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Abstract

Studies of metabolic adaptation during environmental stress have broad applications to human
disease. Adenosine signaling has been implicated in cardiac adaptation to limited oxygen
availability. Serendipitously, a wide search for adenosine receptor A2b (Adora2b)-elicited cardio-
adaptive responses identified the circadian rhythm protein period2 (Per2). Subsequent
pharmacologic and genetic studies confirmed Adora2b-dependent stabilization of Per2 during
myocardial ischemia. Functional studies of myocardial ischemia in Per2~/~ mice revealed larger
infarct sizes and abolished cardio-protection by ischemic preconditioning. Metabolic studies
during myocardial ischemia uncovered a limited ability of Per2~/~ mice to utilize carbohydrates
via oxygen-efficient glycolysis. These metabolic alterations were associated with a failure in
Per2~/~ mice to stabilize hypoxia-inducible-factor Hifla. Moreover, cardiac stabilization of Per2
via light-exposure transcriptionally enhanced glycolysis, and provided period-specific cardio-
protection from ischemia. Together, these studies identify Per2 as key regulator of ischemia
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tolerance through reprogramming of cardiac metabolism and implicate Per2 as novel therapeutic
modality during acute myocardial ischemia.

INTRODUCTION

RESULTS

Metabolic adaptation during environmental stress is currently an area of intense
investigation, as metabolic alterations have broad applications to human diseasel-2. For
instance, myocardial ischemia leads to the activation of pathways directed towards
enhancing myocardial oxygen efficiency3. In fact, a metabolic switch from more “energy-
efficient” utilization of fatty acids to more “oxygen-efficient” utilization of glucose as the
main source for energy generation is pivotal to allow the myocardium to function under
ischemic conditions.*°

Extracellular adenosine is a signaling molecule implicated in cellular adaptation to hypoxia2.
In the extracellular compartment, adenosine stems from phosphohydrolysis of AMP via the
ecto-5’-nucleotidase (NT5E)® and signals through four adenosine receptors (ARs,ADORAL,
ADORA2A, ADORA2B, ADORA3)’. During conditions of hypoxia, adenosine generation
is significantly enhanced, and activation of ARs plays a critical role in counterbalancing
deleterious effects of hypoxial8. Particularly during conditions of myocardial ischemia,
adenosine signaling events have been implicated in cardio-protection from ischemia.
Similarly, cardio-protective responses elicited by ischemic preconditioning (IP) are
abolished following pharmacological inhibition or genetic ablation of extracellular
adenosine production or signaling®. In the present studies we identified the circadian rhythm
protein Period 2 (Per2) as an important mediator in Adora2b elicited cardio-protection by
enhancing the glycolytic capacity of the ischemic heart.

Adenosine signaling events mediate cardiac adaptation to ischemia

Previous studies have implicated adenosine receptor signaling in myocardial adaptation to
ischemia or hypoxia in micel®. Here, we studied these pathways in cardiac tissues obtained
from patients suffering from ischemic heart disease (Supplementary Table S1). In
comparison to cardiac tissues derived from healthy hearts, we found a selective induction of
the ADORA2B (Fig. 1a). Together with previous studies in gene-targeted micel?, these
findings in human patients implicate extracellular adenosine signaling via the ADORA2B in
cardio-protection from ischemia.

Identification of the circadian rhythm protein Per2 as an Adora2b target-gene

Given the prominent role of adenosine receptor signaling in IP, we next pursued microarray
studies comparing transcriptional responses elicited by IP treatment (Supplementary Fig. S1)
in wild-type or Adora2b™~ mice (Fig. 1b, Supplementary Fig. S2-4, Supplementary Table
S2, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19875). The gene with highest
differential readout was the circadian rhythm protein Per2. Per2 is a member of the Period
family of genes expressed in a circadian rhythm pattern in the suprachiasmatic nucleus?®. In
addition to Per2, the microarray studies also demonstrated a similar regulatory pattern for
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Perl, while other members of the circadian rhythm family were not Adora2b-dependently
induced (Supplementary Fig. S3-5, Supplementary Table S2). However, studies in Per1 ™~
mice failed to identify a functional role for Perl in myocardial ischemia (Supplementary
Fig. S6 and Fig.S7). We therefore focused on Adora2b-elicited alterations of Per2. Indeed,
the circadian expression pattern of cardiac Per2 mRNA over a 24h zeitgeber period was
abolished in Adora2b™~ mice, similar to the induction of Per2 transcript and protein levels
following ischemic preconditioning of the heart (Fig. 1 c, d, e, f, Supplementary Fig. S1).
Studies in isolated cardiac myocytes exposed to in vitro hypoxic preconditioning (HPC,
Supplementary Fig. S8) demonstrated enhanced Adora2b and Per2 transcript in wild-type,
but not in Adora2b™~ myocytes (Fig. 1g). Moreover, we found elevated PER2 transcript
and protein levels in cardiac tissues of patients with ischemic heart disease (n=10 per group;
Fig. 1h, Supplementary Fig. S9, Supplementary Table S1). Studies in a cultured endothelial
cell line (HMEC-1, Supplementary Fig. S10) revealed binding of cAMP response element
binding protein (CREB) to the PER2 promoter upon ADORAZ2B agonist treatment (BAY
60-658310, Fig. 1i). Studies with truncated PER2 promoter constructs identified a CREB
binding site responsible for ADORA2B-inducibility of the PER2 promoter that is conserved
between mice and human (Fig. 1j, Supplementary Fig. S11). Together, these studies indicate
that Adora2b/ADORAZB signaling transcriptionally induces Per2/PER2 transcript and
protein levels.

ADORAZ2B signaling events attenuate proteasomal degradation of PER2 via CULLIN-
deneddylation

The rapid kinetics of PER2 stabilization following adenosine receptor activation in
conjunction with previous reports indicating posttranslational mechanisms in regulating
PER2 protein levels!? prompted us to investigate additional post-translational mechanisms
of ADORA2B-dependent regulation for PER2. As differences between PER2 expression in
controls or ADORA2B agonist treated HMEC-1 were maximal after 6h (Fig. 2a), we
examined the influence of inhibition of transcription by actinomycin or inhibition of
translation with cycloheximide at 6h (Fig. 2 b and ¢, Supplementary Figure 12a). These
studies demonstrated a combination of transcriptional and post-translational mechanisms in
ADORAZ2B-dependent PER2 stabilization.

Next, we pursued the ADORA2B as inhibitor of proteasomal PER2 degradation (Fig. 2d,
left). As first step, we pretreated HMEC-1 with the proteasomal inhibitor AM114, which
resulted in prominent PER2 stabilization (Fig. 2d, right). Previous studies have indicated
that post-translational degradation of Per2 involves the SCF E3 ubiquitin ligase complex
resulting in polyubiquitination and subsequent degradation by the 26S proteasomel3. This
SCF complex is active only when CULL1 is covalently modified by the ubiquitin-like protein
NEDDS8!. Indeed, immunoprecipitation of PER2 and immunoblotting for ubiquitin
demonstrates attenuated PER2 ubiquitination following ADORA2B agonist treatment (Fig.
2e). Given that ADORAZ2B signaling has been shown to deneddylate CUL1°, we pursued
ADORA2B-dependent alterations of the neddylation status of CUL1. Here, we confirmed
that deneddylation of CUL1 was enhanced following ADORAZ2B agonist treatment (Fig. 2f,
Supplementary Fig. S12c,d). Furthermore, pretreatment with an ADORAZ2B antagonist
(PSB1115) blocked ADORA2B-agonist-dependent deneddylation of all CULLINS (Fig. 29).
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Deneddylation of CULLINSs is accomplished through interaction with subunits of the COP9
signalosome (e.g., subunit 5 or CSN5/JAB1)16. Here, we examined whether repression of
CSNS5 expression (and thereby inhibition of CULLIN-deneddylation) might influence
ADORAZ2B-dependent stabilization of PER2. Following siRNA-mediated CSN5 repression
(Supplementary Fig. S12 e,f), BAY 60-6583-induced CULLIN-deneddylation was
attenuated compared with controls (Fig. 2h). Moreover, cells treated with SiRNA targeting
CSN5 lost their ability to stabilize PER2 in response to ADORAZ2B agonist (Fig. 2i).
Finally, we utilized isolated adult cardiac myocytes from wild-type or Adora2b™'— mice.
Exposure to HPC was associated with Per2 stabilization in wild-type, but not in Adora2b™~
myocytes. Similarly, HPC-induced Cullin-deneddylation in wild-type mice was abolished in
Adora2b™'~ myocytes (Fig. 2j). Taken together, these studies indicate that Adora2b/
ADORAZ2B-dependent stabilization of Per2/PER2 levels involves Adora2b/ADORA2B-
induced increases in Per2/PER2 transcription together with attenuation of its
posttranslational breakdown.

Impaired myocardial adaptation to ischemia in Per2~/~ mice

We next studied previously characterized mice gene-targeted for Per2 (Supplementary Fig.
S13a)1L. Studies of myocardial ischemia in Per2~/~ mice revealed enhanced tissue injury
with myocardial ischemia, and abolished cardio-protection by IP (Fig. 3a, b). Moreover,
treatment with the Adora2b agonist BAY 60-658319 led to a significant reduction of
infarcted tissue or Troponin | levels in wild-type, but no cardio-protection in Per2~/~ mice,
indicating that Adora2b-dependent cardio-protection is abolished in Per2~~ mice (Fig. 3
b,c). Baseline electron microscopic imaging of the cardiac ultrastructure in Per2~/~ mice
demonstrated isolated mitochondrial swelling and glycogen accumulation, with no major
structural alterations of the myofibrillar apparatus (Fig. 3d). Baseline cardiac glycogen
levels were elevated (Supplementary Fig. 13b), while long chain fatty acids were decreased
(Supplementary Fig. 13c). Consistent with these findings, Per2~/~ mice exhibited elevated
protein levels for glycogen synthase 1 (Supplementary Fig. 13d) and carnitine-
palmitoyltransferase 1 (Supplementary Fig. 13e). However, baseline cardiac function
assessed by echocardiography was unaltered (Supplementary Fig. 13f). Consistent with
recent studies on the role of Per2 in fatty acid metabolism,1” we observed decreased long
chain fatty acids with enhanced Cpt1 protein levels following IP treatment (Fig. 3e). Since
these studies indicate enhanced fatty acid metabolism at baseline and following myocardial
ischemia of Per2~/~ mice, we next utilized magnetic-resonance (NMR) studies to
characterize the metabolic role of Per2. We exposed Per2~/~ mice or controls to ischemia
alone (60min), or IP-treatment prior to ischemia and analyzed cardiac tissues. While
baseline creatine phosphate levels were similar, ischemia-associated creatine phosphate
depletion was significantly enhanced in Per2~/~ mice and conservation of creatine
phosphate levels by IP-treatment was abolished (Fig. 3f). Parallel measurements of lactate
levels demonstrated that ischemia-induced increases of cardiac lactate were impaired in
Per2~/~ mice (Fig. 3g, h), indicating a role for Per2 in glycolytic utilization of
carbohydrates during myocardial ischemia.
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Impaired glycolysis during myocardial ischemia in Per2~~ mice

Analysis of glycolytic enzymes revealed IP-elicited induction of their transcript levels in
wild-type mice which was completely abolished in Per2~/~ mice (Supplementary Fig. S14).
To further characterize metabolic alterations in Per2~/~ mice, we next used liquid
chromatography-tandem mass spectrometry studies following the infusion of 13C-glucose
to assess glucose metabolism during ischemia (1) or reperfusion (IR). While we observed no
difference in global 13C-glucose flux at baseline, during ischemia or at reperfusion (Fig. 4a,
Supplementary Fig. 15a), detailed analysis of glycolytic flux revealed that ischemia-
associated increases of 13C-fructose-1,6-bisphosphate levels were completely abolished in
Per2~/~ mice, indicating that hypoxia-elicited enhancement of glycolysis during ischemia
involves Per2 (Fig. 4b, Supplementary Fig. 15b). Moreover, we observed that the ischemia-
induced elevation of 13C-pyruvate or 13C-lactate was abolished in Per2~/~ mice (Fig. 4c,d,
Supplementary Fig. 15c¢). In addition, while ischemia in wild-type mice attenuated glucose
oxidation, glucose TCA flux in Per2~/~ was increased (Fig. 4 €). Finally, IP treatment of
wild-type mice was associated with an additional reduction in TCA cycle flux, which was
abolished in Per2~/~ mice (Fig. 4f, Fig. Supplementary Fig. 15d).

While glycolytic utilization of carbohydrates is an important adaptive mechanism during
ischemial8, increased glycolysis during reperfusion is considered detrimental as it frequently
indicates mitochondrial dysfunction.1® Indeed, tissue reperfusion attenuated glycolysis
reflected as reduced production of 13C-fructose-1,6-biosphosphate, 13C-pyruvate or 13C-
lactate in wild-type mice (Fig. 4b—d). Although ischemia alone failed to enhance glycolysis
in Per2~/~ mice, their glycolytic flux was increased during reperfusion (Fig. 4e,f). Studies
on the effect of IP pretreatment on reperfusion metabolism in wild-type mice demonstrated a
further reduction of glycolysis2? and restoration of a glucose metabolism comparable to
baseline conditions (Fig. 4f, Supplementary Fig. 15b—d). In contrast thereof, Per2~/~ mice
maintained lactate production, indicating uncoupling glycolysis from glucose oxidation as a
sign of mitochondrial dysfunction?! (Supplementary Fig. 15c). Since we did not observe
differences in glucose uptake between wild-type and Per2~/~ mice during ischemia or
reperfusion, we next analyzed the effect of metabolic changes on cardiac glycogen. Here,
ischemia significantly reduced glycogen storages in both, wild-type or Per2~/~ mice, even
though Per2~/~ started from a higher glycogen baseline level (Fig. 4g, Supplementary Fig.
15f). While reperfusion led to the restoration of glycogen in wild-type mice, this was
abolished in Per2~/~ mice. Together these data indicate that Per2~/~ are severely
compromised in effectively utilizing carbohydrates during ischemia or reperfusion (Fig. 4h).

Hypoxia-inducible factor 1 alpha (Hifla) links adenosine-mediated Per2 stabilization to
cardiac metabolism during ischemia

We next addressed transcriptional mechanisms controlling glycolysis during limited oxygen
availability, as IP treatment of wild-type mice was associated with a robust induction of
glycolytic enzymes, which was completely abolished in gene-targeted mice for Per2
(Supplementary Table S6). Based on the notion that Hifla plays a key role in transcriptional
control of the glycolytic pathway,?2 we pursued the functional status of Hifla in gene-
targeted mice for Per2 in a Hifla reporter mouse23. Surprisingly, we observed a diurnal
kinetic for cardiac Hifla protein levels (Fig. 5a), transcript levels of its isoforms Hif1.1,

Nat Med. Author manuscript; available in PMC 2012 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eckle et al.

Page 6

Hif1.2 as well as the glycolytic enzymes Pdk1 and Ldh (Supplementary Fig. S16) during a
24h time period. Moreover, genetic deletion of Per2 in Hifla reporter mice abolished
cycling of Hifla (Fig. 5a). In addition, stabilization of Hifla with IP treatment in wild-type
was abolished in Per2~/~ mice (Fig. 5b), while mice with induced deletion of Hif1a in
cardiac myocytes (Fig. 5¢, Supplementary Fig. S17) retained their ability to stabilize Per2
upon IP treatment (Fig. 5¢). Similarly, hypoxic Hifla stabilization was abolished in isolated
myocytes from Per2~/~ mice (Fig. 5d). Moreover, IP treatment of Hifla reporter mice was
associated with increased reporter activity, which was abolished following genetic deletion
of Per2 (Fig. 5e). We next assessed transcriptional regulation of glycolytic enzymes in
oxygen-stable HIF1A overexpressing HMEC-1 cells?# with or without SIRNA mediated
PER2 knockdown. Oxygen-stable HIF1A or treatment with the ADORAZ2B agonist BAY
60-6583 was associated with elevated transcript levels of glycolytic enzymes. While
treatment with BAY 60-6583 further enhanced glycolytic transcripts in oxygen-stable
HIF1A overexpressing cells, this was abolished after PER2 knockdown (Fig. 5f). Additional
studies utilizing co-immunoprecipitation indicated a direct protein-protein interaction
between Hifla and Per2 in cardiac tissues following exposure to IP (Fig. 5g).

As we had previously shown that Adora2b signaling plays a critical role in the
transcriptional induction and protein stability for Per2, we next examined Hifla in the hearts
of gene-targeted mice for the Adora2b. Similar to the above findings in Per2~/~ mice, we
observed lower expression of the transcript levels for Hif1.1 and Hif1.2 isoforms in gene-
targeted mice for the Adora2b, in conjunction with abolished circadian expression over a
24h period (Supplementary Fig. S18). Moreover, hypoxia induced stabilization of Hifla was
abolished in Adora2b™'~ mice (Fig. 5h,i). Finally, we observed a similar defect for the
transcriptional induction of the glycolytic enzymes with cardiac IP treatment of Adora2b™/~
as previously seen in Per2~/~ mice (Fig. 5j) Together, these data indicate that Adora2b-
dependent control of Per2 plays an important role in the hypoxia-elicited induction of the
glycolytic machinery during myocardial ischemia.

Stabilization of cardiac Per2 by light exposure mediates cardio-protection from ischemia

We next attempted to achieve enhanced cardiac Per2 stabilization via light exposure2°:26,
Therefore, we exposed mice over 0 to 4h to daylight (13,000 lux, Fig. 6a) and assessed
cardiac levels of Per2 protein. We found time-dependent increases in cardiac Per2 protein
levels with daylight exposure (Fig. 6b) compared to mice maintained at room light (200 lux,
Fig. 6b, Supplementary Fig. 19a). Light exposure of wild-type mice over 4h was associated
with induction of cardiac transcript levels for glycolytic enzymes (Fig. 6¢). In contrast, light-
dependent induction of glycolytic enzymes was abolished in Per2~/~ mice.

We next tested a potential association of light exposure-elicited stabilization of Per2 with
cardio-protection (Fig. 6d,e). We observed a time-dependent attenuation of myocardial
infarct sizes and plasma troponin | levels in wild-type mice pre-exposed to intense light. In
contrast, reduction of myocardial infarct sizes (Fig. 6d, Supplementary Fig. 19b) or plasma
troponin | levels (Fig. 6e) following intense light exposure was abolished in gene-targeted
mice for Per2. Consistent with these findings, myocardial infarct sizes showed a diurnal
variation, with smallest infarct sizes and lowest troponin I levels around midnight (Fig. 6f,
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Supplementary Fig.19c). Taken together, these findings indicate that exposure to intense
light enhances cardiac Per2 levels, and is associated with Per2-dependent cardio-protection
from ischemia (Fig. 6g).

DISCUSSION

Myocardial adaptation to conditions of limited oxygen availability involves a metabolic
switch towards more oxygen efficient utilization of carbohydrates?”. The present studies
demonstrate that Adora2b/ADORA2B-dependent stabilization of Per2/PER2 plays an
important role in this cardio-adaptive response. We observed that Per2~/~ mice showed
diminished levels of cellular energy stores during ischemia, while they failed to generate
lactate, indicating a metabolic phenotype. In fact, Per2~/~ mice lacked the capacity to
enhance oxygen efficient glycolysis, ultimately resulting in depletion of energy-rich
phosphate levels, and increased myocardial cell death during ischemia. Together, these
studies indicate a previously unrecognized role for Per2 as a metabolic master-switch during
cardio-adaption to ischemia, driving the utilization of oxygen-efficient carbohydrate-
dependent metabolic pathways (Fig. 6g).

We observed that Adora2b signaling increased Per2 expression and protein stability.
Consistent with our findings, Adora2b signaling has previously been implicated in
regulating target genes. One study demonstrated that Adora2b signaling activates MAPK or
p38 via CAMP/Creb pathways,?8 both which have been implicated in Per2 regulation.2®
Consistent with the notion that Adora2b signaling alters intracellular cAMP responses,
recent studies identified CLOCK-independent regulation of Per2 via cCAMP-dependent
signaling3C. Other studies have shown that Adora2b signaling regulates protein stability of
adenosine target-genes. In fact, studies on the role of hypoxic preconditioning of the lungs
demonstrated that Adora2b signaling has protective and anti-inflammatory effects by
regulating the post-translational stability of NFB1®,

Our studies demonstrate that cardiac Per2 stabilization can be achieved by daylight
exposure. Indeed, stabilization of Per2 within the suprachiasmatic nuclei of the
hypothalamus involves light-induced Creb phosphorylation3l. Moreover, a previous study
examined whether profiles of Perl or Per2 proteins in peripheral organs are affected by the
photoperiod?8. For this purpose, the authors maintained rats under different photoperiods
and found that timing of light exposure significantly affected the circadian profile of Perl or
Per2 protein levels in lungs and hearts26:32, At present, the mechanisms linking central
circadian rhythm regulation and peripheral Per2 stabilization are under investigation and
could involve hormonal pathways33, or cyclic alterations in 5'-~AMP or adenosine3*. Indeed,
a recent study identified 5'-AMP in the initiation of hypo-metabolism in mammals®. In
addition, it is intriguing to think about light-dependent stabilization of Per2 and cardio-
protection from ischemia in the context of well-documented variations in the frequency of
the onset of acute myocardial infarction38. In fact, two recent studies found that patients
have larger infarct sizes in the early morning hours37-38. For the first time, it was shown that
myocardial infarct size and left ventricular function after acute myocardial infarction have a
circadian dependence on the time of day onset of ischemia.38 However, a different study in
humans on cardiac PER2 oscillation reports a 12h delay compared to murine Per239, As
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such, observations in patients indicating larger infarct sizes in the morning hours3” would be
in contrast to the present findings. However, this study included a high proportion of
patients with coronary heart disease and cardiomyopathy compared to healthy controls. As
such it is not clear if these findings are a reflection of a circadian pattern in healthy patients
or in patients with heart disease. Moreover, epidemiologic studies in human indicate that
other factors than daytime (e.g. sun exposure, exercise, social factors) are critical for
synchronization of circadian rhythms?*0. Therefore, the present findings from mice cannot
simply be extrapolated to the circadian rhythmicity of myocardial ischemia in humans. In
fact, additional studies will be necessary to define the expression levels and circadian
rhythmicity of PER2 in the human heart, as well as its functional role in human heart
disease.

The critical role of anaerobic glycolysis in providing ATP in severe ischemia has been well
documented and observed in different gene targeted mice. As such GLUT4~/~ or AMPK ™/~
mice*142 exhibited reduced lactate production which is associated with increased tissue
injury after low flow ischemia and diminished regeneration of high-energy phosphate
compounds on reperfusion. These findings are in line with the present studies showing
larger infarct sizes in Per2~/~ who failed to utilize glycolysis during ischemia and to restore
glycogen levels during reperfusion. Similar to GLUT4™/~, Per2~/~ also showed higher
glycogen levels at baseline but were unable to sufficiently utilize carbohydrates. While
diminished uptake of exogenous glucose contributes to the phenotype in GLUT4~/~, we did
not observe differences in 13C6 Glucose uptake between wild-type or Per2~/~ mice.

The present studies indicate that Per2 enhances glycolytic capacity during ischemia and
genetic data implicate Hifla as molecular regulator for this adaptation. These findings are
consistent with recent studies of myocardial ischemia in hypoxia-inducible factor prolyl 4-
hydroxylase-2 hypomorphic mice*3. These mice show increased protein levels of Hif1a and
Hif2a, in conjunction with cardio-protection from ischemia. While the present studies in
gene-targeted mice for Per2 demonstrate attenuated stabilization of Hifla, larger infarct
sizes and attenuated glycolytic flow, the above studies demonstrate that Hifla
overexpression by Phd hypomorphism is associated with increased lactate levels and
glycolytic capacity.43 While Ldh regulation by Hifla has been shown earlier#4, studies on
cardiac Ldh implicated the Clock:Bmal1 as regulating transcription factor4®. Clock:Bmall
has also been shown to regulate the circadian pattern of Per2. However, photic induction of
Per2 in the SCN is suggested to be Creb dependent.#® Similarly, in the present study,
enhanced Adora2b signaling during ischemia led to Creb induction and Per?2 stabilization.
Together, such findings support the concept that multiple pathways can function to regulate
the circadian network.4’

Consistent with our findings for Hifla as circadian protein with highest protein levels in the
late evening (ZT12-ZT18), we found a significant reduction in infarct sizes at ZT12 and
ZT18 compared to ZTO. Surprisingly, a different study on diurnal variations in myocardial
ischemia/reperfusion tolerance revealed increased infarct sizes at ZT12 compared to ZT0.48
The authors used a closed chest model for myocardial ischemia, and a potent opioid
(buprenorphine) was used for anesthesia. The differences between both studies could
potentially be explained by the fact that the open chest model used in the current study has
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been associated with increased inflammation which may have influenced experimental
results.#® Moreover, a study of permanent cardiac occlusion in Per2~/~ mice revealed
attenuated infarct sizes following Per2 deletion, which could be due to differences in the
model system or methods (e.g. identification of an area at risk)°C. In line with our findings,
other studies on the role of Per2 during ischemia and reperfusion reported impaired
endothelial progenitor cell function and auto-amputation of the distal limb when Per2=/~
mice were subjected to hind-limb ischemia.5:52 The present findings of Per2-dependent
regulation of cardiac metabolism provide some level of specificity for Per2, as gene-targeted
mice for Perl did not show a phenotype in myocardial ischemia nor had alterations in their
ability to stabilize Hifla. This is consistent with previous studies showing non-redundant
roles for Perl and Per2 in the mammalian circadian clock®3. Studies on clock, cryptochrome
1 or timeless following IP showed no induction of their transcript levels, while protein
stabilization occurred in an Adora2b-independent fashion Supplementary Fig. S4). These
results are consistent with previous findings indicating posttranslational mechanisms in the
regulation of the mammalian circadian clock. 12

Taken together, the present results identify Adora2b-dependent stabilization of Per2 as an
endogenous mechanism allowing the ischemic myocardium to adapt its metabolism towards
oxygen-efficient utilization of carbohydrates. Future challenges will involve understanding
the axis between light exposure and cardiac Per2 stabilization, as well as defining
approaches to stabilize cardiac Per2 levels in a therapeutic setting. Moreover, the use of a
germline Per2~/~ mouse in the current studies does not allow conclusions regarding the
contributions of different tissues to the observed phenotype. Therefore, additional challenges
will include studies in mice with tissue-specific Per2 deletion.

Experimental Procedures

Human cardiac tissue

Mice

Patient heart samples were obtained from patients undergoing orthotopic cardiac
transplantation. Clinical samples screened are given in Supplementary Table S1. Collection
and use of patient samples were approved by the appropriate IRB of each Institution in
addition to the study having Colorado Multiple Institutional Review Board (COMIRB)
approval.

Experimental protocols were approved by the Institutional Review Board at the University
of Colorado Denver, USA. They were in accordance with the Protection of Animals and the
National Institutes of Health guidelines for use of live animals. Adora2b™~ mice were
generated by Deltagen 10, Per2~/~ mice 11, BL6C57, Hif1aloXP/1oxp 54 and Myh6-cre/Esr1,
mPer2Luc®6 and ROSA26 ODD-Luc*22 mice were obtained from the Jackson Laboratories.
To obtain cardiac specific Hifla™/~ mice, Hif1al®*P/1oXP mice were crossed with Myh6-cre/
Esrl mice. Tissue specific knockout was achieved by a 5 day treatment of tamoxifen (1mg/

day) i.p.
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Murine Model for cardiac ischemia

Murine model for in situ ischemia and IP of the heart was performed using a hanging weight
system®’.

Microarray analysis

Array data have been deposited at http://www.ncbi.nlm.nih.gov/geo/ (accession number
GSE19875).

Transcriptional analysis

Total RNA was isolated from human heart tissue or human endothelial cells (HMEC) and
transcript levels were determined by real-time RT-PCR (iCycler; Bio-Rad Laboratories
Inc.)8.

Immunoblotting experiments

All antibodies used were rabbit polyclonal: Perl (Abcam, ab3443), Clock (Abcam,
ab43106), Timeless (Abcam, ab84502), Cry1 (Abcam, ab104736), Prkaal (Abcam,
ab32047), Per2 (Abcam, ab467), Ubiquitin (Cell Signal, ab3933), Nedd8 (Abcam, ab38634),
JAB1/CSN5 (Abcam, ab12323), Cull (Abcam, ab2964), Gysl (Abcam, ab2479), Scdl
(Abcam, ab19862), Cptl (Alpha Diagnostic, CPT1M11-A), Hifla (Abcam, ab1).

Isolation of adult cardiomyocytes

Myocytes from C57BL/6N (The Jackson Laboratory), Adora2b™~, Per2™/~
Or cardiacHIF1a~/~ mice were isolated as described previously®°.

In vitro preconditioning

Cellular preconditioning was performed on adult cardiomyocytes that were plated on either
6- or 24-well plates following a modified in vivo protocol optimized for cells 15,

Cell culture and treatments

Human microvascular endothelial cells (HMEC-1) or HMEC-1 expressing oxygen-stable
HIF1a24 were cultured as described previously®®.

Chromatin immunoprecipitation (ChlP) assay

ChIP assays were performed using the ChIP-IT™ Express Enzymatic Kit from Active Motif
(Carlsbad, CA, USA). Phospho-CREB (Phospho-CREB [Ser133] [87G3] Rabbit mAb,
#9198) and control (Normal Rabbit IgG #2729) antibodies were purchased from Cell Signal.

PER2 promoter studies

Full length PER2 promoter constructs and truncations were sub-cloned into pGL4 luciferase
reporter vector. HMEC-1 cells were co-transfected with the pGL4 construct expressing
firefly luciferase and with pRL-TK plasmid expressing Renilla luciferase. To measure
promoter activity, the activity of firefly luciferase was corrected against Renilla luciferase
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activity. To control for circadian activity, cells were co-transected with the CREB dominant
negative vector from Clontech.

COP9 or PER2 suppression with RNA interference

HMEC-1were either grown on inserts or in 60-mm Petri dishes. SMARTpool siRNA
targeting CSN5 or PER2 was synthesized by Dharmacon (Lafayette, CO, USA). siRNA
sequences are listed in Table S59:58,

Electron Microscopy

The samples were imaged with an FEI Tecnai G2 Spirit Biotwin TEM (Hillsboro, OR) at an
operating voltage of 120 kV.

Glycogen and Long Chain Fatty Acid (LCFA) measurements

Glycogen and LCFA were determined using Glycogen Assay Kit and Free Fatty Acid
Quantification Kit from Biovision.

Echocardiography

For echocardiography, mice were anesthetized with 2% isoflurane and cardiac function was
assessed by 2D-transthoracic echocardiography using a Visual Sonics Vevo 770 high
resolution ultrasound imager equipped with a 35-MHz transducer. The heart rates was
maintained above 500 beats/min throughout.6°

PK and LDH activity

Tissues were homogenized and enzyme activity was determined using a Pyruvate Kinase
Assay Kit and and LDH Assay kit from Biovison.

NMR Analysis on Cell and Tissue Extracts

All 1H-NMR spectra were obtained at the Bruker 500 MHz DRX NMR spectrometer using
an inverse Bruker 5-mm TXI probe.

Determination of 13C glucose and 13C metabolites using liquid chromatography—tandem
mass spectrometry (UPLC-MS)

Isotopically labeled 13C-glucose was purchased from Cambridge Isotope Labs. All UPLC-
MS data were acquired with a Waters Acquity UPLC system coupled to a Water Synapt
HDMS quadrupole time-of-flight mass spectrometer. Experimental details are given in the
“Supplementary Information”.

Co-Immunoprecipitation studies

Co-IP studies were performed using the Thermo Scientific Pierce Co-Immunoprecipitation
(Co-IP) Kit.

Data analysis

Data were compared by two-factor ANOVA with Bonferroni's posttest, or by Student’s t test
where appropriate. Values are expressed as mean + SD from 3-6 animals per condition. For
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analysis of changes in transcript a one-way ANOVA was carried out and multiple
comparisons between control and treatment groups were made using the Dunnett post test.
Data are expressed as mean + SD. P<0.05 was considered statistically significant. For
metabolic analysis 3 repeats were performed. All numerical data are presented as mean + SD
from the replicate experiments. Unpaired T-test and/or one-way analysis of variance
(ANOVA) test were used to determine differences between groups. The significance level
was set at p<0.05 for all tests. For all statistical analysis GraphPad Prism 5.0 software for
Windows XP was used. The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the manuscript as written.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Consequences of adenosine signaling on Period 2 induction
(a) Transcript levels of individual adenosine receptors (ADORAL1 ADORA2A, ADORA2B,

or ADORABJ) in cardiac tissue from patients with severe ischemic heart disease (IHD) or
controls (C; mean£SD, n=10 patients per condition). (b) Canonical pathway analysis. Wild-
type mice or gene-targeted mice for the Adora2b (Adora2b™~) were exposed to ischemic
preconditioning (4 cycles consistent of 5min ischemia followed by 5 min of reperfusion).
Following two hours of reperfusion, cardiac tissues from preconditioned myocardium were
compared to control cardiac tissues without preconditioning. (c—f) Hearts from Adora2b=/~
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or littermate control mice matched in age, gender and weight were analyzed for diurnal
variations of Per2 (c) or subjected to in situ preconditioning with 4 cycles of IP (5 minutes
of ischemia, 5 minutes of reperfusion), followed by indicated time periods of reperfusion
(d-f). (c, d) Per2 transcript levels (mean+SD, n=6). (e) Per2 protein levels determined by
Western blot following IP-treatment without reperfusion (IP0). One representative blot of
three is displayed. (f) Comparison of immunoreactivity for Per2 on pre-conditioned (IP)
cardiac tissue or sham operated controls (magnification x 20, one of three representative
images is displayed, scale bar represents 100 um). (g) Adora2b or Per2 transcript level in
isolated adult murine cardiomyocytes from wild-type or Adora2b~~ mice following in vitro
exposure to hypoxic preconditioning (HPC; see also Supplementary Fig. S8, meanSD,
n=6). (h) PER2 transcript (left) or protein (middle, right) levels in cardiac tissues from
human patients with severe ischemic heart (IHD) disease or controls (C) (see also
Supplementary Fig. S4 and Supplementary Table S1; mean+SD, n=10 patients per
condition). (i) Chromatin immunopreciptitation using human endothelia (HMEC-1).
Following synchronization by serum starvation, human endothelia (HMEC-1) were treated
with the ADORAZ2B agonist BAY 60-6583 for 20 minutes. Real-time RT PCR for human
PER2 promoter or Satellite DNA (negative control) was performed (left). Products obtained
by PER2 promoter PCR were also analyzed by using an 1% agarose gel (right; mean+SD,
n=3, *p<0.05). (k) Full length PER2 promoter constructs and indicated truncations were
sub-cloned into the pGL4 luciferase reporter vector. To measure promoter activity, cells
were treated with BAY 60-6583 for 6 h. To control for circadian activity, cells were co-
transfected with the CREB dominant negative vector from Clontech (CREB inhibitor;
*significant increase of luciferase activity over baseline activity, p<0.05, n=6). Schematic of
plasmids expressing sequence corresponding to full length PER2 promoter (FLPER2) or
indicated truncations: —88, —216, —357,-461 with putative CREB binding sites are shown in
Supplementary Fig. S11.
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Figure 2. Influence of transcriptional, translational or post-translational mechanisms on Period

2 protein levels

(a) Synchronized HMEC-1 were treated with vehicle, or ADORA2B agonist BAY 60-6583
and blotted after indicated time periods; one of three representative experiments is

displayed, and

quantified below (*p<0.05, n=3). (b,c) Synchronized HMEC-1 treated with

ADORAZ2B agonist (10mM) or forskolin (30mM) with and without actinomycin (ACT,
2uM, b) or cycloheximide (CXM, 40 ug/ml, c). Effectiveness of ACT or CXM are shown in
Supplementary Fig S12 a,b. (d, left) Proposed model of adenosine-dependent alteration in
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post-translational PER2 protein stability; ADORA2B: A2B adenosine receptor. (d, right)
PER?2 protein levels following inhibition of proteasomal degradation (AM114 (10 uM; one
of three representative blots is displayed). (e) Synchronized HMEC-1 were treated with
vehicle, or ADORAZ2B agonist BAY 60-6583 and protein lysates were isolated for native
protein complexes using a PER2 antibody covalently coupled (immobilized) onto an amine-
reactive resin. Immunoprecipitated protein was analyzed using immunoblot against
ubiquitin. One representative blot of three is displayed. (e, middle, right) Changes in
protein shown by densitometry (n=3). (f) Synchronized HMEC-1 treated with vehicle, or
ADORAZ2B agonist BAY 60-6583 and blotted for total CUL1 or neddylated CUL1 using a
specific CUL1 antibody on a gradient gel. (g) HMEC-1 at 6h following synchronization
treated with ADORA2B agonist BAY 60-6583 alone (10 uM), or following additional pre-
treatment with ADORA2B antagonist PSB 1115 (1 uM) and blotted for neddylated CULLIN
using a NEDD8 antibody (one of three representative experiments is displayed). (h, i)
HMEC-1 following siRNA repression of CSN5 (siCSN5) or treatment with non-specific
control siRNA (csiR) were synchronized by serum starvation, lysed and blotted for
neddylated CULLIN (h) or PER2 (i) at indicated time points (one of three representative
experiments is displayed). (j) Cardiac myocytes were isolated from wild-type (WT) or
Adora2b™~ mice, exposed to hypoxic preconditioning (HPC) or control conditions and
blotted for Per2 or neddylated Cullin (one representative blot of three independent
experiments is displayed, one animal per experiment).
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Figure 3. Functional role of Period 2 during myocardial ischemia and ischemic preconditioning
(a—c) Per2~/~ mice or littermate controls matched in age, weight and gender were exposed

to 60 min of in situ myocardial ischemia followed by 2h or reperfusion, or received IP
pretreatment or Adora2b agonist (BAY 60-6583) treatment prior to myocardial ischemia. IP
consisted of 4 cycles of 5 minutes of myocardial ischemia and 5 minutes of reperfusion.
Infarct sizes are expressed as the percent of the area at risk that was exposed to myocardial
ischemia. In parallel, measurements of the myocardial injury marker troponin | were
performed (mean+SD; n=6). (b) Representative infarct staining from Per2~/~ mice exposed
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to 60 min of ischemia, and 2h reperfusion alone (-IP), or additional IP or Adora2b agonist
treatment (+1P/BAY 60-6583,c) are displayed (blue indicates retrograde Evan’s blue
staining; red and white: area at risk; white: infarcted tissue; scale bar represents 50 um). (d)
Electron microscopy from wildtype and Per2~/~ heart tissue. Baseline wildtype and Per2~/~
mice showed normal sarcolemal structures, however, in some areas Per2~/~ mice exhibited
enhanced glycogen content (white arrow), swollen mitochondria (white star) and lipid
accumulation within mitochondria (black star); scale bar represents 500 nm. (e) Per2~/~
mice or littermate controls matched in age, weight and gender were subjected to in situ IP
treatment consisting of 4 cycles of IP (5 minutes of ischemia, 5 minutes of reperfusion).
Cardiac preconditioned tissue was shock-frozen and analyzed for long chain fatty acids
using an enzymatic ELISA KIT from Biovision (meanSD; n=3) and protein levels of
carnitine-palmitoyltransferase 1 (Cptl). One representative blot of three is displayed. (f-h)
Per2~/~ mice or littermate controls matched in age, weight and gender were exposed to 60
min of in situ myocardial ischemia with or without ischemic preconditioning (IP; 4 cycles of
5 min ischemia followed by 5 min of reperfusion) prior to myocardial ischemia. For nuclear
magnetic resonance (NMR) analysis of cardiac metabolites, cardiac tissue was shock frozen
immediately after ischemia. (f) Creatinephosphate (CrP) levels in wildtype and Per2~/~
mice using NMR. Note: IP mediated conservation of CrP storage is abolished in Per2~/~
mice. (g, h) Lactate levels and corresponding NMR spectra. (n=3, * significant changes
compared to baseline conditions, p<0.05).
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Figure 4. Consequences of Period 2 deficiency on cardiac metabolism during myocardial
ischemia and reperfusion

(a-h) Per2~/~ mice or littermate controls matched in age, weight and gender were exposed
to 60 min of in situ myocardial ischemia with or without ischemic preconditioning (IP; 4
cycles of 5 min ischemia followed by 5 min of reperfusion) prior to myocardial ischemia.
13C glucose (Cambridge Isotopes) was administered intra- arterially in Per2~/~ mice or
littermate controls either 30 minutes before ischemia (ischemia group: 1) or at the onset of
reperfusion following 60 min of in situ myocardial ischemia (reperfusion group: R) with or
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without ischemic preconditioning (IP; 4 cycles of 5 min ischemia followed by 5 min of
reperfusion). Determination of 13C glucose and 13C carbohydrates during ischemia or
reperfusion was performed using liquid chromatography—tandem mass spectrometry (LC-
MS). Glycogen was determined using an enzymatic ELISA KIT from Biovision (mean+SD;
n=3). (a) 13C glucose. (b) 13C fructose 1,6 bisphosphate. (c) 13C pyruvate. (d) 13C lactate.
(e,f) (TCA cycle) flux rates determined by the ratio of 13C glutamate and total creatine. (g)
Glycogen; (mean+SD; n=3).
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Figure 5. Hifla as link between adenosine mediated period 2 signaling and metabolism
(a) Hearts from Hifla reporter, Per2 reporter or Per2~/~-Hifla reporter double mutant mice

were analyzed for Hifla or Per2 protein during a 24 h zeitgeber period (*,# p<0.05 over
baseline, n=3). (b,c) Per2~/~ or cardiac specific Hifla™'~ mice were subjected to IP (IP; 4
cycles of 5 min ischemia followed by 5 min of reperfusion) and Western blot analysis for
Hifla or Per2 protein from the area at risk was performed, respectively. One representative
blot of three is displayed. (d) Isolated adult cardiomyocytes from wild-type or Per2~/~ mice
were exposed to ambient hypoxia [1%, 4h] and analyzed for Hifla protein. One
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representative blot of three is displayed. (e) Hifla reporter or Per2~/=-Hif1a reporter double
mutant mice were exposed to IP (IP; 4 cycles of 5 min ischemia followed by 5 min of
reperfusion) and the area at risk was analyzed for luciferase activity indicating Hifla protein
(meanzSD; n=4). (f) Transcriptional regulation of glycolytic enzymes in oxygen-stable
HIF1A overexpressing HMEC-1 cells with or without siRNA mediated PER2 knockdown.
Cells were treated with vehicle or Adora2b agonist BAY 60-6583 and analyzed for
transcript levels of phosphofructokinase-m (PFKM), pyruvate kinase (PK), pyruvate
dehydrogenase kinase 1 (PDK1) and lactate dehydrogenase a (LDHA) (mean£SD; n=3). (9)
Hearts from wild-type mice were subjected to IP (IP; 4 cycles of 5 min ischemia followed
by 5 min of reperfusion) and protein lysates were isolated for native protein complexes
using a Per2 antibody covalently coupled (immobilized) onto an amine-reactive resin. Co-
immunoprecipitated protein was analyzed using immunoblot against Hifla. One
representative blot of three is displayed. (h,i) Hearts or isolated myocytes from wildtype or
Adora2b™/~ were exposed to IP (IP; 4 cycles of 5 min ischemia followed by 5 min of
reperfusion) or ambient hypoxia [1%, 4h], respectively, and analyzed for Hifla protein using
immunoblot. One representative blot of three is displayed. (j) Transcript levels of
phosphofructokinase-m (Pfkm), pyruvate kinase (Pk), pyruvate dehydrogenase kinase 1
(Pdk1) and lactate dehydrogenase a (Ldha) from wildtype or Adora2b™~ mice after IP (IP; 4
cycles of 5 min ischemia followed by 5 min of reperfusion) treatment (mean=SD; n=3).
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Figure 6. Light-induced stabilization of cardiac Per2 provides potent protection from myocardial
ischemia

(a) Experimental model for studying light-induced stabilization of cardiac Per2 levels. (b)
Following exposure to 12h of darkness, mice were exposed to indicated times of intense
daylight (13,000 lux) and compared to controls that were maintained at room light. Cardiac
Per2 levels were analyzed by Western blotting (n=4 mice per group). (c) Alterations of
transcript levels due to daylight exposure. Cardiac transcript levels of glycolytic key
enzymes in Per2~/~ mice or matched littermate controls after 4 hrs of light exposure (n=4
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animals per condition; Pfkm: 6-phosphofructokinase-m; Pgk1: phosphoglycerate kinase 1;
Pk: pyruvate kinase; Pdk1: pyruvate dehydrogenase kinase, isozyme 1). (g,e) Per2~/~ mice
or littermate controls matched in age, gender and weight underwent light therapy as
described above over indicated time periods, followed by exposure to in situ myocardial
ischemia (60 min) followed by 2h of reperfusion. Myocardial injury was assessed by
measurement of Troponin | plasma levels (n=6 mice per experimental group) or infarct
staining (see also Supplementary Fig S19b, n=6 animals per group, mean+SD). (f) Wild-
type mice were subjected to in situ myocardial ischemia (60 min) followed by 2h of
reperfusion over a 24 h time period. Troponin or infarct sizes (scale bar represents 50 pm)
were correlated to Per2 protein levels using Per2 reporter mice (*p<0.05, n=8, mean+SD,
Fig. 5a, Supplementary Fig. S19c). (g) Schematic model of Adora2b-dependent Per2
stabilization and its role in regulating anaerobic glycolysis and cardiac metabolism during
myocardial ischemia.
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