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Down Syndrome Critical Region 1 Gene, Rcanl, Helps
Maintain a More Fused Mitochondrial Network

Valentina Parra, Francisco Altamirano, Carolina P. Hernandez-Fuentes, Dan Tong,
Victoriia Kyrychenko, David Rotter, Zully Pedrozo, Joseph A. Hill, Verénica Eisner,
Sergio Lavandero, Jay W. Schneider, Beverly A. Rothermel

Rationale: The regulator of calcineurin 1 (RCAN]1) inhibits CN (calcineurin), a Ca**-activated protein phosphatase
important in cardiac remodeling. In humans, RCANI is located on chromosome 21 in proximity to the Down
syndrome critical region. The hearts and brains of Rcanl KO mice are more susceptible to damage from ischemia/
reperfusion (I/R); however, the underlying cause is not known.

Objective: Mitochondria are key mediators of I/R damage. The goal of these studies was to determine the impact of
RCANT1 on mitochondrial dynamics and function.

Methods and Results: Using both neonatal and isolated adult cardiomyocytes, we show that, when RCAN1 is
depleted, the mitochondrial network is more fragmented because of increased CN-dependent activation of the
fission protein, DRP1 (dynamin-1-like). Mitochondria in RCAN1-depleted cardiomyocytes have reduced membrane
potential, O, consumption, and generation of reactive oxygen species, as well as a reduced capacity for mitochondrial
Ca?* uptake. RCAN1-depleted cardiomyocytes were more sensitive to I/R; however, pharmacological inhibition
of CN, DRP1, or CAPN (calpains; Ca*-activated proteases) restored protection, suggesting that in the absence
of RCAN1, CAPN-mediated damage after I/R is greater because of a decrease in the capacity of mitochondria
to buffer cytoplasmic Ca?. Increasing RCANI levels by adenoviral infection was sufficient to enhance fusion
and confer protection from I/R. To examine the impact of more modest, and biologically relevant, increases in
RCANI1, we compared the mitochondrial network in induced pluripotent stem cells derived from individuals with
Down syndrome to that of isogenic, disomic controls. Mitochondria were more fused, and O, consumption was
greater in the trisomic induced pluripotent stem cells; however, coupling efficiency and metabolic flexibility were
compromised compared with disomic induced pluripotent stem cells. Depletion of RCAN1 from trisomic induced
pluripotent stem cells was sufficient to normalize mitochondrial dynamics and function.

Conclusions: RCAN1 helps maintain a more interconnected mitochondrial network, and maintaining
appropriate RCAN1 levels is important to human health and disease. (Circ Res. 2018;122:e20-e33. DOI:
10.1161/CIRCRESAHA.117.311522.)
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ardiovascular disease is the leading cause of death world-
wide.! Restoring blood flow as soon as possible after a myo-
cardial infarction or stroke is essential. However, reperfusion of

Editorial, see p 796
Meet the First Author, see p 792

ischemic tissue (ischemia/reperfusion [I/R]) can itself cause dam-
age through generation of reactive oxygen species (ROS) and Ca**
overload. Mitochondrial function is a critical determinant of the
susceptibility of the heart to I/R damage.* Mitochondria form
dynamic networks whose structure is fashioned by the opposing

processes of mitochondrial fission and fusion.’ Increased fusion
tends to increase mitochondrial membrane potential (AW ) as
well as the AW -dependent processes of ATP generation, ROS
generation, and mitochondrial Ca®* uptake. An array of proteins
are involved in the fission/fusion process, including the fission
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Novelty and Significance

What Is Known?

The regulator of calcineurin 1 gene (RCAN1), located on human chro-
mosome 21, encodes a protein that inhibits the protein phosphatase
calcineurin.

Excessive activation of calcineurin in the heart contributes to patho-
logical hypertrophy and the progression to failure.

Calcineurin promotes mitochondrial fission by dephosphorylating the
pro-fission protein DRP1 (dynamin-1-like).

The hearts and brains of mice lacking RCAN1 are more susceptible to
damage from ischemia/reperfusion.

Down syndrome, a condition caused by triplication of chromosome 21,
has been associated with altered mitochondrial function and increased
oxidative stress.

What New Information Does This Article Contribute?

The mitochondrial network is more fragmented in cells deficient for
RCAN1 because of a calcineurin-dependent increase in DRP1 activa-
tion and mitochondrial fission.

Cardiomyocytes deficient for RCAN1 have decreased mitochondrial
membrane potential, 0, consumption, generation of reactive oxygen
species, and capacity for mitochondrial Ca* uptake.

e This reduces the capacity of mitochondria to buffer cytosolic Ca?',
thereby increasing damage from Ca?*-activated calpain proteases on
reperfusion.

o Qverexpression of the RCAN1.1 isoform is sufficient to generate a more
fused network and increase oxygen consumption.

e Mitochondria in trisomic induced pluripotent stem cells derived from
individuals with Down syndrome are larger and more metabolically ac-
tive than isogenic, disomic controls. Furthermore, siRNA depletion of
RCAN1.1 is sufficient to restore the mitochondrial network and function.

Mitochondria carry out critical functions beyond making ATP, such as
acting as sites for Ca?* uptake and mediating cell death or survival.
Here we show that RCAN1 helps maintain a functional mitochondrial
network in cardiomyocytes and other cell types both in vitro and in
vivo. Loss of RCAN1 increases mitochondrial fission while decreasing
the capacity for Ca®* uptake. This leaves tissues more susceptible
to calpain-mediated damage after ischemia/reperfusion, as occurs
with heart attack or stroke. Conversely, excess RCAN1 is sufficient
to promote fusion and increase mitochondrial metabolism. Although
this is beneficial in the heart, we postulate that in the context of Down
syndrome, where RCAN1 levels are chronically elevated, enhanced
fusion may both increase generation of reactive oxygen species and
interfere with the process of mitochondrial repair.

Nonstandard Abbreviations and Acronyms

AMVM adult mouse ventricular cardiomyocytes
Atp5b mitochondrial ATPase synthase beta subunit
CAPN calpain

CN calcineurin

D21-iPSC  disomic derivative of T21-iPSC

dKD double knockdown of RCAN1.1 and RCAN1.4
DRP1 dynamin-1-like

DS Down syndrome

DSCR1 Down syndrome critical region 1

ETC electron transport chain

Hk2 hexokinase 2

HSPA9 heat shock protein family A (Hsp70) member 9
iPSC induced pluripotent stem cells

I/R ischemia/reperfusion

MEF mouse embryonic fibroblasts

MFN2 mitofusin 2

NRVMs neonatal rat ventricular myocytes

OPA1 mitochondrial dynamin-like GTPase

Ptkfh2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2
PINK1 PTEN-induced putative kinase 1

RCAN1 regulator of calcineurin 1

RCAN1.1  exon 1 isoform of RCAN1
RCAN1.4  exon 4 isoform of RCAN1
ROS reactive oxygen species

Slc2a1 solute carrier family 2 member 1
SPTAN1 o-spectrin
T21-iPSC  iPSC derived from individuals with Down syndrome

WT

wild-type

AW mitochondrial membrane potential

protein, dynamin-1-like (DNM1L, typically referred to as DRP1).
Diverse posttranslational modifications of DRP1 regulate its ac-
tivity,57 including dephosphorylation by the Ca**-activated protein
phosphatase, CN (calcineurin), that promotes DRP1 translocation
to mitochondria, thereby initiating fission.® There is a dramatic in-
crease in cytoplasmic Ca?* during ischemia; however, CN remains
relatively inactive because of the low pH caused by a buildup of
lactic acid.® CAPN (calpains) are Ca**-activated proteases that
also play an important role in I/R damage.'®!" Similar to CN, they
remain inactive in the low pH environment of the ischemic heart
but are activated rapidly on reperfusion.

Sustained activation of CN is sufficient to drive pathological
hypertrophy of the myocardium, with subsequent heart failure and
death.” CN activity can be modified by members of the RCAN
(regulator of calcineurin) family of proteins that inhibit CN activi-
ty through a direct protein—protein interaction.'*'* The regulator of
calcineurin 1 (RCANI) gene encodes 2 isoforms and was initially
designated as Down syndrome (DS) critical region 1 (DSCRI)
because of its location on human chromosome 21." Altered mito-
chondrial function and increased oxidative stress have long been
associated with DS.'® Exon 1 isoform of RCAN1 (RCANI.1) is
abundant in striated muscle and brain where its expression is rela-
tively constant, whereas expression of exon 4 isoform of RCANI1
(RCAN1.4) is under the control of CN, thereby acting as a feed-
back inhibitor of CN activity.!” Cardiac-specific overexpression of
an RCANI transgene protects the heart from a variety of patho-
logical stresses including I/R,'®*° whereas the brains and hearts of
mice lacking RCANT are more sensitive to I/R.*-

Here, we investigate the contribution of RCANI to the con-
trol of mitochondrial dynamics and function using neonatal rat
ventricular myocytes (NRVMs), isolated adult mouse ventricular
cardiomyocytes (AMVM), mouse embryonic fibroblasts (MEF),
and induced pluripotent stem cells (iPSC) derived from individuals
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with DS. We show that depletion of RCANI increases mitochon-
drial fission, lowering metabolic function and capacity for Ca*
buffering, thereby increasing CAPN-mediated damage after reper-
fusion. Conversely, raising RCANI levels is sufficient to increase
fusion but may compromise coupling efficiency and respiratory
reserve.

Methods

Full methods are provided in the Online Data Supplement. All data,
methods, and study materials are also available on request by contact-
ing either Dr Parra (vparra@ciq.uchile.cl) or Dr Rothermel (beverly.
rothermel @utsouthwestern.edu).

Results

Depletion of RCANI1 Increases Mitochondrial
Fragmentation in Cardiomyocytes

Transmission electron micrographs comparing wild-type
(WT) and Rcanl KO hearts showed evidence of increased mi-
tochondrial fragmentation in the KO (Figure 1A). There was
a decrease in the size of individual mitochondria (Figure 1B)
and an increase in their number (Figure 1C). Mitochondrial
perimeter decreased (Figure 1D), whereas their circularity in-
dex increased (Figure 1E).

To test whether RCAN1-dependent changes in the mito-
chondrial network were cell-autonomous, siRNAs were used
to deplete the RCAN1.1 and RCANI1.4 isoforms from cultured
NRVMs, either individually or in combination (dKD) (Online
Figure I). Forty-eight hours after siRNA transfection, cells
were stained with Mitotracker Green (400 nmol/L; Figure 2A)
and quantified for both the number and size of individual mito-
chondria using volume-reconstitution of confocal Z stacks.*
Consistent with the changes observed in the left ventricular wall
of KO mice, dKD increased mitochondrial number (Figure 2B)
and decreased size (Figure 2C). Depleting RCANI1.1 alone re-
sulted in changes comparable to the dKD, whereas the effect of
depleting RCAN1 .4, although trending in a similar direction, was
not significant. Thus, in this experimental context, the RCANI.1
isoform had the primary impact on mitochondrial morphology.
Electron micrographs of the siRNA-depleted NRVMs showed
similar changes (Online Figure IIA through IIE).

Fluorescence recovery after photo bleaching was used to
compare the functional connectivity of mitochondria. siRNA-
transfected NRVMs were labeled with tetramethylrhodamine
followed by photo bleaching of selected regions of the mito-
chondrial network (Figure 2D). Fluorescence recovery after
photo bleaching signal was quantified over time. The rate
of recovery and the maximal fluorescence recovered were
lower in RCANT1.1-depleted NRVMs compared with controls
(Figure 2E through 2G), indicative of decreased mitochondri-
al connectivity or a lower efficiency for mitochondrial mem-
brane potential recovery. There was no apparent change in
total mitochondrial mass, as assessed by either Western blot
or flow cytometry (Online Figure IIF through IIH).

Depletion of RCANI1 Increases Translocation of
DRP1 to Mitochondria

We postulated that loss of CN inhibition in the Rcanl KO
promotes mitochondrial fission by increasing CN activa-
tion of DRP1. Consistent with this, there was an increase
in DRP1 protein in the mitochondrial fraction of RCAN1.1-
depleted and dKD NRVMs compared with control siRNA
or RCANI1.4-depleted NRVMs (Figure 2H and 2I). DRP1
phosphorylation at serine 637, the CN substrate site (Ser®’
in humans and Ser®® in rat), was assessed by immunopre-
cipitating total DRP1 and then probing with a phospho-
Ser®’-specific antibody. NRVMs depleted for RCANI.1
alone or as the dKD showed a decrease in Ser®’ phos-
phorylation compared with control siRNA and RCAN1 .4-
depleted cells (Figure 2J and 2K). Taken together, the
changes in phosphorylation and subcellular distribution of
DRP1 suggest that RCAN1 helps maintain mitochondrial
fusion by suppressing CN-mediated activation of DRP1 and
points to the RCANI.1 isoform playing a primary role in
this process. Consistent with RCAN1 acting through CN-
dependent control of DRP1, pharmacological inhibition of
CN using FK506, or inhibition of DRP1 using Mdivi-1, re-
stored a more fused mitochondrial network to RCANI1.1-
depleted NRVMs (Online Figure IIIA through IIIF). To
verify the impact of RCANI1 depletion on CN activity,
we assessed nuclear translocation of endogenous NFATI,
which increased in RCAN1-depleted NRVMs, indicative of
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Figure 2. Mitochondrial fragmentation increases in exon 1 isoform of RCAN1 (RCAN1.1)-depleted neonatal rat ventricular
myocytes (NRVM). NRVM were transfected with a nonspecific control siRNA or ones targeting RCAN7.7 and RCAN1.4, individually

or combined (dKD). A, Confocal Z stack reconstructions of siControl- and siRCAN1.17-depleted NRVMs stained with Mitotracker

Green (scale bar: 20 um) were assessed for (B) the number of mitochondria per cell and (C) volume of individual mitochondria. Data

are from 25 cells examined from 6 separate experiments (n=6). D-K, Fluorescence recovery after photo bleaching (FRAP) analysis of
tetramethylrhodamine (TMRM)-stained NRVM was used to assess connectivity of the mitochondrial network. D, Bleaching of TMRM
fluorescence was applied in an =25-um? square at randomly chosen regions (scale bar: 10 um). E, Fluorescence recovery was tracked
over time and normalized to the signal prior to bleaching then quantified for (F) rate of recovery and (G) level of recovery. Data are from
15 cells each condition in 5 separate experiments (n=5). H, Mitochondria and cytosol were fractionated from siRNA-transfected NRVM
and then assessed by Western blot for the proteins indicated. I, DRP1 (dynamin-1-like) localized to the mitochondrial fractions in H were
quantified by densitometry (n=4). J, Total DRP1 protein was immunoprecipitated from total cell extracts of siRNA-transfected NRVM and
then probed with antibody specific for phospho-Ser®’. K, Signal was normalized to total DRP1 (n=3). Mean+SEM; *P<0.05, **P<0.01,
**P<0.001. RCANT1 indicates regulator of calcineurin 1.

an increase in CN activity (Online Figure IIIG and IIIH). activity. The rate of O, consumption was used to assess elec-
Immunocytochemistry likewise showed increased colocal- tron flow through the ETC and fidelity of OXPHOS coupling.
ization of DRP1 with mitochondria (Online Figure III-I) Baseline O, consumption was reduced in RCAN1.1-depleted
along with increased fission (Online Figure II1J and IIIK). and dKD NRVMs compared with control (Figure 3D). O,

consumption was lower in RCANI.1-depleted cells com-
Mitochondrial Function Is Reduced in pared with controls, even after the addition of the uncoupler,
Cardiomyocytes Depleted of RCAN1.1 carbonyl cyanide m-chlorophenylhydrazone, indicating a
Disruption of the mitochondrial network is often associated decrease in maximal ETC capacity (Figure 3E). There was
with a decrease in mitochondrial function.>”* Indeed, intra- no difference between control and RCAN1.1-depleted cells
cellular ATP (Figure 3A) and AW (Figure 3B) were signifi- treated with the complex V inhibitor, oligomycin, demonstrat-
cantly reduced in the RCANI1.1-depleted and dKD NRVMs. ing that loss of RCANI.1 did not alter OXPHOS coupling.
AW is generated by proton pumping through the mitochon- Consequently, oligomycin increased A¥ in both control and

drial electron transport chain (ETC) at complexes (I, III, and RCANI.1-depleted cells (Online Figure IVA). ROS produc-
IV) and then dissipated through complex V to generate ATP tion was also lower in the RCAN1.1-depleted and dKD cells
(OXPHOS coupling; Figure 3C). Dissipation of the proton compared with control (Figure 3F and 3G), consistent with a
gradient can also occur through other mechanisms, some of reduction in both their ETC capacity and AW . It is important
which consume ATP. Thus, reductions in AW, and ATP levels to note that mitochondria depleted for RCAN1.1 had the same
per se do not necessarily indicate a reduction in mitochondrial rate of uncoupled proton leak as control cells, despite a lower
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Figure 3. Mitochondrial function is decreased in exon 1 isoform of RCAN1 (RCAN1.1)-depleted neonatal rat ventricular myocytes
(NRVM). Cells were transfected with siRNAs as indicated and analyzed 48 h later. A, Total cellular ATP levels were measured by
luciferase (n=7). B, Transfected NRVM were loaded with tetramethylrhodamine (TMRM) and analyzed by flow cytometry to assess Ay, .
The complex V inhibitor, Oligomycin (Oligo, 10 pmol/L), and the mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP; 50 umol/L) were used as positive and negative controls, respectively (n=5). C, Schematic draws an analogy between
mitochondrial electron transport and an electric circuit. Complexes |, lll, and IV act in parallel with respect to the proton circuit and

in series with respect to the electron flow. The sites of action for Oligo and CCCP are indicated. D, O, consumption is reduced with
RCAN1 depletion (n=6). E, Maximal and proton leak-associated O, consumption were assessed by adding CCCP (200 nmol/L) or Oligo
(50 nmol/L), respectively (n=4). F, Total reactive oxygen species (ROS) content was measured by flow cytometry using MitoSox (n=5) or
(G) DH123 (n=4). H, Transcript levels for hexokinase 2 (Hk2), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (Pfkfb2), solute
carrier family 2 member 1 (Sic2a7), and mitochondrial ATPase synthase beta subunit (Atp5b) were quantified by quantitative polymerase
chain reaction (QPCR; n=3). Mean+SEM; *P<0.05, **P<0.01, **P<0.001. RCAN1 indicates regulator of calcineurin 1.

driving force; ergo, they may be intrinsically leakier. If so,
this could further contribute to reducing mitochondrial func-
tion and ROS production.

Transcript levels for several genes associated with glycol-
ysis increased, including hexokinase 2 (Hk2), 6-phosphofruc-
to-2-kinase/fructose-2,6-biphosphatase 2 (Pfkfb2), and solute
carrier family 2 member 1 (Slc2al, also known as Glutl;
Figure 3H), suggesting that the RCAN1.1-depleted and dKD
NRVMs may compensate for a reduction in mitochondrial
function by increasing reliance on glycolysis. The survival
rate of RCAN1.1-depleted NRVMs after a shift to media lack-
ing glucose was reduced compared with control cells (Online
Figure IVB). There was no change in transcript levels of the
mitochondrial ATPase synthase beta subunit (Azp5b), consis-
tent with a reduction in mitochondrial efficiency rather than
a change in total mitochondrial mass. Treatment with either
FK506 or Mdivi-1 was sufficient to prevent the increase in
expression of glycolytic genes in RCAN1-depleted NRVMs
(Online Figure IVC through IVH).

Increased Mitochondrial Fragmentation
Increases Susceptibility of RCAN1.1-Depleted
Cardiomyocytes to I/R
Tissues of the Rcanl KO mice are more susceptible to dam-
age from I/R.*'-> To examine this in a controlled experimental
system, we turned to an in vitro model of simulated cardiac
I/R (sI/R). NRVMs depleted of RCAN1 were more sensitive
to sI/R (Figure 4A), although sI/R itself did not change protein
levels of either RCAN1.1 or RCAN1.4 (Online Figure IV-I
and IVJ). Depleting RCANI1.1 had the greatest impact on I/R
sensitivity, whereas depletion of RCAN1.4 alone was not sig-
nificant (Figure 4A). Treatment with either FK506 or Mdivi-1
restored resistance to sI/R (Figure 4B and 4C and Online
Figure IVK and IVL), suggesting that endogenous RCAN1
protects from I/R damage by suppressing CN-dependent acti-
vation of DRP1.

Abundance of the mitochondrial protein mtHSP70 (HSPA9
[heat shock protein family A (Hsp70) member 9]) was similar
in control and RCAN1-depleted NRVM both prior to and after
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Figure 4. siRCAN1.1-depleted neonatal rat ventricular myocytes (NRVM) are more sensitive to ischemia/reperfusion (I/R) because
of calcineurin (CN)-dependent activation of DRP1 (dynamin-1-like). A, Forty-eight hours after transfection, NRVM were subjected to
simulated I/R (6 h ischemia and 12 h reperfusion), and LDH (lactate dehydrogenase) release was used to assess death (n=4). B, NRVM
were treated with either FK506 (20 nmol/L) to inhibit CN or (C) Mdivi (12.5 pmol/L) to inhibit DRP1, prior to simulated I/R (n=4). D-H,
NRVM protein extracts were probed for DRP1, HSPA9 (mtHSP70; heat shock protein family A (Hsp70) member 9), TUBB (3-tubulin), OPA1
(mitochondrial dynamin like GTPase; long and short isoforms), PINK1 (PTEN-induced putative kinase 1), MFN2 (mitofusin 2), PARK2
(Parkinson disease 2), and GAPDH by Western blot and quantified by densitometry (n=4). Mean+SEM; *P<0.05, **P<0.01, **P<0.001.

RCANT1 indicates regulator of calcineurin 1.

sI/R (Figure 4D) suggesting that, at the time points measured,
loss of RCANT did not alter total mitochondrial mass. Total
DRP1 protein levels also remained constant (Figure 4D and
4E). In contrast, levels of all isoforms of the fusion protein,
OPA1 (mitochondrial dynamin-like GTPase), were reduced
in the RCANI1.1-depleted and dKD NRVMs, both under nor-
moxic conditions and after sI/R (Figure 4D and 4F). There was
also an increase in levels of the PINK1 (PTEN-induced puta-
tive kinase 1)® in the RCANT1.1-depleted and dKD NRVMs,
under both normoxic conditions and after I/R (Figure 4D
and 4G). Protein levels for the fusion protein, MFN2 (mito-
fusin 2), were not different under normoxic conditions, but
after sI/R, there was a much more pronounced decline in
MEN?2 in the RCANI1.1-depleted cells compared with controls
(Figure 4D and 4H). These changes in OPA1 and MFN?2 levels
would favor fission and may, therefore, act to further disrupt
the mitochondrial network in RCAN1-depleted cells.

The Capacity for Mitochondrial Ca** Uptake Is
Reduced in Cardiomyocytes Depleted of RCANI1.1
Uptake through the mitochondrial Ca** uniporter is dependent on
AW . thus, a more connected mitochondrial network is a more
efficient buffer of cytosolic Ca?*.***' Close proximity of mito-
chondria to sites of Ca?* release also facilitates mitochondrial

Ca?* uptake. In RCAN1.1-depleted NRVMs, there was a gen-
eral redistribution of mitochondria away from the perinuclear
zone (Figure 5A; Online Figure V), a region of close interac-
tion between mitochondria and the endoplasmic reticulum. To
assess capacity for mitochondrial Ca** uptake, NRVMs were
loaded with RhodFF and then treated with histamine to evoke
Ca* release from the endoplasmic reticulum. Mitochondrial
Ca* uptake was significantly reduced in RCANI1.1-depleted
cells compared with siRNA controls (Figure 5B and 5C). To
test the impact on cytosolic Ca** transients in the setting of cal-
cium-induced calcium release, NRVMs were loaded with Fura2
and then stimulated with 50 mmol/L KCl to depolarize the plas-
ma membrane and trigger calcium-induced calcium release.
Cytoplasmic Ca®* levels were similar in RCANI.1-depleted
and control cells at rest. After KCl stimulation, a rapid increase
in cytosolic Ca®* was observed in both cell types. However, cy-
tosolic Ca?* returned to baseline levels in the control NRVMs,
whereas in the RCANI.1-depleted cells, cytosolic Ca*" levels
remained elevated (Figure 5D and 5E). The increases in cyto-
solic Ca** after histamine treatment were also much higher in
RCANI1.1-depleted NRVMs compared with those in controls
(Online Figure VIA and VIB).
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Figure 5. Depletion of exon 1 isoform of RCAN1 (RCAN1.1) reduces mitochondrial Ca?* buffering capacity and increases CAPN
(calpain)-mediated damage after ischemia/reperfusion (I/R). A, siRNA-transfected neonatal rat ventricular myocytes (NRVM) stained
with Mitotracker Green have been pseudo-colored to indicate the relative density of mitochondrial signal. Yellow indicates lower density,

whereas red-violet indicates higher density (scale bar: 20 pum). B and C, Mitochondria Ca?* uptake was assessed by loading cells with
Rhod-FF prior to the addition of histamine (100 pmol/L) to release Ca?* from endoplasmic reticulum (ER) stores (n=4). D, Cytosolic
Ca?* was assessed by loading cells with Fura2 prior to the addition of KCI 50 mmol/L to trigger Ca?*-induced Ca?* release. E, Signal
from (D) was quantified as the maximal fluorescence ratio reached during the first 150 s. Data are from 50 cells examined in 5 separate
experiments. F, a-Spectrin (SPTAN1) cleavage products were assessed by Western blot. lonomycin (lono) was added as a control for
CAPN activation. Quantification in lower panel (n=4). G-I, RCAN1-depleted NRVM were treated with the CAPN inhibitors E-64D

(10 pmol/L), MDL (10 umol/L), or PD 150606 (10 pmol/L) prior to simulated cardiac I/R (sI/R; n=5). J, A mixture of siRNA’s depleting

CAPN 1 and 2 (50 nmol/L) also conferred protection to the RCAN1.1-

depleted NRVM (n=5). Mean+SEM; *P<0.05, **P<0.01, **P<0.001.

CCCP indicates carbonyl cyanide m-chlorophenylhydrazone; RCAN1, regulator of calcineurin 1.

Depletion of RCANI1.1 Increases CAPN-Dependent
Cardiomyocyte Damage After I/R

During ischemia, acidification of the cytosol by lactic acid
increases cytosolic Ca** through the combined compensa-
tory actions of the Na*/H* exchanger, the Na*/K*-ATPase,
and the Na*/Ca** exchanger. CAPNs are activated rapidly

on reperfusion®** and contribute to the degradation of sev-
eral structural proteins in cardiomyocytes after I/R, including
SPTANI1 (a-spectrin).’** An increase in the levels of SPTAN1
cleavage products after sI/R verified activation of CAPNs in
our model (Figure 5F). The accumulation of cleavage products
after sI/R was greater in the RCAN1.1-depleted cells than in
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control siRNA-treated NRVMs, suggesting increased activa-
tion of CAPN. Under normoxic conditions, SPTANI cleavage
products were not significantly increased in RCAN1-depleted
cells compared with controls, suggesting that depletion of
RCANT does not elevate CAPN activity under homeostatic,
resting conditions. Treatment with Mdivi-1 reduced the ac-
cumulation of SPTANI cleavage products under all condi-
tions (Online Figure VIC and VID). Treatment with any 1 of 3
different CAPN inhibitors (E-64D, MDL, or PD 150606) re-
stored protection from I/R to the RCAN1.1-depleted and dKD
cells (Figure 5G through 51 and Online Figure VIE through
VIG). E-64D and MDL also inhibit cathepsins.** PD 150606
is more specific, inhibiting both CAPN 1 and 2 (un-CAPN
and m-CAPN), which are the primary forms found in heart.*
Targeted siRNAs were used to knock down both Capn 1 and
2. This conferred significant protection to the RCANI.1-
depleted NRVMs (Figure 5J; Online Figure VIH through V1J).
Preincubation of NRVMs with Ruthenium Red (RuRed), an
inhibitor of mitochondrial Ca*" uniporter, increased cell death
under normoxia and after I/R in RCANI1.1-depleted cells,
whereas, chelating intracellular Ca** with BAPTA-AM prior
sI/R reduced death (Online Figure VIK through VIO). Taken
together, these results suggest that NRVMs deficient for
RCANI.1 are more susceptible to damage from I/R because
of elevated activation of CAPN after reperfusion and that this
may be because of a decrease in mitochondrial Ca** buffering
capacity, the result of enhanced fission.

Increasing RCANI1.1 Levels Is Sufficient to Promote
Cardiomyocyte Mitochondrial Fusion and Increase

O, Consumption

An adenovirus encoding full-length human RCANI.I1 (Ad-
hRCANI.1) was used to test whether increasing RCANI.1
levels is sufficient to increase mitochondrial fusion (Online
Figure VIIA and VIID). Twenty-four hours after infection,
Ad-hRCANI. I restored mitochondrial fusion to the RCANI.1-
depleted cells in a dose-dependent fashion (Figure 6A through
6C). In contrast, infection with an adenovirus encoding the
RCAN1.4 isoform (Ad-hRCANI.4) was not sufficient to
restore the mitochondrial network to RCANI.1-depleted
NRVMs (Online Figure VIIIA through VIIIG). Ad-hRCANI.1
also increased fusion in control siRNA cells, demonstrating
that increasing RCANT levels is sufficient to promote fusion.
Consistent with the changes seen in mitochondrial morphol-
ogy, Ad-hRCAN1.1 increased O, consumption (Figure 6D),
ROS generation (Figure 6E), and conferred protection from
sI/R (Figure 6F). In contrast, Ad-hRCANI1.4 did not con-
fer significant protection (Online Figure VIIIH). Although
Ad-hRCANI.1 infection of control cells increased O, con-
sumption, this was at least in part caused by an increase in
uncoupling (+oligomycin in Figure 6G) rather than a change
in the capacity for maximal electron flow through the ETC
(+carbonyl cyanide m-chlorophenylhydrazone in Figure 6G).

Loss of RCAN1 In Vivo Decreases Mitochondrial
Metabolism and the Capacity for Mitochondrial
Ca* Uptake and Function in Adult Cardiomyocytes
To determine whether our findings in NRVMs translated
to the adult myocardium, AMVM were isolated from adult
WT and KO mice and evaluated to compare mitochondrial

RCAN1 Helps Maintain a Fused Mitochondrial Network e27

morphology, capacity for Ca** uptake, and metabolic activ-
ity. Despite the compact organization of the mitochondrial
network, 3D reconstruction revealed a more fragmented net-
work in KO myocytes compared with WT, with an increase
in the total number of mitochondria per cell and a decrease
in mitochondrial size (Figure 7A through 7C). Interestingly,
separate analysis of interior regions of interest verses periph-
eral regions of interest suggested that increased fission in the
KO localized primarily to mitochondrial populations located
in the interior of cardiomyocytes, whereas peripheral popu-
lations were not significantly different between KO and WT
(Figure 7A, 7D, and 7E). Directly relevant to the increase in
I/R sensitivity, the capacity for mitochondrial calcium uptake
was significantly reduced in KO AMVM compared with WT
(Figure 7F through 7H). The localization of the Ca*" signal
was consistent with mitochondrial morphology. Uptake by
mitochondrial Ca?* uniporter was validated using the inhibi-
tor RuRed (Online Figure IX). O, consumption was measured
in permeabilized AMVM. State III respiration was signifi-
cantly lower in AMVM from the Rcanl KO compared with
those from WT using either pyruvate (Figure 7I) or glutamate
(Figure 7J) as a substrate. Taken together, these findings indi-
cate that loss of RCANT in adult cardiomyocytes replicates
many of the key features observed in NRVMs.

Mitochondrial Fusion Is Increased in iPSC Derived
From Individuals With Down Syndrome

The preceding studies provide evidence that RCANT1 helps to
maintain the mitochondrial network in a more fused configura-
tion and that this affects fundamental metabolic parameters in
cardiomyocytes. To determine whether these findings extend
to other cell types, we first isolated MEF from the Rcanl KO
and compared the mitochondrial network to that of WT MEF.
Consistent with the studies in RCAN1-depeleted NRVMs, the
mitochondrial network in Rcanl KO MEF showed evidence
of increased fission compared with that of WT MEF (Online
Figure X); thus, RCAN1’s impact on mitochondrial dynamics
was not specific to cardiomyocytes. Our studies overexpress-
ing RCANI.1 in NRVMs also suggest that increasing RCAN|1
levels beyond their normal homeostatic controls is not nec-
essarily beneficial and can have detrimental consequences
with regard to increased uncoupling and ROS generation
(Figure 6).

To examine this in the context of human health and dis-
ease, we turned to individuals with DS who are trisomic for
chromosome 21. RCANI protein levels are elevated in the
brain human fetuses with DS,">?7 and studies have linked
RCANT with oxidative stress respnses.*** We obtained hu-
man trisomy 21 iPSCs (T21-iPSC) and isogenic disomic con-
trols (D21-iPSC) through the PCBC Disease Lines resource
(https://progenitorcells.org/).* Mitochondrial morphology
was assessed and showed a reduction in the number of mito-
chondria per cell and an increase in the mean volume of in-
dividual mitochondria in trisomic T21-iPSC when compared
with disomic D21-iPSC, indicative of a more interconnected
mitochondrial network (Figure 8A through 8C). The rate of
O, consumption was also substantially elevated in the T21-
iPSC (Figure 8D). O, consumption did not further increase
after addition of carbonyl cyanide m-chlorophenylhydrazone,
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Figure 6. Exogenous expression of human exon 1 isoform of RCAN1

(RCAN1.1) restores mitochondrial parameters and protection

from ischemia/reperfusion (I/R) to RCAN1.1-depleted neonatal rat ventricular myocytes (NRVM). A, Cells were transfected with
indicated siRNAs followed by adenoviral infection to express human RCAN1.1 (Ad-RCAN1.1) or 3-galactosidase (Ad -gal). Forty-eight
hours later, cells were loaded with Mitotracker Green and imaged by confocal (n=4; scale bar: 10 pm) and quantified for (B) individual
mitochondrial volume and (C) the number of mitochondria per cell. D, Infection with Ad-hRCANT1.1 increased O, consumption in both
siControl and siRCAN1.1-depleted NRVM (n=4). E, Infection with Ad-hRCAN1.1 increased reactive oxygen species (ROS) production in
both siControl and siRCAN1.1-depleted NRVM (n=4). F, Infection with Ad-hRCAN1.1 restored protection from simulated cardiac I/R (sI/R)
to siRCANT.7-depleted NRVM (n=4). G, Maximal and proton leak-associated O, consumption were assessed by adding carbonyl cyanide
m-chlorophenylhydrazone (CCCP; 200 nmol/L) or oligomycin (50 nmol/L), respectively, to control cells infected with either Ad--gal or Ad-
hRCANT1.1 (n=4). Mean+SEM; *P<0.05, **P<0.01, **P<0.001. RCAN1 indicates regulator of calcineurin 1.

suggesting that the mitochondria in these cells are already
working at maximal capacity. Importantly, there was also an
increase in uncoupled proton leak in the T21-iPSC similar to
that observed in control NRVMs infected with Ad-hRCAN1.1
(Figure 6), suggesting that increased dosage of RCAN1 may
have detrimental effects on mitochondrial function.

Although chromosome 21 is the smallest of the human
somatic chromosomes, it contains over 200 genes along with
an array of noncoding RNAs, any one, or combination of,
could contribute to this change in mitochondrial morphology

and function. To test whether increased dosage of the RCANI
gene underlies the changes in mitochondrial form and func-
tion, human-specific siRNAs were used to deplete each of the
RCANI isoforms individually and in combination from the
trisomic T21-iPSC. At baseline, transcript levels for RCANI.1
were elevated in the T21-iPSC compared with those in the
disomic D21-iPSC (Figure 8E). The disomic and trisomic
iPSC were transfected with siRNAs targeting RCANI.I and
RCANI1.4 alone or in combination. siRNA targeting RCANI.1
was effective at reducing RCANI.I transcript levels in both
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Figure 7. Rcan1 KO adult cardimyocytes show increased fission, decreased mitochondrial Ca?* buffering capacity, and

decreased mitochondrial function. A, Confocal Z stack reconstructions of wild-type (WT) and knockout (KO) adult mouse ventricular
cardiomyocytes (AMVMs) stained with tetramethylrhodamine (TMRM); scale bar: 20 pm) were assessed for (B) the number of mitochondria
per cell and (C) volume of individual mitochondria. Data are from 25 cells examined from 3 separate experiments. D and E, Interior (Inter)
or peripheral (Peri) regions of interests from the images in A were assessed independently. F, Mitochondrial Ca?* uptake in permeabilized
AMVM stained with Rhod2. G, Quantification of F and (H) area under the curve during 300 s. Data are from 50 cells examined in 3
separate experiments. Oxygen consumption of permeabilized AMVMs using (I) pyruvate and (J) glutamate as substrates. n=4 from 3
different mice in each group. Mean+SEM; *P<0.05, **P<0.01, **P<0.001. RCAN1 indicates regulator of calcineurin 1.

genotypes (Figure 8E). In the T21-iPSC, transcript and pro-
tein levels for RCAN1.1 were reduced to at, or below, those
found in D21-iPSC (Figure 8E through 8G). This occurred
without impacting markers of pluripotency as assessed by
Western blot (Figure 8F) or quantitative reverse transcriptase
polymerase chain reaction (Online Figure XI). RCANI1.4 pro-
tein was below the level of detection in these cells (Figure 8F).
Remarkably, siRNA depletion of RCANI.1 was sufficient to
restore the mitochondrial network in the T21-iPSC to lev-
els comparable to control siRNA-transfected D21-iPSC
(Figure 8H through 8J). The rate of O, consumption in T21-
iPSC was likewise restored to that measured in D21-iPSC
(Figure 8K). Taken together, these data suggest that increased
dosage of RCANI may underlie a fundamental increase in

mitochondrial fusion in the setting of trisomy 21 but may
come at the cost of compromised coupling efficiency and re-
duced respiratory reserve.

Discussion
Mitochondrial metabolism and function play an important role
in human health, disease, and aging. This is particularly true
in highly oxidative organs such as the heart and brain where
mitochondrial dysfunction is often a prominent feature of dis-
ease-related decline. In the setting of reperfusion injury after
acute MI or stroke, mitochondria are the source of fundamen-
tal signals mediating cellular survival and death. In the context
of RCANI deficiency, cardiac and neuronal damage after I/R
is greater in Rcanl-KO mice, and forced expression in either
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Figure 8. Trisomic induced pluripotent stem cell (iPSC) from individuals with Down syndrome have a more fused
mitochondrial network and increased O, consumption. A, Disomic D21-iPSC (2S) and Trisomic T21-iPSC (3S) were stained
with Mitotracker green and then analyzed by confocal microscopy to reconstruct the mitochondrial network. Representative
images are provided from the D21-iPSC line No. 409 (2S) and the T21-iPSC line No. 416 (3S). Identical results were obtained
from independent lines No. 406 (2S) and No. 419 (3S) (scale bar: 10 um). B, Trisomic T21-iPSC contained fewer (C) and larger
mitochondria compared with disomic D21-iPSC. Data are from 25 cells in 3 independent experiments. D, O, consumption rate was
higher in T21-iPSC than in D21-iPSC. Maximal capacity and proton leak were assessed by adding oligomycin (Oligo; 50 nmol/L)
or carbonyl cyanide m-chlorophenylhydrazone (CCCP; 200 nmol/L), respectively (n=5). E, Transcript levels for exon 1 isoform

of RCAN1 (RCAN1.1) were higher in T21-iPSC than in D21-iPSC. Human-specific siRNAs targeting each of the RCAN1 isoforms
were used to deplete endogenous RCAN1 from both lines and changes in endogenous RCAN1.1 transcripts quantified by gPCR
(n=4). F, The siRNA-depleted iPSC were analyzed by Western blot for RCAN1, SOX2, POU5F1, and TUBB proteins. HEK293
cells were used as controls. G, Densitometry was used to quantify RCAN1.1 protein levels in F normalized to TUBB (n=4). H,
Trisomic T21-iPSC were depleted of RCAN1.1 and RCAN1.4, individually and in combination (dKD), and then stained for analysis
of the mitochondrial network (scale bar: 10 um). I, Depletion of RCAN1.1 alone or in combination with RCAN1.4 (dKD) increased
mitochondrial number, (J) reduced average mitochondrial size, and (K) reduced basal reactive oxygen species (ROS) generation
to levels (n=5). Mean+SEM; *P<0.05, **P<0.01, ***P<0.001. POU5F1 indicates POU class 5 homeobox; RCAN1, regulator of
calcineurin 1; SOX2, SRY-box 2; and TUBB, f-tubulin.
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cardiomyocytes or neurons can confer protection.?'-**4? Here,
we provide evidence that altering the levels of RCANT1 has
a direct impact on mitochondrial dynamics. Based on these
findings, we propose that the following cascade of events un-
derlies the increase in sensitivity to reperfusion damage: In
the absence of inhibition by RCANI, increased CN activity
promotes DRP1-mediated mitochondrial fission. The increase
in fission decreases AW, and metabolic activity, lowering the
capacity for mitochondrial Ca*" uptake. Our studies suggest
that, as a consequence, buffering of cytosolic Ca* is reduced,
thereby, increasing CAPN-mediated damage after reperfu-
sion. Although both cytosolic and mitochondrial localized
CAPN can cause cellular damage, in the context of RCAN1
deficiency, the relevant pool, or pools, of CAPN are most like-
ly cytosolic (Online Figure XII).

The reduction in OPAI protein levels seen in RCAN1-
depleted NRVMs is consistent with lower AW , as decreased
membrane potential promotes OPA1 cleavage and degrada-
tion. Because of OPA1’s role in mitochondrial fusion, the
decline in OPA1 abundance may further shift the mitochon-
drial population toward fission in RCAN1-deficient cells. An
increase in PINK1 protein is likewise consistent with reduced
AW as membrane potential is required for translocation of
PINKI1 into the mitochondrial matrix for subsequent degrada-
tion. Activation of PINKI1 can initiate tagging of mitochondria
for degradation via mitophagy. However, we saw no reduction
in total mitochondrial mass in RCANI1-depleted cells, sug-
gesting that the increase in PINK1 was either not sufficient to
increase mitochondrial degradation or that an increase in mi-
tochondrial biogenesis compensated for increased catabolism.

ROS generation during reperfusion is a well-document-
ed mediator of I/R damage. However, the decrease in basal
ROS activity and decline in maximal ETC capacity in the
RCANI1-depleted NRVMs (Figure 3) would suggest that
ROS-mediated damage may not be the primary mechanism
mediating increased I/R sensitivity in culture. That does not
preclude a mechanism involving elevated ROS in the context
of the working heart and neurons where energetic demands
might drive an increase in mitochondrial content to compen-
sate for the decline in mitochondrial efficiency.

Our studies suggest that RCANI.1 is the primary isoform
impacting mitochondrial dynamics and function. However, in
our experiments, the protein levels following Ad-hRCANI.1
infection were an order of magnitude higher than for Ad-
hRCANI1.4 (Online Figure VIIC and VIID and VIIIC and
VIIID), thus, limiting the ability to draw definitive conclusions
regarding isoform specificity based on the adenoviral comple-
mentation studies. The 2 isoforms are comparable in their
ability to inhibit CN in biochemical assays, although some
isoform-specific properties have been reported in vivo. For in-
stance, we recently demonstrated an isoform-specific role for
RCAN1.4 in the process of VEGF receptor internalization.*

In our studies, forced expression of RCANI1.1 was suf-
ficient to increase mitochondrial fusion and confer protection
from sI/R to both RCANI.1-depleted and control siRNA-
transfected NRVMs (Figure 6). Although overexpression us-
ing adenoviruses increased RCAN1.1 levels well over those of
the endogenous protein, the studies comparing trisomic T21-
iPSC to disomic D21-iPSC demonstrate that modest changes

RCAN1 Helps Maintain a Fused Mitochondrial Network e3l

in RCANI levels can have a meaningful impact on mitochon-
drial dynamics and function. Altered mitochondrial function
and increased oxidative stress have long been associated with
DS.' Although there is no universal agreement regarding
morphological changes to the mitochondrial network in tri-
somic tissues, an increase in mitochondrial ROS generation
is widely reported and would be consistent with the increased
fusion observed in the T21-iPSC. In addition, increased mi-
tochondrial Ca** levels are documented in both heart and cul-
tured fibroblasts from DS fetuses.* Our findings point toward
a mechanism through which increased RCAN1 dosage could
underlie these changes.

In the context of I/R damage, these studies suggest that
increased fusion protects cardiomyocytes by reducing the
extent of CAPN activation after reperfusion. However, a
sustained increase in fusion may also have negative conse-
quences. Indeed, although an increase in AW increased the
capacity for ATP generation, it also increased the capacity for
ROS generation, thereby, increasing the potential for cellular
damage. Sustained fusion could also slow the process of mito-
chondrial turnover and repair. Over time, these 2 mechanisms
would act to fuel the generation and accumulation of damaged
mitochondrial components. This may be the underlying cause
of the increase in uncoupling observed in both trisomic T21-
iPSC and NRVMs infected with Ad-hRCANI.I. Alternative
explanations for the decline in coupling efficiency are activa-
tion of protective compensatory mechanisms or a direct im-
pact of RCANT1 on mitochondrial coupling. Along these lines,
it is relevant to note that RCAN has been reported to interact
both directly® and indirectly* with the adenine nucleotide
translocase, a protein which can act to uncouple the inner mi-
tochondrial membrane proton gradient.*’

Transgenic overexpression of RCANI is reported to in-
crease mitochondrial ROS in both neurons and pancreatic is-
lets.*** Under normal glucose conditions, A¥ is elevated in
islets overexpressing RCANI but is depressed in response to
elevated glucose.” Thus, changes mediated by RCANI may
be context dependent. As an example, we recently showed
that brain-specific overexpression of RCANI.1 caused age-
dependent cognitive impairments similar to early-onset de-
mentia seen in individuals with DS.’! Mitochondrial ROS and
the number of large, globular mitochondria increased in the
brains of these animals; consistent with the mechanism we
report here, however, there was also an accompanying, age-
dependent decline in DRP1 phosphorylation, not predicted
by our model. We postulate that this may be the combined
outcome of primary effects, cumulative damage, and compen-
satory mechanisms. The mitochondrial network of trisomic
Ts21-iPSC may more closely represent primary fundamen-
tal differences in mitochondria dynamics because iPSC are
predominately glycolytic and, therefore, not yet impacted by
functional selection as might occur in the setting of an intact
animal or even differentiated cell types in culture.

Taken together, our studies indicate a dose-dependent
response of the mitochondrial network to changes in the
availability of RCAN1. RCANI insufficiency favors fission,
thereby, reducing mitochondrial metabolic activity and ca-
pacity for mitochondrial Ca** uptake. In the case of RCANI1-
depleted NRVM, this increases vulnerability to sI/R damage
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because of increased CAPN-mediated damage on reperfusion.
Although forced RCANI1.1 expression is sufficient to promote
fusion and increase metabolic activity, in the setting of tri-
somy 21, this may occur at the cost of compromising coupling
efficiency and loss of metabolic flexibility. Our findings high-
light the need for maintaining appropriate RCAN1 levels and
suggest a mechanism through which increased dosage of the
RCANTI locus in DS may impact human health at the funda-
mental level of mitochondrial dynamics.
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Supplemental Materials
Online Methods:

Reagents. Details of antibody sources, dilution, and validation can be found in Online Table I. Matrigel
membrane matrix was purchased from Thermo Fischer Scientific (Waltham, MA, USA). Mitotracker
green FM, Rhod-FF AM, Rhod2 AM, Fura-2, Fluo-4, Tetramethylrhodamine methyl ester perchlorate
(TMRM), MitoSOX™, Lipofectamine® RNAiMax, BAPTA AM, Optimem®, FBS and KnockOut
DMDM/F12 were from Invitrogen (Eugene, OR, USA). Anti-DRP1 antibody (611112) was from Becton-
Dickinson (San Jose, CA, USA) and Anti-POUSF1 (SC-5279) was from Santa Cruz Biotechnology
(Dallas, TX, USA). FK506 was purchased from ENZO Life Sciences (Farmingdale, NY, USA). MDL
28170 and PD 150606 were from Tocris Bioscience (Bristol, UK). Carbonyl cyanide m-
chlorophenylhydrazone (CCCP), Dihydrorhodamine 123, Oligomycin, Forskolin, E-64D, DMEM, M199
medium were from Sigma-Aldrich Corp. (St. Louis, MO, USA). mTESR1 was purchased in Stemcell
Technologies (Vancouver, Canada) and Y27632 in Selleck Chemicals (Houston, TX, USA).
Mitochondrial division inhibitor (Mdivi-1), Ruthenium Red (RuRed) and all other inorganic compounds,
salts and solvents were from Merck (Darmstadt, Germany). Protein assay reagents were from Bio-Rad
(Hercules, CA, USA). Generation of the Ad-hRCANI.1 and Ad-hRCANI.4 adenovirus (both Ad5
serotype) was described previously.'” Cardiomyocytes were transduced with adenoviral vectors at a
multiplicity of infection (MOI) up to 1,000, 48 h before analysis or sI/R. A B-Gal adenovirus was used as
a control at equivalent MOls.

Animals. C57BL/6:129 mixed background, male, wild type (WT) and Rcan! KO mice were raised and
maintained in ventilated chambers as previously described.” The environment was maintained at 22°C
with a 12-h light/12-h dark cycle. All animal procedures were carried out with the oversight and approval
of the UT Southwestern Medical Center Institutional Animal Care and Use Committee and conformed to
the current Guide for the Care and Use of Laboratory Animals, published by the National Institutes of
Health. For electron microscopy, tissue of the interventricular septum of the heart of 8-week-old male
littermate W7 and KO mice were dissected.

Culture of cardiomyocytes and simulated I/R. NRVM were isolated from 1- to 2-day-old Sprague-
Dawley rat pups as previously described.* Cells were grown for 48 h in DMEM:M199 (4:1), 5% FBS,
with BrdU plus antibiotics, then transfected with respective siRNAs. 48 h after transfection, media was
changed to ischemia-mimicking solutions containing 5 mM HEPES, 10 mM 2-deoxy-D-glucose, 139 mM
NaCl, 12 mM KClL, 0.5 mM MgCl,, 1.3 mM CaCl,, and 20 mM lactic acid, pH 6.2, then incubated under
100% nitrogen (O, < 1%) at 37 °C for 6 h. The cultures were then returned to normal culture conditions
for 12 h, DMEM/M199 (4:1), 5% FBS; 37 °C ambient air, 5% CO,. Release of lactate dehydrogenase
(LDH) into the media and remaining in the cells was measured using the Promega CytoTox 96® kit
(Madison, Wi, USA). The ratio of released LDH to total LDH was used as a relative measure of cell
death. FK507 and Mdivi-1 were added to the media during the siRNA transfection, whereas CAPN
inhibitors (10 uM E-64D, 10 uM MDL 28170 and 10 uM PD 150606), 1 uM BAPTA and 10 uM RuRed
were added 30 min prior to ischemia.

Cardiomyocyte transfection. Small interfering RNAs (siRNA) for Rcanl.l and/or Rcanl.4 (Dharmacon
ON-TARGETplus; Lafayette, CO, USA), CAPN (Capnl and Capn2) and negative control (Mission,
Sigma-Aldrich Corp., St Louis, MO) were used following the manufacturer's instructions. Following
isolation, NRVM were cultured for 48 h, prior to transfected with siRNAs at a concentration of 50 nM
with Lipofectamine® RNAIMAX (Invitrogen, Carlsbad, CA). After 6 h incubation in Optimem®, the
medium was removed and replaced with 5% FBS in DMEM/M199. Changes in Rcanl or Capn 1/2
protein and/or transcript levels were assessed 48 h post-transfection. The siRNAs used for knockdown
experiments were as follows: negative control, catalog number SIC001; rat Rcanl.l, sense

S-1



(5"-UGGAGGAGGUGGAUCUGCAUU-3"), antisense (5"-UGCAGAUCCACCUCCUCCAUU-3"); rat
Rcanl 4, sense (5"-GAUGAUGUCUUCAGCGAAAUU-3"), antisense
(5"-UUUCGCUGAAGACAUCAUCUU-3"); rat Capnl, la sense (5"-GUUGUGACCUUUGAUCUAU-
3, antisense (5"-AUAGAUCAAAGGUCACAAC-3"); rat Capn2, 2a sense
(5"-GAACGUACGGGAACAUUUA-3"), antisense (5"-UAAAUGUUCCCGUACGUUC-3"). Average
depletion of RCAN1.1 and RCAN1.4 was 90% (P < 0.001) and 84% (P < 0.001) respectively (Online
Figure IA). An unrelated siRNA capable of depleting both Rcanl transcripts was obtained from Life
Technologies (Rcan! rat stealth siRNA, cat® RSS332844). RCAN1 depletion using this alternative siRNA
corroborated the results obtained with the isoform-specific siRNAs (Online Figure IB-F). The Capn
siRNAs used in our studies were selected from a group of siRNAs targeting either Capnl or 2 that were
screened in various combinations for efficiency of knock down in Online Figure IVE-F and as previously
described.” A mixture combining siRNA 1la (targeting Capnl) and 2a (targeting Capn2) was used in all
subsequent experiments.

Isolation of Adult mouse cardiomyocytes (AMVM). Adult cardiomyocytes were prepared as previously
described.® Briefly, hearts were perfused retrograde with perfusion media (PM) (123 mM NaCl, 4.7 mM
KCl, 0.6 mM KH,PO,, 0.6 mM Na,HPO,4, 1.2 mM MgSO,, 10 mM HEPES, 22 mM NaHCOs;, 30 mM
taurine, 10 mM 2,3-butanedione monoxime, and 5.5 mM glucose, pH 7.4) for 2 min (2-4 mL/min) and
then switched to PM supplemented with 0.025 mg/mL Liberase TM (Roche) and 0.025% Trypsin for 14
min. After digestion, ventricles were dissected and mechanically dissociated in PM using forceps and
pipetting. Cell yield was approximately 80-90% viable, and only quiescent cardiomyocytes with clear and
defined striations were used in this study. Cells were used immediately for experiments and kept in PM
media with 50 pM Ca”>" and Matrigel was used to promote cell adhesion to MatTek 35 mm dishes.

Induced iPSC and MEF. Human Trisomy 21 iPSC (T21-iPSC) and their isogenic disomic derivatives
(D21-iPDC) were obtained through the NHLBI Progenitor Cell Biology Consortium
(https://progenitorcells.org/) and the specifics of their derivation were described previously.” iPSC were
grown in mTESR1 medium and passaged non-enzymatically using 0.5 M EDTA, pH 8.0. Y27632 10 uM
was used during splitting to improve cell survival, split ratio reliability, and to reduce selective pressure.
Cells were passaged at a 1 to 12-20 split ratio, mTESR medium was changed every day. At 60-80%
confluence, cells were either passaged or used for experiments. For transfection, cells were grown in
35-mm plates and treated with Y27632 10 uM for 1 h, then exposed to 50 nM of human siRNA in 200
mL of Optimem®. After 20 min, culture volume was brought to 1 mL using mTESR medium. Cells were
analysed 48 h later. The siRNAs targeting human RCANI were as follows: RCANI.I, sense (5"-
GCUUCAUUGACUGCGAGAUU-3"), antisense (5"-UCUCGCAGUCAAUGAAGCUU-3"); RCANI .4,
sense (5"-AGUGAUAUCUUCAGCGAAAUU-3"), antisense (5"-UUUCGCUGAAGAUAUCACUUU-
3"). MEF were isolated from WT and Rcanl KO embryos using standard procedures.® MEF were
cultured in DMEM 10% FBS plus 100 uM non-essential amino acids and 2 uM L-glutamine
supplemented with 1% penicillin/streptomycin at 37°C in a 5% CO, atmosphere. All the analyses
described throughout this study were carried out at passages 4-5.

Transmission electron microscopy. Tissues and cells were fixed in 2.5% glutaraldehyde in sodium
cacodylate buffer, embedded in 2% agarose, post-fixed in buffered 1% osmium tetroxide and stained in
2% uranyl acetate, dehydrated with an ethanol graded series and embedded in EMbed-812 resin. Thin
sections were cut on an ultramicrotome and stained with 2% uranyl acetate and lead citrate. Images were
acquired on a FEI Tecnai G2 Spirit electron microscope equipped with a LaB6 source and operating at
120 kV. Measurements of mitochondrial area, perimeter, circularity and mitochondrial density were made
using the Multi measure ROI tool of ImageJ (National Institutes of Health) software.” Tissues were
harvested at 10 AM, 4 hours into the animal’s light cycle.
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Analysis of the mitochondrial network. Cells were incubated for 30 min with Mitotracker green FM
(400 nM) in the case of NRVMs or TMRM (10 pM for 10 min) for AMVMs and maintained in Krebs
solution. Confocal image stacks were captured with a Zeiss LSM-5, Pascal 5 Axiovert 200 microscope,
using LSM 5 3.2 image capture and analysis software and a Plan-Apochromat 63x/1.4 Oil DIC objective,
as previously described.”’® Images were deconvolved with ImageJ and then Z-stacks of thresholded
images were volume-reconstituted. The number and individual volume of each object (mitochondrion)
were quantified using the ImageJ-3D object counter plugging with each detected mitochondria isolated
from the different Z-stack planes. Each experiment was done at least three times and 16-25 cells per
condition were quantified. An increase in mitochondrial volume and a decrease in the number of
mitochondria were considered as a fusion criteria, whereas a decrease in mitochondrial volume and an
increase in the number of mitochondria were considered as a fission criteria.”"" Histograms and density
images were constructed using ImageJ as previously described.”'? For the analysis of the mitochondrial
density and the generation of the intensity density heat map, we used the images directly generated by the
ImageJ-3D object counter plugging and then manipulated de Lut Table in order to highlight the
differences in density with a more suitable coloring pattern. To quantify changes in mitochondrial
distribution we used radial profile analysis, as described previously.'> Briefly, an algorithm for the ImageJ
software was created to scan radial fluorescence and object distribution, measured from the center of the
nucleus towards the plasma membrane in a full-angle mode (0-360°), as illustrated in Online Figure VA).
Using this tool, we compared changes in the subcellular distribution of the mitochondrial network
between control and RCAN1-depleted NRVM.

Fluorescence recovery after photobleaching. For fluorescence recovery after photobleaching (FRAP)
measurements, cells were loaded with 200 nM TMRM for 30 min at 37°C in Krebs solution. TMRM was
excited at 561 nm, and fluorescence emission was detected with a 650/710-emission filter. Bleaching of
TMRM fluorescence was applied in an ~25 mm* square at randomly chosen regions, and fluorescence
intensity was normalized to the intensity levels before and after bleaching.'®

Subcellular fractionation. Mitochondrial and cytosolic fractions were obtained by differential
centrifugation of cardiomyocyte homogenates using a Mitochondrial/Cytosol fractionation kit from
Biovision Inc. (Milpitas, CA, USA). Briefly, cells were scraped, pelleted, and re-suspended in ice-cold
cytosol extraction buffer. Cells were homogenized using a homogenizer with a tight fitting Teflon pestle.
The homogenates were centrifuged (750 g, 10 min) to remove nuclei and unbroken cells, and supernatants
were centrifuged (10,000 g, 25 min) to obtain a pellet highly enriched in mitochondria. The protein
content was determined by Bradford’s method. The purity of mitochondrial fraction, assessed by HSPA9
levels '* " was 85%.

Western blot analysis. Cell and tissue total protein extracts were analysed as described previously.'’
Protein contents were normalized to TUBB or GAPDH. To assess the phosphorylation status of DRP1,
total DRP1 was immunoprecipitated from total cell extracts overnight using 2 pg of anti-DRP1 antibody
on 400 pg of total protein. DRP1 was precipitated with Sepharose beads conjugated to protein G (Santa
Cruz, Dallas, TX, USA), resolved by SDS-PAGE and then phosphorylation was assessed with
anti-phospho-DRP1 antibody.

ATP measurements. ATP content in cells was determined using a luciferin/luciferase-based assay
(CellTiter-Glo Kit; Promega).

Flow cytometry analysis of mitochondrial membrane potential, mitochondrial mass and ROS. AY,,
mitochondrial mass, and ROS levels were measured after loading cardiomyocytes with TMRM (200 nM,
30 min; excitation/emission 543/560), MitoTracker Green FM (400 nM, 30 min; excitation/emission
488/530), MitoSox® (5 uM, 10 min; excitation/emission 510/580) or Dihydrorhodamine 123 (25 uM, 20
min; excitation/emission 510/530). Afterward, cells underwent trypsinization, and fluorescence was

S-3



assessed by flow cytometry with a FACScan system (Becton Dickinson, Franklin Lakes, NJ, U.S.A).
CCCP (50 uM) and oligomycin (10 uM) for 30 min were used as positive and negative controls for the
AY,, measurements, whereas H,O, (5 mM) was used as a positive control in the ROS assays.

Oxygen consumption. For NRVMs, oxygen consumption was measured using a fluorescence-based
oxygen sensor (NeoFox, Ocean Optics, Dunedin, FL, USA) connected to a phase measurement system
from the same company. The sensor was calibrated according to the manufacturer’s instructions as
previously described.'* In the case of the adult mouse ventricular cardiomyocytes, AMVMs were isolated
by enzymatic digestion. Cell numbers were carefully counted using a hemocytometer. Only cells with
sharp borders and clear striations were selected. Briefly, 1x10* cardiomyocytes were incubated in a
solution containing KMES 60 mM, MgCl, 3 mM, KH,PO, 10 mM, Hepes 20 mM, Taurine 20 mM,
Mannitol 110 mM, EGTA 0.5 mM, and DTT 0.3 mM (PH 7.1) at 37°, and permeabilized with saponin (50
ng/ml) for 5 minutes before substrates were added. To measure complex I mediated OCR, glutamate (10
mM) and malate (SmM) were added. State3 respiration was activated by adding ADP (2.5 mM), whereas
state4 respiration was measured after adding oligomycin (2 uM). For the measuring of pyrvuate mediated
OCR, 0.1 mM of pyruvate was added to each experiment. AMVMs were isolated at the beginning of the
animal’s light cycle, to coincide with the normal circadian peak in calcineurin activity'> and analyzed
within the first two hours following isolation.

qPCR. Real-time PCR was performed with SYBR green (Applied Biosystems) as previously described.®
Data for each transcript was normalized to 18S rRNA as internal control with the 2-AACt method.
Primers used were as follows:

HFk2 rat forward 5’-CGAATCAAAGAGAA CAAGGG-3’

HFE2 rat reverse 5’-CAAAATGGGGATGTTTCTTG-3’

Pfkfb2 rat forward 5’>-CTGGAGGTAAAAGTGTCAAG-3’

Pffb2 rat reverse 5’-ACGAGAGGTCCTTATCATAG-3’

Slc2al rat forward 5’-CAATATGTGGAGCAACTGTG-3’

Slc2al rat reverse 5’- AGTAGGTGAAGATGAAGAAGAG-3’
Atp5b rat forward 5’-GGTACAATGCAGGAAAGAATC-3’

Atp5b rat reverse 5’-CACAGTAGTAGCATCCAAATG-3’

Rcanl. 1 rat forward, 5’-GACCCGCGCGTGTTC-3’

Rcanl.l rat reverse 5’-TGTCATATGTTCTGAAGAGGGATTC-3’
Rcanl .4 rat forward, 5’-CCCGTGAAAAAGCAGAATGC-3’
Rcanl .4 rat reverse 5’-TCCTTGTCATATGTTCTGAAGAGGG-3’
Capnl rat forward 5’-TGGAGATCAGTGTCAAGGAGTTAC-3’
Capnl rat reverse 5’-GCACTCATGCTGCCAGACTTGTCCAGGTCA-3’
Capn? rat forward 5’-GGGCAGACCAACATCCACCTCAGCAAAAAC-3
Capn?2 rat reverse 5’-ATCTCCGCATCCTCTCCAGCCAGC-3"
POUSF1 human forward 5’-GATCACCCTGGGATATACAC-3’
POUSF1 human reverse 5’-GCTTTGCATATCTCCTGAAG-3’
NANOG human forward 5’-CTATCCATCCTTGCAAATGTC-3’
NANOG human reverse 5’-GTTCTGGTCTTCTGTTTCTTG-3’
SOX2 human forward 5’- ATAATAACAATCATCGGCGG-3’
SOX2 human reverse 5’-AAAAAGAGAGAGGCAAACTG-3’
RCANI.1 human forward 5’-TCATTGACTGCGAGATGGAG-3’
RCANI.1 human reverse 5’-TGATGTCCTTGTCATACGTCCT-3’
RCANI.4 human forward 5’-CTCACTAGGGGCTTGACTGC-3’
RCANI.4 human reverse 5’-CAGGCAATCAGGGAGCTAAA-3’
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Intracellular and mitochondrial Ca?* determinations. For NRVMs, cytosolic Ca®" levels were
determined in cardiomyocytes preloaded with Fura2 or Fluo4 (5 uM, 30 min), as described previously.'®
To determine mitochondrial Ca®" levels, images were obtained from cultured cardiomyocytes preloaded
with Rhod-FF (5.4 pM, 30 min).'*'® At the end of each measurement, CCCP 10 pM was used as
control.'” Both determinations were performed in an inverted confocal microscope (Carl Zeiss LSM 5,
Pascal 5 Axiovert 200 microscope). For the case of AMVMs, cells were loaded with Rhod2 (10 uM) and
treated with Thapsigargin (5 uM) for 20 min. Then, cells were permeabilized with saponin (50 mg/mL)
for 1 min in Ca**-free internal solution (in mM: 5 EGTA, 20 HEPES, 10 NaCl, 100 K+Aspartate, 40 KCl,
1 MgCl,, 2 Maleic acid, 2 Glutamic acid, 5 Pyruvic acid, 0.5 KH,PO,, 5 Na,ATP, 10 GSH, 15 BDM, pH
7.2 Tris). After permeabilization, cells were maintained in Ca®*-free internal solution and then switched to
the same internal solution with 2 uM free Ca*" solution (5 mM EGTA and 4.4 mM CaCl, = 2 uM free
Ca*" at pH 7.2, 23°C, http://maxchelator.stanford.edu/CaMgATPEGTA—TS.htm).20

Immunofluorescence Studies and Colocalization Analysis. Cells were fixed, permeabilized, blocked,
and incubated with primary antibodies (anti- NFAT, DRP1 and HSPA9). Secondary antibodies were anti-
rabbit Alexa 456 for NFAT (A10042), anti-mouse 488 for DRP1 (A21202) and anti-goat 639 for HSPA9
(A21447). ProLong Gold antifade with DAPI was used as mounting medium (Life Technologies, Thermo
Fischer Scientific; Waltham, MA, USA). For the colocalization analysis, only one focal plane was
analyzed. Images obtained were deconvolved, and background was subtracted with the use of Imagel
software. Colocalization between proteins was quantified by the Mander coefficients'™'® whereas, for
NFAT analysis, total fluorescence was normalized to nuclei area before comparison. To control for
unspecific fluorescence signals, sections were incubated with secondary antibody alone and photographed
at similar intensities to compare with the signal obtained from their respective primary antibodies (Online
Figure XIII).

Statistical analysis. Data shown are mean = SEM of the number of independent experiments indicated
(n) and represent experiments performed on at least three separate occasions with similar outcomes. Data
were analysed by one-way or two-way ANOVA accordingly, and comparisons between groups were
performed using a protected Tukey’s test. Statistical significance was defined as P < 0.05.
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Online Figure Legends

Online Figure 1. siRNA-mediated depletion of RCAN1 from NRVM. Cells were transfected with a
nonspecific control siRNA or ones targeting RCANI.I and RCANI.4, individually or combined (dKD) as
indicated. (A) Representative Western blots and quantification by densitometry from 3 separate
experiments. [-tubulin (TUBB) was used as a loading control. (B-F) An independent set of siRNAs
targeting total RCANI (both transcripts simultaneously (Rcanl rat stealth siRNA, cat# RSS332844, Life
technologies) was used to deplete RCAN1 from NRVM. (B) Changes in protein levels were assessed by
Western blot and quantified by densitometry. (C) Mitotracker Green was used to assess the mitochondrial
network and quantify changes in (D) the number and (E) size of mitochondria. (F) O, consumption was
compared in NRVMs depleted of total RCAN1 with those depleted of RCANI1.1 alone. Values are mean
+ SEM; *P<0.05, **P<0.01, ***P<0.001.

Online Figure II. Mitochondrial fission is increased in RCANI1.1-depleted NRVM. Cells were
transfected with siRNAs as indicated and analyzed 48 h later. (A) Electron micrographs of siRNA treated
NRVMs (Scale bars = 2 pm and 1 pm). Mitochondrial morphology was quantified for (B) cross-sectional
area of individual mitochondria, (C) mitochondrial density, (D) perimeter, and (E) circularity index. Data
are from 100 mitochondria in each group from three separate experiments. (F-G) Western blot analysis of
total protein extracts from siRNA depleted NRVM shows a decrease in OPA1 protein levels (long and
short isoforms) when RCANI1.1 is depleted, but no change in total DRP1, HSPA9 (also known as
mtHSP70), or MFN2. Quantification is from 4 separate experiments. Protein content was normalized to
TUBB or GAPDH as indicated. (H) Analysis of Mitotracker Green-loaded cells by flow cytometry
indicated no change in total mitochondrial content. Values are mean + SEM; *P<0.05, **P<0.01,
**xP<0.001.

Online Figure III. Either FK506 or Mdivi-1 restore the mitochondrial network to RCANI.1
depleted NRVM. Cells were transfected with a nonspecific control siRNA or ones targeting RCANI.I as
indicated. Following transfection cultures were treated with vehicle, 20 nM FK506, or 12.5 pM Mdivi-1,
then analyzed 48 h later. (A) Representative images of cardiomyocytes stained with Mitotracker Green
shows treatment with FK506 increases mitochondrial fusion in the RCANI1.1-depleted cells (Scale bar:
20 mm). This is quantified in (B-C). Panels (D-F) present similar analysis for Mdivi-1treatment. Data are
from 20 cells examined from four separate experiments (N=4). (G) Representative confocal images of
immunocytochemistry for NFAT (red), DRP1 (green), mitochondrial HSPA9 (magenta) and nucleus
(blue) in siRNA transfected NRVM. Lower panels provide magnified image of marked region of interest.
Scale bar: 20 um. (H) Relative levels of nuclear NFAT fluorescence, quantified from images in A. (I)
Mander’s coefficient quantification of DRP1 colocalization with the mitochondrial marker HSPA9. (J)
Number of mitochondria per cell and (K) mitochondrial area assessed using HSPA9 signal in the images
in A (n=25 cells x 4 experiments). Values are mean = SEM; *P<0.05, **P<0.01, ***P<0.001.

Online Figure IV. RCANI.1-depleted NRVMs show increased dependence on glycolysis and
sensitivity to I/R that is normalized by treatment with FK506 or Mdivi-1. NRVM were transfected
with siRNAs and treated as indicated then analyzed 48 h later. (A) NRVM were loaded with TMRM and
analyzed by flow cytometry to assess Ay, In the presence or absence of the complex V inhibitor,
Oligomycin (Oligo, 10 pM) (n=35). (B) LDH release was measured in media with and without glucose
(n=4). (C-H) Transcript levels for Hk2, Pfkfb2 and, Sic2alwere elevated in the RCAN1.1-depleted and
dKD cells. Incubation with either 20 nM FK506 or 12.5 uM Mdivi-1 reduced transcript levels to those
found in control cells. (I-J) Western blot analysis of total protein from NRVM before and after sI/R (I/R)
showed no change in the levels of RCAN1 and RCANI1.4. Quantification below is from 4 separate
experiments (n=4). Protein loading was normalized to GAPDH. (K-L) Either FK506 or Mdivi-1
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conferred significant protection from simulated I/R to NRVM depleted of RCAN1 (dKD). (n=35). Values
are mean = SEM; *P<0.05, **P<0.01, ***P<0.001.

Online Figure V. Radial profile analysis of mitochondrial distribution in RCAN1 depleted NRVM.
(A) Schematic of subcellular zones applied for fluorescence analysis. (B) Quantification of
mitochondrial volume in each of the radial zones, applied to control or RCAN1.1 depleted NRVM. Data
are from 25 cells examined from six separate experiments (n=6). Mean = SEM; *P<0.05 compared with
siControl.

Online Figure VI. RCANI1-depleted NRVM are more sensitive to CAPN-mediated damage
following I/R. (A) Cytosolic Ca™ was assessed by loading cells with Fluo4 prior to the addition of
Histamine (100 uM) to release Ca" from ER stores. (B) Signal from A was quantified as the maximal
fluorescence ratio reached during the first 150 s. Data are from 40 cells examined in five separate
experiments (n=4). (C) a-spectrin cleavage products were assessed by Western blot as an indication of
calpain activity in RCANI1.1-depleted NRVMs pretreated with Mdivi (12.5 pM) or vehicle. (D)
Densitometry quantification of data from C (n=4). (E-G) NRVM were transfected with control siRNA or
ones targeting both RCAN1.1 and RCAN1.4 (dKD) as indicated. 48 h following transfection three
different calpain inhibitors were tested for their ability to restore protection from simulated I/R: (E) 10
uM E-64D, (F) 10 uM MDL, or (G) 10 uM PD 150606. All three conferred protection to the dKD cells
(n=35). (H) A mixture of siRNA’s targeting Calpain (Capn) 1 and 2 (50 nM) also conferred protection to
the RCAN dKD NRVMs (r=35). (I-J) Transcript levels for Capnl and Capn2 were quantified by qPCR in
NRVMs treated with the mixture of siRNA’s depleting Capn I and 2 (n=3). (K) LDH release in
RCANI1.1-depleted NRVMs subjected to sI/R and preincubated with either RuRed (10 uM) or BAPTA
AM (1 puM) prior ischemia (n=4). (L-O) Validation of RuRed and BAPTA AM to alter Ca™ handing
(MCU inhibition and chelation of cytoplasmic Ca*" respectively). In L-M cells where loaded with Rhod-
FF, whereas in N-O cells where loaded with Fluo4. Data are from 40 cells examined in four separate
experiments (n=4). Values are mean = SEM; *P<0.05, **P<0.01, ***P<0.00.

Online Figure VII. Adenoviral expression of human RCANI.I. NRVM were transduced with an
adenovirus encoding HA-tagged human RCANI1.1 (4d-RCANI1.1) or B-galactosidase (Ad-f-gal) as a
control (MOI 0-1,000). 48 h later, cells where assayed for (A) LDH release as control for toxicity (n=4);
(B) Transcript and RCANI,I and (C-D) protein levels of hRCANI1.1 (n=3). Values are mean £ SEM;
*P<0.05, ***P<0.001.

Online Figure VIII. Adenoviral expression of human RCANI1.4. NRVM were transduced with an
adenovirus encoding human RCAN1.4 (4d-RCAN1.4) or B-galactosidase (4d-f-gal) as a control (MOI 0-
1,000). 48 h later, cells where assayed for (A) LDH release as control for toxicity (n=4). Total cellular
extracts were used for the analysis of (B) transcript (n=3) and (C-D) protein levels of RCAN1.4 (n=3).
(E) NRVM were transfected with Control and Rcanl.-targeted siRNAs followed by infection with Ad-
RCANI.4 or Ad-p-gal (MOI 100 or 500). 48 h later, cells where loaded with Mitotracker Green and
imaged by confocal (n=4). Scale bar = 10 pm. (F) The number of mitochondria per cell and (G)
individual mitochondrial volume were quantified. (H) Infection with Ad-RCAN1.4 was not sufficient to
restore protection from I/R to siRCAN1.1-depleted NRVMs as assayed by LDH release (n=4). Values are
mean + SEM; *P<0.05, **P<0.01, ***P<0.001.

Online Figure IX. Validation of mitochondrial Ca** uptake. (A) Representative images of Rhod2
signal following switch to 2 uM free Ca®" solution in AMVM isolated from WT animals. Higher
magnification shows pattern of staining foci consistent with mitochondrial morphology, as opposed to a
cytosolic pattern. (B) The addition of 2 uM RuRed inhibited increase in mitochondrial Ca*" signal,
validating uptake via MCU. Scale Bar = 8 pm.
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Online Figure X. MEF from Rcanl KO mice show evidence of increased mitochondrial
fragmentation. (A) Representative confocal Z-stack reconstructions of MEFs derived from WT and
Rcanl KO embryos stained with Mitotracker Green show increased mitochondrial fragmentation in KO
cells compared to WT (Scale bar = 20 um). (B) Number of mitochondria per cell and (C) individual
mitochondrial volume were quantified. Data are from 15 cells examined from three separate experiments
(n=3). Values are mean + SEM; **P<(.01.

Online Figure XI. siRNA depletion of RCANI1.1 from disomic (2S) and trisomic (3S) iPSC did not
affect expression of genes indicative of pluripotency. siRNA-depleted iPSC were analyzed by qPCR
for POU class 5 homeobox (POUSF1, also known as OCT3/4), Nanog homeobox (NANOG) and SRY-
box 2 (SOX2) expression. HEK293 cells were used as controls for the absence of these markers (n=4).
Values represent the mean £ SEM.

Online Figure XII. Schematic model depicting RCAN1’s role in maintaining a metabolically active
mitochondrial network. When RCANI1 levels are low, calcineurin (CN) is more easily activated,
increasing the potential for translocation of DRP1 to mitochondria to promote fission. The resulting
mitochondrial population has a lower membrane potential with decreased O, consumption, ROS
generation, and capacity for mitochondrial Ca®" uptake. As a consequence cytosolic Ca’" remains
elevated longer following I/R increasing CAPN-mediated damage. Increased RCANI1 levels helps
preserve fusion and reduce I/R activation of CAPN.

Online Figure XIII. IgG controls for DRP1, NFAT and HSPA9 immunofluorescences.
Representative confocal images of immunocytochemistry for DRP1 (green), NFAT (red), mitochondrial
HSPA9 (magenta) and their respective controls of IgG-alexa conjugated secondary antibodies in NRVM.
Scale bar: 20 um.
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Online Table I: Antibody source and validation

Antibody Catalog source Host Immmunoglobin dilution Validation
Number Fragment
Anti- ab42364 | Abcam Rabbit aa 900 to the C-terminus 1:1000 Adenovirus Opal
OPAL Polyclonal of Rat OPA1 (WB) PMID: 24009260
Anti- ab50838 | Abcam Rabbit peptide: KINGIFEQLGA 1:1000 Adenovirus, Antisense
MFN2 Polyclonal YIQESAT (WB) Mifn2
corresponding to N PMID: 24009260,
terminal aa 38-55 of 27808250
Human MFN2
Anti- ab23707 | Abcam Rabbit peptide: LVRALLQREA 1:1000 Signal following CCCP
PINK1 Polyclonal SKRPSARVAAN (WB) treatment Molecular
corresponding to aa 484- Weight.
504 of Human PINK1. PMID: 24897381
Anti- abl4734 | Abcam Mouse full length Human VDAC 1:1000 Mitochondrial marker
VDAC Monoclonal (WB) (loading control) used
extensively in the
literature.
Anti- ab97959 | Abcam Rabbit aa 300 to the C-terminus 1:500 Pluripotency marker
SOX2 Polyclonal of Human SOX2. (WB) used extensively
Stanford University
Human Pluripotency
Stem Cell Laboratory
Manual 2015
Anti- 4867 Cell Rabbit phosphopeptide 1:500 20 mM of Forskolin
PHOSPH Signaling | Polyclonal surrounding Ser637 of (WB) stimulation (30 min),
O-DRP1 Human DRP1 Molecular Weight.
PMID: 24777478,
26807480
Anti- 2118 Cell Rabbit carboxy terminus of 1:2000 Cytosolic marker and
GAPDH Signaling | Polyclonal Human GAPDH. (WB) loading control
extensively used in the
literature.
Anti- 5861 Cell Rabbit synthetic peptide 1:100 10 mM of NE
NFATI1 Signaling | Polyclonal corresponding to residues (IF) stimulation (24 h).
surrounding Gly87 of PMID: 27977752
Human NFATI1 Nuclear translocation
following RCAN1
siRNA
Anti- MABS5512 | Merck Mouse Full lentgh Human 1:500 Molecular Weight
PARK2 Millipore | Monoclonal | PARKIN following CCCP
PMID: 24897381
Anti-o- MABI1622 | Merck Mouse Chicken red blood cell 1:1000 CAPN induction and
SPTANI Millipore | Monoclonal | membranes (WB) siRNA against CAPN,
PMID: 20026269,
23602992
Anti- MA3-028 | Thermo Mouse Peptide: 1:1500 Mitochondrial marker
HSPA9 Fischer Monoclonal | GSGSSGTGEQKEDQKE (WB) (loading control) used
Scientific EKQ corresponding to aa 1:500 (IF) extensively in the
615-633 of Mouse literature.
mtHSP70. PMID: 18006463,
24009260, 27808250
Anti- PAS5-48035 | Thermo Goat E. coli-derived 1:100 (IF) | IF colocalization with
HSPA9 Fischer Polyclonal recombinant Human MA3-028.

GRP75 aa 542-679




Anti-
DRP1

611112

Becton-
Dickinson

Mouse
Monoclonal

Rat DLP1 aa 601-722

1:500 (WB)
1:100 (IP)

Adenovirus DRP1 WT
and DN K38A.

PMID: 24777478,
28739174
Mitochondrial
colocalization following
siRCAN1

Anti-
POUSF1

SC-5279

Santa
Cruz

Mouse
Monoclonal

aa 1-134 of Human Oct-
3/4

1:500
(WB)

Pluripotency marker
used extensively
Stanford University
Human Pluripotency
Stem Cell Laboratory
Manual 2015

Anti-
TUBB

T4026

Sigma-
Aldrich

Mouse
Monoclonal

Purified rat brain tubulin.

1:5000
(WB)

Cytosolic marker and
loading control used
extensively in the
literature.

Anti-
RCANI1

D6694

Sigma-
Aldrich

Rabbit
Polyclonal

aa 235-252 of Human
DSCRI1,

1:2000
(WB)

Over expression and
siRNA against RCAN1
isoforms 1.1 and 1.4.
10 mM of NE
stimulation (24 h).
PMID: 24838101,
24777478
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Online Figure I. siRNA-mediated depletion of RCAN1 from NRVM. Cells were transfected with a nonspecific
control siRNA or ones targeting RCANI.I and RCANI.4, individually or combined (dKD) as indicated. (A)
Representative Western blots and quantification by densitometry from 3 separate experiments. [-tubulin (TUBB) was
used as a loading control. (B-F) An independent set of siRNAs targeting total RCANT1 (both transcripts simultaneously
(Rcanl rat stealth siRNA, cat# RSS332844, Life technologies) was used to deplete RCAN1 from NRVM. (B) Changes in
protein levels were assessed by Western blot and quantified by densitometry. (C) Mitotracker Green was used to assess
the mitochondrial network and quantify changes in (D) the number and (E) size of mitochondria. (F) O, consumption was
compared in NRVMs depleted of total RCAN1 with those depleted of RCANI1.1 alone. Values are mean + SEM;
*P<0.05, **P<0.01, ***P<0.001.
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Online Figure II. Mitochondrial fission is increased in RCANI1.1-depleted NRVM. Cells were transfected with
siRNAs as indicated and analyzed 48 h later. (A) Electron micrographs of siRNA treated NRVMs (Scale bars = 2 um and
1 pm). Mitochondrial morphology was quantified for (B) cross-sectional area of individual mitochondria, (C)
mitochondrial density, (D) perimeter, and (E) circularity index. Data are from 100 mitochondria in each group from three
separate experiments. (F-G) Western blot analysis of total protein extracts from siRNA depleted NRVM shows a decrease
in OPA1 protein levels (long and short isoforms) when RCAN1.1 is depleted, but no change in total DRP1, HSPA9 (also
known as mtHSP70), or MFN2. Quantification is from 4 separate experiments. Protein content was normalized to TUBB
or GAPDH as indicated. (H) Analysis of Mitotracker Green-loaded cells by flow cytometry indicated no change in total
mitochondrial content. Values are mean = SEM; *P<0.05, **P<0.01, ***P<0.001.
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Online Figure II1. Either FK506 or Mdivi-1 restore the mitochondrial network to RCAN1.1 depleted NRVM. Cells
were transfected with a nonspecific control siRNA or ones targeting RCANI.I as indicated. Following transfection
cultures were treated with vehicle, 20 nM FK506, or 12.5 pM Mdivi-1, then analyzed 48 h later. (A) Representative
images of cardiomyocytes stained with Mitotracker Green shows treatment with FK506 increases mitochondrial fusion in
the RCANI1.1-depleted cells (Scale bar: 20 mm). This is quantified in (B-C). Panels (D-F) present similar analysis for
Mdivi-1treatment. Data are from 20 cells examined from four separate experiments (N=4). (G) Representative confocal
images of immunocytochemistry for NFAT (red), DRP1 (green), mitochondrial HSPA9 (magenta) and nucleus (blue) in
siRNA transfected NRVM. Lower panels provide magnified image of marked region of interest. Scale bar: 20 pm. (H)
Relative levels of nuclear NFAT fluorescence, quantified from images in A. (I) Mander’s coefficient quantification of
DRPI1 colocalization with the mitochondrial marker HSPA9. (J) Number of mitochondria per cell and (K) mitochondrial
area assessed using HSPAO signal in the images in A (n=25 cells x 4 experiments). Values are mean £ SEM; *P<0.05,
*p<0.01, ***P<0.001.
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Online Figure IV. RCAN1.1-depleted NRVMs show increased dependence on glycolysis and sensitivity to I/R that
is normalized by treatment with FK506 or Mdivi-1. NRVM were transfected with siRNAs and treated as indicated
then analyzed 48 h later. (A) NRVM were loaded with TMRM and analyzed by flow cytometry to assess Ay, In the
presence or absence of the complex V inhibitor, Oligomycin (Oligo, 10 uM) (r=35). (B) LDH release was measured in
media with and without glucose (n=4). (C-H) Transcript levels for Hk2, Pfkfb2 and, Sic2alwere elevated in the
RCANI1.1-depleted and dKD cells. Incubation with either 20 nM FK506 or 12.5 uM Mdivi-1 reduced transcript levels to
those found in control cells. (I-J) Western blot analysis of total protein from NRVM before and after sI/R (I/R) showed no
change in the levels of RCANI and RCANI1.4. Quantification below is from 4 separate experiments (n=4). Protein
loading was normalized to GAPDH. (K-L) Either FK506 or Mdivi-1 conferred significant protection from simulated I/R
to NRVM depleted of RCAN1 (dKD). (n=5). Values are mean = SEM; *P<0.05, **P<0.01, ***P<0.001.
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Online Figure V. Radial profile analysis of mitochondrial distribution in RCAN1 depleted NRVM. (A) Schematic
of subcellular zones applied for fluorescence analysis. (B) Quantification of mitochondrial volume in each of the radial
zones, applied to control or RCANI1.1 depleted NRVM. Data are from 25 cells examined from six separate experiments
(n=6). Mean = SEM; *P<0.05 compared with siControl.
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Online Figure VI. RCANI1-depleted NRVM are more sensitive to CAPN-mediated damage following I/R. (A)
Cytosolic Ca™ was assessed by loading cells with Fluo4 prior to the addition of Histamine (100 pM) to release Ca™ from
ER stores. (B) Signal from A was quantified as the maximal fluorescence ratio reached during the first 150 s. Data are
from 40 cells examined in five separate experiments (n=4). (C) a-spectrin cleavage products were assessed by Western
blot as an indication of calpain activity in RCAN1.1-depleted NRVMs pretreated with Mdivi (12.5 pM) or vehicle. (D)
Densitometry quantification of data from C (n=4). (E-G) NRVM were transfected with control siRNA or ones targeting
both RCANI.1 and RCAN1.4 (dKD) as indicated. 48 h following transfection three different calpain inhibitors were
tested for their ability to restore protection from simulated I/R: (E) 10 pM E-64D, (F) 10 uM MDL, or (G) 10 uM PD
150606. All three conferred protection to the dKD cells (z=5). (H) A mixture of siRNA’s targeting Calpain (Capn) 1 and
2 (50 nM) also conferred protection to the RCAN dKD NRVMs (n=5). (I-J) Transcript levels for Capnl and Capn2 were
quantified by qPCR in NRVMs treated with the mixture of siRNA’s depleting Capn I and 2 (n=3). (K) LDH release in
RCANI1.1-depleted NRVMs subjected to sI/R and preincubated with either RuRed (10 uM) or BAPTA AM (1 uM) prior
ischemia (n=4). (L-O) Validation of RuRed and BAPTA AM to alter Ca™ handing (MCU inhibition and chelation of
cytoplasmic Ca”" respectively). In L-M cells where loaded with Rhod-FF, whereas in N-O cells where loaded with Fluo4.
Data are from 40 cells examined in four separate experiments (n=4). Values are mean + SEM; *P<(0.05, **P<0.01,
*xP<0.00.
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Online Figure VII. Adenoviral expression of human RCANI.1. NRVM were transduced with an adenovirus encoding
HA-tagged human RCANI1.1 (4d-RCANI1.1) or B-galactosidase (4Ad-f-gal) as a control (MOI 0-1,000). 48 h later, cells
where assayed for (A) LDH release as control for toxicity (n=4); (B) Transcript and RCANI, 1 and (C-D) protein levels of
hRCANI.1 (r=3). Values are mean = SEM; *P<0.05, ***P<0.001.
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Online Figure VIII. Adenoviral expression of human RCANI1.4. NRVM were transduced with an adenovirus encoding
human RCAN1.4 (4d-RCANI.4) or B-galactosidase (Ad-f-gal) as a control (MOI 0-1,000). 48 h later, cells where
assayed for (A) LDH release as control for toxicity (n=4). Total cellular extracts were used for the analysis of (B)
transcript (n=3) and (C-D) protein levels of RCAN1.4 (n=3). (E) NRVM were transfected with Control and Rcanl.I-
targeted siRNAs followed by infection with Ad-RCAN1.4 or Ad-f-gal (MOI 100 or 500). 48 h later, cells where loaded
with Mitotracker Green and imaged by confocal (n=4). Scale bar = 10 pm. (F) The number of mitochondria per cell and
(G) individual mitochondrial volume were quantified. (H) Infection with Ad-RCANI.4 was not sufficient to restore
protection from I/R to siRCAN1.1-depleted NRVMs as assayed by LDH release (n=4). Values are mean + SEM;
*P<0.05, **P<0.01, ***P<0.001.
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Online Figure IX. Validation of mitochondrial Ca®* uptake. (A) Representative images of Rhod2 signal following
switch to 2 pM free Ca®* solution in AMVM isolated from WT animals. Higher magnification shows pattern of staining
foci consistent with mitochondrial morphology, as opposed to a cytosolic pattern. (B) The addition of 2 uM RuRed
inhibited increase in mitochondrial Ca®" signal, validating uptake via MCU. Scale Bar = 8 um.
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Online Figure X. MEF from Rcanl KO mice show evidence of increased mitochondrial fragmentation. (A)
Representative confocal Z-stack reconstructions of MEFs derived from W7 and Rcan! KO embryos stained with
Mitotracker Green show increased mitochondrial fragmentation in KO cells compared to W7 (Scale bar = 20 um). (B)
Number of mitochondria per cell and (C) individual mitochondrial volume were quantified. Data are from 15 cells
examined from three separate experiments (#=3). Values are mean = SEM; **P<(0.01.
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Online Figure XI. siRNA depletion of RCAN1.1 from disomic (2S) and trisomic (3S) iPSC did not affect expression
of genes indicative of pluripotency. siRNA-depleted iPSC were analyzed by qPCR for POU class 5 homeobox
(POUSF1, also known as OCT3/4), Nanog homeobox (NANOG) and SRY-box 2 (SOX2) expression. HEK293 cells were
used as controls for the absence of these markers (n=4). Values represent the mean = SEM.



ONLINE FIGURE XII
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Online Figure XII. Schematic model depicting RCAN1’s role in maintaining a metabolically active mitochondrial
network. When RCANI levels are low, calcineurin (CN) is more easily activated, increasing the potential for
translocation of DRP1 to mitochondria to promote fission. The resulting mitochondrial population has a lower membrane
potential with decreased O, consumption, ROS generation, and capacity for mitochondrial Ca*" uptake. As a consequence
cytosolic Ca®* remains elevated longer following I/R increasing CAPN-mediated damage. Increased RCANT1 levels helps
preserve fusion and reduce I/R activation of CAPN.



ONLINE FIGURE XIII
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Online Figure XIII. IgG controls for DRP1, NFAT and HSPAY9 immunofluorescences. Representative confocal
images of immunocytochemistry for DRP1 (green), NFAT (red), mitochondrial HSPA9 (magenta) and their respective
controls of IgG-alexa conjugated secondary antibodies in NRVM. Scale bar: 20 um.
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