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Abstract

Background—Sudden Cardiac Death (SCD) follows a diurnal variation. Data suggest the timing
of SCD is influenced by circadian (~24 hour) changes in neurohumoral and cardiomyocyte-
specific regulation of the heart’s electrical properties.

Objective—The basic helix-loop-helix transcription factors BMAL1 and CLOCK coordinate the
circadian expression of select genes. We tested whether Bmall expression in cardiomyocytes
contributes to K* channel expression and diurnal changes in ventricular repolarization.

Methods—We utilized transgenic mice that allow for the inducible cardiomyocyte-specific
deletion of Bmall (iCSABmal1~/~). We used quantitative PCR, voltage-clamping, promoter-
reporter bioluminescence assays, and electrocardiographic (ECG) telemetry.

Results—Although several K* channel gene transcripts were downregulated in iCSABmal1™/~
mouse hearts, only Kcnh2 exhibited a robust circadian pattern of expression that was disrupted in
iCSABmal1~~ hearts. Kcnh2 underlies the rapidly activating delayed-rectifier K* current (Ixy),
and Iy, recorded from iCSABmal1~/~ ventricular cardiomyocytes was ~50% compared to control
myocytes. Promoter-reporter assays demonstrated that the human Kcnh2 promoter is
transactivated by the co-expression of BMAL1 and CLOCK. ECG analysis showed iCSABmal1~/~
mice developed a prolongation in the heart rate corrected QT (QTc) interval during the light
(resting)-phase. This was secondary to an augmented circadian rhythm in the uncorrected QT
interval without a corresponding change in the RR interval.
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Conclusion—The molecular clock in the heart regulates the circadian expression of Kcnh2,
modifies K* channel gene expression and is important for normal ventricular repolarization.
Disruption of the cardiomyocyte circadian clock mechanism likely unmasks diurnal changes in
ventricular repolarization that could contribute to an increased risk of cardiac arrhythmias/SCD.
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INTRODUCTION

The discovery that the incidence of sudden cardiac death (SCD) follows a time-of-day
dependence suggests that circadian factors participate in the initiation of lethal
arrhythmias.} 2 Biological circadian rhythms are evolutionarily conserved cycles that repeat
every ~24 hours, and synchronize behavior and physiology with the daily environment.3: 4
The cardiovascular system shows robust circadian rhythms in blood pressure, heart rate,
electrocardiographic (ECG) properties, and gene expression.® Historically, the early
morning rise in SCD has been linked to the circadian variations in myocardial ischemic
events and autonomic signaling, however, more recent studies also support a cardiomyocyte-
specific circadian or molecular clock mechanism in the heart.6-8

The cellular mechanism responsible for generating biological circadian rhythms is a
conserved gene regulatory network composed of a transcriptional-translational feedback
loop called the molecular clock, which is expressed in almost all cells including
cardiomyocytes.? 10 The positive limb of the molecular clock is formed by the transcription
factors BMAL1 (brain muscle arnt-likel) and CLOCK (circadian locomotor output control
kaput), and the negative limb is regulated by PERs (Period 1, 2, and 3) and CRYs
(Cryptochrome 1 and 2). Circadian changes in gene expression and cardiac function are
linked to the cardiomyocyte molecular clock mechanism.11: 12 Bray and colleagues (2008)
showed transgenic mice that selectively overexpress a dominant-negative CLOCK mutation
in cardiomyocytes alters gene expression in both atrial and ventricular myocytes, heart rate,
contractile function, and metabolism.13 We recently found that the inducible cardiomyocyte-
specific deletion of Bmall (iCSABmal1~/") in adult mice disrupts molecular clock signaling
in the heart, causes a loss in the circadian expression of the Na* channel gene Scn5a
(Nav1.5), decreases macroscopic Na* current (Iyg) recorded from isolated ventricular
cardiomyocytes, slows the heart rate, and increases the frequency of cardiac arrhythmias.8
Emerging evidence suggests that the cardiomyocyte molecular clock might regulate the
expression of several cardiac K* channels and ventricular repolarization as well.® 7
However, these studies do not distinguish the relative contribution of the cardiomyocyte
molecular clock from circadian clock signaling in other tissues. The purpose of this study is
to determine how Bmall expression in cardiomyocytes contributes to changes in K* channel
expression and ventricular repolarization.
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METHODS

Inducible deletion of Bmall in adult cardiomyocytes

All animal procedures were conducted in compliance with the guidelines of the Association
for Assessment and Accreditation of Laboratory Animal Care and were approved by the
Institutional Animal Care and Use Committee at University of Kentucky. The inducible
cardiac specific ABmall (iCSABmall) mouse model used for these studies was described
previously.8 Cre-recombination was activated once the mice reached 12 weeks of age by
intraperitoneal injections of tamoxifen (2 mg/day) for 5 consecutive days. This injection
protocol causes effective recombination without any obvious long-term tamoxifen toxicity.
Mice were housed in a 12-hour light/dark (L/D) cycle for all experiments except the time
course collection, which is detailed below.

Circadian Collections

Circadian collections were done as described previously.® Briefly, 64 iCSABmall mice
(mixed gender, 14-16 weeks of age) were housed in individual cages in light boxes and
entrained to a 12-hour L/D cycle for 2 weeks. Mice had ad libitum access to food and water.
Following the entrainment period, half of the mice were injected with vehicle and the other
half with tamoxifen, generating 32 control iCSABmal1*/* and 32 iCSABmal1~/~ mice,
respectively. Two-weeks after the final injection, the mice were then released into constant
darkness (D/D), and after 30 hours in D/D, we collected the ventricular apex every 4 hours
from 3-4 animals in each group for a total of 8 time points. Circadian collections from
control WKY (Wistar Kyoto) rats were done similarly. RNA was prepared for quantitative
PCR (qtPCR) using TagMan (Applied Biosystems) assays to examine the gene expression
of Kend2, Kenh2, Kenip2, Kenab, Kenbl, Kenj2, and Kengl mRNA. The AACT method was
used for the quantification of gtPCR data in the circadian collections. Gene expression in
each sample was shown as the relative value compared with the mean vehicle value.

Adult cardiomyocyte isolation and electrophysiology

Adult ventricular myocytes were isolated for voltage-clamp experiments as described
previously.8 Isolations were performed at 6-8 weeks following vehicle or tamoxifen
injections. Voltage-clamp was performed with an Axopatch 200B patch-clamp amplifier
(Axon Instruments, Foster City, CA) and pClamp10 software (Axon Instruments, Foster
City, CA). Because Ik, recorded using conventional approaches in mouse ventricular
myocytes is small and contaminated by other currents, we isolated Iy, using Cs* as the
charge carrier similar to that described previously.14-16 Unlike other K* channels, Ik,
channels readily permeate Cs* in the absence of K* and using Cs* as the charge carrier
allows us to measure Ik, directly (without current subtraction using Ik, blockers, which
improves the signal to noise ratio). The extracellular solution contained (in mM): NaCl 5,
CsCl 90, CaCl 1, MgCl 1.2, glucose 11, TEA-CI 10, HEPES 5 (pH 7.3 set with CsOH), and
the pipette (intracellular) solution contained CsF 120, CsCl 20, EGTA 10, TEA-CI 10,
Na,ATP 1, HEPES 5 (pH 7.3 set with CsOH). Heterologously expressed Kcnh2 channels
(Kv11.1) in HEK293 cells generated large currents with similar gating properties as native
Ikr (data not shown). The holding potential was —140 mV. Cells were depolarized from —80
to 40 mV in 10 mV increments for 1 sec, followed by a test-pulse to —80 mV. The peak
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current measured during the test-pulse to —80 mV was plotted as a function of the pre-pulse
potential and the individual current-voltage (I-V) relations were described using the
following Boltzmann equation:

I:(IMIN —Luax )/(1+e[(V7V%)/k] ) +lyax

Imin is the minimally activated current, Iyax is the maximally activated current, V¥ is the
midpoint potential for half maximal current activation, and k is the slope factor of activation
(mV/e-fold change). All voltage-clamp experiments from isolated iCSABmal1*/* or
iCSABmal1~/~ ventricular myocytes were performed at 22-23°C within 4 hours of isolation.

Promoter-reporter bioluminescence assays

Heterologous expression of promoter-reporter constructs was performed in C2C12
myoblasts similar to that described previously.8 For control studies, we utilized the Per1
promoter-reporter construct 6.8Perl-Luc. We cloned the 734 bp human Kcnh2 5’-promoter
sequence into the pGL3 basic vector (Promega) using human genomic DNA (hKcnh2-luc).
The primers used for amplification of the 5" promoter sequence were 5’-CACGGTACC
TCTTAGTCGCTAATCTGGGGTGG -3’ (forward) and 5-CACGCTAGC
ACCGGCATCCTGAGCCCAT -3’ (reverse). The sequence of the hKcnh2 promoter-
reporter construct (hKcnh2-luc) was verified by DNA sequencing at the Advanced Genetic
Testing Center, University of Kentucky. Lipofectamine2000 was used at a 3:1 ratio. To
control for the total amount of in each transfection, transfected DNA was adjusted to 390 ng
with the empty pcDNA3.1 plasmid. Forty-eight hours after transfection, luminescence of the
lysate (20 ul) was measured using the Dual-Luciferase Reporter Assay System (Promega) in
a Lumat LB 9507 (EG&G Berthold). Similar to what we have shown previously in NIH/3T3
expression of the mouse Bmall and Clock cDNA cloned in pcDNA3.1 (mBmall- and
mClock-pcDNA3.1, respectively) enhanced Perl promoter activity several fold in C2C12
cells (data not shown).8 We assessed hKcnh2-luc promoter-reporter expression in four
conditions: 1) promoter-reporter only, 2) co-transfected with mBmall- and mClock-
pcDNA3.1; 3) co-transfected with mClock-pcDNA3.1 and a missense mutation in Bmall
cDNA that changes an arginine to an alanine at amino acid 91 (mBmal1R91A-pcDNA3.1)
and disrupts BMAL1 function; and 4) co-transfected with mBmall- and a deletion mutant in
Clock cDNA at amino acid 19 (mClockA19) that disrupts CLOCK function. 17 These latter
two experiments with the mutant constructs served as negative controls. The pRL null vector
was co-transfected in each experiment to provide a control for variations in transfection
efficiency.

ECG telemetry

In vivo ECG telemetry was performed as described previously.8: 18 Briefly, mice were
anesthetized with isoflurane and telemetry transmitter units (PhysioTel ETA-F10; Data
Sciences International) were implanted in the peritoneal cavity. Two ECG leads were
secured near the apex of the heart and the right acromion. Mice were allowed to recover for
2 weeks. We used two complementary methods to quantify the QT interval.18 The first
method was to manually measure and calculate the QTc interval using a modified version of
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the Bazett’s formula adjusted for mice and described in detail by Mitchell and colleagues
(1998).1° For the second approach, we used an automated program written in Matlab
(Mathworks) to compute hourly uncorrected QT intervals similar as described previously.18
Briefly, ECG traces recorded for each hour were aligned to the peak of the R wave to
generate an hourly averaged trace and the QT calculation was done using the threshold
method. The Q was defined as the base of the QRS complex (where the slope of the profile
changed from negative or isoelectric to positive) and the T was defined as the point where
the ECG returned 95% of the way from the T-wave minima to the isoelectric level. The
hourly RR and QT intervals were plotted for ~ 2-3 consecutive days and were fit with the
following non-linear sinusoidal model:

Interval=A x cos(27(t—7)/T)+m

This model allowed calculation of the period (T) - the time between the peak amplitudes;
phase () - time of the peak rhythm in reference to the onset of the lights on (Zeitgeber Time
or ZT=0); the circadian amplitude (A) - % of the peak-to-trough amplitude; and the
circadian mean (m) - a rhythm-adjusted mean halfway between the peak and trough
amplitude.

Statistical analysis

RESULTS

Results are reported as mean + SEM where P < 0.05 is considered significant. For gene
expression studies, the statistical JTK_CYCLE package was used to identify circadian
rhythms in the qtPCR expression profiles. JTK_CYCLE reliably distinguishes between
rhythmic and non-rhythmic transcripts and exhibits an increased resistance to outliers in the
data, giving it considerably greater sensitivity and specificity.20 Additionally, JTK_CYCLE
accurately measures the period, phase, and amplitude of cycling transcripts, facilitating
comparative analyses. Unpaired t-tests were performed to determine significance for
electrophysiological measures, and statistical analysis of the ECG telemetry data was done
using a one-way ANOVA with the Bonferroni post-hoc analysis (Prism, GraphPad
Software, Inc.).

Kcnh2 is a candidate clock controlled gene

We investigated the role of cardiomyocyte molecular clock in the regulation of cardiac K*
channel gene expression important in mouse and human ventricular repolarization
(Supplemental Table 1). To identify K* channel gene candidates that are expressed in a
circadian pattern, we utilized the high resolution CircaDB microarray dataset for the heart
(http://circadb), which analyzed gene expression every 2 hours for 48 hours in combination
JTK_CYCLE analysis.?! We then confirmed these results in control (iCSABmal1*/*) hearts
by measuring the mMRNA expression levels every 4 hours for 28 hours using qtPCR and
JTK_CYCLE statistical analysis (Figure 1A). If an mRNA is determined to be circadian
following JTK-CYCLE analysis in both datasets, then we concluded that the mMRNA
transcripts are circadian. The results of the two datasets suggest that only Kcnd2 and Kenh2
transcripts exhibit a robust circadian oscillation in control hearts. We next tested whether
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cardiac Bmall expression contributed to the circadian expression pattern of Kcnd2 and
Kcnh2 by determining whether the circadian oscillation in transcripts was lost in
iCSABmal1~/~ hearts. The circadian pattern of the Kcnh2 transcript, but not the Kcnd?
transcript, was lost in iCSABmal1~/~ hearts (Figure 1A). This suggested that Kcnh2 is
controlled by the cardiomyocyte molecular clock but the central clock likely regulates the
circadian expression of Kcnd2. Surprisingly, we found that the average 24-hour expression
levels of several other cardiac K* channel transcripts (which did not follow a circadian
pattern) were lower in iCSABmall~/~ hearts (Figure 1B). These data suggested that the
cardiomyocyte molecular clock signaling might indirectly contribute to the expression of
non-circadian K* channel genes.

Disruption of the cardiomyocyte molecular clock decreases Ik,

Since Kcnh?2 is a candidate clock controlled gene, we focused our mechanistic investigation
on the consequences that deleting Bmall has on the functional expression of Kcnh2. Kenh2
encodes the pore-forming a-subunit that conducts the rapidly activating delayed-rectifier K*
current (IK,r,).22 Loss-of-function mutations in Kcnh2 are a common cause of congenital long
QT syndrome (LQTS), and Ik, channels are prolific drug targets that contribute to drug-
induced LQTS.23 Iy, recorded from iCSABmal1~~ ventricular myocytes hearts was ~50%
smaller than control ventricular myocytes (Figure 2A). The reduction in Ik, was consistent
with a decrease in gene expression, because there were no obvious differences in the gating
properties of the Iy, (Figure 2B).

The circadian pattern of Kcnh2 expression is conserved and co-expression of BMAL1 and
CLOCK transactivates the human Kcnh2 promoter

We next determined whether Kcnh2 transcripts follow a circadian pattern of expression in
another species. We measured Kcnh2 expression every 4 hours for 28 hours from rat
ventricle, similar to what was done for the iCSABmall mice. JTK_CYLCE analysis of the
Kenh2 mRNA confirmed that the transcripts followed a robust circadian pattern (Figure 3A).
Furthermore, we investigated whether heterologous expression of BMAL1 and CLOCK
could enhance the transcriptional activity of the cloned human Kcnh2 promoter.
Heterologous expression of hKCNH2-Luc in C2C12 cells showed that, compared to cells
expressing hKCNH2-Luc alone, co-expressing mBmall and mClock DNA increased
luciferase activity several fold (Figure 3B). Importantly, negative control experiments that
co-expressed cDNAs with mutations (Bmal1R91A or ClockA19) that disrupt BMAL1L or
CLOCK function did not enhance hKCNH2-Luc luciferase activity (Figure 3B). Together
the data suggest that the circadian expression of Kcnh2 is conserved, and BMALL1 and
CLOCK can enhance the transcriptional activity of the human KCNH2 promoter.

Disruption of the cardiomyocyte molecular clock unmasks a circadian rhythm in
ventricular repolarization

Since disrupting the cardiomyocyte molecular clock in the mouse heart decreased the
expression of several K* channel transcripts important for mouse ventricular repolarization,
we tested whether the QTc intervals measured from iCSABmall™~ mice were different
compared to iCSABmal1*/* mice. Similar to what was previously shown with in vivo ECG

Heart Rhythm. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schroder et al.

Page 7

telemetry of wild type mice, the QTc interval was constant in the iCSABmal1*/* mice
throughout the day.® However, the QTc intervals measured from the iCSABmal1~/~
showed a time-of-day prolongation during the light-phase (Figure 4). These data are
surprising because they suggest that disruption of Bmall in cardiomyocytes unmasked a
diurnal prolongation in the QTc interval that is not normally seen in control mice.

In order to understand how the cardiomyocyte-specific deletion of Bmall prolongs the QTc
interval during the light-phase, we quantified the circadian rhythms in the hourly RR and
uncorrected QT intervals for control and iCSABmal1~/~ mice over several days. The data
were fit with a non-linear sinusoidal function to calculate the period, phase, circadian mean,
and circadian amplitude of the rhythms (Figure 5; Table 1). The rhythms in the RR and QT
intervals were all circadian (~24 hrs) and peaked 2-5 hours after the beginning of the light
phase (ZT 2-5). The mean and amplitude of the circadian rhythm in the RR intervals were
not different between the iCSABmal1*/* and iCSABmall~'~ mice, but the mean and the
amplitude of the circadian rhythm in the QT intervals were larger for the iCSABmal1~/~
mice (Figure 5; Table 1). Importantly, these changes were only seen after inducing the
deletion of Bmall with tamoxifen treatment (Table 1), and they did not occur in parental
Mer-Cre-Mer mice treated with tamoxifen (n=4-5 mice each, p>0.05, data not shown).
Together, these data show the cardiomyocyte deletion of Bmall increased the QTc interval
during the light-phase because it augmented the circadian rhythm in the uncorrected QT
interval without a corresponding change in the RR interval.

DISCUSSION

The circadian molecular clock is a highly conserved, cell-autonomous, transcriptionally
mediated mechanism that provides an evolutionary advantage by optimizing an organism’s
physiology to anticipate the daily variation in the environment.2* To date there is only
tangential and circumstantial evidence linking the cardiomyocyte molecular clock to
circadian changes in K* channel expression and cardiac electrophysiology. In 2003,
Yamashita and colleagues hypothesized that the expression of certain cardiac K* channel
genes might be circadian, and they showed that Kcnd2 and Kcna5 transcripts followed a
circadian pattern of expression in the female rat heart.% Jeyaraj and colleagues (2012)
recently published that Kcnd2 and Kchip?2 are also expressed in a circadian pattern in the
heart.” However, neither study directly addressed the role that the cardiomyocyte molecular
clock has on the circadian expression of these channels.

There are several similarities and differences between the results and conclusions from
Yamashita and company (2003), Jeyaraj and colleagues (2012), and our study.5: 7 All three
studies agree that Kcnd?2 transcripts are expressed in a circadian pattern and Kcnj2
transcripts are not. However in contrast to Yamashita and colleagues, we conclude that
Kcnh2 transcripts are expressed in a circadian pattern but Kcna5 transcripts are not.
Moreover, unlike Jeyaraj and colleagues, we did not find that Kchip2 transcripts follow a
circadian pattern of expression. The reasons for these discrepancies likely include the
statistical approaches used to determine which transcripts exhibit a circadian pattern of
expression and the sampling frequency of the transcripts tested (typically every 3-5 hours
over a single day). Yamashita and colleagues relied on an ANOVA around a single time
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point whereas Jeyaraj and colleagues used consiner analysis. We used JTK_CYCLE
analysis, which is a statistical approach that is resistant to outliers in the data and results in
considerably greater sensitivity and specificity.2? The identification of circadian transcripts
was done using data from a high resolution data set (CircaDB) in which expression is
tracked every 2 hours for 48 hours coupled with our own JTK_CYCLE analyses.2
Importantly, we also found that Kcnh2 transcripts undergo a robust circadian pattern of
expression in rat hearts (Figure 3A). Together, these datasets allow us to confidently
conclude that Kcnh2 transcripts follow a circadian pattern of expression.

To directly test the role that the cardiomyocyte molecular clock has on the circadian
expression pattern of Kend2 and Kenh2 transcripts, we utilized a transgenic mouse model
that disrupts the core circadian clock gene Bmall in adult cardiomyocytes. We found that
the circadian expression of Kcnh2 (but not Kcnd?2) transcripts was disrupted in
iCSABmal1~/~ hearts (Figure 1A), the corresponding Ik, was smaller in these iCSABmal1~/~
ventricular myocytes (Figure 2), and co-expressing Bmall and Clock cDNA caused the
transactivation of the cloned human Kcnh2 promoter in C2C12 cells (Figures 3B). Together,
these data strongly suggest that Kcnh2 is a direct target of the cardiomyocyte molecular
clock mechanism. Our finding that the circadian expression of Kcnd2 is not altered in
iCSABmal1~~ hearts suggests its expression is likely influenced by clock mechanisms
originating outside the heart (i.e. neurohumoral signaling). Consistent with this, germline
Bmal1-null mice do not show a circadian pattern of Kcnd2 expression in the heart.” Perhaps
more surprising, is the finding that disruption of the molecular clock also caused the
downregulation of a number of different K* channel transcripts not expressed in a circadian
pattern (Figure 1B). These data argue that several downstream mechanisms related to
cardiomyocyte molecular clock signaling (i.e. regulation of transcription factors,
metabolism, etc) can also influence K* channel expression. Identification of the
mechanism(s) which drives the circadian expression of Kcnd2 and the downregulation of
non-circadian K* channel transcripts warrants further investigation.

Surprisingly, we found that the deletion of Bmall from cardiomyocytes unmasked a time-of-
day prolongation in the QTc interval during the light-phase (Figure 4). This finding is
counterintuitive because it suggests that the cardiomyocyte molecular clock functions to
limit the circadian rhythm in the QT interval. These data are exciting because they highlight
a new role for the molecular clock mechanism: not only does the molecular clock
mechanism initiate anticipatory circadian rhythms to adjust to daily changes in the
environment, but it can also help to offset or blunt circadian rhythms that might prove
detrimental.

Based on the ECG data, our working model for how the cardiomyocyte molecular clock
contributes to ventricular repolarization is quite different than Jeyaraj and colleagues.’
Jeyaraj and colleagues suggested that the transcription factor, Kriippel-like factor 15 gene
(KIf15) is a direct target of BMALL in the heart, and they used several different transgenic
KIf15 mouse models to argue KLF15 underlies the circadian expression of Kchip2 in the
heart. They speculate that, since Kchip2 is an obligatory subunit for the transient outward K*
current (lp), the KLF15-mediated circadian expression of Kchip2 produces a daily rise and
fall in Iz, to generate a circadian rhythm in the QTc interval of WT mice. We and several
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other studies have not been able to resolve a circadian rhythm in the QTc interval in WT or
control mice.18 12 More importantly, our work suggests that disruption of the cardiomyocyte
molecular clock likely downregulates the expression for a number of different K* genes. A
loss in overall K* channel expression would be expected to prolong the QT interval.
Interestingly, our data suggest that disruption of the cardiomyocyte molecular clock
contributes to a disproportionate prolongation of the QT interval during the light-phase
when the heart rate is slowest in mice (Figure 5; Table 1). These findings are analogous to
reports investigating the circadian relation between the RR interval and QT interval in a
transgenic mouse model of long QT syndrome (LQTS), as well as clinical data investigating
the relation between the RR and QT intervals in long QT syndrome patients.18 25

There are several limitations to this study. Since this work is done in mice, the question as to
whether a link exists between cardiac ion channel expression, diurnal alterations in
ventricular repolarization, and susceptibility to lethal arrhythmias underlie the diurnal
variation in SCD in humans requires further study. There are undoubtedly multiple factors
that contribute to the heightened early morning susceptibility to SCD, including changes in
autonomic signaling.

CONCLUSION

This is the first work to clearly demonstrate that intrinsic circadian mediators, including the
cardiomyocyte molecular clock, are modulators of the electrical properties in the heart,
which possibly contributes to the daily variation in SCD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SCD Sudden Cardiac Death

ECG Electrocardiographic

gtPCR guantitative PCR

BMAL1 Brain muscle arnt-likel

Clock Circadian locomotor output control kaput

PER Period

CRY cryptochrome

iCSABmal1 inducible cardiomyocyte specific deletion of Bmall
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ZT Zeitgeber time

QTc heart rate corrected QT

INa Na* current

I kr rapidly activating delayed-rectifier K* current
LQTS long QT syndrome

KIf15 kriippel-like factor 15
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CLINICAL PERSPECTIVES

Is there a diurnal rhythm in the QTc interval? For over 25 years clinician scientists have
been working to answer this question. It is an important question because if there is a
circadian rhythm in the QTc interval, then the time-of-day it is measured could influence
its utility in determining of whether patients can safely tolerate drugs known to affect the
QTc interval or in the diagnosis of the congenital long QT syndrome (LQTS). The
general consensus is that, if there is a diurnal variation in the QTc interval, it is very
small. This observation has also been confirmed in mice. However, data in our
manuscript now suggests that an internal time-keeping mechanism intrinsic to
cardiomyocytes directly contributes to buffering against daily changes in the QTc
interval. If the intrinsic timing-keeping mechanism in the heart is disrupted, then the
diurnal change in the QTc interval is amplified by as much as 10%. In humans, this
would translate into about a 40 ms difference in the QTc measurement! In other words,
although most patients might not normally show a large circadian flux in their QTc
interval, they might if the internal clock mechanism in the heart is disrupted. Instead of
simply taking single snaps shots of ventricular repolarization, taking diurnal temporal
changes into consideration may better delineate at-risk patients for arrhythmias. Our
findings may ultimately help physicians to increase their clinical suspicion for prolonged
QT syndrome or predict the QT prolongation while initiating a QT prolonging drug.
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Figure 1. The cardiomyocyte molecular clock regulates the circadian expression of Kecnh2
transcripts as well as the expression of several K* channel gene transcripts that are not circadian

A) Shown are the JTK_CYCLE best fit data for the mRNA expression profiles for the K*
channel genes Kcnd2 and Kenh2 from iCSABmal1*/* (solid circles) and iCSABmall~~
(grey squares) mouse hearts (n=3-4 animals per time point). The dark and light bars on the
graph represent extrapolated subjective day and night as defined by Circadian Time (CT)
according to the prior L:D cycle before release into DD. JTK_CYCLE statistics were used to
determine if the expression pattern was circadian. The JTK_CYCLE calculated p value for
Kcnd2 and Kenh2 in the iCSABmal1*/* mice is 0.003 and 7.02E-05 respectively, and the
JTK_CYCLE calculate p value for Kend2 and Kenh2 in the iCSABmall~~ mice is 0.0095
and 0.060 respectively. Channels with JTK_CYCLE p values less than 0.05 were considered
circadian in expression. B) Shown is the percent change in the mRNA transcript over a 24-
hour period for Kend2, Kenip2, Kenab, Knebl, Kenj2, Kengl, and Kenh2 in the
iCSABmall~'~ mice compared to iCSABmal1*/* mice.
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Figure 2. Disruption of BMAL1 signaling reduces |k,
A) Shown are representative families of currents recorded from iCSABmal1*/* or

iCSABmal1~'~ ventricular cardiomyocytes (isolated from mice after 58 hours in constant
darkness). The currents were recorded by pre-pulsing cells from —80 to 40 mV in 10 mV
increments, followed by a test-pulse to =80 mV. The peak Iy, measured during the initial
pre-pulse is cropped for presentation purposes. B) The peak inward I, measured during the
test-pulse is plotted as a function of the pre-pulse potential and the data are described using a
Boltzmann equation (grey line). C-D) The mean Boltzmann data from the fits to the
individual cells for maximally activated Ik, (Imax, PA/pF), the slope factor (k, mV/e-fold
change), and the midpoint potential for half-maximal activation (V1/2, mV) are shown for
iCSABmal1*/* (solid bars) and iCSABmal1~/~ (open bars) mice (n=11-13 cells, *P<0.05).
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Figure 3. Kenh2 transcripts follow a circadian pattern of expression in rat hearts and the human
Kcnh2 promoter is transactivated by the co-expression of BMAL1 and CLOCK

A) The circadian expression profile for Kcnh2 in the WKY rat heart is shown (n=4 animals
per time point). Shaded and light regions represent subjective dark and light cycle. B)
BMAL1 and CLOCK transactivate the human Kcnh2 promoter reporter. Luciferase assay
results of transfection experiments using the hKcnh2 reporter gene in C2C12 myoblasts (n =
6-10/condition). CLOCK (C) and BMAL1 (B) significantly transactivate the hKcnh2
reporter gene (solid bars) relative to control transfections (open bars). Activation of the
hKcnh2 reporter is significantly diminished when Bmal1lR91A was overexpressed with
CLOCK (gray bar) or ClockA19 was overexpressed with BMALL1 (vertical striped bar).
Values are expressed as means + SE. *P < 0.05 compared with the hKcnh2 reporter gene;
#P < 0.05 compared with hKcnh2 reporter gene + CLOCK + BMAL.
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Figure 4. iCSABmal 17"~ mice have a prolonged QTc intervals during the light-phase
A) Shown are representative ECG traces measured during the dark and light from

iCSABmal1*/* or iCSABmal1~/~ mice. B) QTc intervals measured at peak and trough RR
interval hours during the light- and dark-phases from iCSABmal1~/~ (open bars) or
iCSABmal1*/* mice (solid bars) (n=6-7 animals, *P<0.05 compared to dark values; #<0.05
compared to iCSABmal1*/*).
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Figure 5. iCSABmal 17"~ mice have a larger circadian rhythm mean and amplitude in their

uncorrected QT intervals

A) ECGs were continuously measured using telemetry for ~3 days and the hourly RR or
uncorrected QT intervals were plotted as a function of ZT for iCSABmal1*/* (solid circles)
and iCSABmal1~/~ (open squares) mice (n=6-7). The shaded and light regions represent the
dark and light, respectively. The grey line is a non-linear sinusoidal fit to the data. B) Shown
are the average circadian rhythm mean and the amplitude for the RR interval and QT
interval calculated from the sinusoidal fits to individual iCSABmal1*/* (solid bars) or
iCSABmal1~/~ (open bars) mouse data (n=6-7 each, *P<0.05)
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Table 1
Disruption of the cardiomyocyte molecular clock selectively increases the mean and
amplitude of the circadian rhythm in the QT interval

The table shows the circadian RR or QT interval parameters from iCSABmal1*/* and iCSABmall~/~ mice
before (Pre-) and after (Post-) vehicle or tamoxifen treatment.

Riﬁtg:vgl-r Pre-iCSABmal1** vehicle  Post-iCSABmal1** vehicle  Pre-iCSABmal1™~ tamoxifen  Post-iCSABmall™~ tamoxifen
RR midline (ms) 111.7+138 1143+24 108.3+3.1 117.3+3.1
RR amplitude (ms) 255+0.9 105+15 84+12 115+1.2
RR phase (hrs) 23+07 2605 3.0£06 24+03
RR period (hrs) 255+0.9 249+0.6 24304 242+0.1
QT midline (ms) 38.8+0.9 385+0.7 388+ 11 436+ 06"
QT amplitude (ms) 1201 14+03 16+04 27+03°
QT phase (hrs) 3.9+09 29+09 49+04 32+05
QT period (hrs) 239+03 244+03 23.7+£0.2 240+0.1
N 7 7 6 6

*
p<0.05 compared to pre-iCSABmal1t/*, post-icsaBmal1t!/* and pre-icSABmal1~/~
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