cell development (GO:0055013)

2.364E-07

1.274E-04

24

17

biological_process (GO:0008150)

9.060E-05

7.255E-03

24

19

in utero embryonic development (GO:0001701); liver
development (GO:0001889); carbohydrate metabolic process
(GO:0005975); mannose metabolic process (GO:0006013);
N-glycan processing (GO:0006491); mitochondrion
organization (GO:0007005); vacuole organization
(GO:0007033); respiratory gaseous exchange (GO:0007585);
metabolic process (GO:0008152); lung alveolus development
(GO:0048286); positive regulation of neurogenesis
(GO:0050769); retina morphogenesis in camera-type eye
(GO:0060042)

Mbd1

chr18:7426827274282685

7.359E-06

1.308E-03

24

19

DNA methylation (GO:0006306); transcription, DNAdependent (GO:0006351); regulation of transcription, DNAdependent (GO:0006355)

Mcf2l

chr8:1287380613020905

7.792E-04

3.326E-02

24

19

Rho protein signal transduction (GO:0007266); regulation of
Rho protein signal transduction (GO:0035023); intracellular
signal transduction (GO:0035556); positive regulation of
transcription from RNA polymerase II promoter
(GO:0045944); regulation of catalytic activity (GO:0050790)

Mir568

chr16:4364065543640737

6.816E-04

3.107E-02

24

18

-

Lrrn4cl
Man2a1

183

Mlf1

chr3:6737409767400003

5.973E-07

2.124E-04

24

17.5

myeloid progenitor cell differentiation (GO:0002318);
transcription, DNA-dependent (GO:0006351); cell cycle
(GO:0007049); cell cycle arrest (GO:0007050); multicellular
organismal development (GO:0007275); cell differentiation
(GO:0030154)

Mylip

chr13:4538974245412019

9.060E-05

7.255E-03

24

19

cellular component movement (GO:0006928); nervous
system development (GO:0007399); negative regulation of
low-density lipoprotein particle clearance (GO:0010989);
protein ubiquitination (GO:0016567); protein destabilization
(GO:0031648); regulation of low-density lipoprotein particle
receptor catabolic process (GO:0032803); cholesterol
homeostasis (GO:0042632); protein ubiquitination involved
in ubiquitin-dependent protein catabolic process
(GO:0042787); positive regulation of protein catabolic
process (GO:0045732); response to low-density lipoprotein
particle stimulus (GO:0055098)

Mylk4

chr13:3270082732783954

2.364E-07

1.274E-04

24

18

protein phosphorylation (GO:0006468); phosphorylation
(GO:0016310)

Nfia

chr4:9777273498118874

3.244E-05

3.516E-03

24

16

DNA replication (GO:0006260); transcription, DNAdependent (GO:0006351); regulation of transcription, DNAdependent (GO:0006355); positive regulation of
transcription, DNA-dependent (GO:0045893); positive
regulation of transcription from RNA polymerase II promoter
(GO:0045944)

184

Npc1

chr18:1218969312236400

4.603E-05

4.547E-03

24

16

protein glycosylation (GO:0006486); lipid metabolic process
(GO:0006629); endocytosis (GO:0006897); autophagy
(GO:0006914); adult walking behavior (GO:0007628);
steroid metabolic process (GO:0008202); cholesterol
metabolic process (GO:0008203); negative regulation of
macroautophagy (GO:0016242); cholesterol transport
(GO:0030301); cholesterol efflux (GO:0033344); response to
drug (GO:0042493); cholesterol homeostasis (GO:0042632);
response to cadmium ion (GO:0046686); negative regulation
of cell death (GO:0060548); cellular response to steroid
hormone stimulus (GO:0071383); cellular response to lowdensity lipoprotein particle stimulus (GO:0071404)

Nr1d2

chr14:1820405418239127

3.277E-09

6.855E-06

24

17

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); steroid
hormone mediated signaling pathway (GO:0043401)

Nudt7

chr8:114133557114152312

4.603E-05

4.547E-03

24

16

nucleoside diphosphate metabolic process (GO:0009132);
coenzyme A catabolic process (GO:0015938); acetyl-CoA
catabolic process (GO:0046356); brown fat cell
differentiation (GO:0050873)

Per2

chr1:9141598491459330

2.485E-10

1.472E-06

24

19

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); transcription, DNA-dependent
(GO:0006351); regulation of transcription, DNA-dependent
(GO:0006355); signal transduction (GO:0007165); circadian
rhythm (GO:0007623); rhythmic process (GO:0048511)

Per3

chr4:151003652151044665

1.257E-11

1.489E-07

24

18

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); transcription, DNA-dependent
(GO:0006351); regulation of transcription, DNA-dependent
(GO:0006355); signal transduction (GO:0007165); circadian
rhythm (GO:0007623); rhythmic process (GO:0048511)

185

Plod2

chr9:9254222392608428
chr5:135670033135735326

3.222E-04

1.776E-02

24

16

oxidation-reduction process (GO:0055114)

4.603E-05

4.547E-03

24

18

regulation of growth plate cartilage chondrocyte proliferation
(GO:0003420); internal peptidyl-lysine acetylation
(GO:0018393); fatty acid oxidation (GO:0019395); positive
regulation of chondrocyte differentiation (GO:0032332);
positive regulation of monooxygenase activity
(GO:0032770); negative regulation of apoptotic process
(GO:0043066); negative regulation of cysteine-type
endopeptidase activity involved in apoptotic process
(GO:0043154); nitrate catabolic process (GO:0043602);
positive regulation of cholesterol biosynthetic process
(GO:0045542); positive regulation of smoothened signaling
pathway (GO:0045880); nitric oxide catabolic process
(GO:0046210); oxidation-reduction process (GO:0055114);
negative regulation of lipase activity (GO:0060192);
demethylation (GO:0070988); positive regulation of steroid
hormone biosynthetic process (GO:0090031); regulation of
cholesterol metabolic process (GO:0090181); cellular
organofluorine metabolic process (GO:0090346)

Ppat

chr5:7691324976951578

9.323E-07

2.934E-04

24

16

purine nucleotide biosynthetic process (GO:0006164);
glutamine catabolic process (GO:0006543); purine
ribonucleoside monophosphate biosynthetic process
(GO:0009168); ribose phosphate metabolic process
(GO:0019693); protein homotetramerization (GO:0051289)

Ppip5k2

chr1:9770604897770411
chr16:50862915132481
chr6:1471382214755274

1.257E-04

9.066E-03

24

19

phosphorylation (GO:0016310)

9.323E-07

2.934E-04

24

18

keratinization (GO:0031424)

3.244E-05

3.516E-03

24

20

carbohydrate metabolic process (GO:0005975); glycogen
metabolic process (GO:0005977); dephosphorylation
(GO:0016311)

Por

Ppl
Ppp1r3a

186

Ptgs1

chr2:3623042636252272

9.063E-04

3.800E-02

24

20

prostaglandin biosynthetic process (GO:0001516); lipid
metabolic process (GO:0006629); fatty acid metabolic
process (GO:0006631); fatty acid biosynthetic process
(GO:0006633); prostaglandin metabolic process
(GO:0006693); response to oxidative stress (GO:0006979);
learning (GO:0007612); memory (GO:0007613); regulation
of blood pressure (GO:0008217); negative regulation of
norepinephrine secretion (GO:0010700); sensory perception
of pain (GO:0019233); cyclooxygenase pathway
(GO:0019371); keratinocyte differentiation (GO:0030216)
negative regulation of epinephrine secretion (GO:0032811);
maintenance of blood-brain barrier (GO:0035633); regulation
of cell proliferation (GO:0042127); positive regulation of
vasoconstriction (GO:0045907); positive regulation of
smooth muscle contraction (GO:0045987); oxidationreduction process (GO:0055114)

Raph1

chr1:6048319160567104
chr10:6915143469291791
chr18:4205366742158960
chr7:1678134616798274

5.841E-04

2.683E-02

24

20

axon extension (GO:0048675)

1.229E-10

8.741E-07

24

19

small GTPase mediated signal transduction (GO:0007264)

5.841E-04

2.683E-02

24

17

negative regulation of phosphatase activity (GO:0010923)

1.572E-05

2.200E-03

24

19

amino acid transmembrane transport (GO:0003333);
transport (GO:0006810); dicarboxylic acid transport
(GO:0006835); extracellular amino acid transport
(GO:0006860); neutral amino acid transport (GO:0015804);
L-serine transport (GO:0015825)

chr4:149744036149774277
chr17:3129548331350696
chr2:8493657984958509

2.051E-04

1.340E-02

24

16

transport (GO:0006810)

5.841E-04

2.683E-02

24

16

biological_process (GO:0008150)

1.439E-06

4.093E-04

24

20

transmembrane transport (GO:0055085)

Rhobtb1
Sh3rf2
Slc1a5

Slc25a33
Slc37a1
Slc43a3

187

Slc44a2

chr9:2133782821355025

1.732E-04

1.153E-02

24

18

transport (GO:0006810); signal transduction (GO:0007165);
positive regulation of I-kappaB kinase/NF-kappaB cascade
(GO:0043123)

Slco5a1

chr1:1286654912991177
chr14:3437027434374789

3.781E-07

1.660E-04

24

20

biological_process (GO:0008150)

5.841E-04

2.683E-02

23

17.5

synaptic transmission (GO:0007268);adult locomotory
behavior (GO:0008344); regulation of dopamine secretion
(GO:0014059); regulation of neurotransmitter secretion
(GO:0046928); synapse organization (GO:0050808)

chr10:9538536295417180

1.732E-04

1.153E-02

24

18

lactation (GO:0007595); negative regulation of signal
transduction (GO:0009968); response to estradiol stimulus
(GO:0032355); cellular response to hormone stimulus
(GO:0032870); intracellular signal transduction
(GO:0035556); regulation of growth (GO:0040008);
regulation of multicellular organism growth (GO:0040014);
negative regulation of multicellular organism growth
(GO:0040015); positive regulation of neuron differentiation
(GO:0045666); negative regulation of JAK-STAT cascade
(GO:0046426); growth hormone receptor signaling pathway
(GO:0060396); mammary gland alveolus development
(GO:0060749)

Sncg

Socs2

188

Sox17

chr1:44909284496413

9.063E-04

3.800E-02

24

19.5

189

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); angiogenesis (GO:0001525);
vasculogenesis (GO:0001570); endoderm formation
(GO:0001706); inner cell mass cellular morphogenesis
(GO:0001828); heart looping (GO:0001947); cardiogenic
plate morphogenesis (GO:0003142); embryonic heart tube
morphogenesis (GO:0003143); outflow tract morphogenesis
(GO:0003151); negative regulation of Wnt receptor signaling
pathway involved in heart development (GO:0003308);
transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355);
spermatogenesis (GO:0007283); gastrulation (GO:0007369);
endoderm development (GO:0007492); endodermal cell fate
determination (GO:0007493); positive regulation of gene
expression (GO:0010628); Wnt receptor signaling pathway
(GO:0016055); rostrocaudal neural tube patterning
(GO:0021903); signal transduction involved in regulation of
gene expression (GO:0023019); negative regulation of Wnt
receptor signaling pathway (GO:0030178); negative
regulation of cell growth (GO:0030308); protein
destabilization (GO:0031648); embryonic heart tube
development (GO:0035050); cell migration involved in
gastrulation (GO:0042074); regulation of mesodermal cell
fate specification (GO:0042661); negative regulation of
mesodermal cell fate specification (GO:0042662); mRNA
transcription from RNA polymerase II promoter
(GO:0042789); regulation of cell differentiation
(GO:0045595); positive regulation of cell differentiation
(GO:0045597); positive regulation of protein catabolic
process (GO:0045732); positive regulation of transcription,
DNA-dependent (GO:0045893); positive regulation of
transcription from RNA polymerase II promoter
(GO:0045944); regulation of embryonic development
(GO:0045995); embryonic organ development
(GO:0048568); embryonic foregut morphogenesis
(GO:0048617); positive regulation of skeletal muscle tissue
development (GO:0048643); stem cell differentiation
(GO:0048863); stem cell fate specification (GO:0048866);
protein stabilization (GO:0050821); canonical Wnt receptor
signaling pathway (GO:0060070); endocardium formation

(GO:0060214); regulation of transcription from RNA
polymerase II promoter involved in definitive endodermal
cell fate specification (GO:0060807); cardiac cell fate
determination (GO:0060913); endocardial cell differentiation
(GO:0060956); common bile duct development
(GO:0061009); gall bladder development (GO:0061010);
endodermal digestive tract morphogenesis (GO:0061031);
renal system development (GO:0072001); regulation of stem
cell proliferation (GO:0072091); negative regulation of
canonical Wnt receptor signaling pathway (GO:0090090);
regulation of stem cell division (GO:2000035); regulation of
cardiac cell fate specification (GO:2000043)

Stc1

chr14:6902928969041401

3.320E-06

7.616E-04

24

16.5

190

ossification (GO:0001503); cellular calcium ion homeostasis
(GO:0006874); cellular monovalent inorganic anion
homeostasis (GO:0030320)

Stk35

chr2:129800517129832287

6.482E-05

5.748E-03

24

20

protein phosphorylation (GO:0006468); phosphorylation
(GO:0016310)

Tcap

chr11:9838381198384953

1.053E-08

1.628E-05

24

16

cardiac muscle hypertrophy (GO:0003300); adult heart
development (GO:0007512); cardiac muscle hypertrophy in
response to stress (GO:0014898); skeletal muscle thin
filament assembly (GO:0030240); skeletal muscle myosin
thick filament assembly (GO:0030241); detection of muscle
stretch (GO:0035995); sarcomere organization
(GO:0045214); cardiac muscle fiber development
(GO:0048739); sarcomerogenesis (GO:0048769); cardiac
myofibril assembly (GO:0055003); cardiac muscle tissue
morphogenesis (GO:0055008); cardiac muscle contraction
(GO:0060048)

Tef

chr15:8180242181826861

9.430E-10

3.353E-06

24

19

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); positive
regulation of transcription from RNA polymerase II promoter
(GO:0045944); rhythmic process (GO:0048511)

Thbs2

chr17:1466550014694262

9.060E-05

7.255E-03

23

17.5

cell adhesion (GO:0007155); negative regulation of
angiogenesis (GO:0016525); positive regulation of synapse
assembly (GO:0051965)

Thoc3

chr13:5445883754468849

2.370E-04

1.433E-02

24

16.5

mRNA processing (GO:0006397); mRNA export from
nucleus (GO:0006406); transport (GO:0006810); RNA
splicing (GO:0008380); intronless viral mRNA export from
host nucleus (GO:0046784); mRNA transport (GO:0051028)

Timp3

chr10:8630037286349506

9.430E-10

3.353E-06

23

20

negative regulation of peptidase activity (GO:0010466);
negative regulation of proteolysis (GO:0045861); negative
regulation of membrane protein ectodomain proteolysis
(GO:0051045); cellular response to organic substance
(GO:0071310)

Tmem184c

chr8:7759598277610698

6.482E-05

5.748E-03

24

17

biological_process (GO:0008150)
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Tmem57

chr4:134802759134853345
chr15:5964835059656550

1.460E-07

9.436E-05

24

20

biological_process (GO:0008150)

5.096E-04

2.520E-02

24

18

protein phosphorylation (GO:0006468); negative regulation
of protein kinase activity (GO:0006469); JNK cascade
(GO:0007254); negative regulation of smooth muscle cell
migration (GO:0014912); negative regulation of
lipopolysaccharide-mediated signaling pathway
(GO:0031665); positive regulation of proteasomal ubiquitindependent protein catabolic process (GO:0032436); response
to lipopolysaccharide (GO:0032496); regulation of MAP
kinase activity (GO:0043405); negative regulation of
sequence-specific DNA binding transcription factor activity
(GO:0043433); negative regulation of smooth muscle cell
proliferation (GO:0048662); positive regulation of ubiquitinprotein ligase activity (GO:0051443)

Tsc22d3

chrX:140539528140600659

7.359E-06

1.308E-03

24

20

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); regulation of transcription, DNAdependent (GO:0006355); response to osmotic stress
(GO:0006970); negative regulation of skeletal muscle tissue
development (GO:0048642); negative regulation of
activation-induced cell death of T cells (GO:0070236)

Tspan4

chr7:141475240141493427

1.839E-08

2.255E-05

24

17.5

-

Trib1

192

Usp2

chr9:4406702144095627

9.323E-07

2.934E-04

24

18

negative regulation of transcription from RNA polymerase II
promoter (GO:0000122); proteolysis (GO:0006508);
ubiquitin-dependent protein catabolic process (GO:0006511);
cell cycle (GO:0007049); muscle organ development
(GO:0007517); protein deubiquitination (GO:0016579);
positive regulation of mitotic cell cycle (GO:0045931);
negative regulation of skeletal muscle tissue development
(GO:0048642); positive regulation of skeletal muscle tissue
development (GO:0048643); protein stabilization
(GO:0050821)

Vps25

chr11:101253707101259549

3.244E-05

3.516E-03

24

18

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355); transport
(GO:0006810); protein transport (GO:0015031)

Wee1

chr7:110122350110142112

5.973E-07

2.124E-04

24

20

microtubule cytoskeleton organization (GO:0000226);
protein phosphorylation (GO:0006468); cell cycle
(GO:0007049); mitosis (GO:0007067); phosphorylation
(GO:0016310); peptidyl-tyrosine phosphorylation
(GO:0018108); establishment of cell polarity (GO:0030010);
neuron projection morphogenesis (GO:0048812); cell
division (GO:0051301)

Wnk4

chr11:101260567101277409

9.060E-05

7.255E-03

23

18

protein phosphorylation (GO:0006468); ion transport
(GO:0006811); chloride transport (GO:0006821); protein
localization (GO:0008104); phosphorylation (GO:0016310);
cellular chloride ion homeostasis (GO:0030644); regulation
of cellular process (GO:0050794); negative regulation of
pancreatic juice secretion (GO:0090188)

Zfp445

chr9:122851914122862128

1.494E-04

1.063E-02

24

19

transcription, DNA-dependent (GO:0006351); regulation of
transcription, DNA-dependent (GO:0006355)

193

194

