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influx to mitochondria is an important trigger for both mitochondrial
dynamics and ATP generation in various cell types, including cardiac
cells. Mitochondrial Ca?* influx is mainly mediated by the mitochondrial
Ca?™" uniporter (MCU). Growing evidence also indicates that mitochon-
drial Ca®* influx mechanisms are regulated not solely by MCU but also
by multiple channels/transporters. We have previously reported that
skeletal muscle-type ryanodine receptor (RyR) type 1 (RyR1), which
expressed at the mitochondrial inner membrane, serves as an additional
Ca®" uptake pathway in cardiomyocytes. However, it is still unclear
which mitochondrial Ca®>* influx mechanism is the dominant regulator of
mitochondrial morphology/dynamics and energetics in cardiomyocytes.
To investigate the role of mitochondrial RyR1 in the regulation of
mitochondrial morphology/function in cardiac cells, RyR1 was tran-
siently or stably overexpressed in cardiac H9c2 myoblasts. We found that
overexpressed RyR1 was partially localized in mitochondria as observed
using both immunoblots of mitochondrial fractionation and confocal
microscopy, whereas RyR2, the main RyR isoform in the cardiac sarco-
plasmic reticulum, did not show any expression at mitochondria. Inter-
estingly, overexpression of RyR1 but not MCU or RyR2 resulted in
mitochondrial fragmentation. These fragmented mitochondria showed
bigger and sustained mitochondrial Ca®>" transients compared with basal
tubular mitochondria. In addition, RyR1-overexpressing cells had a
higher mitochondrial ATP concentration under basal conditions and
showed more ATP production in response to cytosolic Ca®>* elevation
compared with nontransfected cells as observed by a matrix-targeted
ATP biosensor. These results indicate that RyR1 possesses a mitochon-
drial targeting/retention signal and modulates mitochondrial morphology
and Ca?"-induced ATP production in cardiac H9c2 myoblasts.

fluorescence resonance energy transfer; mitochondrial Ca?* uniporter;
mitochondria; mitochondrial morphology; ryanodine receptor type 1

MITOCHONDRIAL Ca’™ is critical for the regulation of various
cellular functions, including energy metabolism, ROS genera-
tion, spatiotemporal dynamics of Ca®" signaling, and cell
growth/development and death (11, 18, 23). Historically, Ca’™
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was found to be accumulated by mitochondria over 5 decades
ago (for reviews, see Refs. 24, 64, and 69), and, shortly
thereafter, it was also recognized that Ca’" stimulates the
oxidative phosphorylation [tricarboxylic acid (TCA) cycle] and
electron transport chain activity, which results in the stimula-
tion of ATP synthesis (for a review, see Ref. 23). Additionally,
the coexistence of mitochondrial dysfunction and loss of cel-
lular Ca>" homeostasis are frequently observed in various
cardiovascular diseases, but it is still not clear how altered
mitochondrial Ca®" handing and/or mitochondrial dysfunction
are involved in the pathogenesis of each different disease
setting (23, 33, 56).

Although the basic functional and pharmacological proper-
ties of mitochondrial Ca?" uptake mechanisms have been
discovered over 50 yr ago, the molecular identities responsible
for these mechanisms have remained a mystery until very
recently. Mitochondrial Ca?* influx was principally considered
to result from a single transport mechanism mediated by the
mitochondrial Ca*>* uniporter (MCU) initially due to near
complete inhibition by ruthenium red and lanthanides. Finally,
through RNA interference studies, several groups (4, 17, 52,
67) discovered the molecular identity of MCU and its regula-
tory proteins in nonexcitable cells. Although in these studies
MCU was confirmed as the most dominant Ca>* influx mech-
anism (see also Ref. 42), interestingly, mitochondrial morphol-
ogy, respiration, and cell viability remain normal in MCU
knockout or MCU-overexpressing cells (4, 17, 52, 67) even
though Ca?* influx is critical in the regulation of these main
mitochondrial functions. In addition, recent reports using math-
ematical analysis (81) and electrophysiological experiments
(21) have suggested that cardiac mitochondria Ca®* influx
through MCU might be slow and small under the physiological
range of cytosolic Ca?>" concentrations ([Ca®"]; i.e., 0.1-20
uM) compared with other cytosolic Ca®" fluxes such as
sarco(endo)plasmic reticulum Ca?*-ATPase (SERCA). There-
fore, these results have raised another hypothesis: that addi-
tional Ca®" uptake pathways must exist in the regulation of
these critical mitochondrial functions. Indeed, subsequent stud-
ies have identified additional Ca?" uptake pathways, such as
leucine zipper-EF hand-containing transmembrane protein 1
(Letm1) (36), rapid mode of uptake (RaM) (75), and coenzyme
Q10 (10), which exhibit different Ca®>* affinity, uptake kinetics,
and pharmacological characteristics from the original MCU
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theory (for a review, see Ref. 64). Moreover, it has been
recently shown that cardiac mitochondria contain two modes of
binuclear ruthenium complex-sensitive Ca?" uptake, a high
Ca®" affinity rapid uptake mode and a low Ca>* affinity slow
uptake mode, that are responsible for modulating oxidative
phosphorylation and Ca®>* buffering, respectively (80). How-
ever, the detailed molecular compositions of the ion channels/
transporters responsible for the Ca?" uptake mechanism, es-
pecially in excitable cells, including cardiomyocytes, remain
elusive.

Among these studies, a skeletal muscle-type ryanodine re-
ceptor (RyR), RyR type 1 (RyR1), was also found as one of the
mitochondrial Ca®>* influx mechanisms in cardiomyocytes
with a known molecular identity reported from our group,
termed “mitochondrial RyR1” (mRyR1) (for reviews, see Refs.
64, 71, and 72). We first found that a low level of RyRI is
expressed at the mitochondrial inner membrane in cardiomyo-
cytes, as shown by a combination of biochemical and cell
biological experiments, and finally confirmed its role in cardio-
myocytes as a fast Ca>* uptake pathway by electrophysiolog-
ical experiments (1, 7, 8, 72). Since mRyR1 shows a bell-
shaped Ca®*-dependent activation (bimodal activation) in a
physiological range of [Ca®"]., this unique property places
mRyR1 as an ideal candidate for sequestering Ca>* quickly
and transiently under physiological [Ca®>*]. oscillation, such as
during heart beats. The molecular identity of RyR1 in cardiac
mitochondria was carefully analyzed and confirmed using not
only native cardiomyocytes but also those obtained from RyR1
knockout mouse hearts (8). Interestingly, in RyR1 knockout
mouse heart mitochondria, the respiratory control index is very
low (=1) and [Ca®>*]. does not stimulates O, consumption,
suggesting that mRyR1 is required for both the basal metabolic
state and Ca®*-dependent acceleration of the TCA cycle in
cardiomyocytes (8) even though its expression level is much
lower than RyR2, which is the main RyR isoform expressed in
the cardiac sarcoplasmic reticulum (SR)/endoplasmic reticu-
lum (ER) (44).

In addition, recent reports have indicated that changes in
mitochondrial dynamics/morphology are closely related to mi-
tochondrial function, including ATP production and cellular
function, suggesting that mitochondrial form and function are
tightly linked (for a review, see Ref. 25). We (26) have also
reported that mitochondrial Ca®>* influx is a key regulator for
mitochondrial morphology in cardiac cells. Therefore, we hy-
pothesize that Ca?" sequestration via mRyR1 into cardiac
mitochondria regulates mitochondrial morphology, concomi-
tantly efficiently stimulating oxidative phosphorylation for
ATP production during excitation-contraction coupling to meet
metabolic demands. To deal with the potential issue of low
expression of RyR1 in native cardiomyocytes (8), we overex-
pressed RyR1 in cardiac H9c2 myoblasts and tested whether
RyR1 overexpression can increase both basal metabolism and
Ca®*-dependent ATP production. We also observed the effect
of RyR1 overexpression on mitochondrial morphology. Here,
we showed that ) overexpression of RyR1 (but not RyR2 or
MCU) leads to mitochondrial fragmentation and 2) cells that
overexpress RyR1 had a higher mitochondrial ATP concentra-
tion ([ATP],) under basal conditions and accelerated [Ca® ™" ].-
dependent ATP production. We also found that fragmented
mitochondria possess bigger and sustained mitochondrial Ca?*
transients compared with basal tubular mitochondria in H9c2
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cells, suggesting the existence of a critical link between the
mitochondrial form (morphology) and function (Ca>*-depen-
dent ATP production). These results indicate that mRyR1 and
MCU have distinct roles in the regulation of mitochondrial
form and function in cardiac H9¢c2 myoblasts.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents. The following plasmids were
used in the experiments: rabbit RyR1 in pCl-neo (provided by Dr.
Paul Allen, Brigham and Women’s Hospital, Boston, MA) (60); green
fluorescent protein (GFP)-tagged rabbit RyR1 in pGFP37 and [kindly
provided by Dr. Robert T. Dirksen, University of Rochester, Roch-
ester NY; modified GFP is fused at the NH.-term of rabbit RyR1
provided by Dr. Paul D. Allen (46)]; multifunctional (mf)GFP-tagged
RyR1 (RyR1-mfGFP) in pcDNAS5/FRT/TO (mfGFP is inserted in the
middle of the coding sequence after Ala'*7) (43); mouse RyR2 in
pcDNA3 and GFP-tagged RyR2 in pcDNA3 (kindly provided by Dr.
S. R. Wayne Chen, University of Calgary, AB, Canada; GFP is
inserted in the middle of the coding sequence after Asp*3®%) (49);
mouse wild-type enhanced GFP (EGFP)-tagged MCU in pEGFP-N1
and EGFP-tagged mitochondrial Ca®>* uptake 1 (MICUL) in
pEGFP-N1 (kindly provided by Dr. Rosario Rizzuto at University of
Padua, Padua, Italy; tags are fused at COOH-term of MCU and
MICUT1) (17); rat dynamin-like protein 1 (DLP1)-K38A in pcDNA3,
mitochondrial matrix-targeted DsRed (mt-RFP) in pDsRed1-N1 [the
mitochondrial transit sequence of human isovaleryl coenzyme A
dehydrogenase was fused to the NH,-terminus of red fluorescent
protein (RFP)], and mitochondrial matrix-targeted (mt-)GFP in
pEGFP-N1 (kindly provided by Dr. Yisang Yoon, Georgia Health
Sciences University, Augusta GA) (83); mitochondria-targeted Ca>™*
biosensor (Mitycam) in pcDNA3.1(+) (40) and mitochondria-tar-
geted ATP biosensor Ateam (mt-Ateam) in pcDNA3 (kindly provided
by Dr. Hiromi Imamura, Kyoto University, Kyoto, Japan) (29);
SR-targeted GFP (GFP-KDEL or SR-GFP) in pcDNA3.1/Zeo(+) (an
ER targeting sequence that corresponds to the NH»-terminal 17 amino
acids of mouse calreticulin was fused to the NH,-terminus of EGFP
and an ER retention signal peptide, KDEL, was inserted into its
COOH terminus; kindly provided by Drs. Katsuhiko Mikoshiba and
Hiroko Bannai, RIKEN, Wako, Japan) (2); small interfering (si)RNA-
GFP in pLKO.1 puro (63) (Addgene, Cambridge MA); GFP-tagged
Letml in pEGFP-N1 (68); pcDNA3.1(+) (Invitrogen, Grand Island,
NY); and pEGFP-C1 (Clontech, Mountain View, CA). Full-length
Mitycam was dissected from pcDNA3.1(+) and was inserted into
pCl-neo (Clontech) at EcoR1 and Notl sites. Full-length RyR1-
mfGFP was dissected from pcDNAS/FRT/TO and was inserted into
pcDNA3.1(+) at HindIll and EcoRV sites.

The following antibodies were used in the experiments: anti-
RyR1 antibody (ARR-001) from Alomone Labs (Jerusalem, Israel);
anti-voltage-dependent anion channel (VDAC; No. 4866S), anti-
SERCA2a (No. 9580), and anti-GFP (No. 29568S) from Cell Signaling
Technology (Danvers, MA); anti-SERCA2 (ab2861) from Abcam
(Cambridge, MA); anti-tubulin (T5168) and anti-RyR2 (clone C3-33,
R-128) from Sigma-Aldrich (St. Louis, MO); and anti-DRPI
(611738) from BD Bioscience (San Jose, CA).

All reagents were purchased from Sigma-Aldrich unless otherwise
indicated. Coenzyme Qo (TCI America, Portland, OR) was dissolved
in ethanol. Fulo-3-AM, fura red-AM, MitoSox red, and tetramethyl
rhodamine ester (TMRE) (Invitrogen) were dissolved in DMSO.

Cell culture, transfection, and infection. A rat cardiac myoblast cell
line (H9c2 cells; American Type Culture Collection, Manassas, VA)
was maintained in high-glucose (4.5 g/l) DMEM (Mediatech/Corning,
Corning NY) supplemented with 10% FBS (GIBCO, Grand Island,
NY), 100 U/ml penicillin, 100 pg/ml streptomycin (Mediatech/Corn-
ing), and 1% L-glutamax (Invitrogen) at 37°C with 5% CO; in a
humidified incubator (84). This cell line possesses cardiac character-
istics in the undifferentiated myoblast condition, expressing both
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cardiac muscle and skeletal muscle-featured proteins. After differen-
tiation, cells form skeletal-type myotubes and lose their cardiac
characteristics (39, 65, 66). Therefore, experiments were performed
under the myoblast condition. A mouse skeletal myoblast cell line
(C2C12 cells; kindly provided by Dr. Robert T. Dirksen) and an
immortalized RyR1-dyspedic mouse myoblast cell line (1B5 cells;
kindly provided by Dr. Paul D. Allen) were maintained in low-glucose
(1.0 g/1) DMEM (Sigma-Aldrich), 20% FBS (GIBCO), 100 U/ml
penicillin, 100 pg/ml streptomycin, 0.25 wg/ml fungizone (Lonza,
Allendale, NJ), and 2% L-glutamax (Invitrogen) in gelatin-covered
dishes at 37°C with 5% CO» in a humidified incubator (54). Cells
were transfected with plasmids using FUGENE HD transfection
regents (Promega, Madison, WI) as subconfluent cultures (80-90%
cell confluence), replated 24 h after transfection using Acutase (In-
novative Cell Technologies, San Diego, CA) for single cell analysis,
and used for experiments 48 h after transfection. An equimolar ratio
of GFP-tagged proteins and mt-RFP was transfected.

Generation of the RyR1 stably expressing H9c2 cell line. Stable
cells carrying RyR1-mfGFP were generated by transfection with
mfGFP-RyR1 in pcDNA3.1(+) and selected with 1,600 pg/ml G-418
(Mediatech/Corning). One month after selection was started under
1,200 pg/ml G-418, cell colonies carrying EGFP expression were
isolated under fluorescence microscope and were maintained in 800
ng/ml G-418. The expression level of RyR1 was also confirmed by
Western blot analysis.

Mitochondrial protein isolation and Western blot analysis. The
expression level of RyR1 in mitochondria was determined by isolating
mitochondria-enriched protein fractions as previously described (26).
Briefly, H9c2 cells were cultured in 10-cm dishes, washed with
isolation buffer (320 mM sucrose, 1 mM EDTA, and 10 mM
Tris-HCI; pH7.4), removed from dishes, and collected by centrifuge at
700 g. Cells were resuspended with isolation buffer containing pro-
tease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor
cocktail (Roche, Mannheim, Germany), homogenized with a Dounce
homogenizer, and centrifuged again at 700 g. The supernatant was
then collected, and mitochondrial proteins and cytosolic proteins
containing SR proteins were separated by centrifugation at 17,000 g.
The pellet (mitochondrial protein fraction) was resuspended in lysis
buffer (Cell Signaling Technology) containing 20 mM Tris-HC1 (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
0.2% SDS, 2.5 mM sodium pyrophosphate, 1 wM B-glycerophos-
phate, 1 mM NaVO,, 50 mM NaF, 1 mM PMSF, and 1% protease
inhibitor cocktail (Sigma-Aldrich).

Whole cell lysates were also prepared from HO9c2 cells (35). Cells
were washed with cold PBS and then incubated in lysis buffer on ice
for 30 min. Cell lysates were centrifuged at 20,000 g for 15 min at
4°C, and supernatants were collected.

The cytosolic fraction containing the SR was isolated from the
whole heart or skeletal muscle of adult male ¢57BL/6 mice using
procedures we have previously reported (7, 8). The protein concen-
tration was determined using the BCA method (Thermo Scientific,
Rockford, IL). Cell lysates were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (Santa Curz Biotechnology, Santa
Cruz, CA) and incubated with primary antibodies followed by an
incubation with fluorescence-conjugated secondary antibodies (LI-
COR Biotechnology, Lincoln, NE). Immunoreactive bands were vi-
sualized using the Odyssey Infrared Imaging System (LI-COR Bio-
technology).

All animal experiments were performed in accordance with the
guidelines on animal experimentation of Thomas Jefferson Univer-
sity. The study protocol was approved by the Animal Care Committee
of Thomas Jefferson University. The investigation conformed with the
National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals.

Confocal microscopy. Localization of GFP-tagged proteins (3, 35),
measurements of [Ca?>*]. by fluo-3 and fura red (30, 31, 38), mea-
surements of mitochondrial membrane potential (W.,) by the Wy,-
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sensitive probe TMRE (Invitrogen) (28), mitochondrial ROS levels by
the mitochondrial superoxide indicator MitoSox red (26), and mea-
surements of mitochondrial matrix Ca®* concentrations ([Ca®* |me) by
the mitochondria-targeted Ca?" biosensor Mitycam (29, 40) and
[ATP]m by the ATP biosensor Ateam (29) were observed in live
HO9c2 cells using laser scanning confocal microscopes (FV-500 or
FV-1000) with images obtained using Fluoview software (Olympus,
Tokyo, Japan) at room temperature. Briefly, cells were plated on glass
bottom 35-mm dishes (Matek, Ashland, MA) for observation. The cell
culture medium was replaced with Tyrode solution (136.9 mM NacCl,
5.4 mM KCl, 1 mM CaCl,, 0.5 mM MgCl,, 0.33 mM NaH,PO,, 5
mM HEPES, and 5 mM glucose; pH 7.40, adjusted with NaOH)
during observation.

Quantitative colocalization coefficiency analysis. The mitochon-
drial localization of GFP-tagged proteins was observed by the coex-
pression of the mitochondrial marker mt-RFP (83). The expression of
mt-RFP itself did not exhibit any significant changes in mitochondrial
morphology compared with classical mt-tracker red staining (data not
shown). Two-dimensional catterplots of pixel intensities in red (mt-
RFP) and green (GFP-tagged proteins) channels were generated with
Imagel software (NIH; see Fig. 2C). Region I and 2 pixels represent
signals in channels 1 or 2 only, respectively, and region 3 represents
colocalized pixels (see Fig. 2C). Quantitative colocalization analysis
was performed using ImageJ software (NIH) with an Intensity Cor-
relation Analysis plug-in (The Bob and Joan Wright Cell Imaging
Facility, Toronto Western Hospital). Colocalization was estimated
using Pearson’s correlation coefficient and overlap coefficient accord-
ing to Manders (86). The values for Pearson’s correlation are ranged
from 1 to —1. A value of 1 represents perfect correlation, —1
represents perfect exclusion, and O represents random localization.
Cells overexpressing both mt-GFP and mt-RFP were used as positive
controls for perfect correlation and colocalization, and cells overex-
pressing both SR-GFP and mt-RFP were used as negative controls for
perfect exclusion (see Fig. 2).

Quantitative analyses of mitochondrial morphology. Quantitative
analyses of mitochondrial morphology were performed using methods
we have previously described (26, 27, 84). Digital images obtained by
confocal microscopy were processed through a convolve filter of
Imagel software (NIH) to obtain isolated and equalized fluorescent
pixels. After a conversion to masks, individual mitochondria (parti-
cles) were subjected to particle analyses to acquire values for the form
factor (FF; the reciprocal of circularity value) and aspect ratio (AR;
major axis/minor axis). Both parameters have a minimal value of
1 when it is a perfect circle. High values for FF represent elongated
tubular mitochondria, and increased AR values indicate an increase
of mitochondrial complexity (length and branching; see also Fig.
3B) (84).

Measurements of [Ca’™].. Resting [Ca®"]. was measured with a
double-indicator ratiometric procedure by loading cells with fluo-3
and fura red (30, 31, 38). Cells were incubated with fluo-3-AM (5
M) and fura red-AM (10 uM, Invitrogen) in culture medium for 10
min at 37°C. Cells were washed with Tyrode solution and observed
using the FV-1000 confocal system (Olympus). The dyes were excited
by a 488-nm laser line, and fluorescence was detected in two channels
collected through 505- to 605-nm (for fluo-3) and 655- to 755-nm (for
fura red) filters. For line scans, a single pixel-wide line across the
cytosolic region of a single cell was repetitively scanned at 250
lines/s. All experiments were performed at room temperature.

Measurements of [Ca®™ ],,. H9c2 cells transfected by the mito-
chondria-targeted Ca®>" biosensor Mitycam were used for measure-
ments of [Ca®* ]y, with confocal microscopy (40). Mitycam fluores-
cence was measured with excitation at 488 nm (the excitation peak is
reported at 498 nm) and emission at 530 nm every 2 s. Mitycam
fluorescence (F) was converted to 1 — (F/Fy), where Fy is the initial
fluorescence level (40), which represents the changes in [Ca®™ ..

Measurements of [ATP],,.. H9c2 cells transfected by the mitochon-
dria-targeted ATP biosensor Ateam were used for measurements of
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[ATP],n with confocal microscopy. Ateam consists of variants of CFP
(mseCFP) and yellow fluorescent protein (cpl73-mVenus) connected
by the e-subunit of Bacillus subtilis FoF-ATP synthase (29). Cyan
fluorescent protein (CFP) and fluorescence resonance energy transfer
(FRET) images were obtained every 2 s through a 420- to 20-nm
excitation filter, a 450-nm dichroic mirror, and a 475/40-nm emission
filter (CFP) or 535/25-nm emission filter (FRET). The FRET-to-CFP
emission ratio was calculated from CFP and FRET fluorescence
images of individual cells, which indicates the basal ATP concentra-
tion in mitochondria.

Electron microscopy. Mitochondrial morphology at the ultrastruc-
tural level was observed in transmission electron microscopy (EM), as
we have previously reported (55). Specimens were fixed in 2%
glutaraldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium
tetroxide in the same buffer, dehydrated in ethanol, and embedded in
epoxy resin. Thin sections were stained with uranyl acetate and lead
citrate. All specimens were observed with a transmission EM (FEI
Tecnai 12 TEM equipped with an XR111 11 megapixel charge-
coupled device, Advanced Microscopy Techniques, Woburn, MA) at
the EM Facility (Department of Pathology, Anatomy and Cell Biol-
ogy, Thomas Jefferson University).

Data and statistical analysis. All results are shown as means * SE.
An unpaired Student’s #-test was performed for two data sets. For
multiple comparisons, one-way ANOVA followed by a post hoc
Tukey test was performed. Statistical significance was set at P < 0.05.

Simple linear regression analysis (37) and Gaussian fitting in
histograms were performed using Origin software (version 6.1,
Northampton, MA).

RESULTS

Subcellular localizations of overexpressed RyR1 in cardiac
H9c2 cells. It has been previously reported that cardiac H9c2
myoblasts derived from the embryonic rat heart do not possess
detectable expression of RyR1 (19). Using a specific antibody
against RyR1, we confirmed that H9¢c2 cells did not possess
detectable protein levels of RyRI1 (Fig. 1A). The isoform
specificity of this antibody was confirmed using cytosolic/SR
fractions obtained from mouse skeletal and cardiac muscles
(Fig. 1B). To test the possibility of RyR1 trafficking/retention
to cardiac mitochondria, we overexpressed RyR1 in H9¢c2 cells
by DNA plasmid transfection. To deal with the potential issue

RyR1
RyR2
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of low transfection efficiency by conventional transient plas-
mid transfection methods since the protein molecular weight of
RyR1 is relatively large, we also established RyR1 stably
overexpressing H9¢2 cell lines (see MATERIALS AND METHODS),
and the expression level was confirmed by Western blot anal-
ysis using the specific antibody against RyR1 (Fig. 1A). Be-
cause RyRs are mainly expressed in the SR or ER, where they
mediate Ca>* release (53), the purity of our mitochondria-
enriched protein fractionation was evaluated by detection of
VDAC and SERCA2 by Western blot analysis as mitochon-
drial and ER/SR markers, respectively (8). The mitochondria-
enriched protein fractionation obtained from the RyR1-over-
expressing cell line showed that RyR1 is dominantly found in
the cytosolic/SR fraction but is also partially expressed in
mitochondria-enriched protein fractionation (Fig. 1C). We next
observed the subcellular localization of overexpressed GFP-
tagged RyR1 by confocal microscopy using transient RyR1-
overexpressing cells (Fig. 24). mt-RFP was cotransfected with
GFP-tagged RyR1 to detect the mitochondrial localization of
RyR1 (83). GFP-tagged MCU, its regulatory protein MICUI,
RyR2, and Letml were also overexpressed for comparison.
MCU, MICUL, and Letml were localized predominantly in
mitochondria, similar to the expression pattern of mt-GFP (Fig.
2, A and B). The subcellular localization of RyR1 and RyR2
showed “mesh-like” patterns indicative of mainly ER/SR lo-
calization (59), similar to the SR-GFP expression pattern (Fig.
1A). However, RyR1 but not RyR2 and SR-GFP was partially
colocalized with mt-RFP, which corresponded with our data
obtained from mitochondria-enriched protein fraction (Fig.
2A). Two-dimensional scatterplots of pixel intensities in red
(mt-RFP) and green (GFP-RyR1) channels indicated that a
small population of colocalized pixels (yellow) exists in RyR1-
overexpressing cells (Fig. 2C). We next quantitatively assessed
the mitochondrial localization efficiency of each GFP-tagged
protein by calculating the values of Pearson’s correlation (Fig.
2D). GFP-tagged MCU, MICUI, and Letml showed values
close to 1, representing that these proteins were highly mito-
chondria-targeted proteins, as previously reported (4, 17, 67).
The Pearson’s value for RyR1 was smaller than those of MCU,

RyR1

Fig. 1. Overexpressed ryanodine receptor (RyR) type 1 (RyR1) is partially localized in mitochondria in cardiac H9¢2 cells. A: detection of overexpressed RyR1
(arrows) from H9c2 cells stably overexpressing multifunctional green fluorescent protein (mfGFP)-RyR1 in whole cell lysates (25 pg/well) using a specific
antibody against RyR1 (rabbit polyclonal antibody, Alomone) using 4% SDS-PAGE (see MATERIALS AND METHODS). The control (CTR) was lysate from
nontransfected cells. B: specificity of the antibodies against RyR1 and RyR2. Cytosolic/sarcoplasmic reticulum (SR) proteins obtained from mouse skeletal (left
lane) and cardiac (right lane) muscles were separated using 4% SDS-PAGE (20 pg/well). The isoform specificities of the antibody against RyR1 (rabbit
polyclonal antibody, Alomone) and RyR2 (mouse monoclonal antibody, Sigma) were confirmed in the same blot. C: detection of overexpressed RyR1 from H9c2
cells stably overexpressing mfGFP-RyR1 in the whole cell lysate (W; 25 pg/well), cytosolic (C) fraction (including the SR; 25 pg/well), and mitochondrial (M)
fraction (25 pg/welll). Whole cell lysates from nontransfected H9c2 cells were used as the control (left side). Sarco(endo)plasmic reticulum Ca?*-ATPase 2
(SERCAZ2; Abcam) or voltage-dependent anion channel (VDAC; Cell Signaling) detection was used as confirmation of the purity of the cytosolic (including the
SR) or mitochondrial fractions, respectively.
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A pcDNA3.1 (+) RyR1 RyR2 SR-GFP

Fig. 2. Overexpressed RyR1 (but not RyR2)
is partially localized in mitochondria in car-
diac HO9c2 cells. A: representative images
obtained from H9c2 cells coexpressing mi-
tochondria-targeted red fluorescence protein
(mt-RFP) and GFP-tagged RyR1 and RyR2
using confocal microscopy. Arrows in the
inset show the mitochondrial localization of
RyR1. A GFP-nontransected cell [trans-
fected by empty vector pcDNA3.1(+)] is
shown for comparison to demonstrate back-
ground fluorescence. Cells coexpressing SR-
targeted GFP (SR-GFP) and mt-RFP are also
shown for comparison. B: representative pic-
tures obtained from H9c2 cells coexpressing
mt-RFP and GFP-tagged mitochondrial Ca>*
uniporter (MCU), mitochondrial Ca>* uptake
1 (MICU1), and leucine zipper-EF hand-con-
taining transmembrane protein 1 (Letml) us-
ing confocal microscopy. Cells overexpressing
mitochondrial matrix-targeted (mt-)GFP and
mt-RFP were used positive controls for the
colocalization analysis (right). C: color scat-
terplots (left) and frequency scatterplots
(right) obtained from the representative im-

ages in A and B. Plots obtained from cells
overexpressing mt-GFP and mt-RFP are
shown as positive controls for the colocal-
ization analysis. Region 1 and 2 pixels rep-
resent signals in channels 1 (green, GFP) or

2 (red, RFP) only, respectively, and region 3
represents colocalized pixels. D: colocaliza- [
tion coefficient analysis using Person’s cor-
relation coefficient (see MATERIALS AND
METHODS). Values for Pearson’s correlation
coefficient ranged from 1 to —1. A value of

1 represents perfect correlation, —1 repre-

sents perfect exclusion, and O represents ran-

dom localization. *P < 0.05 compared with
SR-GFP.
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MICUI, and Letml but was significantly higher than RyR2
and SR-GFP, suggesting that RyR1 has a higher probability of
mitochondrial localization compared with RyR2.

RyRI overexpression induces mitochondrial fragmentation.
The above results show that RyR1 has a high possibility of
mitochondrial retention compared with RyR2, which is con-
sistent with our previous report (8) using native mitochondria
obtained from adult rat cardiomyocytes. Next, to evaluate the
mitochondrial morphological changes after RyR overexpres-
sion, we analyzed the mitochondrial shapes (mt-RFP signal)
obtained from cells expressing GFP-tagged proteins. We only

(0
(s
y 2

%

D) 2 2 YU Y

% ¢

used cells successfully transfected with both mt-RFP and
GFP-tagged RyR1 for this analysis. In GFP-RyR1-overex-
pressing cells, RyR1-overexpressing mitochondria showed a
remarkably circular and fragmented morphology (see Fig. 24,
inset), whereas there were no obvious changes in mitochon-
drial morphology in RyR2- (Figs. 2A and 3A), MCU-,
MICU1-, and Letm1-overexpressing cells (Fig. 2C) (84). We
quantitatively evaluated mitochondrial morphology after RyR,
MCU, MICUI, and Letm1 overexpression by the values of FF
(the reciprocal of circularity value) and AR (major axis/minor
axis) obtained from mt-RFP fluorescent images in single cells
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(Figs. 2 and 3) (26, 27). The values of FF and AR represent the
mitochondrial shape (fragmentation or elongation) and net-
work (branching; see MATERIALS AND METHODS; Fig. 3B). MCU,
MICU1, and Letm1 overexpression did not change either FF or
AR (only AR data was shown), confirming that these two
proteins do not change mitochondrial morphology in this cell
line (Fig. 4A). RyR2, which is not expressed in mitochondria,
also did not change these two parameters (Fig. 3C). Recently,
coenzyme Qo has been identified as an additional Ca*>* uptake
pathway (10). However, coenzyme Qo treatment did not show
significant changes in mitochondrial morphology in this cell
line (Fig. 4B). Only RyR1 overexpression significantly de-
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Fig. 3. RyR1 (but not RyR2) overexpression
induces mitochondrial fragmentation in car-
diac H9¢2 cells. A: representative mitochon-
drial morphology in GFP-RyR1-overexpress-
ing (bottom) and control (fop) H9¢c2 cells. Mi-
tochondrial morphology was monitored by
cotransfection of mt-RFP. Confocal images of
mt-RFP using a convolve filter are shown and
were used for the calculation of the aspect ratio
(AR) and form factor (FF) from each mito-
chondrion (see MATERIALS AND METHODS).
B: summary data of merged AR/FF plots ob-
tained from multiple cells of control and GFP-
RyR1-overexpressing cells. C: summary data
of AR/FF from RyRI-overexpressing cells.
AR/FF from RyR2-overexpressing cells is
shown for comparison. *P < 0.05 compared
with control cells. D: representative mito-
chondrial morphology in mfGFP-RyRI1-
overexpressing (right) and control (left)
HO9c2 cells observed using electron micros-
copy (EM). Scale bar in high magnification =
500 nm; scale bar in low magnification =
100 nm. Arrows indicate the location of
endoplasmic reticulum (ER)/SR-mitochon-
dria contact sites. E: summary data of FF
2 histograms obtained from EM images of
control (left) and mfGFP-RyR1-overex-
pressing (right) cells. Red solid lines show
FF distribution patterns in each histogram by
= Gaussian fitting (one or two peaks). F: sum-
mary data of averaged FFs obtained from
EM images of control and GFP-RyR1-over-
expressing cells. ¥*P < 0.05 compared with
control cells.
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creased both FF and AR, indicating that there was significant
mitochondrial fragmentation (Fig. 3, B and C).

The changes in mitochondrial morphology induced by RyR1
overexpression were also observed by EM. In control cells,
mitochondrial morphology consisted of a mix of both tubular
and round mitochondria, but cells that stably overexpressed
mfGFP-RyR1 contained mostly small and round mitochondria
(Fig. 3D). Interestingly, we also found that ER/SR-mitochon-
drial contact sites were more frequently observed around round
mitochondria after overexpression of RyR1 compared with
control cells (Fig. 3D, white arrows). We calculated FF from
each mitochondrion observed in EM images and generated a

Fig. 4. MCU, MICUI, Letml, and coenzyme Qo
(CoQ10) do not change mitochondrial morphology
in cardiac H9c2 cells. A: summary data of ARs
obtained from GFP-tagged MCU-, MICUI-, and
Letm1-overexpressing cells (see also Fig. 2). Mito-
chondrial morphology was monitored by cotransfec-
tion of mt-RFP. B: summary data of ARs obtained
after treatment of 10 WM coenzyme Qo for 72 h.
More than 24 h of treatment of 10 uM coenzyme
Qo from extracellular solution can significantly
increase the mitochondrial coenzyme Qo concen-
tration in H9¢c2 cells (6). Since coenzyme Q1o stock
solution was made in ethanol (EtOH), data from
control (no treatment) and vehicle (EtOH)-treated
cells are also shown for comparison. Mitochondrial
morphology was monitored by cotransfection of
mt-RFP.

<
%
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histogram for FF distribution in each group (Fig. 3E). In
control cells, there was one peak distribution near 1 (round
mitochondria), but the FF values are widely spread in the range
of from 1 to 5 (tubular mitochondria), showing as a two-peak
Gaussian fitting (peak values of 1.20 and 1.51). In cells that
stably overexpressed mfGFP-RyR1, the distribution pattern of
FF lost diversity, and we observed one sharp peak near 1
(round mitochondria), showing as a single-peak Gaussian fit-
ting (peak value of 1.19). In addition, the mean FF value in
cells that stably overexpressed mfGFP-RyR1 obtained from
EM was significantly decreased compared with control cells,
which is consistent with our observations using confocal mi-
croscopy (Fig. 3F).

Next, we addressed the question of whether these changes in
mitochondrial morphology are derived from overexpressed
RyR1 channel function. Indeed, mitochondrial fragmentation
was inhibited by treatment with dantrolene, a RyR1 blocker (8,
85), whereas treatment with dantrolene itself did not alter any
mitochondrial morphology in RyR2-overexpressing or control
cells (Fig. 5A). To definitively confirm that the mitochondrial
fragmentation was RyR1 mediated, we tested the effect of
RyR1 knockdown on mitochondrial morphology in H9¢2 cells
that stably overexpressed mfGFP-RyR1. We used the transfec-
tion vector encoding siRNA against GFP (63) since mfGFP-
RyR1 contains the GFP sequence. The knockdown efficiency
using this siRNA was first confirmed in HOC2 cells transiently
with GFP (Fig. 5B). The mitochondrial fragmentation in cells
that stably overexpressed mfGFP-RyR1 was inhibited by
siRNA transfection concomitant with significant knock down
of mfGFP-RyR1 (Fig. 5C), indicating that this effect was
mediated through overexpression of RyR1. In contrast, trans-
fection of GFP-siRNA vector in control cells did not show any
morphological changes (Fig. 5C). Because H9c2 cardiac myo-
blasts do not possess detectable RyR1 before differentiation
(see Fig. 1A) and skeletal myoblasts do (19), we next used the
mouse skeletal myoblast cell line (C2C12 cells) as a template
of RyR1 knockout and compared those cells with the immor-
talized RyR1-dyspedic mouse myoblast cell line (1B5 cells;

A _ B
Aspect Ratio GfP
CTR _ GFP-siRNA
GFP (-) (+) (+)
GFP-siRNA (-) (-) (*)
GFP —
tubulin -
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Fig. 5D) (20). In C2C12 cells, mitochondrial morphology
consisted of a mix of both tubular and round (and small)
mitochondria, but 1B5 cells contained only tubular mitochon-
dria. Quantitative analysis of the values of FF and AR also
revealed significant differences in mitochondrial shape be-
tween C2C12 and IBS5 cells (Fig. 4D; only AR values are
shown). The mitochondrial elongation by stable knockdown of
RyR1 in 1B5 cells was countered by GFP-RyR1 knockin (Fig.
5D), suggesting that the RyR1 expression level is critical for
mitochondrial morphology.

RyR1 overexpression induces mitochondrial fragmentation
through the fission process. The next question is how RyR1
overexpression induces mitochondrial fragmentation. It has
been well demonstrated that cardiac cells undergo mitochon-
drial fission in response to Ca?”" elevation and ROS accumu-
lation (26, 27), which leads to W, depolarization (5) and
finally to decreased ATP production and increased activation
of apoptotic cell death signaling (62). Since the majority of
RyR1 is expressed in the ER/SR after overexpression, we first
investigated whether there was an elevation or oscillation of
[Ca®"]. in H9c2 cells overexpressing RyR1 due to the in-
creased amount of SR Ca®* leak through overexpressed RyR1
at the SR. Resting [Ca®*]. was measured with a double-
indicator ratiometric procedure by loading cells with fluo-3 and
fura red (Fig. 6) (30, 31, 38). RyR1 overexpression did not
change resting [Ca®"]., whereas RyR2 overexpression signif-
icantly increased resting [Ca**]., compared with control cells
(Fig. 6, A and B). In addition, cells that overexpressed RyR1
did not show [Ca®"]. oscillation at rest, but cells that overex-
pressed RyR2 did, which is consistent with results we have
previously shown in human embryonic kidney-293 cells (Fig.
6C) (58). We also found that RyR1 overexpression did not
change basal ROS levels in mitochondria measured by the
mitochondrial superoxide indicator MitoSox (Fig. 7A). In ad-
dition, there was no significant change in W, as measured by
the W,,-sensitive probe TMRE (Fig. 7B). These data indicate
that the mitochondrial fragmentation by RyR1 overexpression
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Fig. 5. RyR1 inhibition/knockdown attenuates mitochondrial fragmentation. A: effect of RyR blocker (1 .M dantrolene) on mitochondrial morphology in RyR1-
or RyR2-overexpressing cells. Cells were treated with either 1 wM dantrolene or DMSO (as a control) overnight and were used for morphological analysis.
Mitochondrial morphology was monitored by transfection of mt-RFP. B: suppression of GFP expression by cotransfection of GFP-small interfering (si)RNA in
HOc2 cells. Expression of GFP by pEGFP-C1 vector in H9¢c2 cells was examined by cotransfection with or without GFP-siRNA in pSP108 vector using confocal
microscopy and Western blot analysis (whole cell lysates, 25 pg/well). C: suppression of mfGFP-RyR1 expression by cotransfection of GFP-siRNA vector in
HOc2 cells stably overexpressing mfGFP-RyR1 (whole cell lysates, 25 pg/well). Mitochondrial morphology was monitored by transfection of mt-RFP. D: effect
of RyR knockin on mitochondrial morphology in RyR1-dyspedic mouse myoblasts (1B5 cells, RyR1~/7). GFP-RyR1 was transfected in 1B5 cells, and
mitochondrial morphology was observed 48 h after transfection. The average AR from C2C12 cells (RyR1*/*) is shown as a control. Mitochondrial morphology
was monitored by cotransfection of mt-RFP. N.S., not significant.
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Fig. 6. Overexpression of RyR1 does not
show resting cystolic Ca>" concentration
([Ca?*].) elevation/oscillation in H9c2 cells.
A: representative images of cells after fluo-3
(green images) and fura red (red images).
Hot map images showing the fluo-3-to-Fura
red ratio calculated from the original images
are also shown (bottom). B: summary data
from the images in A. *P < 0.05 compared
with control cells. C: representative line-
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is not likely due to cytosolic Ca®>* elevation, mitochondrial
ROS elevation, and/or W, depolarization.

We (34) have recently reported that glucose stimulation
induces mitochondrial fragmentation, ATP production, and
insulin secretion without Wy, depolarization through the activ-
ity of the fission protein DLPI in an insulinoma cell line
(INS-1E cells). This led us to question whether RyR1 overex-
pression might cause mitochondrial fragmentation through
increased fission machinery activation without W, depolariza-
tion in H9c2 cells. First, we performed protein fractionation
using cells that stably overexpressed mfGFP-RyR1 and ob-
served the amount of DLPI in the mitochondria-enriched
protein fraction. Interestingly, the mitochondria-enriched pro-
tein fraction from mfGFP-RyRI1-overexpressing cells con-
tained more DLP1 compared with control cells, indicating that
DLP1 activity in mitochondria from mfGFP-RyR1-overex-
pressing cells is higher than that from control cells (Fig. 8A).
To confirm that the mitochondrial fragmentation by RyR1
overexpression is mediated through DLP1 activity, we trans-
fected a dominant negative mutant of DLP1 (DLP1-K38A) to
cells that stably overexpressed mfGFP-RyR1 (83). Indeed,
inhibition of mitochondrial fission by DLP1-K38A eliminated
the RyR1 overexpression-induced change in mitochondrial
morphology in this stable cell line (Fig. 8B). These data
indicate that RyR1 overexpression induces mitochondrial frag-
mentation through an acceleration of the fission process (trans-
location of DLPI to mitochondria) without cytosolic Ca®*
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scan images obtained from H9c2 cells over-

expressing RyR1 or RyR2 loaded with fluo-

3. The time-dependent movement of fluo-3
. fluorescence intensity calculated from each
< line-scan image is also shown (bottom).
A.U., arbitrary units.

elevation, mitochondrial ROS elevation, and V¥,, depolariza-
tion.

Fragmented mitochondria show prolonged elevation of
[Ca? ™ ],y in response to a cytosolic Ca®™ transient. Increasing
evidence indicates that changes in mitochondrial dynamics/
morphology are intricately related to mitochondrial function,
including ATP production and cellular function, suggesting
that mitochondrial form and function are linked (25). However,
little is known about the relationship between mitochondrial
form and mitochondrial Ca?*-handling profiles. Since our data
showed that RyR1 overexpression can change mitochondrial
morphology, we next addressed the question of whether the
change in mitochondrial morphology is associated with a
change in [Ca® " e profiles in H9c2 cells. We used a mito-
chondrial matrix-targeted Ca’"-sensitive inverse pericam
named Mitycam (40) as a mitochondrial Ca*>* probe and
measured the changes in [Ca®™ e in both global and individual
mitochondria (Fig. 9). First, we confirmed that this Ca®*
sensor was expressed in mitochondria in H9c2 cells after
transfection (Fig. 9A). Surface membrane depolarization by a
high-K* (60 mM) solution (to evoke [Ca®*]. elevation) elic-
ited global [Ca?* ] increases that returned to resting levels 60
s after stimulation (Fig. 9, B and C). We also successfully
measured [Ca®" ], changes by 20 nM endothelin (ET)-1 and 3
M thapsigargin (Fig. 9C). Preincubation with the uncoupler 5
pM FCCP (40) significantly inhibited ET-1-induced mitochon-
drial Ca®" accumulation (Fig. 9C). Next, we plotted basal

Membrane potential

Fig. 7. Overexpression of RyR1 does not change the
oxidative level at mitochondria and mitochondrial
membrane potential (W) in H9¢2 cells. A: mito-
chondrial superoxide levels in control cells and cells
stably overexpressing mfGFP-RyR1 measured by
MitoSOX red. A complex III inhibitor, 10 pM
antimycin A (10 min), was used to confirm that
fluorescence intensity does not saturate at rest in
each cell group. *P < 0.05 compared with control
cells at rest. B: Wy, in control cells and cells stably
overexpressing mfGFP-RyR1 measured by the Wi,-
sensitive probe tetramethyl rhodamine ester
(TMRE). FCCP (10 pM, 10 min) was applied to
confirm that there was no significant difference in
W .-sensitive fluorescence intensity between the two
groups. *P < 0.05 compared with control cells at
rest.
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Fig. 8. Inhibition of mitochondrial fission eliminates the RyR1 overexpression-induced change in mitochondrial morphology in H9¢c2 cells. A: detection of
dynamin-like protein 1 (DLP1) from H9c2 cells stably expressing mfGFP-RyR1 (cells 3 and 4) or control cells (nontransfected cells; cells I and 2) in the cytosolic
(Cyto) fraction (including the SR, 25 pg/well) and mitochondrial (Mito) fraction (50 pg/well). SERCA2 (Cell Signaling) or VDAC (Cell Signaling) detection
was used as a confirmation of the purity of the cytosolic fraction (including the SR) or mitochondrial fraction, respectively. B: effect of dominant negative DLP1
(DLP1-K38A) on mitochondrial morphology in H9¢c2 cells stably overexpressing mfGFP-RyR1 or control cells. Mitochondrial morphology was monitored by
cotransfection of mt-RFP. *P < 0.05 compared with control cells transfected with empty vector [pcDNA3.1(+)].

[Ca?* ] (Fig. 9D) and changes of [Ca®* ], (Fig. 9E) in each
mitochondrion separately. Basal [Ca®*]. (estimated by the
fluorescence intensity of Mitycam before stimulation) of each
mitochondrion was not significantly associated with either
mitochondrial shape (FF and AR) or mitochondrial volume
(size; Fig. 9D). Mitochondria that were tubular and networked
showed [Ca®" ]y peaks similar to average global mitochon-
drial [Ca®™ ] increases with faster recovery kinetics (Fig. 9, E
and F). In contrast, fragmented mitochondria (or isolated
mitochondria that were not networked) showed larger and
sustained [Ca®" ]y, increases compared with averaged global
[Ca?*], increases (Fig. 9, E and F). These observations
suggest that mitochondrial form (morphology) and the Ca®*-
handing profile are linked in H9c2 cells.

RyRI overexpression induces Ca’™-dependent mitochon-
drial ATP production. Our data clearly showed that RyR1
overexpression induces mitochondrial fragmentation (Figs. 2,
3, and 5). Interestingly, fragmented mitochondria in H9¢c2 cells
elicited a sustained [Ca®™]m elevation in response to a cyto-
solic Ca®* transient (Fig. 9). Since ATP generation is known to
be a Ca®*-dependent process, the next question we examined
was how the changes in mitochondrial morphology (fragmen-
tation) by RyR1 and the alteration in [Ca?" ], handing influ-
ence mitochondrial metabolism. To test whether RyR1 overex-
pression can affect ATP production, [ATP],,, was measured using
the mitochondrial matrix-targeted FRET-based ATP sensor
Ateam by confocal microscopy (see MATERIALS AND METHODS;
Fig. 10A) (29, 61, 79). We confirmed that this ATP sensor was
expressed in mitochondria in H9¢2 cells after transfection (Fig.
10A). RyR1-overexpressing cells had higher [ATP],, under
basal conditions, as observed using Ateam (Fig. 10B). Next, we
addressed whether cells that overexpressed RyR1 could pro-
duce ATP in response to a cytosolic Ca*>* elevation. Because
overexpressed RyR1 was also expressed at the SR, we stimu-
lated cells with ET-1 and mobilized insitol 1,4,5-trisphosphate
(IP3) receptor-based SR Ca?* release (45) to match the mag-
nitude of a cytosolic Ca®" transient in control and RyRI-
transfected cells. We confirmed that ET-1 treatment was able
to evoke a [Ca®* ]y transient immediately after stimulation
(Fig. 90). Cells were also treated with 10 pg/ml oligomycin A
to determine the range of the FRET ratio derived from basal
ATP levels in the mitochondrial matrix (Fig. 10C). ET-1-

induced [Ca®"]. elevation caused a rapid increase of ATP
production in RyR1-overexpressing cells compared with con-
trol cells (Fig. 10, C and D). These results strongly support our
hypothesis that Ca®* influx via mRyR1 is critical in the
regulation of mitochondrial morphology (form) and ATP gen-
eration (function).

DISCUSSION

In this study, we used RyR1-overexpressing cardiac myo-
blasts and showed that /) overexpressed RyR1 is partially
expressed in mitochondria but RyR2 is not (Figs. 1 and 2); 2)
overexpression of RyR1 but not RyR2, MCU, MICUI, or
Letml or treatment of coenzyme Qo leads to mitochondrial
fragmentation (Figs. 3 and 4), which can be blocked by
pharmacological inhibition or genetic knockdown of RyR1; 3)
RyR1 overexpression induces mitochondrial fragmentation
through the fission process but not by [Ca®*]. elevation,
mitochondrial ROS elevation, and WV, depolarization (Figs.
6—8); 4) fragmented and interconnected tubular mitochondria
have a different [Ca®" ], profile in response to high-K™*-
induced [Ca®"]. increases and, especially, fragmented mito-
chondria have a larger and sustained [Ca®* ] increase (Fig. 9);
and 5) cells that overexpress RyR1 have higher [ATP],,, under
basal conditions and accelerated [Ca®"].-dependent ATP pro-
duction (Fig. 10). These results show that mRyR1 plays an
important role in the regulation of both mitochondrial mor-
phology and Ca®*-dependent ATP production, suggesting dis-
tinctive roles of mRyR1 and MCU in the regulation of mito-
chondrial form and function in cardiac cells (Fig. 11).

Molecular mechanism underlying mitochondrial localiza-
tions of RyRI in cardiac H9c2 cells. First, we found that
overexpressed RyR1 can partially target and localized to mi-
tochondria, but overexpressed RyR2 cannot, which is consis-
tent with our previous observations demonstrating that a small
amount of RyRIl (~5% of total RyR), but not RyR2, is
expressed in native cardiomyocytes (8). Here, the important
question arises of how RyR1 but not RyR2 is localized in
mitochondria.

The precursor forms of mitochondrial nuclear-encoded pro-
teins contain targeting and sorting signals, presented as an
NH,-terminal signal sequence (e.g., Ref. 32) or within other
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Fig. 9. Fragmented mitochondria show pro-
longed elevation of the matrix Ca>* concen-
tration in response to a cytosolic Ca*>* tran-
sient in cardiac H9¢c2 cells. A: expression and
localization of the mitochondria-targeted
Ca?*-sensitive probe Mitycam in H9¢2 cells.
The location of mitochondria was labeled by
mt-RFP expression. B: time course of Mi-
tycam fluorescence images after depolarization
by high-K* (60 mM) application. A line trace
of mitochondria shapes is also shown (right).
Mitochondria that were tubular and in the net-
work are shown in gray (branching mitochon-
dria), and those that were fragmented and iso-
lated from the network are shown in red (iso-
lated mitochondria). C: time course of changes
in intramitochondrial Ca?*  concentration
([Ca®"]mo) stimulated by high K* (60 mM),
20 nM endotherin (ET)-1, and 3 wM thapsi-
gargin (TG). The arrow shows the timing of
application of those stimulants. The time
course of changes in [Ca®" ], stimulated by
ET-1 after 10 min of pretreatment with 5
M FCCP is also shown as a control. Fluo-
rescence values are expressed as —AF/Fo
(see MATERIALS AND METHODS). D: simple
linear regression analysis (37) between basal
fluorescence in each mitochondrion and AR
(left), FF (middle), or mitochondrial size
(right) in each mitochondrion. Each size was
normalized to the averaged mitochondrial
size calculated from all mitochondria ob-
served in the whole cell area in B. E: intrami-
tochondrial Ca?™ transient ([Ca®" | traces
obtained from single mitochondria in B.
F: averaged [Ca®*]m from isolated or
branching mitochondria in B. The average
[Ca?* | from all mitochondria in the field is
also shown (total).

parts of precursor proteins [e.g., the COOH-term(47)] (for a
review, see Ref. 41), which are essential to direct them to
mitochondria. However, the existence of NH;-terminal signal
sequences is not always indispensable for mitochondrial trans-
port and retention. We can predict the existence of NH»-
terminal signal sequences and their cleavage sites in these
proteins using a computational prediction program named
Mitoprot (12). Indeed, MCU and MICU1, used in this study,
possess typical NH,-terminal signal sequences (Table 1). Con-
versely, other major mitochondrial proteins, such as cyclophi-
lin D and adenine nucleotide translocator, do not possess predict-

able motifs (Table 1). RyRs also do not have any predictable
NH,-terminal signal sequences. Much like cyclophilin D and
adenine nucleotide translocator, Mitoprot does not show a high
probability of RyR import to mitochondria (Table 1).

Previous studies have reported that the ER retention signal is
likely present within the COOH-terminal portion of RyR1 (9,
53, 78) or RyR2 (22), which contains transmembrane domains
(TMDs). Bhat and Ma (9) reported that amino acids 4918—
4943 of RyR1, which are within TMD6 and have a consensus
sequence with the IP3 receptor and RyR2, contain a strong ER
retention signal (Fig. 12). Taylor’s group (53) showed that
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Fig. 10. RyR1 overexpression induces Ca?*-
dependent mitochondrial ATP production in
cardiac H9¢c2 cells. A: expression and local-
ization of the mitochondria-targeted fluores-
cence resonance energy transfer (FRET)-
based ATP probe Ateam in RyRI1-overex-
pressing (bottom) and control (top) H9c2
cells. Cyan fluorescent protein (CFP; green)
and FRET (red) images are shown. B: com-
parison of the basal FRET-to-CFP ratio with
(RyR1) or without (CTR) RyR1 overexpres-
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with 10 pg/ml oligomycin A (Oligo). The
range of the oligomycin A-sensitive FRET-
to-CFP ratio was estimated and used for
normalization of the FRET-to-CFP ratio in
each group (see MATERIALS AND METHODS).
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[ATP]m after ET-1 stimulation in RyRI1-
transfected or control cells. *P < 0.05 com-
pared with control cells.
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TMDI1 has a stronger ER localization signal compared with
TMDG. Interestingly, they also found that the peptide corre-
sponding to TMD3-TMD4 has the potential to target to mito-
chondria (53). Because the sequences of TMD3 in RyR1 and
RyR2 have less similarity (60%; Fig. 12A), the difference in
the potential mitochondrial target sequence within the RyR
proteins might explain the isoform-specific subcellular local-
ization in cardiomyocytes. Because overexpressed RyR1 in the
mitochondrial fraction has a slightly smaller molecular weight
than that found in the SR fraction (see Fig. 1C), it is conceiv-
able that RyR1 in cardiac cells might undergo posttranslational
modification (e.g., truncation in the COOH-term portion) and
thereby enhance the mitochondrial retention signal located at
TMD3-TMD4. Future studies will address the detailed mech-
anism of RyRI1 trafficking to mitochondria, including the
clarification of the full sequence of the mRyR1 protein using
mass spectrometry.

Molecular mechanism underlying the regulation of mito-
chondrial form and function by RyRI in cardiac H9c2 cells:
distinct roles of mRyRI and MCU in the regulation of mito-
chondrial form and function. The next important finding in this
study was that overexpression of RyR1, but not MCU, leads to
mitochondrial fragmentation (Figs. 2 and 3). This fragmenta-
tion is mediated through mitochondrial Ca®" sequestration via
mRyR1 as it is reversed by dantrolene or knockdown of this
channel (Fig. 5). This observation is consistent with our pre-
vious finding that an increase in [Ca®"]m induces mitochon-
drial fragmentation in cardiac cells (27). We also found that
cells that overexpress RyR1 have a higher [ATP], under basal

2 3 4 5

time (min)

conditions and accelerated [Ca®*].-dependent ATP produc-
tion. This observation is consistent with our previous finding in
RyR1 knockout mice that the respiratory control index is very
low (=1) and [Ca®>"]. does not stimulates O, consumption.
Our previous reports and present data strongly support our
hypothesis that Ca’?* influx via mRyR1 is critical in the
regulation of form (mitochondrial morphology) and function
(ATP generation).

Interestingly, recent ground-breaking studies have shown
that mitochondrial respiration, cell morphology, and cell via-
bility surprisingly remain normal in MCU or MICU1 knock-
out/-overexpressing cells even though Ca®* influx is well
known to be critical in the regulation of these functions (4, 17,
67). Our present study using H9c2 cells also confirmed these
previous observations demonstrating that overexpression of
MCU or MICUT1 does not significantly change mitochondrial
morphology (Figs. 2 and 4). An important question arises as
why only RyR1 expression (but not MCU) induces mitochon-
drial fragmentation and ATP generation (Fig. 7). There are
several possibilities that can explain the unique roles of MCU
and mRyR1.

First, the Ca®" sensitivity and Ca?*-dependent activation/
inactivation profiles of mRyR1 and MCU are quite different
(for reviews, see Refs. 64 and 71). mRyR1 starts to open in
response to = in Ca®>" concentrations between 107 and 10~¢
M [the half-maximal activation (Ko s) is between 107¢ and
107> M (7)] and can respond to rapid Ca>" pulses (73). On the
other hand, the MCU current observed in mitoplast patch
clamp requires rather high [Ca®"]. to activate, with K5 = 20
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Fig. 11. Ca®" influx through mRyR1 (but not MCU) mediates mitochondrial
fragmentation and ATP production in cardiac cells.

mM (42). A recent mathematical model has shown that there is
almost no MCU current at 1 pM [Ca®"]. but that there is
limited MCU current activation at 20 wM [Ca?*]. (~1/3 the
potential to extract Ca?>" from the cytosol compared with
SERCA) (81). Therefore, it is likely that MCU does not
participate in Ca®* uptake at resting [Ca®"]. (or at small
spontaneous [Ca®*]. oscillations under nonstimulated condi-
tions) but that it can be activated by slower and higher Ca**
elevations at the ER/SR contact site (approximately up to 10
M [Ca®t]e) (14, 15, 70), either by IPs receptor-mediated
Ca®* release in physiological conditions or during the cytoso-
lic Ca®>* overload frequently observed in pathophysiological
conditions.

H1747

Second, the localization of mRyR1 and MCU in mitochon-
dria might be different. Growing evidence shows that the
structural proximity of mitochondria and ER/SR Ca®™ release
sites has an important role in the regulation of cellular Ca?™"
dynamics and metabolism (16, 76). Hajnéczky’s group (82)
recently demonstrated that an increase in the expression levels
of RyRs, by either increasing endogenous expression levels of
RyRs via differentiation or overexpression of RyR1 by trans-
fection, can enhance ER/SR-mitochondrial Ca*>* signaling in
HO9c2 myoblasts. They also speculated that RyRs are an im-
portant component for the formation of ER/SR-mitochondrial
Ca?" coupling. In this study, we found that not only the
number of fragmented (round) mitochondria increases after
overexpression of RyR1 in EM but also that the ER/SR-
mitochondrial contact sites are frequently observed (see Fig.
3D). Taken together, it is likely that mRyR1 is one of the
determining components for mitochondrial morphology and
also the formation of the ER/SR-mitochondrial Ca®>* coupling
unit, probably due to overexpressed mRyR1 being preferen-
tially located at mitochondria-SR/ER contact sites. Since MCU
is shown to have relatively uniform distribution over the
mitochondrion (17, 50), it is probable that mRyR1 can more
efficiently import ER/SR Ca?* release to increase [Ca®™ ]
and induce Ca**-dependent mitochondrial fragmentation com-
pared with MCU due to its localization and its role in the
formation of the ER/SR-mitochondrial Ca’>* coupling unit.
However, there has been no report showing that RyRs them-
selves can work as the anchoring or tethering protein between
the ER/SR and mitochondria. One possibility is that mRyR1
expression or Ca®" infux via mRyR1 can regulate local Ca®*
and/or ROS signaling and modulate the activity or subcellular
localization of the fission protein DLP1 since we found that
DLP1 significantly translocates to mitochondria after RyR1
overexpression (see Fig. 8). Further studies will be required to
identify the detailed mechanism of how RyR1 overexpression
determines DLP1 translocation to mitochondria, especially
focusing on the posttranslational modification of DLP1 by
Ca®* and/or ROS signaling (e.g., phosphorylation).

The formation of ER/SR and mitochondria contacts could
also explain why the fragmented mitochondria have more
robust Ca?™" sequestration. ER and mitochondrial networks are
intricately intertwined, and it is estimated that 5-20% of the
surface of the mitochondrial network are close to the ER
surface; therefore, ER/SR-mitochondrial Ca?™" coupling is
formed at those contact sites (70). Rizzuto and colleagues (77)
showed that division of the mitochondrial network by overex-

Table 1. Prediction of mitochondrial targeting sequences and cleavage sites

Sequence Length, Cleavage Probability of Export
amino acids Site Cleaved Sequence to Mitochondria

Mitochondrial Ca®>* uniporter 351 56 MAAAAGRSLLLLLSSRGGGGG 0.9759
GAGGCGALTAGCFPGLGVSRHRQQQHHRTVHQRI

Mitochondrial Ca®* uptake 1 478 56 MFRLNSLSALAELAVGSRWYH 0.8223
GGSQPIQIRRRLMMVAFLGASAVTASTGLLWKRA

Adenine nucleotide translocator 298 Not predictable 0.2422

Cyclophilin D 370 Not predictable 0.0531

Ryanodine receptor type 1 5,038 Not predictable 0.0002

Ryanodine receptor type 2 4,967 Not predictable 0.0002

The pobability of protein export to mitochondria was computationally calculated by MitoProt software based on the existence of the NH»-terminal

mitochondrial targeting sequence and the whole protein sequence (see Ref. 12).
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Fig. 12. Alignment of the amino acid sequences be-
tween human RyR1 and RyR2. Multiple sequence RyR1
alignment was performed by Multalin (version 5.4) RyR2
(13). A: alignment of the amino acid sequences around ~ Consensus
transmembrane domain (TMD)3-TMD4 in RyR1 and
RyR2. TMD3 in RyR1 corresponding to the rabbit
RyR1sequence (4770—4882) is shown in pink. B: align- B
ment of the amino acid sequences around TMDG6 in
RyR1 and RyR2. The ER retention signal in RyR1 RyR1
corresponding to the rabbit RyR1 sequence (4918— Conse$|ys|3§

4943) is shown in yellow.

pression of the mitochondrial fission factor DLP1 (which
shows global mitochondrial fragmentation) creates heteroge-
neity of Ca®" uptake/release kinetics in each mitochondrion
and blocks the propagation of Ca>* waves in mitochondrial
networks in HelLa cells. Indeed, we show here that there is a
heterogeneity of mitochondrial Ca®>* handing profiles in tubu-
lar/in-network mitochondria and fragmented/out-of-network
mitochondria in H9c2 cells (Fig. 8). It is a reasonable to
consider that fragmented mitochondria can sustain [Ca®" ]y
increases without propagation of Ca’>* to the neighboring
mitochondria, which can activate the TCA cycle to increase
ATP generation (Fig. 11). Growing evidence also suggests that
the physiological activation of the mitochondrial fission pro-
cess itself can enhance the efficiency of electron transport
chain activity, possibly via the facilitation of forming super-
complexes of the respiratory chain (48, 74). We (34) have also
previously reported that fragmented mitochondria show effi-
cient ATP production without Wy, depolarization during glu-
cose stimulation in an insulinoma cell line. Interestingly, the
expression pattern of mRyR1 was heterogeneous between each
mitochondrion, whereas MCU, MICUI, and Letml were ho-
mogenously expressed in all mitochondria (Fig. 2, A and B). In
addition, RyR1-overexpressing mitochondria observed in con-
focal microscopy showed remarkably more round and frag-
mented morphology (Fig. 2A, inset). Collectively, this evi-
dence and our present data strongly support our hypothesis that
the expression of mRyR1 modulates mitochondrial morphol-
ogy (fragmentation) and their Ca®"-handing profiles, thereby
accelerating Ca®"-dependent ATP production at the matrix
(Fig. 11).

There are several reports that have demonstrated that RyR1
expression is increased in diseased cardiomyocytes. In human
heart failure, RyR1 expression increases approximately two-
fold (57). In an electrical remodeling model, cultured atrial
cells showed an increase of ~27-fold RyR1 mRNA (51). In the
present study, we overexpressed RyRI1 in H9C2 cells and
confirmed that RyR1 increases from undetectable levels to
detectable levels in Western blot analysis (see Fig. 1) and
functionally increase ATP production (see Fig. 10). However,
we did not carefully quantified how much RyR1 expression is
required to increase ATP generation efficiency in this cell line.
A future study needs to address whether an increase in RyR1
expression in the diseased heart can alter ATP production.

Taken together, it is likely that Ca®* influx kinetics via
mRyR1 and/or the role of mRyR1 for the formation of ER/
SR-mitochondria coupling units enable maximum ATP pro-

EDPAGDEYELYRYYFDITFFFFYIVILLATITIOGLIIDAFGELRDOQOEQYKEDI
EDPAGDEYEIYRIIFDITFFFFYIVILLATIIOGLIIDAFGELRDQOEQYKEDI
EDPAGDEYEiYR! !FDITFFFFYIVILLAIIOGLITIDAFGELRDQOEQYKEDI

ER signal
TMD 6

duction efficiency with a minimum amount of net Ca®* trans-
port. In contrast, the relatively slower kinetics and lower Ca®>"
affinity make MCU an ideal candidate for cytosolic Ca®"
buffering when [Ca®"]. increases at ER/SR contact sites under
physiological or pathophysiological conditions.

Limitations of this study. As shown in Figs. 1C and 2A,
overexpressed RyRI1 is partially localized in mitochondria,
although the majority of overexpressed RyR1 is localized in
the ER/SR. As discussed above, the detailed mechanism of
how RyRI1 can target to mitochondria is still unclear, and,
currently, there is no tool to control the location of overex-
pressed RyR1. Therefore, we still need to take into account that
the changes in mitochondrial morphology and function after
RyR1 overexpression might be a secondary effect from the
ER/SR-located RyR1, although we could not see any signifi-
cant effect of RyR1 overexpression on [Ca®>*]. (Fig. 6) and
ER/SR-overexpressed RyR2 on mitochondrial morphology
(Figs. 2and 3). Future work is needed to address a physiolog-
ical role of mRyR1 in the adult cardiomyocyte by knockdown
of this channel in situ.

In addition, since it is practically difficult to obtain a 100%
pure mitochondria membrane preparation for biochemistry, a
future study will further confirm the localization of overex-
pressed mRyR1 using immunoelectron microscopy, as we have
previously reported (7).

Conclusions. Taken together, our results show the molecular
and functional roles of mRyR1 using a RyR1 overexpression
system in H9c2 cardiac myoblasts, which clearly distinguish its
role from classical MCU. mRyR1 may uniquely work to
sequester Ca>" to generate ATP in myoblasts. Elucidation of
the unique biophysical characteristics and physiological func-
tions of the Ca" influx mechanism via both MCU and mRyR 1
in cardiac myoblasts is significant for our understanding of
mitochondrial Ca®" signaling in the regulation of cardiac
physiology and pathophysiology.
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