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Fig. 4. (A) Representative sequential YFP/CFP ratiometric images of Mit-ATeam fluorescence in cardiomyocytes expressing corresponding adenovirus during
hypoxia (n = 12 for adLZ, n = 23 for shHig, n = 18 for adHig). All of the measurements were normalized to the ratio at time 0 and compared between adlLZ and
adHig or shHig. (Scale bar, 20 um.) (B) Cell death of cardiomyocytes treated with shHig was significantly increased compared with the control, which was
rescued by addition of adHig under hypoxic conditions for 24 h (n = 12 for each group). Data represent the means of three independent cultures, + SEM;

*P < 0.05, **P < 0.01, compared with control (adLZ or shLZ).

increased cellular tolerance to hypoxia (Fig. S98). On the basis of
these findings, we conclude that Higdla positively regulates CcO
activity and subsequently increases mitochondrial ATP production,
thereby protecting cardiomyocytes against hypoxia.

Discussion

In this study, we demonstrated that recombinant Higdla pro-
duced in Escherichia coli was incorporated into CcO complex
purified from bovine heart. The data suggest that Higd1a directly
bound to the already assembled CcO complex and increased its
activity. Together with the fact that Higdla expression was rap-
idly increased by hypoxia, this observation indicated that Higdla
is a positive regulator of CcO that preserves the proton-motive
force under hypoxic cellular stress. Physiologically, Higdla pre-
served ATP production in healthy cardiomyocytes under hypoxic
conditions, which protected them from an energy crisis leading
to cell death.

We demonstrated that Higdla incorporated into the CcO
complex and increased its activity. It remains unclear which part
of CcO is essential for this change. Higdla binding may affect the
interaction of cytochrome ¢ with CcO, modulate internal elec-
tron/proton transfer, or modify K4/Ky, for O, binding to Cug/
heme a;. In fact, the resonance Raman spectroscopy experiment
provided us with a clue to this question. First, we discovered that
Higdla markedly shifted the maximum Soret peak around 413
nm absorption, suggesting the occurrence of structural changes
in heme that are usually observed during the reduction and ox-
idation process of CcO. This shift in absorbance prompted us to
perform resonance Raman analysis at 413 nm excitation, a pow-
erful tool for investigating the structure of heme and its vicinity.
Higdla induced a frequency shift of the band at 1,592 cm™ to
1,562 em™ and 1,673/1,644 cm™Y; the former frequency is at-
tributed to partial conversion of heme from a low-spin to a high-
spin state. In oxidized CcO, only heme a includes low-spin iron
(16); therefore, heme a, but not heme a3, is responsible for this
band shift.

X-ray structural and mutational analyses for bovine heart
CcO have demonstrated that protons are pumped through the
hydrogen-bond network across the CcO molecule, designated
the H pathway, located near heme a (20). The driving force for
active proton transport is electrostatic repulsion between the
proton in the hydrogen-bond network and the net positive charge
of heme a. One of the critical sites for repulsion is the formyl
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group of heme a, which is hydrogen bonded to Arg38 of the CcO
subunit I (21). In our study, resonance Raman spectroscopy
revealed specific band shifts from 1,644 em™ to 1,673 em™},
which can be attributed to the vibration of the formyl group of
heme a. This observation suggests that Higdla binding causes
structural changes, particularly around heme a, weakening the
hydrogen bond between the formyl group and Arg38 of the CcO
subunit I, thereby leading to the acceleration of proton pumping
efficiency (22). Thus, both band shifts suggest that structural
change occurs in the vicinity of heme a rather than a;.
Following the resonance Raman analysis, we sought to determine
the Higdla-CcO binding site via simulation with the COOT soft-
ware (23), using the previously reported structures of CcO (14) and
Higdla (24). From our structural analysis, CcO contains a cleft
composed of relatively few protein subunits near the active centers
(Fig. S104). Notably, Higdla was predicted to integrate into the
cleft of CcO near heme @ and Arg38 (Fig. S10), consistent with the

Higdia

Fig. 5. Higd1a acts on the H pathway. Model depicting our docking simu-
lation (side view) and its relationship with the H pathway. The model shows
the location of Higdla (magenta) in the CcO complex (white) and its re-
lationship to R38 of cytochrome ¢ oxidase subunit | and the formyl group of
heme a, a component of the H pathway (red arrow).
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results of the resonance Raman analysis. Thus, it is likely that
Higdla bound to the cleft of CcO, leading to swift structural change
around heme a and Arg38 and accelerating the proton-pumping H
pathway, thereby increasing CcO activity (Fig. 5). Furthermore,
when we retrospectively reviewed the purification process of the
CcO complex, comprising 13 subunits from the bovine heart, we
found that Higdla remained associated with CcO up to the final
step, which required detergent exchange (14). This led us to spec-
ulate that Higdla represents a 14th identified subunit of CcO that is
endogenously induced by hypoxia and integrates into the open cleft
of CcO to positively regulate its activity. Although the resonance
Raman data and docking model simulation are consistent with the
idea that Higdla binding causes structural change around heme a,
these data are limited because of their speculative nature. There-
fore, to confirm these findings, we are currently trying to crystallize
the CcO-Higdla complex to reveal the conformational changes of
CcO, particularly around the heme a site.

Higdla was originally identified as a mitochondrial inner
membrane protein whose expression is induced by hypoxia (25).
Higdla augments cell survival under hypoxic stress in pancreatic
cells (26), and it exerts its protective effect by induction of mi-
tochondrial fission (27). The precise relationship between these
reports and our data is not clear. However, our results suggest
that the elevation of CcO activity by Higdla preserves the pro-
ton-motive force, which is prerequisite for mitochondria func-
tion, thereby leading to increased mitochondrial fission and/or
the prevention of apoptosis.

The existence of a direct CcO allosteric activator suggests that
there is a structural basis for the intrinsic activation in the CcO
complex. To explore this idea further, a screen for small com-
pounds that simply increase the activity of highly purified CcO in
vitro has been initiated. Compounds that mimic the effect of
Higdla can preserve ATP production even under hypoxic con-
dition, and hence are expected to exert cellular protective effects
particularly when OXPHOS activity is reduced. Recent work
showed that lowering the activity of OXPHOS causes the cellular
senescence (28), diabetes mellitus (29), and neurodegenerative
diseases (30). In addition, several currently intractable mito-
chondrial diseases are caused by mutations in mitochondrial
genes or nuclear genes that lead to dysfunction in mitochondrial
OXPHOS. Notably, decreased CcO activity is most frequently
observed among patients with mitochondrial diseases (31).
Therefore, small compounds that mimic the effect of Higdla will
have therapeutic potential for various acute and chronic diseases
including ischemic, metabolic, and mitochondrial diseases.

Materials and Methods

Purification of Recombinant Higdla Protein. The full-length bovine Higd7a
<DNA was purchased from GE Healthcare. Then the coding sequence of
bovine Higd7a was cloned in-frame with an ATG start codon, in the pET21a
expression vector (Novagen for overexpression in E. coli). A MBP was fused
in-frame at the amino terminus for purification. The resulting plasmid was
transformed into BL21-Star (DE3; Invitrogen), and the addition of 0.5 mM
isopropyl -p-1-thiogalactopyranoside caused the expression of MBP-Higd1a
protein. The cells were sonicated and solubilized by 1% n-decyl-g-o-malto-
side (DM). The recombinant protein was purified with amylose resin (New
England Biolabs), and eluted by 20 mM maltose (pH 6.8 or 8.0, 100 mM
sodium phosphate buffer containing 0.2% DM). The eluted protein was
concentrated and maltose removed using Amicon Ultra-0.5 10K (Millipore).

Resonance Raman Spectroscopy. Absorption spectra of the samples were
measured by a spectrophotometer (Hitachi, U3310) with the path length of
2 mm in 100 mM sodium phosphate buffer (pH 8.0) containing 0.2% DM. The

1. Tsukihara T, et al. (1996) The whole structure of the 13-subunit oxidized cytochrome
c oxidase at 2.8 A. Science 272(5265):1136-1144.

2. Morgan JE, Vakkasogiu AS, Lanyi JK, Gennis RB, Maeda A (2010) Coordinating the
structural rearrangements associated with unidirectional proton transfer in the bac-
teriorhodopsin photocycle induced by deprotonation of the proton-release group:
A time-resolved difference FTIR spectroscopic study. Biochemistry 49(15):3273-3281.
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reaction mixture was measured immediately and spectra were recorded every
5 min for 30 min. The protein concentration was 8 uM.

Raman scattering of the samples were measured in a cylindrical spinning
cell with excitation at 413.1 nm with a Kr* laser (Spectra Physics, model 2060),
and the incident power was 500 pW. The detector was a liquid Ny-cooled
CCD detector (Roper Scientific, Spec-10: 400B/LN). Raman shifts were cali-
brated with indene as the frequency standard. Raman spectrum was divided
by the “white light” spectrum that was determined by measuring the scat-
tered radiation of an incandescent lamp by a white paper to compensate for
the sensitivity difference of each CCD pixel and transmission curve of the
notch filter to reject Rayleigh scattering. The accuracy of the peak position
of well-defined Raman bands was +1 cm™'. The protein concentration
was 20 pM, and the reaction mixture was incubated for 30 min, before
Raman measurements.

Measurement of CcO Activity. CcO activity was measured spectrophotomet-
rically (Shimazu, UV-2450) using a cytochrome ¢ oxidase activity kit (Bio-
chain). A total of 25 pg of mitochondrial pellets from cardiomyocytes was
lysed with 1% n-dodecyl-p-p-maltoside (DDM), and subjected to measure-
ment according to the manufacturer’s instructions (32). Concentrations of
reduced/oxidized cytochrome ¢ were determined using the extinction co-
efficient at 550 nm of 21.84 mM~'cm™". For in vitro measurement, cyto-
chrome ¢ (Sigma) was reduced by ascorbic acid (Wako). Recombinant MBP-
Higd1a (20 pM) and hpCcO (20 pM) were incubated at 25 °C for 30 min in the
presence of 0.2% DM. After incubation, the mixture and reduced cyto-
chrome ¢ were added into the assay buffer, then subjected to measurement
at 30 °C (Agilent Technologies, cary300). Slopes of ODssp for 1 min were
calculated and corrected by a value of hpCcO.

FRET-Based Measurement of Mitochondrial ATP Concentration. FRET-based
measurement of mitochondrial ATP concentration in cardiomyocytes was
measured as previously described (8, 33). Briefly, FRET signal was measured
in cardiomyocytes infected with adenovirus encoding mit-AT1.03 with an
Olympus IX-81 inverted fluorescence microscope (Olympus) using a PL APO
60x%, 1.35 N.A,, oil immersion objective lens (Olympus). Fluorescence emission
from Mit-ATeam was imaged by using a dual cooled CCD camera (ORCA-D2;
Hamamatsu Photonics) with a dichroic mirror (510 nm) and two emission
filters (483/32 nm for CFP and 542/27 nm for YFP; A11400-03; Hamamatsu
Photonics). Cells were illuminated using the CoolLED pE-1 excitation system
(CoolLED) with a wavelength of 425 nm. Image analysis was performed
using MetaMorph (Molecular Devices). The YFP/CFP emission ratio was cal-
culated by dividing pixel by pixel (a YFP image with a CFP image after
background subtraction).

Statistical Analyses. The comparison between two groups was made by t test
(two tailed). For MASC assay, comparison was made by repeated two-way
ANOVA. A value of P < 0.05 was considered statistically significant. Data
represent mean + SEM.

Further methods are found in S/ Materials and Methods.
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ABSTRACT Recent advances in genome analysis
have enabled the identification of numerous distal
enhancers that regulate gene expression in various
conditions. However, the enhancers involved in patho-
logical conditions are largely unknown because of the
lack of in vivo quantitative assessment of enhancer
activity in live animals. Here, we established a noninva-
sive and quantitative live imaging system for monitoring
transcriptional activity and identified a novel stress-
responsive enhancer of Nppa and Nppb, the most
common markers of heart failure. The enhancer is a
650-bp fragment within 50 kb of the Nppa and Nppb
loci. A chromosome conformation capture (3C) assay
revealed that this distal enhancer directly interacts with
the 5'-flanking regions of Nppa and Nppb. To monitor
the enhancer activity in a live heart, we established an
imaging system using the firefly luciferase reporter.
Using this imaging system, we observed that the novel
enhancer activated the reporter gene in pressure over-
load-induced failing hearts (failing hearts: 5.7+1.3-
fold; sham-surgery hearts: 1.0£0.2-fold; P<0.001, re-
peated-measures ANOVA). This method will be
particularly useful for identifying enhancers that func-
tion only during pathological conditions.—Matsuoka,
K., Asano, Y., Higo, S., Tsukamoto, O., Yan, Y., Ya-
mazaki, S., Matsuzaki, T., Kioka, H., Kato, H., Uno, Y

Asakura, M., Asanuma, H., Minamino, T., Aburatani,
H., Kitakaze, M., Komuro, 1., and Takashima, S. Non-
invasive and quantitative live imaging reveals a poten-

Abbreviations: 3C, chromosome conformation capture;
ANP, atrial natriuretic peptide; BNP, brain natriuretic pep-
tide; ChIP-seq, chromatin immunoprecipitation sequencing;
CMV, cytomegalovirus; CR, conserved region; CTCF, CCCTC-
binding factor; H3K4mel, histone H3 monomethylated at
Iysine 4; H3K4me3, histone H3 trimethylated at lysine 4; PE,
phenylephrine; TAC, transverse aortic constriction
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GENE EXPRESSION IS REGULATED through the inte-
grated action of many cisregulatory elements, includ-
ing core promoters, proximal promoters, distant en-
hancers, and insulators (1). Several methods have been
used to explore the function of cisregulatory elements
during a variety of developmental stages (2, 3). How-
ever, the identification of gene regulatory elements
with pathophysiological roles has been technically dif-
ficult because there are few appropriate models for
monitoring transcriptional activity in live animals un-
der pathological conditions.

Here, we focused on the regulatory elements that are
responsive to heart failure. The natriuretic peptides,
atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP), encoded by the neighboring genes
Nppa and Nppb are activated in the embryonic heart,
down-regulated after birth, and then reactivated during
heart failure. Both peptides are well-known biomarkers
that are strongly induced during heart failure and
represent its severity. Cardiologists frequently use these
peptides as natriuretic and vasorelaxant agents to treat
various clinical conditions (4-8). Many studies have
tried to elucidate the mechanisms of their transcrip-
tional regulation because factors that regulate these
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natriuretic peptides are potential therapeutic targets
for heart discase (9~14).

Mice transgenic for various loci, including the 5'-
flanking regions of the natriuretic peptide genes, have
been used to identify the regulatory elements required
for transcriptional activation either during heart devel-
opment or in the disecased heart. These studies re-
ported that the 5'-flanking regions of the natriuretic
peptide genes regulated their expression during heart
development (9, 10, 13); however, the 5'{flanking re-
gions were not responsible for their specific reactiva-
tion in the diseased heart (11, 12). A recent study
identified the distal enhancer elements regulating the
natriuretic peptide genes in the developing heart by
examining cardiac-specific transcription factor binding
sites; however, these enhancer elements did not re-
spond to heart failure (14). Therefore, the stress-
responsive regulatory elements that function during
heart failure have not yet been identified and are
potentially located outside the 5'-flanking regions.

In this study, we aimed to identify the novel stress-
responsive enhancer elements of the Nppa and Nppb
genes in the failing heart. Furthermore, we established
a noninvasive and quantitative live imaging assay to
monitor the transcriptional activity of candidate en-
hancers in the failing heart. In vivo live imaging of the
firefly luciferase reporter in a single mouse enabled us
to analyze the sequential changes in enhancer activity
during the progression of heart failure. Combined with
a fine mapping technique using epigenetic markers, we
identified a 650-bp stress-responsive enhancer that was
strongly activated by cardiac hypertrophy and heart
failure.

MATERIALS AND METHODS
Animals

All procedures were performed according to the U.S. Na-
tional Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals (NIH publication no. 85-23, revised
1996) and were approved by the Animal Experiments Com-
mittee, Osaka University (approval no. 21-78-10).

Reagents and antibodies

Phenylephrine (PE) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The anti-RNA polymerase II and anti-
histone H3 trimethylated at lysine 4 (H3K4me3) antibodies
used for chromatin immunoprecipitation sequencing (ChIP-
seq) were kind gifts from Dr. H. Kimura (Graduate School of
Frontier Biosciences, Osaka University).

Primary culture of neonatal rat cardiomyocytes

Ventricular myocytes obtained from 1- or 2-d-old Wistar rats
were prepared and cultured overnight in Dulbecco’s modi-
fied Eagle’s medium (Sigma-Aldrich) containing 10% FBS, as
described previously (15).

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY
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Comparative genomics

Genome-wide multiple alignments of the genomic sequences
containing the Nppa and Nppb genes were performed using
the University of California Santa Cruz (UCSC) Genome
Browser (16); 8 vertebrate species were compared, including
mouse (mm9, July 2007), rat (m4, Nov. 2004), human (hgl8,
Mar. 2006), orangutan (ponAbe2, July 2007), dog (canFam2,
May 2005), horse (equCabl, Jan. 2007), opossum (mon-
Domd4, Jan. 2006), and chicken (galGal3, May 2006). We used
vertebrate Multiz alignment of DNA sequences (17) to ana-
lyze the homology of DNA sequences among mouse and
other species. We used the Placental Mammal Basewise
Conservation assessed by PhyloP (18) to assess the degree of
mammalian conservation. Next, we identified discrete con-
served fragments. The transcribed sequences within the con-
served set were filtered out using known genes, spliced ESTs,
and mRNA annotations obtained from the UCSC genome
browser. Finally, we manually curated the data set to remove
any additional false positives by visual examination of the
UCSC genomic data. We defined the noncoding conserved
regions (CRs) that were homologous at least in the human
and mouse genomes and at least 1 kb away from the tran-
scription start sites as the enhancer candidates.

ChIP sequencing on mouse heart tissues

Whole hearts were isolated from 8wk-old C57BL6 mice,
perfused rapidly with cold PBS, flash-frozen in liquid nitro-
gen, homogenized using a sterile tissue grinder, and cross-
linked with 0.3% paraformaldehyde. Subsequently, chroma-
tin isolation, sonication, and immunoprecipitation using an
anti-RNA polymerase II antibody and an anti-H3K4me3 anti-
body were performed. The ChIP DNA and input samples
were sheared by sonication, end-repaired, ligated to the
sequencing adapters, and amplified. The purified ChIP DNA
library samples were sequenced using the Illumina Genome
Analyzer II (Illumina, Inc., San Diego, CA, USA). Unfiltered
sequence reads were aligned to the mouse reference genome
[U.S. National Center for Biotechnology Information (NCBI)
build 37, mm9] using Bowtie. RNA polymerase II- and
H3K4me3-enriched regions were identified using MACS (19)
with the default parameters.

Lentiviral enhancer assay

Eleven CRs were PCR amplified from the mouse BAC clone
containing the Nppa and Nppb loci (clone RP23-128ES8;
BACPAC Resources Center, Children’s Hospital Oakland,
Oakland, CA, USA; primers and probes are listed in Supple-
mental Table S1). The PCR fragments were subcloned into
the pCR-Blunt IIF-TOPO vector (Invitrogen, Carlsbad, CA,
USA) and recombined into a lentiviral vector encoding the
firefly luciferase reporter (pGreenFire Transcriptional Re-
porter Lentivector; System Biosciences, Mountain View, CA,
USA). The lentiviral particles were produced by transfection
of 293T cells with the 3 lentiviral packaging plasmids (i.e.,
pMDLg/pRRE, pRSV-Rev, and pMD2.VSV.G) using Lipo-
fectamine 2000 (Invitrogen). The supernatant from 293T
cells containing the lentiviral particles was collected 48 h after
transfection, sterilized using a 0.45-um cellulose acetate filter,
and concentrated by centrifugation (Peg-it Virus Precipita-
tion Solution, System Biosciences).

Rat neonatal cardiomyocytes isolated as described above
were plated in 96-well plates. The next day, the medium was
replaced with a serum-free medium containing the lentiviral
vector, and the cells were incubated for 12 h. Subsequently,
the cardiomyocytes were exposed to 100 pM PE for 48 h prior
to the luciferase assay.
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RNA extraction and quantitative RT-PCR

The total RNA was prepared from rat cardiomyocytes, rat
cardiac fibroblasts, murine hearts, and murine brains using the
RNA-Bee RNA isolation reagent (Tel-Test, Friendswood, TX,
USA) and then converted to cDNA using the high-capacity
¢DNA reverse transcription kit (Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s instructions. The
quantitative RT-PCR was performed using the TagMan technol-
ogy and the StepOnePlus real-time PCR System (Applied Bio-
systems). All samples were processed in duplicate. The level of
each transcript was quantified according to the threshold cycle
(C) method using GAPDH as an internal control. Inventoried
TagMan gene expression assays were used: Nppa, Rn0056661,
Mm01255748; Nppb, Rn00580641, Mm01255770; Gapdh, rodent
GAPDH control reagent.

3C analysis

The whole hearts of the mice were isolated, perfused rapidly
with cold PBS, flash-frozen in liquid nitrogen, homogenized
using a sterile tissue grinder, and fixed with 1% paraformal-
dehyde. The cross-linked tissues utilized for 3C experiments
were subjected to digestion with BamHI following standard
protocols (20, 21). The mouse BAC DNA containing Nppa
and Nppb (clone RP23-128E8) was used as a control. The
TagMan real-time PCR was performed using probes near the
restriction sites; the primers and probes are listed in Supple-
mental Table S2.

Transgenic mouse enhancer assay

The candidate enhancer regions were cloned into a vector
encoding the minimal CMV promoter driving the luciferase
gene as described above. Transgenic mouse embryos were
generated by pronuclear injection into the zygotes of BDF1
mice using standard methods. Because black fur attenuates
light transmission, albino mice were generated by crossing
the transgenic founders to ICR albino mice.

In vivo bioluminescence imaging

Prior to in vivo imaging, the mice were anesthetized using
isoflurane, and the black mice were shaved from the neck to
the lower torso to allow the optimal visualization of fluores-
cence without interference from the black fur. A p-luciferin
solution was injected intraperitoneally (150 mg/kg i.p.) or
intravenously (75 mg/kg iv.). The mice were imaged using
an in vivo live imaging system (IVIS Lumina II; Caliper Life
Sciences, Waltham, MA, USA). For quantification, the biolu-
minescence light intensity was measured at the region of
interest and expressed in relative light units (RLU/min)
using Living Image 4.0 (Caliper Life Sciences). To calculate
the enhancer activity in the heart, we defined the ratio of
heart to brain luciferase intensities as the cardiacspecific
enhancer activity.

Transverse aortic constriction (TAC)

Transgenic mice aged 8 wk and weighing 20-25 g were
subjected to pressure overload, as described previously (22).
Briefly, the chest was entered via the second intercostal space
at the upper left sternal border. After the arch of the aorta
was isolated, a TAC was created using a 7-0 suture tied twice
around a 27-gauge needle and the aortic arch, between the
innominate and left common carotid arteries. After the
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suture was tied, the needle was gently removed, yielding
60-80% constriction of the aorta.

PE-induced hypertrophy

Transgenic mice aged 8 wk and weighing 20-25 g were
treated with PE (75 mg/kg/d) using an osmotic minipump
(Alzet, Cupertino, CA, USA) to induce cardiac hypertrophy,
as previously reported (23, 24).

Statistical analysis

Data are expressed as means * SE. The 2-tailed Student’s # test
and repeated ANOVA were used to analyze differences be-
tween the groups. Values of P < 0.05 were considered to
represent a significant difference.

RESULTS

Identification of candidate enhancers near the Nppa-
Nppb locus using comparative genomics and ChIP-seq

To identify potential enhancers, we performed a com-
parative analysis of the genomic sequences of mouse
and divergent species and identified CRs that may
function as common regulatory sequences (25-27). We
defined CRs that were homologous at least in the
human and mouse genomes and at least 1 kb away from
the transcription start sites of Nppa and Nppb as the
candidate enhancers. First, we analyzed the 50-kb Nppa-
Nppb locus bounded by the binding sites of 2 CCCTC-
binding factors (CTCFs), which can function as insula-
tors (28, 29). Using a genome database (30), we
identified 11 CRs, including the Nppa and Nppb introns
in the 50-kb region (Fig. 1).

Next, we performed a ChIP-seq analysis on RNA
polymerase II and H3K4me3 in the adult mouse heart.
We analyzed the epigenetic modifications near the
Nppa and Nppb genes combined with the ChIP-seq
analysis using a public database of the adult mouse
heart (30). We hypothesized that the normal heart
would have activated epigenetic marks because Nppa
and Nppb are expressed, albeit at low levels, in normal
conditions. Recent genome-wide studies have deter-
mined that enhancers can be defined as DNA se-
quences bound by the RNA polymerase II and tran-
scriptional coactivator protein p300, and where histone
H3 monomethylated at lysine 4 (H3K4mel) accumu-
lates instead of H3K4me3 (31-34). Among the 11 CRs
identified, only CR9 coincided with the binding sites of
RNA polymerase II and p300, and overlapped with the
gene areas modified by H3K4mel, and filled all criteria
for the enhancer (Fig. 1). In addition, H3K4mel
modifications in CR9 were only observed in the heart
but not in the other organs (Fig. 1 and Supplemental
Fig. S1). Therefore, we analyzed the 11 CRs, including
CR9, as the most likely distal candidate enhancers for
the stress-responsive regulatory regions of the natri-
uretic peptide genes.
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an open database on the University of California Santa Cruz (UCSC) Genome Browser to assess the degree of DNA sequence
conservation around Nppaand Nppb gene loci. Blue and red vertical lines, the Placental Mammal Basewise Conservation assessed
by PhyloP; black vertical lines, the vertebrate Multiz alignment of DNA sequences among mice and 7 other species (rats,
humans, orangutans, dogs, horses, opossums, and chickens). We defined noncoding conserved regions (CRs) that were
homologous at least in the human and mouse genomes and at least 1 kb away from the transcription start sites of Nppa and Nppb
as the candidate enhancers. CRs are highlighted as light red vertical bars (CR1-9, Nppa intron, and Nppb intron). ChlP-seq data
for H3K4me1l, p300, and CTCF were obtained from an open database of the adult mouse heart. Some CRs coincided with the
peaks for H3K4mel, RNA polymerase II, and the transcriptional coactivator protein p300. R, rat; Hu, human; Or, orangutan;
D, dog; Hr, horse; Op, opossum; Ch, chicken.

Identification of a distal enhancer element responsive results suggest that CR9 is the regulatory element that is
to an a;-adrenergic receptor agonist responsive to PE specifically in cardiomyocytes.

We screened the candidate enhancers for potential
stress-responsive regulatory regions. We analyzed the
enhancer activity of these 11 CRs after treatment with
PE, an aj-adrenergic receptor agonist, which mimics
cardiac overload and induces Nppa and Nppb expres-
sion in cardiomyocytes (35). We confirmed that PE
induced the expression of endogenous Nppa and Nppb
specifically in cardiomyocytes but not in cardiac fibro-
blasts (Fig. 24). Then, we introduced the 11 CRs with a
minimum human cytomegalovirus (CMV) promoter

Long-range physical interaction between the distal
enhancer element and the proximal promoters of the
Nppa and Nppb genes

Confirming the looping interactions between distal
elements and promoters is one way to demonstrate the
transcriptional regulatory activity of distal elements. We
performed a 3C assay (20) to comprehensively investi-
gate whether the genomic region containing CRY
' : . ) moved closer to the Nppa or Nppb promoter in an adult
and the luciferase gene into rat cardiomyocytes usinga  murine heart treated with a continuous infusion of PE
lentiviral vector system. in vivo.

Among the 11 CRs tested, only CR9, which is located The ligation frequencies were quantified by TagMan
22 kb upstream from the Nppb transcription start site  real-time PCR using specific primers and probes and
and shows hlgh mammalian conservation score in the were Compared to the ligation frequency of noncross-
Placental Mammal Basewise Conservation by PhyloP linked BamHI-digested BAC DNA containing the Nppa-
(Fig. 2B), reproducibly increased the PE-induced lu- Nppb locus. We observed that CR9 interacts with both
ciferase activity by ~b5-fold compared to the minimal  the Nppa and Nppb promoter regions at a higher
CMYV promoter alone (Fig. 2C). However, CR9 did not  frequency relative to other gene areas (Fig. 2D); fur-
respond to PE in cardiac fibroblasts (Fig. 2C). These  thermore, PE treatment strengthened these interac-
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tions (Fig. 2D). These results suggest that there is a close  vasive and quantitative live imaging system that allowed
proximity between the distal genomic region containing  real-time monitoring of the firefly luciferase reporter.
CR9 and the proximal promoters of the Nppa and Nppb ~ We generated 3 transgenic mouse lines (Tglinel, Tg-
genes in the PE-induced hypertrophic heart. line2, and Tgline3) in which the CR9 enhancer ele-
ment and a minimal CMV promoter driving the lu-
ciferase reporter gene were introduced into the germline.
The live-imaging system detected luciferase expression
in the heart, brain, and intestine of the Tg-linel (Fig. 3A4),
We confirmed the activity of the newly identified en-  in the heart, salivary glands, and skin of the Tg-line2
hancer CR9 in the heart in vivo. The conventional (Supplemental Fig. S24), and in the heart of the
histological evaluation of LacZ reporter expression in  Tgline3 (Supplemental Fig. S2E).

Establishment of an in vivo live imaging system for
gene expression in a murine model of heart disease

the heart only provides data at a single time point; To identify the organs in which CR9 functioned as a
therefore, this method cannot be employed for kinetic stress-responsive enhancer, we examined the luciferase
assessments or time course analyses of reporter expres-  reporter expression in each organ by quantitative PCR.
sion in a live heart. Continuous infusion of PE increased the blood pres-

To overcome this difficulty, we established a nonin-  sure and resulted in cardiac hypertrophy (24, 36). The
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Figure 3. Establishment of an in vivo live imaging system for enhancer activity. A) Chemiluminescence imaging of CR9 in a
mouse of Tg-linel. Top panel: result from whole-animal in vivo live imaging. Bottom panels: chemiluminescence images of the
heart and brain in the same mouse. B, C) Relative transcript levels of Nppa and Nppb in the ventricular myocardium and brain
of CR9 Tg-linel mice treated with continuous infusion of PE for 3 d. Average transcript level in the ventricular myocardium of
preinfused mice was defined as 1 (means * sE; n=>5 hearts). *P < 0.01 vs. sham-infused mice; ¢ test. D) Relative transcript levels
of luciferase reporter in the ventricular myocardium and brain of the CR9 Tg-linel mice continuously infused with PE for 3 d.
Average transcript level in the ventricular myocardium and brain of preinfused mice was defined as 1. (means * sg; n=5 hearts).
#P < 0.01 vs. sham-infused mice; ¢ test. E) Comparison of the chemiluminescence intensities obtained using different luciferin
injection methods in a Tg-linel mouse; injections 1 and 2, intraperitoneal injections (top panels), injections 3, 4, and 5,
intravenous injections (bottom panels). Injections were performed =4 h apart to eliminate the effect of the previous injection.
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brain. Plots indicate the independent experiments shown in each panel in E. There is a linear relationship between the
expression in the heart and the brain, RZ = 0.979.

expression of endogenous Nppa and Nppb mRNA in-  patterns of PE-induced luciferase expression suggest
creased 3 d after the PE infusion began (Fig. 3B, Cand  that CR9 is almost exclusively active in the heart.
Supplemental Fig. S2B, C, F, G). Concomitantly, the  Because the integration sites were random in these
quantitative PCR analysis of the CR9 luciferase mRNA  three lines, the patterns of luciferase expression de-
expression showed enhanced expression in the ventric-  pend on CR9 or other enhancers near the integrated
ular myocardium 3 d after the PE infusion (Fig. 3Dand  sites. The expression of luciferase in the brain of
Supplemental Fig. S2D, H). On the other hand, in the = Tg-linel and salivary glands of Tg-line2, both of which
brain and the salivary glands where neither Nppa nor  express neither Nppa nor Nppb, might be driven by
Nppb is highly expressed, the CRO9-driven luciferase = other enhancers near the integrated sites.

mRNA expression did not respond to PE (Fig. 3B-D To evaluate the accuracy and reproducibility of this
and Supplemental Fig. S2B-D, F-H). Therefore, the = method, we measured the luminescence in the heart of
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a mouse from Tglinel. In this transgenic line, the
brain, intestine, and testis expressed the reporter pro-
tein due to positional effects of the insertion site and
most likely not due to CR9 activity. Because the lu-
ciferase mRNA expression in the brain remained un-
changed after PE treatment (Fig. 3D), we used the
reporter activity in the brain as a control. The absolute
luminescence values of the heart were affected by the
injection method and the amount of luciferase sub-
strate injected (Fig. 3E). However, using brain lumines-
cence as a control, we successfully eliminated the signal
variations caused by these differences. The ratio of the
luminescence in the heart and brain remained constant
within each mouse, independent of the injection
method (Fig. 3F). Therefore, we defined the ratio of
heart to brain luciferase intensities as the cardiac-
specific enhancer activity.

Distal enhancer element was activated in the murine
model of heart failure

To examine whether the CR9 enhancer was also re-
sponsible for gene expression in other pathological
conditions, we subjected Tg-linel mice to heart failure
induced by TAC and compared them with sham-sur-
gery mice. This model mimics the heart condition of
patients with hypertension who suffer a continuous
pressure overload on the heart. The pressure overload
by TAC caused potent cardiac hypertrophy at 2 wk
postsurgery and reduced cardiac contractility at 3 wk
postsurgery (Fig. 4A, B), as previously reported (22).
The endogenous Nppa and Nppb expression increased
severalfold in the ventricular myocardium 3 wk after
the TAC surgery (Fig. 4C). The heart to brain luciferase
intensity ratio also increased severalfold 3 wk following
the TAC surgery (Fig. 4D, Eand Supplemental Fig. 53).
However, the heart to brain luciferase intensity ratio of
sham-surgery mice did not change after the surgery
(Fig. 4D, E and Supplemental Fig. S3; 3 wk after TAC
surgery: 5.7+1.3 fold; 3 wk after sham surgery: 1.0+0.2
fold; P < 0.001, repeated ANOVA). These results
suggest that CR increases transcriptional activity dur-
ing mechanical pressure overload-induced hypertrophy
and subsequent heart failure.

DISCUSSION

Here, we focused on the stressresponsive regulatory
elements of Nppa and Nppb in heart failure. By screen-
ing the evolutionarily conserved and epigenetically
modified regions around the Nppa and Nppb gene loci,
we identified a 650-bp transcriptional enhancer that
was responsive to an aj-adrenergic receptor agonist in
vitro. Furthermore, in vivo 3C analysis revealed that this
distal enhancer directly interacted with the 5'-flanking
regions of both Nppa and Nppb. Using in vivo live
imaging of luciferase reporter gene expression, we
observed that this 650-bp enhancer caused cardiac-
specific activation of reporter gene expression during
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the progression of pressure overload-induced heart
failure. Notably, this is the first study to provide a time
series analysis for monitoring enhancer activity under
pathological conditions in an individual live mouse.

Although numerous approaches have been used to
explore the stress-responsive regulatory elements driv-
ing gene transcription during heart failure (11, 12, 14),
these elements have not yet been identified due to the
technical difficulty involved. To detect the elements
that are responsive to pathological conditions such as
heart failure, it is essential to confirm the activity of the
responsive element using a beating heart that remains
connected to the systemic cardiovascular system. There-
fore, it would be beneficial to establish transgenic
mouse lines carrying a reporter plasmid to assess the
responsive elements driving the expression of specific
genes. However, the creation of multiple stable adult
mouse lines to identify these elements is time-consum-
ing.

In this study, we utilized two improved methods for
reporter analysis and successfully identified a novel
potent enhancer.

First, by performing an enhancer analysis using a
lentiviral - vector, we accurately identified candidate
enhancers in cardiomyocytes and subsequently gener-
ated transgenic reporter mice. Previous promoter anal-
yses used electroporation or lipofection to transfect
cultured cardiomyocytes with plasmids (37, 38), but the
transfection efficiency of these methods in primary
cardiomyocytes is too low to accurately measure re-
porter activity during the stress response. In this study,
greater than 90% transduction efficiency of cardiomy-
ocytes was achieved using a lentiviral vector, which
enabled us to accurately identify a specific enhancer
fragment. Using this method, we efficiently minimized
the number of reporter plasmids to be subsequently
integrated into the mouse genome to screen for poten-
tial enhancers.

Second, by sequentially measuring the enhancer
activity in a single live mouse, we collected robust data
to assess enhancer activity in the heart in vivo. LacZ is
not a suitable reporter for this purpose because LacZ
activity can only be assessed after animal euthanization.
Therefore, we overcame this limitation using the lu-
ciferase reporter plasmid. Recent advances in high-
sensitivity luminescence imaging have made it possible
to evaluate enhancer-driven luciferase activity without
operating on the mice. Therefore, we sequentially
assessed reporter activity and hemodynamic changes in
the same mouse throughout the time course of the
development of heart failure. These data were highly
reproducible and enabled us to identify an enhancer
element that was activated by cardiac overload. Because
this method can be applied to any organ, the in vivo
luciferase reporter assay may be used for assessing the
in vivo enhancer or promoter activities responsible for
clinically important diseases. The noninvasive nature of
this method also enabled us to simultaneously assess
the hemodynamic and metabolic parameters in vivo
along with reporter activity. Specifically, the Tg-linel
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Figure 4. Distal enhancer element is reactivated in the murine model of heart failure. A) Representative M-mode
echocardiograms in a mouse of Tg-linel (TAC1) before and after TAC. Open bars indicate maximal left ventricular internal
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transcript levels in the ventricular myocardium 3 wk after the TAC procedure (means * sg; n=3 hearts). *P < 0.05 vs.
sham-surgery mice; ¢ test. D) Sequential in vivo live imaging of 4 representative Tg-linel mice before and after TAC or sham
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respectively. Sequential imaging of the 6 other surgically treated mice is shown in Supplemental Fig. S3. Insets in images show
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*P < 0.001, repeated ANOVA.

mice enabled us to accurately quantify the expression  enhancer did not respond to heart failure. This en-
level of the natriuretic peptides. These mice are useful =~ hancer does not overlap with CR9 and might regulate
tools for repeatedly assessing the degree of heart failure ~ Nppa expression only during the embryonic stage (14).

to screen various cardiovascular drugs. On the other hand, Horsthuis et al. (11) showed that
The integration of activities from multiple enhancers  the regulatory region from —27 to +58 kb relative to
could confer specificity and robustness to transcrip-  the transcription start site of Nppa was sufficient for

tional regulation (1). Warren et al. (14) identified the = Nppa gene expression in the failing heart, similar to
Nppa enhancer in the embryonic heart by examining  CR9. However, because this 85-kb regulatory region
Nkx2-5 binding regions around the Nppa locus, but the  does not include CR9, Nppa may have multiple enhanc-

LIVE IMAGING FOR MONITORING THE ENHANCER ACTIVITY 1877

133



ers that regulate its expression during heart failure.
Furthermore, the length of the 85-kb region poses a
challenge for understanding its specific biological role.

This is the first study to provide a time course
imaging analysis of enhancer activity using an individ-
ual live diseased mouse model. Using this new method,
we identified a novel heart enhancer. This method
can be widely used for identifying enhancers that
regulate transcriptional activity only under patholog-
ical conditions.
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Cytochrome c oxidase (CcO) is the only enzyme that uses oxygen
to produce a proton gradient for ATP production during mitochon-
drial oxidative phosphorylation. Although CcO activity increases in
response to hypoxia, the underlying regulatory mechanism remains
elusive. By screening for hypoxia-inducible genes in cardiomyocytes,
we identified hypoxia inducible domain family, member 1A (Higd1a)
as a positive regulator of CcO. Recombinant Higd1a directly inte-
grated into highly purified CcO and increased its activity. Resonance
Raman analysis revealed that Higdla caused structural changes
around heme a, the active center that drives the proton pump.
Using a mitochondria-targeted ATP biosensor, we showed that
knockdown of endogenous Higd1a reduced oxygen consumption
and subsequent mitochondrial ATP synthesis, leading to increased
cell death in response to hypoxia; all of these phenotypes were
rescued by exogenous Higd1a. These results suggest that Higd1a
is a previously unidentified regulatory component of CcO, and rep-
resents a therapeutic target for diseases associated with reduced
CcO activity.

cytochrome ¢ oxidase | oxidative phosphorylation | resonance Raman
spectroscopy | ATP | oxygen

ytochrome ¢ oxidase (CcO) (ferrocytochrome c: oxygen ox-

idoreductase, EC 1. 9. 3. 1) is the terminal component of the
mitochondrial electron transfer system. CcO couples the oxygen-
reducing reaction with the process of proton pumping. Aerobic
organisms use this reaction to form a proton gradient across the
mitochondrial inner membrane, which is ultimately used by the
F,F;-ATP synthase to produce ATP.

Mammalian CcO is composed of 13 different subunits (1)
containing four redox-active metal centers, two copper sites, and
two heme a groups. These active centers accept electrons from
cytochrome ¢ and sequentially donate them to dioxygen. Our
group and others have extensively analyzed the link between the
oxygen reduction process and proton pumping at the active
centers using crystallography, resonance Raman spectroscopy,
and Fourier transform infrared spectroscopy (2—4). The metal
ions in the copper sites and heme groups in the active centers are
individually coordinated by the surrounding amino acids. We
have shown that changes in the redox state cause 3D structural
changes around the active centers, which in turn leads to alter-
ation of the proton pump mediated by specific amino acid chains
that coordinate each metal group (5). Thus, binding of an allo-
steric regulator close to the active centers might change the ef-
ficiency of both electron transfer to oxygen and proton pumping.

Several proteins involved in oxygen supply or metabolism are
transcriptionally regulated by intracellular oxygen concentration:
vascular endothelial growth factor (VEGF) (6), erythropoietin
(EPO) (7), and GO/G1 switch gene 2 (G0s2) for F,F;-ATP synthase,

www.pnas.org/cgi/doi/10.1073/pnas. 1419767112

as we recently revealed (8). Because CcO is the only enzyme in
the body that can use oxygen for energy transduction, it has been
suggested that the regulatory mechanism of CcO is dependent on
oxygen concentration (9-12); however, this has yet to be dem-
onstrated. In this study, we aimed to identify a regulator of CcO
driven by low oxygen concentration.

In this study, by screening for hypoxia-inducible genes, we
discovered that hypoxia inducible domain family, member 1A
(Higdla) is a positive regulator of CcO. Furthermore, using our
recently established ATP-sensitive fluorescence resonance en-
ergy transfer (FRET) probe, we demonstrated that Higdla in-
creased mitochondrial ATP production. We also showed that
Higdla directly bound CcO and changed the structure of its
active center.

Results

Higd1a Expression Is Induced Early in the Response to Hypoxia.
During the first few hours of hypoxia, CcO and oxidative phos-
phorylation (OXPHOS) activity is activated, presumably to fully
use any remaining oxygen (12). At later time points, metabolism
shifts toward glycolysis. Therefore, we hypothesized that a positive
regulator of CcO must be up-regulated during an early stage of
hypoxia, but down-regulated when glycolysis-related genes be-
come elevated. To identify early hypoxia responsive genes that
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might regulate CcO activity, we analyzed gene-expression profiles
of neonatal rat cardiomyocytes, one of the most mitochondria-rich
cell types, exposed to hypoxic conditions (1% oxygen for 0, 4, or
12 h). Focusing on the genes whose expression was induced more
than two-fold at 4 h relative to the prestimulation stage, but then
decreased by 12 h, we identified three genes (Fig. 14 and Fig. S1A4
and B). Next, we prioritized genes that were (i) well conserved
among eukaryotes and (if) listed in MitoCarta (13); only one gene,
Higdla, satisfied both criteria. To analyze the endogenous ex-
pression levels of Higdla in rat cardiomyocytes, we raised a spe-
cific antibody against Higdla and confirmed its specificity (Fig. S2
A and B). In cardiomyocytes exposed to hypoxia, Higdla protein
levels increased gradually from 0 to 12 h and then decreased by
24 h (Fig. 1B). Immunofluorescence revealed that both endogenous
and exogenous Higdla localized in the mitochondria (Fig. S2C).

Higd1a Directly Integrates into the CcO Macromolecular Complex.
Because Refla, the yeast homolog of Higdla, associates with
CcO (9-11), we first tested whether mammalian Higdla binds to
CcO in vivo. Indeed, endogenous binding between Higdla and CcO
in rat cardiomyocytes was confirmed by immunocapture with
an anti-Higdla antibody (Fig. S34) and verified by reciprocal
coimmunoprecipitation with an anti-Cox4 antibody (Fig. S3B).
This in vivo interaction was further validated by blue native
PAGE (BN-PAGE) of mitochondrial fractions from rat car-
diomyocytes (Fig. S3C).

Because preparation of the CcO macromolecular complex,
which consists of 13 subunits, is technically demanding, it has
remained unclear whether Refla/Higdla binding to CcO is di-
rect. To address this issue, we performed an in vitro pull-down
assay using highly purified bovine CcO (hpCcO), which we
prepared by dissolving microcrystals used for X-ray structural
analysis (14). Notably, recombinant maltose binding protein-
fused bovine Higdla (MBP-Higdla) (Fig. S4) directly associated
with hpCcO (Fig. 1C). Furthermore, to assess macromolecular
complex formation, we performed BN-PAGE followed by im-
munoblotting with an antibody against Higdla, demonstrating
that recombinant Higdla indeed integrated into hpCcO (Fig.
1D). With these results, we conclude that Higdla directly asso-
ciates and integrates into the CcO macromolecular complex.

Higd1a Causes Structural Changes in CcO and Influences the Active
Center of Heme a. To explore the relevance of the interaction
between Higdla and CcO, we investigated whether recombi-
nant Higdla affects hpCcO enzymatic activity. Strikingly, direct

addition of MBP-Higdla to hpCcO significantly increased CcO
activity to twice that of hpCcO alone or hpCcO mixed with MBP
(Fig. 24). This significant increase in hpCcO activity stimulated
by Higdla led us to speculate that Higdla causes a structural
change at the active centers of CcO.

Therefore, we next investigated whether Higdla changes the
intensity of the visible part of the absorption spectrum of oxi-
dized CcO. MBP alone, used as a negative control, did not cause
a significant change in the absorption spectra (Fig. S5). By
contrast, MBP-Higdla caused significant spectral changes at 413
nm and 432 nm (Fig. 2B), wavelengths that reflect conforma-
tional changes around the hemes in oxidized CcO (15).

To obtain further structural insights, we performed resonance
Raman spectroscopy, a powerful and sensitive method for detect-
ing kinetic structural changes that cannot be assessed by X-ray
crystal structural analysis. Fig. 2C depicts the resonance Raman
spectra of CcO with and without MBP-Higdla, focusing on the
heme structure by usmg 413 nm excitation. The resonance Raman
band at 1,372 ecm™ in (a: hpCcO) and (b: hpCcO + Higd1a) is
assignable to the v4 mode of heme and is indicative of ferric heme.
After the addition of recombinant Higdla, the resonance Raman
spectra demonstr'ued two sets of different peaks (or band shifts) at
1,562/1,592 ecm™ (the v, mode; a marker for the spin state of
heme) (16) and 1,673/1,644 cm“] (the vy = o mode of the formyl
group of heme a) (17). Importantly, the frequency shift of the band
at 1,592 em™ to 1,562 cm ™ is attributable to partial conversion of
heme from a low-spin to a high-spin state. In oxidized CcO, only
heme a includes low-spin iron; therefore, heme a, but not heme as,
is responsible for the band shift (16). These data suggest that the
binding of Higla to CcO caused structural changes at heme a, the
active center of CcO.

Higd1a Positively Regulates CcO Activity and Subsequent Mitochondrial
OXPHOS. Next, we investigated whether Higdla truly regulates CcO
activity in vivo. To this end, we assessed biochemical CcO activity in
rat cardiomyocytes with modified expression of Higdla. Notably, we
observed a significant decrease in CcO activity in Higdla knock-
down cells. This effect was rescued by overexpression of Higdla,
eliminating the possibility of off-target effects in the RNAi experi-
ment (Fig. 34, Left). Moreover, overexpression of Higdla alone
increased the basal CcO activity (Fig. 34, Right). These data suggest
that Higdla is an endogenous and positive regulator of CcO.

To assess the effect of Higdla on cellular respiration, we
continuously measured the oxygen consumption rate (OCR)
using a XF96 Extracellular Flux Analyzer (Seahorse Bioscience).

0 h 4h MBP + - i
MBP-Higdta - + MBP-Higd1a + . +
tpCcO +  + (kDa) hpCeO -
cosa | |y
Coxsb [ M |puldown IV,
1B: v
cot [ ~%lis
-11 0 11
log, (fold change) Coxd e o 145
thr) 0 2 4 8 12 16 24 (kDa) coB ] g | input 1B: Cox4 IB: Higd1a
Higd1a | : - I - ="
50 input H:gd1a

Fig. 1.

Hypoxia-inducible Higd1a directly binds to highly purified cytochrome c oxidase (hpCcO). (4) Heat map of three genes (Upper) identified as relatively

rapid and transiently induced in response to hypoxia in rat neonatal cardiomyocytes, compared with genes known to be hypoxia inducible (Pfkl, Hk2, Hmox1,
and Vegfa) (Lower). (B) Expression of the Higd1a protein was elevated in response to hypoxia. (C) In vitro pull-down assay with amylose resin revealed direct
binding between MBP-Higd1a and the hpCcO from bovine heart. Loading controls for the hpCcO and MBP-fusion proteins are shown in immunobiots for anti-CcO

subunits and CBB staining, respectively. (D) MBP-Higd1a directly integrates into hpCcO. Mixed MBP-fusion proteins and hpCcO containing 0.2%

n-decyl-B-o-

maltoside (DM) were resolved by blue native PAGE (BN-PAGE), followed by immunoblotting with anti-Cox4 to detect CcO and anti-Higd1a to detect Higd1a.
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Fig. 2. Higd1a regulates CcO activity through the structural change of the
active center in CcO. (A) CcO activity of hpCcO and hpCcO with either
recombinant MBP or recombinant MBP-Higd1a. MBP-Higd1a causes an increase
in CcO activity by almost twofold. Data represent the means + SEM of five in-
dividual experiments. **P < 0.01, compared with MBP. (B) The difference in
absorption spectra between MBP-Higdla and oxidized hpCcO. MBP-Higd1a
caused spectral changes at 413 and 432 nm. Intensity changes of oxidized hpCcO
spectra are plotted at 1 min (red), 5 min (brown), 10 min (dark yellow), 15 min
(green), 20 min (light blue), 25 min (blue), and 30 min (purple) after adding MPB-
Higd1a. (C) Resonance Raman spectra of oxidized hpCcO at 0-5 min [spectrum
(a)] and oxidized hpCcO mixed with MBP-Higd1a at 0-5 min [spectrum (b)]. The
Inset shows the difference of the spectra [(b) — (a)].

Knockdown of Higdla caused a significant decrease in both
basal (Fig. S64, Leff) and maximum OCR, and these effects were
rescued by exogenous expression of Higdla (Fig. 3B, Left).
Moreover, overexpression of Higdla significantly increased both
basal and maximum OCR (Fig. S64, Right and Fig. 3B, Right).

Because the electron transport chain creates a proton gradient
that drives F F;-ATP synthase (complex V), ATP production is
the overall outcome of mitochondrial OXPHOS. To determine
whether modulation of CcO activity by Higdla affects ATP
production, we performed the mitochondrial activity of strepto-
lysin O permeabilized cells (MASC) assay, a sensitive means of
measuring the mitochondrial ATP production rate in semi-intact
cells (18). Indeed, Higdla knockdown caused a significant de-
crease in the ATP production rate relative to the control (Fig.
3C), whereas overexpression of Higdla increased it (Fig. 3D).
These results suggest that Higdla modulates mitochondrial
OXPHOS through CcO.

Higd1a Protects Cardiomyocytes Under Hypoxic Conditions by
Increasing ATP Production. We reasoned that endogenous in-
duction of Higdla by hypoxia serves to maintain ATP production in
mitochondria to the greatest extent possible when oxygen supply
is limited. The intramitochondrial matrix ATP concentration

Hayashi et al.

([ATP]mio) reflects mitochondrial ATP production far more sen-
sitively than the cytosolic ATP concentration (8). Therefore, we
next assessed the effect of Higdla on ATP production in living cells
using the FRET-based mitochondrial ATP biosensor Mit-ATeam
(19). First, we examined the effect of KCN, an inhibitor of CcO.
KCN significantly reduced the [ATP] i (Fig. S7), suggesting that
Mit-ATeam provides an effective means to monitor the functional
consequences of changes in CcO activity. We then confirmed that
hypoxia caused a gradual decline in [ATP];0. Overexpression of
Higdla alleviated the decline in [ATP] o during hypoxia, whereas
knockdown of Higdla accelerated the decrease in [ATP]m,m rela-
tive to the control (Fig. 44).

The yeast homolog Recfl plays a role in respiratory super»
complex stability, and the same is true for Higd2a, but not Higdla
(11). We investigated whether Higdla affects resplratory super-
complex stability Higdla-knockdown or -overexpressing cells. As
shown in Fig. S8, there was no significant change in the abundance
or composition of the respiratory supercomplex, suggesting that the
effect of Higdla described above is not a result of changes in
supercomplex stability.

Finally, to test whether the effects of Higdla on mitochondrial
ATP synthesis affected overall cell viability, we analyzed the viability
of cardiomyocytes subjected to hypoxia. Under hypoxic conditions,
Higdla-knockdown cells showed a significant increase in cell death,
and this effect was rescued by exogenous expression of Higdla (Fig.
4B and Fig. S94). In addition, overexpression of Higdla alone
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Fig. 3. Higd1a positively modulates mitochondrial respiration by altering CcO
activity. (A, Left) Mitochondrial fraction from rat cardiomyocytes expressing
shLacZ (shL2), shHigdla (shHig), or both shHig and adHigdla (adHig) were
subjected to the CcO activity assay. (Right) CcO activity was measured in car-
diomyocytes treated with either adlacZ (adl?) or adHig. Data represent the
means of four individual experiments. (B, Left) The maximum oxygen con-
sumption rate (max OCR) in rat cardiomyocytes transfected with the indicated
adenovirus was measured after treatment with oligomycin A and fluorocarbonyl
cyanide phenylhydrazone (FCCP). Knockdown of Higd1a resulted in a significant
decrease in max OCR, which was rescued by exogenously expressed Higd1ia.
(Right) Overexpression of Higdla significantly increased max OCR compared
with the cells with adLZ (n = 20 for each group). (C) The relative ATP production
rate of cardiomyocytes treated with shLZ or shHig was measured by the MASC
assay (n = 6). A numerical value of ATP production at 10 min in shLZ groups is
regarded as 1.0. (D) The relative ATP production rate of cardiomyocytes treated
with adlZ or adHig was measured by MASC assay (n = 5). A numerical value of
ATP production at 10 min in adLZ groups is regarded as 1.0. Data represent the
means + SEM; *P < 0.05, **P < 0.01.
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Fig. 4. (A) Representative sequential YFP/CFP ratiometric images of Mit-ATeam fluorescence in cardiomyocytes expressing corresponding adenovirus during
hypoxia (n = 12 for adLZ, n = 23 for shHig, n = 18 for adHig). All of the measurements were normalized to the ratio at time 0 and compared between adlZ and
adHig or shHig. (Scale bar, 20 ym.) (8) Cell death of cardiomyocytes treated with shHig was significantly increased compared with the control, which was
rescued by addition of adHig under hypoxic conditions for 24 h (n = 12 for each group). Data represent the means of three independent cultures, + SEM;

*P < 0.05, **P < 0.01, compared with control (adlZ or shLZ).

increased cellular tolerance to hypoxia (Fig. S9B). On the basis of
these findings, we conclude that Higdla positively regulates CcO
activity and subsequently increases mitochondrial ATP production,
thereby protecting cardiomyocytes against hypoxia.

Discussion

In this study, we demonstrated that recombinant Higdla pro-
duced in Escherichia coli was incorporated into CcO complex
purified from bovine heart. The data suggest that Higdla directly
bound to the already assembled CcO complex and increased its
activity. Together with the fact that Higdla expression was rap-
idly increased by hypoxia, this observation indicated that Higdla
is a positive regulator of CcO that preserves the proton-motive
force under hypoxic cellular stress. Physiologically, Higdla pre-
served ATP production in healthy cardiomyocytes under hypoxic
conditions, which protected them from an energy crisis leading
to cell death.

We demonstrated that Higdla incorporated into the CcO
complex and increased its activity. It remains unclear which part
of CcO is essential for this change. Higd1a binding may affect the
interaction of cytochrome ¢ with CcO, modulate internal elec-
tron/proton transfer, or modify Ky4/K,, for O, binding to Cugp/
heme aj3. In fact, the resonance Raman spectroscopy experiment
provided us with a clue to this question. First, we discovered that
Higdla markedly shifted the maximum Soret peak around 413
nm absorption, suggesting the occurrence of structural changes
in heme that are usually observed during the reduction and ox-
idation process of CcO. This shift in absorbance prompted us to
perform resonance Raman analysis at 413 nm excitation, a pow-
erful tool for investigating the structure of heme and its vicinity.
Higdla induced a frequency shift of the band at 1,592 em™ to
1,562 cm™! and 1,673/1,644 cm™'; the former frequency is at-
tributed to partial conversion of heme from a low-spin to a high-
spin state. In oxidized CcO, only heme a includes low-spin iron
(16); therefore, heme a, but not heme a3, is responsible for this
band shift.

X-ray structural and mutational analyses for bovine heart
CcO have demonstrated that protons are pumped through the
hydrogen-bond network across the CcO molecule, designated
the H pathway, located near heme a (20). The driving force for
active proton transport is electrostatic repulsion between the
proton in the hydrogen-bond network and the net positive charge
of heme a. One of the critical sites for repulsion is the formyl
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group of heme a, which is hydrogen bonded to Arg38 of the CcO
subunit I (21). In our study, resonance Raman spectroscopy
revealed specific band shifts from 1,644 cm™ to 1,673 cm™,
which can be attributed to the vibration of the formyl group of
heme a. This observation suggests that Higdla binding causes
structural changes, particularly around heme a, weakening the
hydrogen bond between the formyl group and Arg38 of the CcO
subunit I, thereby leading to the acceleration of proton pumping
efficiency (22). Thus, both band shifts suggest that structural
change occurs in the vicinity of heme a rather than a;.
Following the resonance Raman analysis, we sought to determine
the Higdla-CcO binding site via simulation with the COOT soft-
ware (23), using the previously reported structures of CcO (14) and
Higdla (24). From our structural analysis, CcO contains a cleft
composed of relatively few protein subunits near the active centers
(Fig. S104). Notably, Higdla was predicted to integrate into the
cleft of CcO near heme « and Arg38 (Fig. S10), consistent with the

Fig. 5. Higd1a acts on the H pathway. Model depicting our docking simu-
lation (side view) and its relationship with the H pathway. The model shows
the location of Higdla (magenta) in the CcO complex (white) and its re-
lationship to R38 of cytochrome ¢ oxidase subunit | and the formyl group of
heme a, a component of the H pathway (red arrow).
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results of the resonance Raman analysis. Thus, it is likely that
Higdla bound to the cleft of CcO, leading to swift structural change
around heme a and Arg38 and accelerating the proton-pumping H
pathway, thereby increasing CcO activity (Fig. 5). Furthermore,
when we retrospectively reviewed the purification process of the
CcO complex, comprising 13 subunits from the bovine heart, we
found that Higdla remained associated with CcO up to the final
step, which required detergent exchange (14). This led us to spec-
ulate that Higdla represents a 14th identified subunit of CcO that is
endogenously induced by hypoxia and integrates into the open cleft
of CcO to positively regulate its activity. Although the resonance
Raman data and docking model simulation are consistent with the
idea that Higdla binding causes structural change around heme a,
these data are limited because of their speculative nature. There-
fore, to confirm these findings, we are currently trying to crystallize
the CcO-Higdla complex to reveal the conformational changes of
CcO, particularly around the heme a site.

Higdla was originally identified as a mitochondrial inner
membrane protein whose expression is induced by hypoxia (25).
Higdla augments cell survival under hypoxic stress in pancreatic
cells (26), and it exerts its protective effect by induction of mi-
tochondrial fission (27). The precise relationship between these
reports and our data is not clear. However, our results suggest
that the elevation of CcO activity by Higdla preserves the pro-
ton-motive force, which is prerequisite for mitochondria func-
tion, thereby leading to increased mitochondrial fission and/or
the prevention of apoptosis.

The existence of a direct CcO allosteric activator suggests that
there is a structural basis for the intrinsic activation in the CcO
complex. To explore this idea further, a screen for small com-
pounds that simply increase the activity of highly purified CcO in
vitro has been initiated. Compounds that mimic the effect of
Higdla can preserve ATP production even under hypoxic con-
dition, and hence are expected to exert cellular protective effects
particularly when OXPHOS activity is reduced. Recent work
showed that lowering the activity of OXPHOS causes the cellular
senescence (28), diabetes mellitus (29), and neurodegenerative
diseases (30). In addition, several currently intractable mito-
chondrial diseases are caused by mutations in mitochondrial
genes or nuclear genes that lead to dysfunction in mitochondrial
OXPHOS. Notably, decreased CcO activity is most frequently
observed among patients with mitochondrial diseases (31).
Therefore, small compounds that mimic the effect of Higdla will
have therapeutic potential for various acute and chronic diseases
including ischemic, metabolic, and mitochondrial diseases.

Materials and Methods

Purification of Recombinant Higd1a Protein. The full-length bovine Higdla
¢DNA was purchased from GE Healthcare. Then the coding sequence of
bovine Higd1a was cloned in-frame with an ATG start codon, in the pET21a
expression vector (Novagen for overexpression in E. coli). A MBP was fused
in-frame at the amino terminus for purification. The resulting plasmid was
transformed into BL21-Star (DE3; Invitrogen), and the addition of 0.5 mM
isopropyl p-p-1-thiogalactopyranoside caused the expression of MBP-Higd1a
protein. The cells were sonicated and solubilized by 1% n-decyl-p-o-malto-
side (DM). The recombinant protein was purified with amylose resin (New
England Biolabs), and eluted by 20 mM maltose (pH 6.8 or 8.0, 100 mM
sodium phosphate buffer containing 0.2% DM). The eluted protein was
concentrated and maltose removed using Amicon Ultra-0.5 10K (Millipore).

Resonance Raman Spectroscopy. Absorption spectra of the samples were
measured by a spectrophotometer (Hitachi, U3310) with the path length of
2 mm in 100 mM sodium phosphate buffer (pH 8.0) containing 0.2% DM. The

1. Tsukihara T, et al. (1996) The whole structure of the 13-subunit oxidized cytochrome
¢ oxidase at 2.8 A. Science 272(5265):1136-1144.

2. Morgan JE, Vakkasoglu AS, Lanyi JK, Gennis RB, Maeda A (2010) Coordinating the
structural rearrangements associated with unidirectional proton transfer in the bac-
teriorhodopsin photocycle induced by deprotonation of the proton-release group:
A time-resolved difference FTIR spectroscopic study. Biochemistry 49(15):3273~3281.
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reaction mixture was measured immediately and spectra were recorded every
5 min for 30 min. The protein concentration was 8 pM.

Raman scattering of the samples were measured in a cylindrical spinning
cell with excitation at413.1 nm with a Kr™ laser (Spectra Physics, model 2060),
and the incident power was 500 pW. The detector was a liquid Nj-cooled
CCD detector (Roper Scientific, Spec-10: 400B/LN). Raman shifts were cali-
brated with indene as the frequency standard. Raman spectrum was divided
by the “white light” spectrum that was determined by measuring the scat-
tered radiation of an incandescent lamp by a white paper to compensate for
the sensitivity difference of each CCD pixel and transmission curve of the
notch filter to reject Rayleigh scattering. The accuracy of the peak position
of well-defined Raman bands was +1 c¢m™'. The protein concentration
was 20 pM, and the reaction mixture was incubated for 30 min, before
Raman measurements.

Measurement of CcO Activity. CcO activity was measured spectrophotomet-
rically (Shimazu, UV-2450) using a cytochrome ¢ oxidase activity kit (Bio-
chain). A total of 25 pg of mitochondrial pellets from cardiomyocytes was
lysed with 1% n-dodecyl-B-b-maltoside (DDM), and subjected to measure-
ment according to the manufacturer’s instructions (32). Concentrations of
reduced/oxidized cytochrome ¢ were determined using the extinction co-
efficient at 550 nm of 21.84 mM™'em™". For in vitro measurement, cyto-
chrome ¢ (Sigma) was reduced by ascorbic acid (Wako). Recombinant MBP-
Higd1a (20 pM) and hpCcO (20 pM) were incubated at 25 °C for 30 min in the
presence of 0.2% DM. After incubation, the mixture and reduced cyto-
chrome ¢ were added into the assay buffer, then subjected to measurement
at 30 °C (Agilent Technologies, cary300). Slopes of ODsse for 1 min were
calculated and corrected by a value of hpCcO.

FRET-Based Measurement of Mitochondrial ATP Concentration. FRET-based
measurement of mitochondrial ATP concentration in cardiomyocytes was
measured as previously described (8, 33). Briefly, FRET signal was measured
in cardiomyocytes infected with adenovirus encoding mit-AT1.03 with an
Olympus IX-81 inverted fluorescence microscope (Olympus) using a PL APO
60x%, 1.35 N.A,, oil immersion objective lens (Olympus). Fluorescence emission
from Mit-ATeam was imaged by using a dual cooled CCD camera (ORCA-D2;
Hamamatsu Photonics) with a dichroic mirror (510 nm) and two emission
filters (483/32 nm for CFP and 542/27 nm for YFP; A11400-03; Hamamatsu
Photonics). Cells were illuminated using the CoolLED pE-1 excitation system
(CoolLED) with a wavelength of 425 nm. Image analysis was performed
using MetaMorph (Molecular Devices). The YFP/CFP emission ratio was cal-
culated by dividing pixel by pixel (a YFP image with a CFP image after
background subtraction).

Statistical Analyses. The comparison between two groups was made by t test
(two tailed). For MASC assay, comparison was made by repeated two-way
ANOVA. A value of P < 0.05 was considered statistically significant. Data
represent mean + SEM.

Further methods are found in SI Materials and Methods.
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Noninvasive and quantitative live imaging reveals a
potential stress-responsive enhancer in the
failing heart
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ABSTRACT Recent advances in genome analysis
have enabled the identification of numerous distal
enhancers that regulate gene expression in various
conditions. However, the enhancers involved in patho-
logical conditions are largely unknown because of the
lack of in vivo quantitative assessment of enhancer
activity in live animals. Here, we established a noninva-
sive and quantitative live imaging system for monitoring
transcriptional activity and identified a novel stress-
responsive enhancer of Nppa and Nppb, the most
common markers of heart failure. The enhancer is a
650-bp fragment within 50 kb of the Nppa and Nppb
loci. A chromosome conformation capture (3C) assay
revealed that this distal enhancer directly interacts with
the 5'flanking regions of Nppa and Nppb. To monitor
the enhancer activity in a live heart, we established an
imaging system using the firefly luciferase reporter.
Using this imaging system, we observed that the novel
enhancer activated the reporter gene in pressure over-
load-induced failing hearts (failing hearts: 5.7x1.3-
fold; sham-surgery hearts: 1.00.2-fold; P<0.001, re-
peated-measures ANOVA). This method will be
particularly useful for identifying enhancers that func-
tion only during pathological conditions.—Matsuoka,
K., Asano, Y., Higo, S., Tsukamoto, O., Yan, Y., Ya-
mazaki, S., Matsuzaki, T., Kioka, H., Kato, H., Uno, Y.,
Asakura, M., Asanuma, H., Minamino, T., Aburatani,
H., Kitakaze, M., Komuro, 1., and Takashima, S. Non-
invasive and quantitative live imaging reveals a poten-

Abbreviations: 3C, chromosome conformation capture;
ANP, atrial natriuretic peptide; BNP, brain natriuretic pep-
tide; ChlIP-seq, chromatin immunoprecipitation sequencing;
CMV, cytomegalovirus; CR, conserved region; CTCF, CCCTC-
binding factor; H3K4mel, histone H3 monomethylated at
lysine 4; H3K4me3, histone H3 trimethylated at lysine 4; PE,
phenylephrine; TAC, transverse aortic constriction
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GENE EXPRESSION IS REGULATED through the inte-
grated action of many cisregulatory elements, includ-
ing core promoters, proximal promoters, distant en-
hancers, and insulators (1). Several methods have been
used to explore the function of cisregulatory elements
during a variety of developmental stages (2, 3). How-
ever, the identification of gene regulatory elements
with pathophysiological roles has been technically dif-
ficult because there are few appropriate models for
monitoring transcriptional activity in live animals un-
der pathological conditions.

Here, we focused on the regulatory elements that are
responsive to heart failure. The natriuretic peptides,
atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP), encoded by the neighboring genes
Nppa and Nppb are activated in the embryonic heart,
down-regulated after birth, and then reactivated during
heart failure. Both peptides are well-known biomarkers
that are strongly induced during heart failure and
represent its severity. Cardiologists frequently use these
peptides as natriuretic and vasorelaxant agents to treat
various clinical conditions (4—-8). Many studies have
tried to elucidate the mechanisms of their transcrip-
tional regulation because factors that regulate these
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