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activates the unfolded protein response and
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Aims Calcium-handling capacity is a major gauge of cardiomyocyte maturity. Ryanodine receptor 2 (RYR?2) is the pre-dominant
calcium channel that releases calcium from the sarcoplasmic reticulum/endoplasmic reticulum (SR/ER) to activate cardi-
omyocyte contraction. Although RYR2 was previously implied as a key regulator of cardiomyocyte maturation, the me-
chanisms remain unclear. The aim of this study is to solve this problem.

Methods We performed Cas9/AAV9-mediated somatic mutagenesis to knockout RYR2 specifically in cardiomyocytes in mice. We

and results conducted a genetic mosaic analysis to dissect the cell-autonomous function of RYR2 during cardiomyocyte maturation.
We found that RYR2 depletion triggered ultrastructural and transcriptomic defects relevant to cardiomyocyte matur-
ation. These phenotypes were associated with the drastic activation of ER stress pathways. The ER stress alleviator taur-
oursodeoxycholic acid partially rescued the defects in RYR2-depleted cardiomyocytes. Overexpression of ATF4, a key
ER stress transcription factor, recapitulated defects in RYR2-depleted cells. Integrative analysis of RNA-Seq and bioChlP-
Seq data revealed that protein biosynthesis-related genes are the major direct downstream targets of ATF4.

Conclusion RYR2-regulated ER homeostasis is essential for cardiomyocyte maturation. Severe ER stress perturbs cardiomyocyte
maturation primarily through ATF4 activation. The major downstream effector genes of ATF4 are related to protein
biosynthesis.
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Graphical Abstract
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RYR?2 dysfunction activates ER stress and perturbs T-tubule maturation.

Cardiomyocyte maturation ® Ryanodine receptor 2 ® ER stress
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1. Introduction

Cardiomyocyte maturation is a critical developmental step for cardio-
myocytes to obtain the myriad specializations necessary to fulfill the
needs of the post-natal mammalian circulation.' Cardiomyocyte mat-
uration is closely associated with cell cycle withdrawal and loss of cardiac
regenerative capacity. The inability of stem cell-derived cardiomyocytes
to fully mature is a major bottleneck in cardiac regenerative medicine.
Perturbations in cardiomyocyte maturation could also cause cardiomy-
opathy. Thus, investigating the mechanisms that control cardiomyocyte
maturation is important for understanding cardiac pathophysiology and
developing novel disease therapies.

Mature cardiomyocytes harness elaborate mechanisms to support ef-
ficient, coordinated excitation—contraction coupling. During cardiomyo-
cyte contraction, the depolarization of the plasma membrane activates
L-type calcium channels (LTCCs) and induces a small influx of calcium
into specialized cytoplasmic nanodomains called dyads. This calcium in-
flux activates ryanodine receptor 2 (RYR?2), the major calcium channel
on the sarcoplasmic reticulum (SR), which is the specialized endoplasmic
reticulum (ER) in cardiomyocytes. Activated RYR2 rapidly releases a
large amount of calcium from the SR lumen into the cytoplasm. This
RYR2-mediated calcium release leads to a sharp increase of cytoplasmic
calcium concentration, which activates the myofibrils to drive cellular
contraction.*®

In development, the maturation of calcium-handling capacity is
achieved through the increase of key calcium-handling proteins, such
as LTCC and RYR2. In addition, the plasma membrane invaginates
into the cell interior to form transverse tubules (T-tubules).®’
T-tubules facilitate action potential propagation from the cell surface
to interior, thereby coordinating rapid and synchronous calcium release
throughout the intracellular space. Thus, T-tubule formation is an
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ultrastructural hallmark of mature excitation—contraction coupling and
calcium handling in cardiomyocytes, which forms at the second and third
week after birth in mice.

Although calcium-handling parameters are well-established readouts
of cardiomyocyte maturation, very little is known about the roles of cal-
cium in the regulation of cardiomyocyte maturation. The SR/ER lumen is
the major calcium reservoir in cardiomyocytes. Perturbation of ER func-
tions such as protein biogenesis, protein folding and post-translational
modifications trigger the unfolded protein responses (UPRs) also re-
ferred to as ER stress.®? Short-term, moderate ER stress is usually cell
protective, but excessive, acute ER stress can damage cells and even trig-
ger programmed cell death.

The contribution of ER stress to cardiac pathology, protection, and re-
modelling has been actively studied,'®"" but whether ER stress regulates
cardiomyocyte maturation is yet to be investigated. Despite the intriguing
connection between calcium handling, ER homeostasis and cardiomyo-
cyte maturation, dissecting the relationship between these processes
has been technically challenging because the genetic manipulation of
calcium-handling molecules in SR/ER, such as RYR?2, often leads to acute
cardiac dysfunction and animal death."? Probing the cell-autonomous
functions of these molecules, without worrying about the confounding
secondary effects of cardiac dysfunction, is particularly problematic."

To circumvent these hurdles, we established the adeno-associated
virus (AAV)-delivered CRISPR/Cas9-mediated somatic mutagenesis
(CASAAV) technique."*'> CASAAV allows us to produce cardiac gen-
etic mosaics to circumvent cardiac dysfunction and animal death pheno-
types, providing an opportunity to investigate cell-autonomous gene
functions in vivo. Using this tool, we previously generated RYR2 genetic
mosaics in mice and discovered a novel role of RYR2 in T-tubule matur-
ation." Here, we further study the role of RYR2 in regulating ER
homeostasis and cardiomyocyte maturation in mice.
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2. Materials and methods
2.1 Animal

All animal strains and procedures were locally approved by the
Institutional Animal Care and Use Committee of Boston Children’s
Hospital (reference number: 19-07-3969R) and the ethics review board
of Peking University (reference number: LA2021034). All animal proce-
dures conform to the current NIH guidelines for the Care and Use of
Laboratory Animals. General anaesthesia was induced with 0.5-3% iso-
flurane in a flow chamber supplied with oxygen. Rosq“?s?CFP/cas9GFP
(Stock No.: 026175) and Rosa®™2™ (Stock No.: 010920) mice were ob-

tained from the Jackson Laboratory.

2.2 Plasmids and AAV

We  previously reported AAV-cTNT-Cre, AAV-sgRNA[Ryr2]-
cTNT-Cre, and AAV-cTNT-GFP-version2 plasmids.'*'® Ryr2 knockout
(KO) was achieved with sgRNAs 5'-tgaggtggttctgcagtgca-3° and
5'-tgcttggcageagaaggatt-3'. We synthesized a 3x HA-MCS-P2A fragment
(Integrated DNA technologies, USA, gBlock) and inserted this fragment
into the AAV-cTNT-GFP-version2 plasmid to produce the
AAV-cTNT-3xHA-MCS-P2A-GFP vector (Addgene#175090). Next,
we cloned Atf4 (Dharmacon Inc, USA, MMM1013-202858570), Xbp1s
(Dharmacon Inc, USA, MMM1013-202766393), Atf6 (transOMIC, USA,
TCM1004), and Ddit3 (Dharmacon Inc, USA, MMM1013-202764200)
coding sequences into the above vector to produce AAV-cTNT-3xHA-
ATF4-P2A-GFP,  AAV-cTNT-3xHA-XBP1s-P2A-GFP,  AAV-cTNT
-3xHA-ATF6N-P2A-GFP, and AAV-cTNT-3xHA-DDIT3-P2A-GFP
plasmids. We also synthesized a bioHA fragment and used this fragment
to modify the AAV-cTNT-3xHA-ATF4-P2A-GFP plasmid and produce
AAV-cTNT-bioHA-ATF4-P2A-GFP.

We produced AAV9 as previously described."”"® In brief, 140 pg
AAV-ITR, 140 pg AAV9-Rep/Cap, and 320 pg pHelper (pAd-deltaFé,
Penn Vector Core) plasmids were produced by maxiprep
(Invitrogen, USA, K210017) or Gigaprep (Invitrogen, USA,
K210009XP), and triple transfected into HEK293T cells in ten 15-cm
plates by polyethylenimine transfection reagent (Polysciences, USA,
23966-2). 60—72 h after transfection, cells were scraped off plates, resus-
pended in lysis buffer (20 mM Tris pH 8, 150 mM NaCl, 1 mM MgCl,,
50 pg/mL Benzonase) and lysed by three freeze—thaw cycles. AAV in cul-
ture medium was precipitated by PEG8000 (VWR, USA, 97061-100), re-
suspended in lysis buffer, and pooled with cell lysates. AAV particles were
next purified in a density gradient (Cosmo Bio USA, AXS-1114542) by
ultracentrifugation (Beckman, USA, XL-90) with a VTi-50 rotor. The
AAV was next concentrated in phosphate buffered saline (PBS) with
0.001% pluronic F68 (Invitrogen, USA, 24040032) using a 100 kD filter
tube (Fisher Scientific, USA, UFC910024).

AAV titre was quantified by real-time PCR using a fragment of the
c¢TNT promoter DNA to make a standard curve. PCR primers for
AAV quantification were 5-TCGGGATAAAAGCAGTCTGG-3 and
5-CCCAAGCTATTGTGTGGCCT-3". SYBR Green master mix
(Invitrogen, 4368577) was used in this quantification.

2.3 Echocardiography and

electrocardiogram

Echocardiography was performed on a VisualSonics Vevo 2100 machine
with Vevostrain software by an investigator blinded to genotype or
treatment group. Animals were awake during this procedure and held
in a standard handgrip.

The mice’s Lead Il electrocardiogram was measured with a Softron
ECG processor and analyzed by SP2006 software (Softron
Biotechnology, Beijing, China). The scientist who performed the mea-
surements was blinded to the mouse group assignment. Five consecutive
heartbeats were measured to calculate the average value for each
animal.

2.4 In situ confocal imaging of myocardium

In situ myocardium imaging was performed following an established
method." In brief, isolated hearts were cannulated on a Langendorff ap-
paratus, and perfused with perfusion buffer [10 mM HEPES (pH 7.4),
120.4 mM NaCl, 14.7 mM KCl, 0.6 mM KH,PO,4, 0.6 mM Na,HPO,,
12mM MgSO4 46 mM  NaHCO; 30mM  Taurine, 10 mM
2,3-butanedione monoxime (BDM), 5.5 mM glucose] at room tempera-
ture for 10 min. Where indicated, FM 4-64 (Invitrogen, USA, 13320) and
Hoechst 33342 (Invitrogen, USA) dyes were added to the perfusion buf-
fer at 2 and 4 pg/mL, respectively. After perfusion, the hearts were posi-
tioned on a glass-bottom dish, and immediately imaged using an inverted
confocal microscope (Olympus FV3000RS).

2.5 Cardiomyocyte isolation

Cardiomyocytes were isolated by retrograde collagenase-Il perfusion.
In brief, heparin-pre-treated mice were anaesthetized in a chamber with
0.5-3% isoflurane titrated to effect. Hearts were isolated and cannulated
onto a Langendorff perfusion apparatus. 37°C perfusion buffer [10 mM
HEPES (pH 7.4), 120.4 mM NaCl, 147 mM KCl, 0.6 mM KH,PO,,
0.6 MM Na,HPO4 1.2mM MgSO, 46 mM NaHCO; 30 mM
Taurine, 10 mM BDM, 5.5 mM glucose] was first pumped into the heart
to flush out blood and equilibrate the heart. 2 mg/mL Collagenase I
(Worthington, USA, LS004177) was next perfused into the heart for
10 min at 37°C to dissociate cardiomyocytes. The apex was cut from
the digested heart, gently dissociated into single cardiomyocytes in
10% foetal bovine serum/perfusion buffer and filtered through a
100 pm cell strainer to remove undigested tissues.

20

2.6 Contractility measurement and calcium
imaging
Calcium was re-introduced into isolated cardiomyocytes by treating
cells with a series of 5mL perfusion buffers containing 100 uM,
400 pM, 900 uM, and 1.2 mM CaCl,. At each step, cardiomyocytes
were allowed to sediment for 5 min at room temperature before cells
were transferred to the next buffer with a higher calcium
concentration.'®

In calcium imaging, the cardiomyocytes were loaded with 5pM
Rhod-2 for 10 min, washed with normal Tyrode solution (140 mM
NaCl, 4 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, 10 mM glucose, 5 mM
HEPES, pH 7.4, adjusted with NaOH) and next settled in a laminin-
coated glass-bottom flow chamber at 30°C. The cells were electrically
stimulated at 1 Hz to produce steady-state conditions. Calcium signals
were next acquired through confocal line scanning using a x60 object-
ive. The line scan was positioned along the long axis of the cell in the
cytosol, avoiding the nuclear area. The calcium signal was quantified
manually using Image]."®

For the contractility assay, cardiomyocytes were plated on laminin-
coated coverslips in media with 10 mM BDM and incubated for
30 min at 37°C and 5% CO,. The coverslips were then transferred
into a 37°C flow chamber with 1.2 pM CaCl, perfusion buffer without
BDM. Cardiomyocytes were electrically stimulated at 1 Hz and cell
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contraction was measured using an lonOptix system and a x40 object-
ive. Contractile and non-contractile cardiomyocytes were identified
visually.'®

2.7 Fluorescence imaging and analysis
Immunofluorescent labelling was performed as described.”’
Cardiomyocytes were first settled on laminin-coated glass coverslips
for 30 min. Then, the cells were fixed with 4% paraformaldehyde for
10 min, permeabilized by 0.1% Triton-100/PBS for 10 min and blocked
in 4% bovine serum albumin/PBS (blocking buffer) at 4°C overnight.
Then, the cells were incubated with primary antibodies diluted in block-
ing buffer overnight at 4°C, washed with blocking buffer, and then incu-
bated with secondary antibodies and dyes at room temperature for 2 h.
The cells were next washed with PBS and mounted with ProlLong
Diamond antifade mountant (Invitrogen, 36961) before imaging.
Antibodies and dyes are listed in Supplementary material online,
Table S3.

For immunofluorescence on cryo-sections, hearts were harvested
after isoflurane anaesthesia and fixed by 4% paraformaldehyde overnight
at 4°C. Fixed hearts were cryoprotected by soaking in 15% sucrose fol-
lowed by 30% sucrose at 4°C. Hearts were embedded in tissue-freezing
medium (General Data, USA, TFM-5). 10 pm cryo-sections were cut
using a cryostat (Thermo Scientific, USA, Microm HM 550).
TdT-mediated dUTP nick end labelling (TUNEL) staining was performed
using In Situ Cell Death Detection Kit (Roche Diagnostics, USA, #
11684795910) following manufacturer’s instruction.

Confocal fluorescent images were taken using Olympus FV3000RS in-
verted laser scanning confocal microscope with a 60x/1.3 silicone-oil
objective. Fluorescence intensity was measured using Image).
AutoTT?? was used to quantify T-tubule and sarcomere organization.
Cell size and shape were manually measured on maximally projected
images.

2.8 Fluorescence-activated cell sorting
Isolated cardiomyocytes were filtered with a 100-pym cell strainer, pel-
leted by centrifugation at 20x g for 5 min and resuspended in ~1 mL
cold perfusion buffer. Fluorescence-activated cell sorting (FACS) was
performed using a BD Ariall SORP cell sorter with a 100-pm nozzle.

2.9 RNA extraction and analysis

For real-time quantitative PCR (RT—qPCR) analysis using heart tissue,
total RNA was purified using PureLink RNA Mini kit (Ambion, USA,
12183025). Genomic DNA removal and reverse transcription were
performed using the QuantiTech reverse transcription kit
(Qiagen, USA, 205311). Real-time PCR was performed using an ABI
7500 thermocycler.

For RT—qPCR using FACS-sorted cells, FACS was performed as de-
scribed above. Samples were collected in a cooling device.
Immediately after FACS, cells were centrifuged at 13000 rpm at 4°C
to remove supernatant. Total RNA was purified using PureLink RNA
Micro kit (Thermo Fisher, USA, 12183016) and genomic DNA was re-
moved by on-column DNase | digestion. Reverse transcription was per-
formed using the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech),
which pre-amplified full-length cONA before gPCR. Real-time PCR was
performed using an ABI 7500 thermocycler.

RT—qPCR analysis of gene expression was performed by either Tagman
quantification or SYBR reactions. The Tagman probes are as follow:
Gapdh: 4352339E, Hspa5:Mm00517690_g1, Ddit3:Mm01135937_g1,
Eif2ak3: Mm00438700_m1, Gapdh: Mm99999915_g1, Ern1: Mm0047

0233_m1, Atf6: Mm01295317_m1, Xbp1 (total): Mm00457357_m1
(Thermo Fisher Scientific). To specifically measure Xbp1s expression, we
used 5-GAGTCCGCAGCAGGTG-3' and 5-GTGTCAGAGTCC
ATGGGA-3' primers for SYBR-based RTqPCR quantification (Invitrogen).
As an internal control, we used 5-AGGTCGGTGTGAACGGATTTG-3
and 5'-TGTAGACCATGTAGTTGAGGTCA-3' to measure Gapdh.
RT—PCR detection of Xbp1s splicing variants was performed using
GoTaq PCR master mix (Promega, USA) and primers: 5'-ACACGCTT
GGGAATGGACAC-3' and 5'-CCATGGGAAGATGTTCTGGG-3".

2.10 RNA-seq and data analysis

10 ng total RNA from FACS-isolated cardiomyocytes was reverse tran-
scribed and full-length cDNA was specifically amplified by eight PCR cy-
cles using SMART-Seq v4 Ultra Low Input RNA Kit (Clontech, USA).?
RNA-seq libraries were constructed using lllumina’s Nextera XT kit and
single-end sequence reads were obtained using an lllumina NextSeq 500
sequencer.

RNA-seq reads were aligned to mm10 by STAR** and read counts
were calculated by FeatureCounts .** DESeq2 was used to perform stat-
istical analysis of differential gene expression.?® An adjusted P value of
0.05 was used as the cutoff to identify differentially regulated genes.
Gene ontology (GO) term analysis was performed using gene set enrich-
ment analysis (GSEA) with ranked gene lists.?” To visualize read distribu-
tion and Sashimi plots on genomic loci, bigwig files, generated by
deeptools28 with normalized read count, were loaded into the
Integrative Genomics Viewer.”’

2.11 Western blot analysis

Heart tissues were homogenized in RIPA buffer (25 mM Tris pH7.4,
150 mM NaCl, 1% Triton X-100, 0.5% Na Deoxycholate, 0.1% SDS)
buffer supplemented with protease inhibitor cocktail at ~33.3 mg/mL
concentration. Heart lysates were denatured in 2x SDS sample buffer
at 70°C for 10min, separated on a 4-12% gradient gel
(Invitrogen, USA, Bolt gels, NW04122BOX), transferred to a polyviny-
lidene difluoride membrane, and blocked by 4% milk/TBST. Primary anti-
bodies were incubated with the membrane overnight at 4°C, followed
TBST  washes.
(HRP)-conjugated secondary antibodies were probed for 1-2h at

by four 15-min Horseradish  peroxidase
room temperature, followed by four 15-min TBST washes. After adding
Immobilon Western chemiluminescent HRP substrate (Millipore, USA,
WBKLS0500), chemiluminescence was detected using a Li-Cor
C-DiGit blot scanner. Antibodies used in this study are listed in

Supplementary material online, Table S3.

2.12 bioChlIP-seq and data analysis

For each biological replicate, four heart ventricles were collected from
P28 Rosa26”™" mice that were treated with AAV-bioHA-ATF4 at
P1. The tissues were minced in 1% formaldehyde-containing PBS at
room temperature by a motor-driven homogenizer (T10 basic. IKA).
The tissue suspension was shaken for 15 min at room temperature
for crosslinking. Next, glycine was added at a final concentration of
125 mM to quench formaldehyde. Chromatin isolation was performed
as previously described.’**' A microtip sonicator (QSONICA Q700)
was used at 60% amplitude and a cycle of 5 s on and 20 s off for 96 cycles
in total. Sheared chromatin was pre-cleared by incubation with 100 pL
Dynabeads Protein A (Life Technologies, USA, 10002D) for 1 h at 4°
C. The pre-cleaned chromatin was then incubated with 100 pL
Dynabeads M-280 Streptavidin (Life Technologies, USA, 11206D) for
1 hat 4°C. The streptavidin beads were washed and bound DNA eluted.
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BioChlP DNA was purified with MinElute PCR Purification kit
(Qiagen, USA, 28006). ChlP-seq libraries were constructed using a
ChlP-seq library preparation kit (KAPA Biosystems, USA, KK8500).
50 ng of sonicated chromatin without pull-down was used as input.
Pair-end sequencing was performed on a NovaSeq sequencer. Reads
were aligned to mm10 using Bowtie2*? using default parameters. Peaks
were called with MACS2®? against input chromatin background.
HOMER was used to annotate peaks to the nearest gene and to perform
motif analysis (http:/homer.ucsd.edu/homer/). DeepTools was used to
generate aggregation and heatmap plots.”® bioChlP-seq signal was visua-

lized in the Integrated Genome Viewer.”

2.13 Statistical analysis

Statistical analysis and plotting were performed using JMP software (SAS
Institute, USA) or GraphPad Prism. Statistical tests are indicated in each
figure legend. Numbers in parentheses in figures indicate non-significant
P-values. Bar plots show mean =+ standard deviation. In box plots, hori-
zontal lines indicate the median and 25th and 75th quantiles; whiskers
extend 1.5x the interquartile range from the 25th and 75th percentiles;
dots represent possible outliers.

3. Results

3.1 RYR2 is essential for cardiomyocyte

maturation
The workflow of the CASAAYV technique is shown in Figure 1A. Briefly,
AAV9 was used to deliver single-guide RNAs (sgRNAs) and Cre recom-

binase specifically to Rosa“*?“

cardiomyocytes in mice by the
cardiomyocyte-specific cTNT promoter. Cre activated Cas9 and GFP
expression from Rosa*“**?“*" and enabled CRISPR/Cas9-mediated KO
of the gene of interest.

To achieve CASAAV-based RYR2 depletion, we designed sgRNAs
targeting the second exon of Ryr2 (Figure 1B). We previously demon-
strated that CASAAV with these sgRNAs efficiently depleted RYR2."
We used Cas-OFFinder®*® to assess the off-target effects and identi-
fied no genomic loci with 0—1 base-pair mismatches relative to these
sgRNA sequences. Among the genomic regions showing 2-3 mis-
matches, only four loci were exonic and their gene expression was
not altered upon CASAAV treatment (see Supplementary material
online, Table S7). Thus, the off-target effects of these sgRNAs were
low and unlikely to skew the following analysis.

To rule out the expression of truncated RYR2 proteins, we
injected  high-dose (3.6 x 10°vg/g) AAV-sgRNA[Ryr2]-cTNT-Cre
(AAV-sgRNA[Ryr2]; KO) or AAV-cTNT-Cre (AAV-Cre; control) into
Post-natal Day 1 (P1) mice and collected ventricular tissues at P7 for
western blot analysis. The full-length RYR2 protein bands were clearly di-
minished in the KO group while no smaller bands were increased (see
Supplementary material online, Figure STA). Immunofluorescent staining
revealed RYR2 loss in over 70% AAV-sgRNA[Ryr2]-transduced cardio-
myocytes, using GFP as an AAV transduction marker (see
Supplementary material online, Figure S1B). Calcium transients and cell
contractility were fully abolished in KO cardiomyocytes as expected,
confirming the essential role of RYR2 in cardiomyocyte excitation—con-
traction coupling (see Supplementary material online, Figure 1C and D).

High-dose AAV-sgRNA[Ryr2] transduced ~72% ventricular cardio-
myocytes at P7 (Figure 1C). This treatment resulted in death within 2
weeks after birth (Figure 1D), decreased cardiac fractional shortening
(Figure 1E), and prolonged QT interval (see Supplementary material

online, Figure STE) at P10. We next titrated the AAV dosage to create
genetic mosaic RYR2 depletion in the heart and identified a low dose
(3.6 x 108vg/g) that only transduced ~16% cardiomyocytes
(Figure 1C). This dose circumvented animal death and cardiac dysfunc-
tion (Figure 1D and E), opening the door to study the cell-autonomous
function of RYR2 in cardiomyocyte maturation.

We first analyzed the role of RYR2 in T-tubule formation, which is an
ultrastructural hallmark of cardiomyocyte maturation that occurs in
mice at the 2-3 weeks after birth. In situ confocal imaging of the
4-week mosaic hearts revealed a drastic loss of T-tubules in
GFP-positive cardiomyocytes (Figure 1F and G). This result was further
validated by immunostaining of the T-tubule marker CAV3 (caveolin-3)
(Figure 1H). We also observed disrupted organization of sarcomere
Z-lines and reduced distance between adjacent Z-lines (Figure 1/ and J)
in RYR2-depleted cardiomyocytes. These mutant cardiomyocytes had
reduced projected cell area, length, and width (Figure 1K). Together,
these phenotypes indicated that RYR2 is essential for morphological car-
diomyocyte maturation.

We next purified 4-week-old GFP-positive cardiomyocytes by FACS,
and adopted a published, customized protocol to profile the transcrip-
tomes (FACS-RNA-Seq, Figure 2A)."®3 Principle component analysis
(PCA) clearly separated Ctrl and Ryr2 KO RNA-Seq data (see
Supplementary material online, Figure S2A). More than 3200 genes
were up- or down-regulated by RYR2 depletion (Figure 2B and see
Supplementary material online, Table $2). Myofibrillar isoform switching
from Myh7 and Thni1 to Myhé and Tnni3, which are established markers
for cardiomyocyte maturation in mice,* was impaired in Ryr2 KO cells
(Figure 2C). GSEA using either hallmark (Figure 2D)*” or GO gene sets
(see Supplementary material online, Figure S2B) showed that RYR2 de-
pletion triggered drastic down-regulation of genes involved in oxidative
phosphorylation and fatty acid metabolism.

To further assess cardiomyocyte maturation at the transcriptome le-
vel, we took advantage of a published RNA expression profile of P6 and
P30 cardiomyocytes.®® In RYR2-depleted cardiomyocytes, down-
regulated genes were pre-dominantly enriched in P30 cardiomyocytes,
while up-regulated genes were significantly enriched in P6 cardiomyo-
cytes (Figure 2E). An array of essential myofibrillar, mitochondrial, elec-
trophysiological, and calcium-handling genes in mature cardiomyocytes
were also perturbed (Figure 2F). Thus, RYR2 is essential for the gene ex-
pression changes associated with cardiomyocyte maturation.

3.2 RYR2 depletion activates UPRs

As shown in Figure 2E (genes in the red box), RYR2 depletion elevated
the expression of some genes that could not be explained by maturation
defects. We performed GSEA of these up-regulated genes and found
UPR and ER stress as the top up-regulated biological processes
(Figure 3A and see Supplementary material online, Figure $2C). UPR/ER
stress pathways comprise three classic branches, namely the EIF2AK3
(PERK)-EIF2A(elF2a)-ATF4 axis, the ERN1(IRE1)-XBP1 axis, and the
ATF6 axis (illustrated in Figure 3B).”"© We examined these ER stress
markers as well as representative downstream genes such as Ddit3
and Hspa5 in the RNA-seq data and found all genes up-regulated
upon RYR2 depletion (Figure 3C). This result was further validated by
RT—gPCR (see Supplementary material online, Figure S2D).

We next studied whether RYR2 depletion triggered post-
transcriptional ER stress mechanisms. RNA-seq reads covering Xbp1
transcripts demonstrated ER stress-induced spliced Xbp1 (Xbp1s) ex-
pression in the RYR2-depleted group (Figure 3D). This result was fur-
ther validated by reverse-transcription PCR and RT—qPCR using
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Figure 1 RYR2 depletion perturbs morphological maturation in cardiomyocytes. (A) A diagram showing the principle behind CASAAV-based mutagen-

esis. ROSGCas?GFP/Cas‘?GFP

mice were treated with AAV-sgRNA[Ryr2]-cTNT-Cre at P1 to achieve cardiomyocyte-specific RYR2 depletion. (B) A diagram

showing the gene body of Ryr2 and the location of sgRNA-targeted regions. (C) Fluorescent images of cardiac cryo-sections that were transduced with
AAV at high (3.6 x 10 vg/g) and low (3.6 x 10° vg/g) doses, or not transduced with AAV. The fraction of GFP-positive cells was labelled below the images.
(D) Survival curve. Control (Ctrl) mice were treated with AAV-cTNT-Cre. Log-rank test. (E) Fraction shortening measurement by echocardiogram.
Unpaired two-tailed t-test. In (D) and (E), n indicates animal numbers. (F) In situ confocal images of myocardium that was perfused with the plasma mem-
brane dye FM 4-64. The arrow indicates a GFP-positive RYR2-depleted cardiomyocyte. (G) Quantification of T-tubule contents by AutoTT.2 (H)
Immunofluorescent images of isolated cardiomyocytes that were labelled with RYR2 and CAV3 antibodies. The arrow points to a GFP-positive
RYR2-negative cardiomyocyte. (I) ACTN2 immunofluorescent images of isolated cardiomyocytes. (/) Quantification of sarcomere Z-line spacing in isolated
cardiomyocytes. (K) Quantification of projected cell area, cell length, cell width, and length—width ratio of isolated cardiomyocytes. In (G), (/), and (K), n
indicates the number of measured cells from two animals and the Mann—Whitney U test was performed. In statistical analyses, ¥P < 0.05; **P < 0.01; ***p
< 0.001; non-significant P values were labelled in parentheses. In fluorescent images, scale bars stand for 20 um. WGA, wheat germ agglutinin.

primers that specifically detected Xbp1s (Figure 3E). At the protein le-
vel, RYR2 depletion elevated the phosphorylation of EIF2AK3 and
EIF2A, enhanced expression of ATF4, XBP1S, the cleaved
N-terminal fragments of ATF6 (ATF6N) and HSPAS (Figure 3F and G
and see Supplementary material online, Figure S3). By comparing the
fold changes, the ATF4 protein was more prominently increased
than ATF6N and XBP1S (Figure 3G).

3.3 ER stress impairs cardiomyocyte

maturation
We next sought to determine the impact of ER stress on cardiomyocyte

maturation. Tauroursodeoxycholic acid (TUDCA) is an established
small molecule that could alleviate ER stress in the heart.**™*" We ap-

plied this drug to mice with mosaic cardiac RYR2 depletion
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Figure 2 RYR2 depletion perturbs transcriptional maturation in cardiomyocytes. (A) RNA-Seq experimental design. Seven biological replicates, one
heart per replicate, were analyzed in each group to generate the following data. (B) MA plot of genes differentially expressed in RYR2-depleted cardio-
myocytes. Each group contained seven replicates. (C) Myosin heavy chain and Troponin | isoform switching in RYR2 KO cardiomyocytes. Gene expression
values were from RNA-seq data. (D) GSEA of the most down-regulated hallmark gene sets upon RYR2 depletion. (E) GSEA of enrichment of gene ex-
pression changes during cardiomyocyte maturation (P30 vs. P6) for custom gene sets comprising the top 250 genes most up- or down-regulated in
Ryr2 knockout. (F) Differential expression analysis of key maturation genes upon RYR2 depletion. Up- and down-regulation are presented as positive

and negative values, respectively.

(Figure 4A) and found that TUDCA significantly mitigated T-tubule
defects in RYR2-depleted cardiomyocytes (Figure 4B and 0.2
TUDCA also partially rescued defects in cardiomyocyte morphology
and sarcomere organization (see Supplementary material online,
Figure S4A and B). RYR2 was recently implied to influence ER stress
through CASQ2,** thus we next performed immunofluorescence

analysis of CASQ?2. We found RYR2 depletion severely perturbed
the spatial distribution of CASQ?2 in cardiomyocytes and also caused
the reduction of CASQ?2 level in the heart (see Supplementary
material online, Figure S4C and D). These data showed that ER stress
contributed to cardiomyocyte maturation defects caused by RYR2
depletion.
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Figure 3 RYR2 depletion triggers unfolded protein responses. (A) GSEA of the most up-regulated hallmark gene sets upon RYR2 depletion. (B) A dia-
gram of ER stress pathways and key regulatory genes. (C) Heatmap of the transcription profiles of key ER stress genes upon RYR2 depletion. (D) Sashimi
plot of the cryptic splice site in Xbp1 transcripts as viewed by the Integrative Genome Viewer (left). The number of Xbp1s-specific exon junction reads in
the RNA-Seq data was plotted (right). Seven biological replicates were analyzed. (E) Reverse-transcription PCR analysis of Xbp1 splicing variants (top).
Real-time quantitative PCR analysis of spliced Xbp1 using isoform-specific primers (bottom). In (D) and (E), ***P < 0.001 by the Mann—Whitney U
test. (F) Western blot analysis of ER stress markers in P10 Ctrl and RYR2-depleted ventricles that were treated with high-dose AAV. (G) Quantitative
analysis of the western blot results about ATF6N, XBP1S, and ATF4. Three biological replicates were analyzed.

Because ATF4 protein appeared more prominently increased than *  specifically in cardiomyocytes (Figure 4D) and examined whether
other ER stress effectors in RYR2-depleted cardiomyocytes : ATF4 was sufficient to perturb cardiomyocyte maturation. We first ap-
(Figure 3G), we next generated an AAV vector to overexpress ATF4 | plied high-dose AAV-ATF4 to P1 wildtype pups and analyzed heart
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function at P14. We observed significantly decreased fractional
shortening and increased left ventricle internal diameters, indicating
impaired  contractile function in ATF4-overexpressing hearts
(see Supplementary material online, Figure S5A). Electrocardiogram
did not detect significant electrophysiological abnormalities (see
Supplementary material online, Figure S5B).

We next applied low-dose AAV-ATF4 for a genetic mosaic analysis
and observed at P28 perturbed T-tubule maturation (Figure 4E and F),
myofibril organization (Figure 4G), Z-line spacing (Figure 4H), and post-
natal cardiomyocyte growth (Figure 4/). Functionally, isolated
ATF4-overexpressing cardiomyocytes exhibited impaired calcium hand-
ling (see Supplementary material online, Figure S5C) and sarcomere con-
tractility (see Supplementary material online, Figure S5D) capacities. We
performed FACS-RNA-Seq (Figure 5A and see Supplementary material
online, Table $2) and found that ATF4 drastically disrupted the transcrip-
tomic profile of maturing cardiomyocytes (Figure 5B and see
Supplementary material online, Figure S6A). GSEA showed that ATF4
significantly up-regulated genes that were enriched in P6 cardiomyo-
cytes, and down-regulated genes enriched in P30 cells (see
Supplementary material online, Figure S6B). Together, these results indi-
cated that ATF4 overexpression was sufficient to perturb cardiomyo-
cyte maturation.

To further determine whether the defects in RYR2-depleted and
ATF4-overexpressing cardiomyocytes were relevant, we next per-
RTgPCR  and found that Atf4
ATF4-overexpressing cardiomyocytes were only slightly higher
(~2-fold) than that in RYR2-depleted cardiomyocytes (see
Supplementary material online, Figure S6C). We identified differentially

formed expression in

expressed genes in both ATF4 overexpression and RYR2 KO experi-
ments and we found their expression fold changes were robustly corre-
lated (r=0.91, Figure 5C). GSEA showed that the top up-regulated and
down-regulated hallmark gene sets were identical in ATF4 overexpres-
sion and RYR2 depletion experiments (Figure 5D). Top dysregulated
genes in ATF4 overexpressing cardiomyocytes were also enriched in dif-
ferentially expressed genes in RYR2-depleted cells (Figure 5E). These
genes include key regulators of myofibrils, mitochondria, electrophysi-
ology, and calcium handling (Figure 5F). These data strongly indicated
that ATF4 at least partly mediated the impact of RYR2 depletion on car-
diomyocyte maturation.

Because the Xbp1 and Atfé axes were also activated in Ryr2 KO car-
diomyocytes, we next produced AAVs to overexpress XBP1S or
ATF6N specifically in cardiomyocytes to analyze the effect on cardio-
myocyte maturation (see Supplementary material online, Figure S7A).
Immunofluorescence validated the nuclear localization of these over-
expressed proteins (see Supplementary material online, Figure S7B).
RTgPCR showed that the AAV-mediated overexpression was slightly
higher (~3-fold) than the up-regulation in RYR2-depleted cardiomyo-
cytes (see Supplementary material online, Figure S7C). In situ myocar-
dium imaging showed that the XbpTs- and Atfén-overexpressing
cardiomyocytes both exhibited severe defects in T-tubule and cell
morphology (see Supplementary material online, Figure S7D).

FACS-RNA-Seq was next formed to study the impact of XBP1S and
ATF6N on transcription (see Supplementary material online, Figure S8A
and Table S2). PCA clearly separated control, XBP1S overexpression,
and ATF6N overexpression data (see Supplementary material online,
Figure S8B). Overexpression of Xbp1 and Atfé6 was validated in the
RNA-Seq results (see Supplementary material online, Figure S8C).
Defective isoform switching in Tnni and Myl genes was validated by
the RNA-Seq results in the overexpression groups (see

Supplementary material online, Figure S8D). GSEA showed that both
XBP1S and ATF6N significantly up-regulated genes that were enriched
in P6 cardiomyocytes, and down-regulated genes enriched in P30 cells
(see Supplementary material online, Figure S8E). Collectively, these
data showed that XBP1S and ATF6N activation were also able to impair
cardiomyocyte maturation.

To further determine the relative contribution of each ER stress path-
way to the maturation defects in RYR2-depleted cardiomyocytes, we
performed GSEA and found the differentially expressed genes in the
XBP1S and ATF6N overexpression samples were significantly enriched
in the differentially expressed genes in RYR2-depleted cardiomyocytes
(see Supplementary material online, Figure S9A). The shared differentially
expressed genes in the XBP1S and ATF6N overexpression experiments
and RYR2 KO experiments were correlated (see Supplementary
material online, Figure S9B), but the correlation coefficients were smaller
than that observed between ATF4 overexpression and RYR2 KO (com-
paring Figure 5C and see Supplementary material online, Figure S9B).
Thus, XBP1S and ATF6N likely contributed to the RYR2 KO pheno-
types, although to a lesser extent than ATF4.

3.4 ATF4 triggers excessive expression of

protein translation machinery components
Because ATF4 was widely reported to activate the pro-apoptotic tran-
scription factor DDIT3 (also known as CHOP),**™* we wondered if
apoptosis contributed to the maturation defects that we observed after
RYR2 depletion or ATF4 overexpression. GSEA showed that ER
stress-induced apoptosis genes were up-regulated in both ATF4 overex-
pression and RYR2 KO RNA-Seq data (see Supplementary material
online, Figure S10). Among these genes, we validated that Bcl2, Bax
and Bbc3 (also known as Puma) were significantly up-regulated
(Figure 6A and see Supplementary material online, Figure S10B).
However, we found that ATF4-overexpressing and RYR2-depleted car-
diomyocytes stayed in the myocardium for at least 3 months. No
TUNEL-positive cardiomyocytes could be detected with ATF4 overex-
pression or RYR-depletion (Figure 6B and Ssee Supplementary material
online, Figure S10C). Bcl2 is anti-apoptotic, so perhaps its up-regulation in
ATF4 overexpression or RYR2 depletion (Figure 6A) protected cardio-
myocytes from apoptosis.

To further rule out the contribution of apoptosis to ATF4- and
RYR2-related cardiomyocyte defects, we performed AAV-mediated
overexpression of DDIT3 (Figure 6C). DDIT3 only mildly perturbed
T-tubule maturation (Figure 6D and E). FACS-RNA-seq analysis of
DDIT3 overexpressing cardiomyocytes showed that <300 genes
were changed (see Supplementary material online, Figures S10D, 6F
and Table S2). Less than half of these genes were perturbed in the
ATF4 overexpression experiments (Figure 6G). These data showed
that ATF4 was unlikely to act through the DDIT3-apoptosis axis.

To explore the mechanism by which ATF4 disrupted cardiomyocyte
maturation, we next created AAV vectors that specifically expressed
ATF4 fused to a biotin acceptor peptide in cardiomyocytes.
Administration of this AAV to mice expressing BirA,*® which specifically
biotinylates the biotin acceptor peptide (Figure 7A), facilitated streptavi-
din pull-down of ATF4 and its bound DNA regions for sequencing
analysis. We confirmed by western blots that the ATF4 protein was suc-
cessfully biotinylated and enriched by streptavidin beads (see
Supplementary material online, Figure S11A). We performed
biotinylation-mediated chromatin immunoprecipitation followed by se-

quencing (bioChIP-Seq)***" with two biological replicates using input as
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Figure 4 ATF4 overexpression perturbs morphological cardiomyocyte maturation. (A) Design of TUDCA treatment experiment in Rosa

Cas9GFP/Cas9GFP

mice. (B) In situ confocal images of myocardium in the TUDCA experiment. (C) Quantification of T-tubule contents by AutoTT. (D) Design of the
AAV-based ATF4 mosaic overexpression experiment. (E) In situ confocal images of myocardium in the ATF4 overexpression experiment. GFP-positive
cells were overexpressed. (F) Quantification of T-tubule contents by AutoTT. (G) Immunofluorescent images of isolated cardiomyocytes from
AAV-ATF4 treated hearts. HA tag antibody labels ectopic ATF4 expression. (H) Quantification of sarcomere Z-line spacing in isolated cardiomyocytes.
() Quantification of projected cell area, cell length, cell width, and length—width ratio of isolated cardiomyocytes. In (B), (E), and (G), scale bars stand for
20 um. In (C), (F), (H), and (1), n indicates cardiomyocyte number from two independent hearts and statistical analyses were performed with the Mann—

Whitney U test. #P < 0.05; **P < 0.01; ***P <0.001.

controls, and uncovered 62 301 genomic regions bound by ATF4 in car-
diomyocytes (Figure 7B and see Supplementary material online,
Figure  S11B). These previously  published
ATF4-downstream targets such as Asns and Ddit3 (see Supplementary
material online, Figure $11C),*” and were enriched with the ATF4 binding
motif (see Supplementary material online, Figure S71D). Interestingly,

regions covered

several non-ATF4 motifs were also enriched, suggesting that ATF4 indir-
ectly occupied chromatin regions through other transcription factors
such as GATA4 and MEF2.*®

We characterized the genomic features associated with the
ATF4-bound regions and found ~21% ATF4-bound sites were proximal
to transcription start sites (TSSs) (Fig. 7C). In comparison, only 5.12%
(139847 345 bp/2730855 475 bp) genomic regions are proximal to
TSSs in the murine genome. Thus, ATF4 exhibited a four-fold enrich-
ment in proximal regions, consistent with a previous publication.*
Integration of the ATF4 overexpression RNA-Seq data with the
bioChlP-Seq data revealed that ATF4 preferentially associated with
genes up-regulated by ATF4, indicating that ATF4 is a transcriptional ac-
tivator. GO analysis showed that the direct downstream genes of ATF4

are involved in tRNA activity, amino acid transport, and protein transla-
tion (Figure 7E).

Next, we harnessed the ATF4 bioChlIP-Seq data to dissect Ryr2 KO
RNA-Seq data. We found about 40% of the up-regulated genes after
RYR2 depletion were ATF4 direct downstream targets (Figure 7F).
Exemplary genes include the immature cardiomyocyte marker Tnhnil
and the classic cardiac stress marker Nppa (see Supplementary
material online, Figure S12A and B). GO term analysis again revealed ami-
no acid biosynthesis pathways as the most relevant biological process
(Figure 7G), suggesting this pathway contributed to the ATF4-induced
maturation defects in Ryr2 KO cardiomyocytes.

4. Discussion

Cardiomyocyte maturation is an emerging frontier in cardiac develop-
mental biology. Understanding the mechanisms of cardiomyocyte mat-
uration is not only essential to manipulate cardiomyocyte regeneration
and the maturity of stem cell-derived cardiomyocytes, but also critical to
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uncover the mechanisms by which maturation defects contribute to
heart diseases. Excitation—contraction coupling and calcium handling
are critical parameters of cardiomyocyte maturity, but whether calcium
contributes to the regulation of cardiomyocyte maturation was unclear.
Here, we performed cardiomyocyte-specific and mosaic mutagenesis of
RYR?2, the major calcium channel that mediates SR/ER calcium release

during cardiomyocyte contraction. We found that RYR2 was essential
to maintain ER/SR homeostasis, and thereby provided an essential con-
dition for proper cardiomyocyte maturation.

RYR2 is a well-established calcium channel that is essential for the
physiological and pathological functions of cardiomyocytes. However,
the role of RYR2 in heart development has been difficult to study,
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because conventional genetic ablation of RYR2 lead to acute foetal le-
thality in mice." Whole-heart cardiomyocyte-specific RYR2 depletion
also deposited secondary effects of cardiac dysfunction,® which con-
founded the analysis of cell-autonomous functions of RYR2 in the heart.
In this study, we performed genetic mosaic analysis of cardiomyocytes
depleted of RYR2 and overcame the technical barriers in the previous
animal models. We found new roles of RYR2 in modulating ultrastruc-
tural, transcriptional, and functional aspects of cardiomyocyte matur-
ation as well as the elevation of ER stress. This study highlights the
importance of performing genetic mosaic analysis to precisely define
gene functions in the heart.

ER stress is a double-edged sword in cells. While brief or moderate
activation of ER stress pathways is often protective, prolonged, or ex-
cessive activation of ER stress causes cell damage or even triggers pro-
grammed cell death. A number of studies have revealed the cardiac

protective functions of ER stress effectors, such as XBP1 $°"°2 and

ATF6N.>3>* However, these studies often focused on adult hearts,
and the impact of ER stress on heart development has been understud-
ied. Here, we performed AAV-mediated, acute activation of all three ER
stress effectors and observed drastic changes to maturating cardiomyo-
cytes. These experiments were performed in cardiac genetic mosaics,
indicating that the damaging effect of ER stress pathways to cardiomyo-
cyte maturation is cell-autonomous and not due to secondary effects
caused by cardiac dysfunction and remodelling.

In ER stress, ATF4 is believed to activate DDIT3-mediated apoptosis.
In our studies, although ATF4 overexpression drastically impaired cardi-
omyocyte maturation, we detected minimal cell apoptosis.
AAV-mediated overexpression of DDIT3 was also insufficient to trigger
cellular apoptosis or defects similar to ATF4 overexpression. These re-
sults indicate that DDIT3 is not a major effector of ATF4 in the
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regulation of cardiomyocyte maturation. They also suggest that prior
data supporting the pro-apoptotic role of DDIT3 reflect non-cell au-
tonomous factors in the context of whole-heart disorders.*?

Because ATF4 overexpression triggered more severe defects than
DDIT3 overexpression, ATF4 likely performs DDIT3-independent
functions in cardiomyocytes. To dissect this mechanism, we integrated
RNA-Seq and bioChlP-Seq analysis in ATF4 overexpression and found
that tRNA, amino acid, and protein translation-related genes are the ma-
jor ATF4 downstream targets. This finding was also supported by an-
other study using mouse embryonic fibroblasts.*’ Interestingly, a
recent study reported that ATF4 could trigger autophagy-mediated pro-
tein degradation and cardiomyocyte atrophy.>® Together, these data
show that ATF4 perturbed cardiomyocyte proteostasis, which is essen-
tial for cardiomyocyte maturation.

Although we have successfully depicted the impact of RYR2 depletion
and ER stress activation in cardiomyocyte maturation, the mechanistic
links between RYR2 and ER stress remain unclear. One potential mech-
anism might involve altered calcium dynamics, which is essential for ER/

SR homeostasis. A robust SR calcium measurement platform compatible
with the current genetic mosaic analysis needs to be built to test this hy-
pothesis. Alternatively, RYR2 might directly interact with ER stress reg-
ulators on the SR membrane and regulate their functions. A recent study
indeed reported connections among RYR2, CASQ?2, and IRE1a, which
was upstream of the XBP1 axis.* Future studies are necessary to test
whether RYR?2 also interacts and regulates the upstream regulators of
ATF4 axis.

Human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMes) are widely used as a cell model to understand the patho-
genesis of heart diseases and to test the effect of therapeutic strategies.
The immaturity of hiPSC-CMs is a major bottleneck that limits the reli-
ability and accuracy of hiPSC-CMs studies. Under routine monolayer
culture conditions, RYR2 expression level and subcellular localization
in hiPSC-CMs>® are known to be distinct from mature cardiomyocytes.
Our current study implied that the immature RYR2 expression and lo-
calization might be one important factor contributing to the impaired
maturity of hiPSC-CMs. Therefore, in future studies, it would be
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interesting to test the RYR2-ER stress axis in hiPSC-CMs and determine
whether this novel regulatory pathway could be manipulated to enhance
the outcome of hiPSC-CM-related studies in cardiac regenerative
medicine.
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Supplementary material is available at Cardiovascular Research online.
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