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Lipid droplets (LDs) are cellular organelles critical for lipid homeostasis,
withintramyocyte LD accumulationimplicated in metabolic

disorder-associated heart diseases. Here we identify ahuman long
non-coding RNA, Lipid-Droplet Transporter (LIPTER), essential for LD
transport in human cardiomyocytes. LIPTER binds phosphatidic acid

and phosphatidylinositol 4-phosphate on LD surface membranes and

the MYH10 protein, connecting LDs to the MYH10-ACTIN cytoskeleton

and facilitating LD transport. LIPTER and MYHI10 deficiencies impair

LD trafficking, mitochondrial function and survival of humaninduced
pluripotent stem cell-derived cardiomyocytes. Conditional Myh10 deletion
in mouse cardiomyocytes leads to LD accumulation, reduced fatty acid
oxidation and compromised cardiac function. We identify NKX2.5 as the
primary regulator of cardiomyocyte-specific LIPTER transcription. Notably,
LIPTER transgenic expression mitigates cardiac lipotoxicity, preserves
cardiac function and alleviates cardiomyopathies in high-fat-diet-fed and
Lepr®®® mice. Our findings unveil amolecular connector role of LIPTER
inintramyocyte LD transport, crucial for lipid metabolism of the human
heart, and hold significant clinical implications for treating metabolic
syndrome-associated heart diseases.

Lipid droplets (LDs) are highly dynamic cellular organelles ubiqui-
tously existing in prokaryotes and eukaryotic cells. Synthesized in
the endoplasmic reticulum (ER), LDs consist of a neutral lipid core,
primarily containing triacylglycerols (TAGs) and sterol esters, sur-
rounded by a phospholipid monolayer with associated proteins’.
Although initially considered storage reservoir for excess lipids, LDs
havebeenincreasingly recognized for their critical rolesin intracellular
lipid trafficking, lipid homeostasis and membrane synthesis* Under
hyperlipidaemic conditions, LDs accumulate in the myocardium (that
is, cardiac steatosis) and cardiomyocytes (CMs)?. While increased LD
levels afford transient cardiac protection by storing surplus fatty acids
(FAs) in CMs**, long-term lipid intermediary accumulation results in
detrimental outcomes, such as apoptosis, tissue injury and cardiac

dysfunction (that is, lipotoxicity)*>*°. Intramyocyte LD accumulation
in humans is associated with cardiomyopathies and heart failure in
hyperlipidaemia-related metabolic disorders, including obesity and
diabetes mellitus®’. Animal model studies have also revealed that an
expanded pool of LDs canlead to early impairment of cardiac contractil-
ityand subsequent heart dysfunction®'°, Despite these findings, the CM
intrinsic mechanisms determining LD accumulation and mobilization,
as well as the aetiology of intramyocyte LD accumulation in obesity
and diabetes mellitus, remain poorly understood.

LDs play a vital role in cellular metabolism, particularly under
nutrient-deprived conditions. Under starvation conditions, LDs are
mobilized and transported to mitochondria for B-oxidation to gen-
erate energy for the cell”. TAG within LD core is digested to FAs via
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lipolysis and lipophagy processes on LDs""2, The extensive interactions

of LDs with various organelles, such as the ER, endosomes and mito-
chondria, facilitate intracellular lipid trafficking and channelling®.
LD-associated proteins mediate LD-organelle membrane contacts. For
example, FATP1and DGAT2 at the LD-ER interface regulate LD expan-
sion", while LD-mitochondria tethering in skeletal and heart muscle
is mediated by PLIN5 for channelling FAs from LDs to mitochondria®.
Although LD biogenesis, composition and turnover have been exten-
sively studied, the molecular mechanism underlying LD transport
fromthe ER to other organelles remains elusive. Previous studies have
implicated myosin motors, such as MyosinlandV, in the transport of
ER-derived vesicles'>". Additionally, Myh9 depletion has been shown to
impair LD dissociation from the ER'®. Mammalian CMs predominantly
express non-muscle myosin IIB (Myh10) (ref. 19), which can interact
with membrane lipids?® and link cytoskeleton with the ER”. While the
key roles of protein factors in intracellular LD trafficking have been
extensively studied, the direct involvement of RNA molecules in this
process remains unknown. Gaininginsight into this aspect is crucial for
understanding intramyocyte lipid trafficking and channelling, which
are essential for maintaining lipid homeostasis in the human heart.

Although RNA is primarily known for carrying and regulating
geneticinformation, recentevidenceindicates that RNA interacts with
various molecules, such as nucleic acids, ions, proteins and lipids?,
to perform diverse functions. RNA-lipid interactions have revealed
new regulatory mechanisms in essential cellular processes, imply-
ing previously undefined functions of RNA. In this study, we identi-
fied a human long non-coding RNA (IncRNA), named Lipid-Droplet
Transporter (LIPTER), which facilitates LD transport within human
CMs. LIPTER deficiency impairs LD transport and metabolism, mito-
chondrial function and CM viability. Mechanistically, LIPTER directly
binds two phospholipids on LD membrane, phosphatidic acid (PA) and
phosphatidylinositol 4-phosphate (P14P), as well as the MYH10 motor
protein, connecting LDs with cytoskeleton for intramyocyte transport.
Importantly, LIPTER overexpression mitigates cardiomyopathies and
preserves cardiac functionsin mouse models of obesity and diabetes,
highlighting LIPTER’s potential clinical relevance in treating human
metabolic syndrome-associated heart disease and failure. Our find-
ings reveal that RNA can directly participate in intracellular vesicle
transport, expanding RNA’s functional dimensions and suggesting
a potential ancient role of RNA-lipid interaction in forming the first
living systemin the primordial ‘RNA world".

Results

LINCOO0S8S81 (LIPTER) is specifically expressed in human CMs
Using our previously established method”’, human pluripotent stem
cells (hPSCs) were differentiated into cardiovascular cells. Transcrip-
tomic profiles of hPSCs, hPSC-derived multipotential cardiovascular
progenitors (MCPs), CMs, smooth muscle cells (SMCs), endothelial
cells (ECs)* and left ventricle tissues fromindividuals with and without

type 2 diabetes (T2DM) (3 individuals per group) were compared. We
identified the top four CM-enriched IncRNAs, LINCO0881, TTN-AS1,
SLC8AI-AS1and NAV2-AS2, which were downregulated in T2DM hearts
compared withnon-T2DM hearts (Fig.1a,b and Extended Data Fig. 1a).
However, RT-qPCR validation confirmed that only LINCOO881 expres-
sion was significantly reduced toless than 50% (P < 0.05) in all collected
T2DM hearts compared with non-T2DM hearts (Fig. 1c and Extended
DataFig.1b). Multiple tissue-specific gene expression databases dem-
onstrated that LINCOO881 expressionis highly enriched in the human
hearts (Fig.1d and Extended Data Fig. 1c-e). Additionally, the analysis
of single-cell RNA sequencing (scRNA-seq) data from a 6.5-7 week
human embryonic heart® revealed that LINCOO8SI1 expression was
specifically enriched in the NKX2.5" and cardiac Troponin T (cTnT)"
CM clusters (Fig. 1e), with an expression level comparable to the key
cardiac transcription factor (TF) NKX2.5 (ref. 26) (Fig. 1f). LINCOO881
is conserved in human and non-human primates but not across
other species (Fig. 1g). Although three putative open reading frames
(ORFs) were predicted in LINCOOSS1 by ORF-FINDER? (Extended Data
Fig.2a), the precited peptides were not detected using western blotting
or immunostaining (Extended Data Fig. 2b,c), albeit increased RNA
level of LINCOOS8SI detected in transfected 293T cells (Extended Data
Fig.2d). Altogether, these results demonstrate that LINCO0881 is highly
and specifically enriched in human CMs and significantly downregu-
lated in human T2DM hearts. In this study, LINCOO881 was renamed
LIPTER due toitsrolein LD transport within human CMs.

LIPTER deficiency impairs LD metabolism and transport

During CM differentiation from humaninduced pluripotent stemcells
(hiPSCs) by forming embryoid bodies? (EBs; Fig. 1h), LIPTER expression
rapidly increased by over 10,000-fold (CMs versus hiPSCs), similar to
NKX2.5 (Fig. 1i). Next, two LIPTER knockout (LIPTERX®) hiPSC clones
were established by CRISPR/Cas-9 (ref. 28) (Fig. 1j,k and Extended Data
Fig. 3a). LIPTER* did not affect the ratios of beating EBs and cTnT*
CMs or the expression levels of CM markers, cTnT and MYH6, at day
20 of CM differentiation (Extended Data Fig. 3b-e), indicating that
LIPTER is not required for CM differentiation. However, since LIPTER
expression declines in T2DM hearts (Fig. 1c), we cultured hiPSC-EBs
with high glucose (22.75 mM) for an additional 20 days. At day 40,
significantly reduced ratios of cTnT* CMs were observed in LIPTER*®
compared with wild-type (WT) hiPSC-EBs (Fig. 11 and Extended Data
Fig. 3f), suggesting that LIPTER is required for CM survival under
high-glucose condition and implicating a potential role of LIPTER in
CM metabolism. To investigate global changes in metabolites upon
LIPTER deficiency, untargeted metabolomics (Fig. 2aand Supplemen-
tary Table 1) were performed on enriched day 40 hiPSC-CMs. The top
increased metabolites in LIPTER* compared with WT hiPSC-CMs were
lipid and lipid-like molecules, including phosphatidylinositol (PI), PAs
and TAGs. Notably, TAG is the main core lipid of LDs"*’, while Pland PA
are phospholipids on LD membranes®. These data suggest increased

Fig.1|Identification of a human CM-specific IncRNA LIPTER (LINCOO881).
a, Aschematic diagram shows the integrated transcriptomic analyses of data
from human heart tissues and human embryonic stem cell (hESC)-derived
cardiovascular cells. NF, non-failure. b, RT-qPCR detection of LINCOO881
expression in hiPSC-derived cardiovascular cell types (n =3 independent
experiments). ¢, RT-qPCR results of LINCOOSSI expressions in all collected
human hearts. NF (n =18 samples), NF + T2DM (n = 4 samples), DCM (n =12
samples), DCM + T2DM (n = 6 samples). d, LINCOOS88I expression profile
across human organs from the NIH Genotype-Tissue Expression (GTEx)
project database. TPM, transcripts per million. Whiskers show the minimum
to maximum values, and bounds of boxes represent first and third quantiles
andthe centre line indicates the median. e, The scRNA-seq data froma human
foetal heart reveal CM-specific LINCO0S881 expression. f, Violin plots showing
LINCOOS8S81 (n =439 cells), NKX2.5 (n = 647 cells), MYH6 (n = 417 cells), CTNT

(n=718 cells) and MYH7 (n = 582 cells) expression in CMs by analysing scRNA-seq
data from e. Whiskers show the minimum to maximum values, and bounds of
boxes represent first and third quantiles and the centre line indicates the median.
g, Interspecies conservation analysis of LINCO0881 sequence. h, A scheme of CM
differentiation from hiPSCs by forming EBs. i, Expression dynamics of LIPTER and
NKX2.5during CM differentiation. Dots are presented as mean + s.e.m. Unpaired
two-tailed t-test is used for comparison (n = 3 independent experiments). j, Dual
gRNAs were designed to completely knock out LIPTER in hiPSCs using CRISPR/
Cas-9.k, LIPTER expression in WT and LIPTER¥® hiPSC-derived EBs at day 20 (n=4
independent experiments). 1, Ratios of cTnT* CMs in day 40 hiPSC-EBs (n = 4
independent experiments).Inb, ¢, kandl, bars are represented as mean + s.e.m.
Unpaired two-tailed ¢-test is used for comparison. Source numerical dataare
available in source data.
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LD levels in LIPTER*® compared with WT hiPSC-CMs, which was con-
firmed by Oil Red O and Nile Red lipid staining (LIPTER*® versus WT;
Fig. 2b,c and Extended Data Fig. 3g,h). Finally, LIPTER expression was

rescued in LIPTER*® (LIPTER*°®) hiPSCs using doxycycline-inducible
lentivirus. After CM differentiation, LIPTER expression was induced,
resultinginatwo-to fourfold increase compared with WT hiPSC-CMs
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Fig.2|LIPTER deficiency disrupts LD balance of hiPSC-CMs. a, Heat map
showing top changed metabolites in LIPTER*® versus WT hiPSC-CMs at day 40

of differentiation. b, Oil Red O lipid staining and cTnT immunostaining (first

two columns); Nile Red and cTnT co-staining (third column); LIPTER RNA FISH

and Lipid Deep Red co-staining (fourth column) in WT, LIPTER*® and LIPTER*®/*t
hiPSC-CMs. ¢, Quantification of the ratios of Oil Red O* areas to cTnT' CM areas
(n=4independent experiments).d, Schematic of lipid uptake and LD mobilization
analysis in palmitic acid (palmitate)-treated WT and LIPTER*® hiPSC-CMs.
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experiments). f,g, Representative fluorescence images of LD accumulation/
distributionin WT and LIPTER* hiPSC-CMs treated with 200 pM palmitate for 6 h
(P, followed by palmitate depletion for an additional 12 h (g). h, Quantification of
relative LD densities in whole CMs, andin1/2 cytosolic and 1/2 nucleus surrounding
areas in CMs (n = 4 independent experiments). i, Measurement of Rhodamine

B fluorescence levels in mitochondria isolated from hiPSC-CMs post treatment
with Rhodamine B-palmitic acid for 2 h (n=4 independent experiments).Inc, e,
handi, bars are presented as mean + s.e.m. Unpaired two-tailed ¢-test is used for
comparison. Source numerical data are available in source data.

(Extended DataFig. 3i). We observed that rescued LIPTER significantly
repressed LD accumulation in LIPTER hiPSC-CMs (LIPTER**/°tversus
LIPTER¥®; Fig. 2b,c and Extended Data Fig. 3g,h). Collectively, these
data demonstrate that LIPTER deficiency disrupts lipid metabolism
and enhances LD accumulation in hiPSC-CMs.

Intramyocyte LD accumulation could be due toincreased uptake
of free FAs via CD36, a membrane receptor to import extracellular
FAs**.However, both CD36 expression (Extended Data Fig. 4a) and lipid
uptake capability were reduced in LIPTER® hiPSC-CMs compared with
WT hiPSC-CMs (Fig. 2d,e), indicating that LD accumulation was not a
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result of enhanced FA uptake. We detected no significant changes in
genes for TAG synthesis and lipolysis on LDs, except for ~30% reduc-
tions of GPAM and ATGLI (refs. 1,31) (Extended Data Fig. 4a—c), upon
LIPTERX®, suggesting that accumulated LDs in LIPTER*® CMs might
not be primarily caused by altered LD formation or lipolysis process.
Interestingly, LIPTER* prominently reduced expression and induced
accumulation of PLN5 (Extended Data Fig. 4a-d), which was reported
to mediate LD-mitochondriatetheringin CMs®. These results implied
that LIPTER*® could impair LD transport to and/or interaction with
mitochondria.

To trace LD transport, hiPSC-CMs were cultured with palmitate
(200 puM) for 6 h to induce LD formation (Fig. 2d). In WT hiPSC-CMs,
LDssurrounded nucleus and were broadly distributed inthe cytoplasm
(Fig. 2f, top, arrowheads), while cytosolic transport and distribution
of LDs were retarded in LIPTER*® hiPSC-CMs (Fig. 2f,bottom). We then
cultured CMs without palmitate for additional 12 h to mobilize the LDs
(Fig. 2d). While LDs in WT hiPSC-CMs were fully mobilized, large LDs
accumulated in LIPTER*® hiPSC-CMs (Fig. 2g, arrowheads). Statistical
results show that, from 6 hto 18 h, LD densities in WT hiPSC-CMs rap-
idly declined in whole CMs, cytoplasm and the surrounding region of
nucleus, whereas high amounts of LDs remained in LIPTER*® hiPSC-CMs
(Fig.2h). Since mobilized LDs could transfer stored lipids to mitochon-
driafor B-oxidation?, we conducted live cellimaging to trace LD-mito-
chondriainteraction. Rhodamine-B-labelled palmitic acid was added
to CM culture for 6 hand enriched in LDs. In WT hiPSC-CMs, approxi-
mately 28% of LDs®"E fused with mitochondria and then disappeared
(Extended Data Fig. 4e, top, yellow arrows; Extended Data Fig. 4f),
whereas only about 8% of LDs*® fused with mitochondria in LIPTER*®
hiPSC-CMs (Extended DataFig. 4e, middle, red arrows; Extended Data
Fig.4f).Finally, mitochondria wereisolated from hiPSC-CMs after 2 h of
Rhodamine-B-labelled palmitic acid treatment. Significantly reduced
fluorescence levels were detected in LIPTER* versus WT mitochon-
dria (Fig. 2i), indicating reduced Rhodamine-B-labelled palmitic acid
transfer to mitochondria upon LIPTER ablation. Collectively, these
results demonstrate that L/IPTER deficiency disrupts LD transport and
mobilizationin human CMs, leading to extensive LD accumulation.

LIPTER deficiency induces mitochondrial dysfunctionand
apoptosis

Next, we performed whole messenger RNA sequencing (mRNA-seq)
(Supplementary Table 2) and discovered that LIPTER* altered the tran-
scriptome of hiPSC-CMs (Fig. 3a). The genes with significant expression
changes were enriched into Gene Ontology (GO) pathways, including
elevated apoptotic signalling, aberrant mitochondrial functions and
lipid storage (Fig. 3b), as well as toxicity signalling pathways, such
asincreased heart failure and cardiac dysfunction (Fig. 3c). Consist-
ently, transmission electron microscopy (TEM) revealed compactand
rod-shaped mitochondriain WT hiPSC-CMs (Fig. 3d, yellow arrow-
heads), while ~60% of mitochondria in LIPTER* hiPSC-CMs displayed
giant and/or swollen morphology (Fig. 3d, red arrows, Fig. 3e), indi-
cating mitochondrial dysfunction. Mass spectrometry (MS) of puri-
fied mitochondria revealed that LIPTER*C altered the expressions of
mitochondrial respiratory proteins, suchasreduced levels of NDUFB2,
NDUFBI11 and COX7B (Supplementary Table 3). Compared with WT
hiPSC-CMs, mitochondrial maximal respiration capacity, spare res-
piratory capacity (Fig. 3f,g) and long-chain fatty acid oxidation (FAO)
capacities of LIPTER*® hiPSC-CM s (Fig. 3h and Extended Data Fig. 4g)
were significantly reduced. Furthermore, increased apoptosis was
detected in LIPTER*® versus WT hiPSC-CMs (Fig. 3i,j and Extended Data
Fig.4h,i). Toinvestigate whether these CM abnormalities were LIPTER
dependent, LIPTER expression was rescued in LIPTER® hiPSC-CMs,
which restored the swollen and dysfunctional mitochondria and
suppressed apoptosis of LIPTER® CMs (Fig. 3i,j, LIPTER**/°E versus
LIPTER®®). Consequently, rescued LIPTER enhanced the ratios of cTnT*
CMs at day 50 of EB differentiation compared with LIPTER®® (Fig. 3k,1).

Altogether, these results reveal the crucial roles of LIPTER in mitochon-
drial function and viability of human CMs.

NKX2.5 controls CM-specific LIPTER transcription

Since LIPTER expressionis enriched in human CMs and downregulated
in T2DM hearts (Figs. 1b,c and 4a) and extensive LDs were observed
in both LIPTER* and T2DM human CMs (Figs. 2b,c and 4b,c), we pos-
ited that LIPTER transcription was under the control of a CM-specific
regulatory mechanism that could respond to hyperglycaemia. The
LIPTER promoter (-2.5 kb upstream of transcriptional start site) was
predicted to contain multiple putative binding sites for NKX2.5 RXRA
and CEBPB, which are associated with CM-specific gene regulation and
lipid metabolism (Fig. 4d). NKX2.5 was the most effective in increas-
ing LIPTER promotor activity, and its co-transfection with RXRA or
CEBPB further enhanced the activity (Fig. 4e). Knockdown of NKX2.5
(NKX2.5%P) by NKX2.5-shRNAs led to reduced expressions of NKX2.5
and LIPTER (Fig. 4f), but not CM markers cTnT and MYHI0 (Extended
Data Fig. 5a). NKX2.5¥° also prominently increased LD accumulation
and apoptosis of WT hiPSC-CMs, phenocopying LIPTER*® hiPSC-CMs
(Fig. 4g,h and Extended Data Fig. 5Sb—e, shNKX2.5 versus shControl
in WT CMs). All these results indicate that NKX2.5 can control LIPTER
transcription in human CMs. Next, we found exposure to high glu-
coselevels (11.0 and 22.0 mM) for 14 days significantly reduced LIPTER
expression (Fig. 4i),and the mRNA and nuclear protein levels of NKX2.5,
RXRA and CEBPB in WT hiPSC-CMs (Fig. 4j,k and Extended Data
Fig.6a,b). Similar reductionsin these TFs were observed in T2DM hearts
compared with non-T2DM human hearts (Fig. 41,m and Extended Data
Fig.6c,d). Theseresults are consistent with previous reports that high
glucose suppressed NKX2.5 (ref. 32) and RXRA* expressions in vivo.
Finally, LIPTER overexpression was found to repress NKX2.5*?-induced
LD accumulation and apoptosis (Extended Data Fig. 5b-e, shNKX2.5
versus shControlin LIPTERX?/°* CMs), suggesting a therapeutic potential
of LIPTER for treating diabetes-associated dilated cardiomyopathy
(DCM)**. Altogether, these results demonstrate that NKX2.5is the pri-
marily regulator of CM-specific LIPTER transcription and that hypergly-
caemia canrepress the NKX2.5-LIPTER axis expressionin human CMs.

LIPTER selectively binds phospholipids and MYH10 protein
We sought to elucidate the molecular mechanisms by which LIPTER
regulates LD transport. RT-qPCR detected cytosolic LIPTER expres-
sionwith GAPDH, but not in the nucleus of hiPSC-CMs (Extended Data
Fig.7a). RNA fluorescenceinsitu hybridization (RNAFISH) revealed that
~74% of LDs co-localized with LIPTER (Fig. 5a,b), suggesting potential
binding between LIPTER and LDs. We then isolated total lipids from
WT hiPSC-CMs, which contain lipid-binding RNAs, followed with RT-
gPCR. Compared with the house-keeping gene ACTB, LIPTER was highly
enriched inisolated lipids (>150-fold, Fig. 5c), suggesting a possible
directinteraction between LIPTER and lipids. Next, using the RNA-lipid
overlay assay®, we identified that LIPTER selectively bound PA and
PI4P, whereas antisense-L/IPTER (AS-LIPTER) could not bind any lipid
(Fig. 5d). Given that PA and PI4P are found on the LD membranes, we
asked whether LIPTER could bind PA and PI4P ina membrane context.
Giant unilamellar vesicles (GUVs) generated with TopFluor-labelled
PI4P/PA were incubated with Alexa-594-labelled LIPTER/AS-LIPTER,
respectively. LIPTER bound both PA- and PI4P-GUVs, whereas AS-LIPTER
did not (Fig. 5e). Furthermore, neither LIPTER nor AS-LIPTER bound
GUVs generated by PI (Extended Data Fig. 7b). The binding affinities
of LIPTER-PA and LIPTER-P14P were assessed using microscale thermo-
phoresis (MST) assay*®, with Ky values of 706 and 70 in the liquid phase
(Fig. 5f,g), indicating strong and specific LIPTER-PA and LIPTER-P14P
interactions, respectively. Collectively, these datareveal the selective
binding of LIPTER with PA and PI4P on LD membranes.

Next, we employed the MS2-BioTRAP system to identify
LIPTER-interactive proteinsand trace LIPTER inlive hiPSC-CMs as pre-
viously described” (Fig. 5h). As shown in Fig. 5i lower panels, control
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Fig.3|LIPTER deficiency results in global injuries of hiPSC-CMs. a, Whole
mRNA-seq analysis showing differential gene expression profiles in LIPTER*®
versus WT hiPSC-CMs (for details, see Supplementary Table 2). b, Significantly
changed genes upon LIPTER*C are enriched in GO biological processes identified
by GSEA analysis. NES, normalized enrichment scores. ¢, Significantly changed
genes in LIPTERC versus WT hiPSC-CMs are enriched in cell toxicity categories.
d, TEM images of mitochondrial morphologies in WT, LIPTER*® and LIPTER*®/°¢
hiPSC-CMs. Yellow and green arrows indicate normal mitochondria; red

arrows indicate swollen mitochondria; Z, Z-band. LIPTER*'%, rescued LIPTER
overexpression in LIPTER*®. The experiment was carried out three times with
similar outcomes. e, Quantification of swollen mitochondriaratios fromd (n=3

independent experiments). f, Mitochondrial OCR measurement in hiPSC-CMs.
g, Analyses of maximum respiratory capacity and spare respiratory capacity

in OCR, normalized to total protein content of each well (n = 3 independent
experiments). h, Quantification of FAO rates. i, Ratios of TUNEL* CMs in day 40
hiPSC-EBs (n=S5in the first2groups and n=4 in the last group of independent
experiments).j, Ratios of cleaved caspase-3* CMsin day 40 hiPSC-EBs (n=4in
thefirst 2 groups and n=3in the last group of independent experiments). k, FACS
analysis of cTnT* CM ratios in day 50 hiPSC-EBs, with statistical resultsinl (n=3
independent experiments).Ine,g-jandl, bars are presented as mean + s.e.m.
Unpaired two-tailed t-test is used for comparison. Source numerical data are
available in source data.
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Fig. 4| NKX2.5 controls CM-specific LIPTER transcription and its
downregulationindiabetic hearts. a, RNA FISH detecting L/PTER in human
heart tissues. NF, non-failure; NF + T2DM, non-failure with T2DM. b, OilRed O
staining to detect LDs in human heart tissues. ¢, Quantification of Oil Red O*
areasin cTnT"areas. NF (n=5samples), NF + T2DM (n = 4 samples).d, PROMO,
UCSC Genome Browser and TFBIND algorithms predict TF binding sites on the
LIPTER promotor region. e, Dual luciferase reporter assay measuring relative
LIPTER promoter activities driven by TFs, normalized to Renilla luciferase
activity (n=3independent experiments). f, RT-qPCR detection of LIPTER

and NKX2.5 expressions in WT hiPSC-CMs infected with AAV9-shControl or
AAV9-shRNAs against NKX2.5 for 2 weeks (n = 5independent experiments).

g, Representative images of Oil Red O and NKX2.5 staining of hiPSC-CMs infected
with AAV9-shControl or AAV9-shRNA against NKX2.5 under high-glucose
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(22 mM) conditions. h, Quantification of Oil Red O*areasincTnT*CMareas (n=4
independent experiments). i,j, RT-qPCRresults of LIPTER (i, n = 3 independent
experiments) and NKX2.5 (j, n=5independent experiments) expressionin WT
hiPSC-CMs treated with high-glucose conditions for 2 weeks. k, Representative
immunofluorescentimages of NKX2.5 staining in WT hiPSC-CMs treated with
0and 22 mM glucose for 2 weeks. I, RT-qPCR results of NKX2.5 mRNA levels in
human left ventricle tissues. NF (n =9 samples), NF + T2DM (n = 4 samples), DCM
(n=14 samples), DCM + T2DM (n = 6 samples). m, Representative fluorescence
images of NKX2.5 staining in human left ventricle tissues from three samples

per condition.Inc, e, f, h—-jand|, bars are presented as mean + s.e.m. Unpaired
two-tailed ¢-test is used for comparison. Source numerical data are available in
source data.

hiPSC-CMs expressed MS2-tag and MS2 binding protein MS2Y, which
was ubiquitously distributed in CMs. In comparison, MS2" bound to
MS2-tagged-LIPTER, forming green LIPTER-MS2" particles observed
onlyinthecytoplasmand co-localized with LDs (Fig. 5i, top right, yellow
arrows). Since cytosolic LIPTER-LD co-localization was observed by
bothMS2-BioTRAP and RNAFISH (Fig. 5a,i), these results indicate that
the MS2-tag did not affect cellular location and interaction of LIPTER.

LIPTER-interacting proteins were then pulled down in 293T cells and
hiPSC-CMs using antibody against MS2™A¢ or MS2Y7, respectively,
followed by MS analysis and western blotting validation. LIPTER specifi-
cally pulled down non-muscle Myosin IIB (NM-1IB, or MYH10) protein,
as compared with AS-L/IPTER (Fig. 5j and Extended Data Fig. 7c,d).
RNA immunoprecipitation further validated L/PTER enrichment by
anti-MYH10 antibody in hiPSC-CMs (Fig. 5k). Confocal fluorescence
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microscopy revealed co-localizations of LIPTER with LDs and MYH10
inhiPSC-CMs (Extended Data Fig. 7e and Supplementary Video1). Live
cell imaging showed LIPTER-MS2™ co-localizing with migrating LDs
in the cytosol of hiPSC-CMs (Supplementary Video 2). We observed

Actin

the MYH10-ACTIN cytoskeleton in hiPSC-CMs (Extended Data Fig. 7f),
as myosin motors move along Actin filaments'®”. Altogether, these
results demonstrate that LIPTER can interact with the cytoskeleton
viabinding MYH10.
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Fig.5|LIPTER selectively binds PA and PI4P on LDs and MYH10 protein.

a, RNAFISH detecting cytosolic co-localization of LIPTER with LDs stained

by Oil Red O staining. WT and LIPTER*® hiPSC-CMs were treated with palmitic
acid (200 pM) for 6 hto induce LD formation. b, Quantification of LIPTER
co-localization with LDs in WT hiPSC-CMs (n = 6 independent experiments).

¢, RT-qPCR detection of LIPTER and ACTB RNA enrichments in total lipids isolated
from WT hiPSC-CMs (n = 3 independent experiments). d, RNA-lipid overlay assay
showing selective interaction of LIPTER with PA and PI4P. AS-LIPTER is control.
PS, phosphatidylserine; PE, phosphatidylethanolamine; DAG, diacylglycerol;
cholesterol; PC, phosphatidylcholine; sphingomyelin; PG, phosphatidylglycerol.
e, Interactions between giant lipid vesicles formed with TopFluor-labelled
PA/PI4P and Alexa594-labelled LIPTER/AS-LIPTER. f,g, MST quantifying PA (f) and
PI4P (g) interactions with LIPTER or AS-LIPTER. h, Schematic of the MS2-BioTRAP
system for LIPTER binding protein pulldown and live cell LIPTER tracing. i, Top:
MS2Y* protein binds MS2-tagged LIPTER to form particles (purple arrows),
co-localizing with Rhodamine B-palmitic acid-labelled LDs (red arrows) in WT

hiPSC-CMs (yellow arrows). Bottom: WT hiPSC-CMs expressing MS2"* protein
and empty MS2-tag vector show evenly distributed YFP without formation

of particles. j, Western blot showing MYH10 pulldown by anti-GFP antibody

in hiPSC-CMs expressing MS2-LIPTER/-AS-LIPTER and MS2"", representative

of threeindependent experiments. k, LIPTER enrichment by anti-MYH10
antibody in WT hiPSC-CMs (n =3 independent experiments). I, Schematic of
truncated LIPTER fragments. m, RNA-lipid overlay assay detecting interactions
of truncated LIPTER with PA and PI4P. n,0, Images showing interactions of giant
lipid vesicles formed by TopFluor-PA (n) and TopFluor-PI4P (o) with Alexa594-
labelled exon1+2and exon 3 of LIPTER. p, Western blot of MYH10 pulldown in
HEK293T cells transfected with MS2-tagged LIPTER fragments and MS27+4¢,

q, Confocal fluorescence images showing co-localizations of LIPTER-MS2'™,
MYH10 and LDs in WT hiPSC-CMs. r, Model of human intramyocyte LD transport
system via LIPTER and MYH10-ACTIN cytoskeleton. Inb, cand k, bars are
presented as mean + s.e.m. Unpaired two-tailed ¢-test is used for comparison.
Source numerical dataand unprocessed blots are available in source data.

To identify LIPTER domains that specifically interact with PA,
PI4P and MYH10, we generated truncated LIPTER fragments (Fig. 51)
for RNA-lipid overlay and GUVs assays. Exon 3 of LIPTER was found to
containbinding domains with PA and PI4P (Fig. 5m-o). Further analysis
revealed the PI4P binding domain on exon 3-1,and PA binding domains
on both exon 3-2 and exon 3-3 regions (Fig. 5m). A MYH10-binding
domain was identified on exon 3-4 (Fig. 5p). LD-LIPTER-MYH10
interactions were observed in hiPSC-CM using confocal fluorescence
microscopy (Fig.5q). These results demonstrate that LIPTER selectively
binds PA, PI4P and MYH10 via distinct RNA domains. Overall, our data
demonstrate that LIPTER functions as a molecular linker, connecting
LDs with the cytoskeleton for intramyocyte LD transport (Fig. 5r).

MYHI0is indispensable for LIPTER functionin CMs

MYH10 was knocked out (MYH10%°) in hiPSCs using CRISPR/Cas-9
(Fig. 6a,b and Extended Data Fig. 8a). Compared with WT hiPSC-CMs,
MYH10*° hiPSC-CMs displayed increased LD accumulation (Fig. 6¢,d),
~50% swollen mitochondria (Fig. 6e,f), reduced mitochondrial spare
respiratory and maximal respiration capacities (Fig. 6g), and decreased
FAO capacity (Fig. 6h and Extended Data Fig. 8b). Additionally, MYH10*°
hiPSC-CMs exhibited increased apoptosis (Fig. 6i and Extended Data
Fig. 8c), retarded LD transport (Extended Data Fig. 8d,d’), reduced
LD-mitochondria fusion rate (third row, Extended Data Fig. 4e,f) and
decreased Rhodamine-B-labelled palmitic acid transport into mito-
chondria (Extended Data Fig. 8e). Additionally, inhibition of MYH10
ATPase activity with (S)-(-)-Blebbistatin** led to enhanced LD accumula-
tionand apoptosisin WT hiPSC-CMs compared withiits inactive enan-
tiomer control, (R)-(+)-Blebbistatin (Extended Data Fig. 8f-h). These
results demonstrate thatloss-of-MYH10 phenocopies LIPTER deficiency
in hiPSC-CMs. We then investigated whether MYH10 is required for

LIPTER function by inhibiting MYH10 in LIPTER-overexpressing CMs
(Fig. 6j). Compared with (R)-(+)-Blebbistatin, (S)-(-)-Blebbistatin treat-
ment enhanced LD accumulation (Fig. 6k,1), reduced FAO capacity
(Fig. 6m) and elevated apoptosis (Fig. 6n) in LIPTER**/°* hiPSC-CMs.
These results reveal that inhibition of MYH10 could abolish LIPTER
gain-of-function, indicating the critical role of MYH10 in executing
LIPTER function.

Unlike LIPTER, MYHIOis conserved in humans and mice. Therefore,
Myhi10was conditionallyknocked outinmouse CMs (Myh10°*°) by cross-
ing Myh10" with Tnnt2°® mice (Fig. 60-p and Extended Data Fig. 8i).
Fed with high-fat diet (HFD, 45 kcal% fat) for 3 months, Myh10*° male
mice exhibited severe cardiac lipid accumulation, including enhanced
LD deposition (Fig. 6q, arrowhead) and elevated concentrations of TAG
and FAs, compared with Myh10™ littermates (Fig. 61,s). Notably, Myh10
deficiency significantly reduced the FAO rates of whole Myh10“*° hearts
compared with Myh10" hearts (Fig. 6t). Lastly, left ventricular ejec-
tion fraction (EF) and fractional shortening (FS) values significantly
declined in Myh10°*° mice compared with Myh10” mice (Fig. 6u,v).
Collectively, all these in vitro and in vivo results demonstrate a con-
served and critical role of MyhlO in LD metabolism of mammalian
heart muscle cells.

Gain-of-LIPTER mitigates lipotoxicity of hiPSC-CMs

Palmitate overload has been shown to induce cardiac lipotoxicity
in vivo, which compromised mouse heart function and increased CM
death®. Invitro, palmitate overload can incite oxidative and ER stress
of CMs”. We found that palmitic acid (400 pM) treatment for 4 days
significantly induced apoptosis in hiPSC-CMs (Fig. 7a,b and Extended
DataFig. 9a, Vector-Ctrl versus Vector-PA), which was prominently
reduced by LIPTER®® (Fig. 7b,c, LIPTER®®-PA versus Vector-PA; Extended

Fig. 6 | Loss-of-MYH10 phenocopies LIPTER deficiency in CMs. a, CRISPR/Cas-
9-mediated deletion of MYH10 exon1in hiPSCs. b, RT-qPCR detection of MYH10
expressions in WT and MYHI0*° hiPSC-CMs (n = 3independent experiments).

¢, Representative images of Oil Red O staining and cTnT immunostaining (first two
columns), and Nile Red for LDs and cTnT co-staining (third column) on MYH10%°
and WT hiPSC-EB sections. d, Quantification of Oil Red O*areasin cTnT" areasin
c(n=3independent experiments). e, TEM showing mitochondrial morphologies
in WT and MYHI0*° hiPSC-CMs. Normal (green arrows) and swollen (red
arrowheads) mitochondria indicated. f, Quantification of swollen mitochondria
ratiosin e (n =3 independent experiments). g h, Statistical results of maximum
respiratory capacity and spare respiratory capacity (n = 3 independent
experiments) (g), and FAO capacities (n = 3 independent experiments) in WT

and MYHIO®® hiPSC-CMs (h). i, Quantification of TUNEL* CMs ratios in MYHI10*°
and WT hiPSC-EBs (n = 3 independent experiments). j, Scheme of inhibiting
MYHI0 functionin LIPTER-overexpressing hiPSC-CMs. k, Representative images

of Oil Red O staining and cTnT immunostaining in LIPTER**°t hiPSC-CMs after
treatment with (S)-(-)-Blebbistatin ((S)-BB) or control (R)-(-)-Blebbistatin
((R)-BB) for 10 days. 1, Ratios of OilRed O* areas incTnT*CM areas ink (n=4
independent experiments). m, FAO capacities of LIPTER**° hiPSC-CMs after
treating with (S)-BB or (R)-BB for 10 days (n = 3 independent experiments).

n, Ratios of TUNEL* CM in LIPTERX®/°t hiPSC-CMs after same treatmentinm (n=3
independent experiments). o, Scheme for HFD feeding of mice with conditional
MyhI0knockoutin CMs. p, RT-qPCR detecting MyhlO expression levels in mouse
hearts. q-s, Representative images of Oil Red O lipid staining of mouse hearts
(q), and quantifications of TAG (r) and FA (s) concentrations in mouse hearts
after 3 months of HFD feeding (n = 4 mice). t, FAO rates of whole Myh10" and
Myh10“° mouse hearts post HDF feeding (n = 5 mice). u,v, Cardiac EF (u) and FS
(v) measurements of Myh10”"and Myh10°*° mice post HFD feeding (n = 4 mice).
Inb, f,d-i,I-nand r-v, bars are presented as mean + s.e.m. Unpaired two-tailed
t-testis used for comparison. Source numerical data are available in source data.
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Data Fig. 9a,b). These data reveal an in vitro protective role of LIPTER
against lipotoxicity.

Invivo LIPTER transgene displays a cardiac protective role

Intramyocyte LD accumulation occurs in human obese and diabetic
hearts when cardiac function is still normal>*, suggesting that LD
metabolic disturbance precedes the onset of cardiac dysfunction.

We hypothesized that gain-of-LIPTER function could alleviate obesity-
and diabetes-associated cardiomyopathies and cardiac dysfunctions.
Totest this, we generated a LIPTER transgenic (LIPTER(Tg)) mouse line
by knocking in LIPTER into the Rosa26 locus, resulting in high LIPTER
expression in the heart (Extended Data Fig. 9¢,d). Six-week-old male
LIPTER(Tg) and WT mice were fed a HFD (45 kcal% fat) toinduce obesity,
insulin resistance and cardiac abnormalities as previously reported
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(Fig. 7d)*>*, After 7 months, HFD-fed LIPTER(Tg) mice showed no signif-
icantchangeinheart weight/tibialength ratios compared with WT mice
(Extended Data Fig. 9e). However, LIPTER(Tg) significantly reduced
LD levels, and FA and TAG concentrations compared with WT hearts
(Fig. 7e-g). Notably, LIPTER(Tg) mice exhibited significantly enhanced
FAOratesinwhole hearts (Fig. 7h) and globally altered transcriptome
(Supplementary Table 4). Metabolic process, energy homeostasis,
cardiac muscle development and growth, and sarcoplasmic reticulum
Ca” transportbiological processes were significantly over-represented
in the LIPTER(Tg) upregulated genes (Fig. 7i). We also observed sig-
nificantly reduced fibrotic areas (Fig. 7j, k) and apoptosis (Extended
Data Fig. 9f,g) in HFD-fed LIPTER(Tg) hearts compared with similarly
treated WT hearts. Importantly, LIPTER(Tg) preserved cardiac function
in HFD-fed mice. Significantly reduced EF and FS values were observed
in WT mice fed with HFD for 10 months compared with WT mice fed
with normal chew (NC) (Fig. 7, m, WT-HDF versus WT-NC). However,
EF/FSvalues of HFD-fed LIPTER(Tg) mice were significantly higher than
those of HFD-fed WT mice and were preserved at levels similar to NC-fed
WT mice (Fig. 71,m, LIPTER(Tg)-HFD versus WT-HFD). These results
demonstrate that gain-of-L/PTER can mitigate HFD-induced cardiomyo-
pathy and preserve cardiac function. Furthermore, to test whether the
transgenic LIPTER could interact with mouse Myh10 protein, we per-
formed RNAimmunoprecipitation sequencing (RIP-seq) to pull down
and sequence all mouse Myh10-binding RNAs from LIPTER(Tg) and WT
mouse hearts. Although no Myhl0 binding signals were detected on
control Actb and Gapdh mRNAs, mouse Myh10 protein bound L/PTERin
LIPTER(Tg) heart (Extended Data Fig. 9h). Interestingly, mouse Myh10
binding signals were enriched on exon 3 of transgenic LIPTER (Fig. 7n,
red arrow), which was found to interact with human MYH10 (Fig. 5p).
These results suggest that LIPTER-MYH10 interaction might play a
conservedroleinLD transport of mammalian CMs, although the mouse
homologue of LIPTER remains to be identified.

Finally, we examined theimpact of CM-specific LIPTER transgene
on cardiomyopathy of leptin-receptor-deficient Lepr®®“® mouse
(Fig. 70), amodel of T2DM and obesity that develops cardiac hyper-
trophy and dysfunction from 10 weeks of age****. We employed an
AAV9 virus carrying a chicken cTnT promoter to selectively deliver
LIPTER into CMs**. Retro-orbital injection of AAV9-cTnT-GFP virus
(2x10'"°vg/g) into Lepr®®® mice led to robust GFP expressionin mouse
CMs (Extended Data Fig. 10a,b). Subsequently, AAV9-LIPTER, con-
trol AAV9-GFP and AAV9-AS-LIPTER viruses were administered to
6-week-old male B6.BKS(D)-Lepr®® mice using the same approach.
Age-matched WT C57BL/6) male mice without AAV-9 injection also
served as controls. Six weeks post AAV-9 injection, transgenic LIPTER,
AS-LIPTER and GFP expressions were detected in the mouse hearts
(Fig. 7p and Extended Data Fig. 10c). AAV9-LIPTER administration
resulted inreducedintramyocyte LD accumulation (Fig.7q), increased
whole heart FAO rates (Fig. 7r), reduced CM size (Fig. 7s and Extended
Data Fig. 10d), and preserved EF and FS values in Lepr®® mice

(Fig. 7t-u) compared with control groups. Since AAV9-LIPTER
transgene in CMs did notimpact blood glucose levels of Lepr®®® mice
(Extended Data Fig. 10e), these findings indicate that CM-restricted
LIPTER transgene can mitigate cardiomyopathy and preserve cardiac
functionin Lepr®®“® mice.

Discussion

Our datademonstrate that LIPTER functions as an RNA linker, facilitat-
ing LD transportin human CMs by connecting LDs viabinding PA/PI4P
and the cytoskeleton via binding MYH10. Despite the importance of
IncRNAs in regulating cellular processes, the roles of IncRNA-lipid
interactions remain largely unexplored. Lin et al. reported that LINK-A
bound PI(3,4,5)P3 to hyperactivate AKT in cancer cells*, and SNHG9
was found to bind PA to facilitate LATS1 liquid-liquid phase separa-
tion, promoting oncogenic YAP signalling®. Our study reveals that
LIPTER binds both PA and PI4P (Fig. 5d,e), which play crucial roles in
membrane-membraneinteractions that facilitate LD transfer. Specifi-
cally, PA on the ER membrane contributes to the formation of newly
formed LDs*¢, while PI4P on the Golgi and plasma membrane can recruit
and bind lipid transport carrier proteins on LDs*. Our MS analysis
of proteins pulled down by LIPTER (Supplementary Table 5) did not
detect typical LD-associated proteins, except TFG (Trafficking From
ER To Golgi Regulator). However, we did not detect any interaction
between TFG and L/PTER (Extended Data Fig. 10f). These findings, in
conjunction with the GUV results (Fig. 5e), indicate that LIPTER can
directly bind PA and PI14P on LDs without additional protein co-factors.
Currently, factors determining the selective interactions of RNA with
differentlipids are not well understood. A few studies have suggested
that RNA-lipid interaction may depend on RNA length, base pairing
and nucleotide content*®*’, Tomasz et al. also reported that guanine
and G-quadruplex formation are critical for RNA-lipid interactions®.

Our study demonstrates that MYHIO0 depletions disrupted LD
metabolism and transport in hiPSC-CMs, and compromised cardiac
function in Myh10*° mice, highlighting the crucial and conserved role
of cytoskeleton in LD trafficking within mammalian CMs. Addition-
ally, we observed enlarged LDs in LIPTER* hiPSC-CMs compared with
WT hiPSC-CMs (Fig. 2g). Myh9 depletion in U20S cells was found to
reduce LD dissociation from the ERand increase LD size'®. Since MYH9
isnotexpressed inhuman CMs, our data suggest that disconnection of
MYH10 from LDs due to LIPTER deficiency may impair the dissociation
of newly formed LDs from ER, leading to increased LD size.

Diabetic cardiomyopathy is recognized as a non-ischaemic form of
DCM, characterized by progressive muscle loss, global systolic dysfunc-
tion and heart failure. It has been reported that approximately 75% of
patients withidiopathic DCM are diabetic**. An 85-fold increase inapop-
tosisand 4-fold increase in necrosis of myocytes have been observedin
diabetic hearts compared with non-diseased hearts*®. Our datareveal
that hyperglycaemiasuppresses the NKX2.5-LIPTER axis in hiPSC-CMs,
and NKX2.5/LIPTER deficiencies induce LD deposition and CM death

Fig. 7| LIPTER transgene mitigates cardiomyopathies and cardiac
dysfunctions in HFD-fed and Lepr®®®® mice. a, Scheme of CM lipotoxicity assay
with 400 pM palmitic acid treatment on hiPSC-CMs for 4 days. b,c, Cleaved
caspase3' CM ratios (b) and TUNEL" CM ratios (c) in control and LIPTER® hiPSC-
CMs after PAtreatment (b,c, n =3 independent experiments). d, Schematic of
investigating LIPTER(Tg) effects on cardiac abnormalities in HFD-fed mice. e, Oil
Red O and haematoxylin staining of mouse hearts after 7 month HFD feeding.
f.g, FA (f,n=5mice eachgroup) and TAG (g, n = 7 mice each group) concentrations
were next measured. h, FAO rates of whole WT and L/PTER(Tg) mouse hearts at

3 months of age (n =5 mice each group). i, GO biological processes significantly
enrichedin the upregulated genes in LIPTER (Tg) versus WT mouse hearts.

Jj, Picrosirius Red and Fast Green co-staining of mouse hearts after 10 month HFD
feeding. k, Quantification of relative red fibrotic areas in whole hearts (n =3 mice
each group).l,m, EF (I) and FS (m) measurements of WT and LIPTER(Tg) mice fed
onHFD or NC for 10 months.n=5mice (WT + NC), n=6 mice (WT + HFD),n=7

mice (Tg + HFD). n, RIP-seq reads plot showing LIPTER pulldown by anti-Myh10
antibody in LIPTER (Tg) mouse heart. Red arrow indicates the reads enrichment
on LIPTER exon 3. The experiment was carried out in two mice, each genotype
with similar outcomes. o, A scheme for delivering LIPTER and controls (GFP,
AS-LIPTER) into Lepr®®® mouse CMs using AAV9 virus. p, RT-qPCR detecting LIPTER
expressions in Lepr®®® mouse hearts 6 weeks post AAV9 injection (n =5 mice

per group, except n =4 mice in the GFP group). q, Oil Red O staining of Lepr®®
mouse hearts 6 weeks post AAV9 injection. r, FAO rates of Lepr™®® mouse hearts
6 weeks post AAV9 injection (n = 5 mice per group, except n =4 mice in the No
AAV group). s, CM size analysis using WGA staining 6 weeks post AAV9 injection
(n=5miceper group, except n=4 miceinthe GFP group). t,u, EF (t) and FS (u)
measurementsin WT and Lepr®® mice 6 weeks post AAV9 injection (n=5mice
per group, exceptn =4 miceinthe GFP group).Inb, ¢, f-h,k-m, pand r-u, bars
are presented as mean + s.e.m. Unpaired two-tailed ¢-test is used for comparison.
Source numerical data are available in source data.
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(Extended Data Fig. 5). Although the mechanism of NKX2.5 downregula-
tion by hyperglycaemia remains to be investigated, our data suggest
thatadeclined NKX2.5-LIPTER axis could possibility contribute to CM
loss in diabetic hearts. We hypothesize that hyperglycaemia could

differentially repress NKX2.5-LIPTER expression levels in individual
CMs, and CMs with critically low LIPTER expression levels could gradu-
ally die, with this slow progress of muscle loss eventually leading to
DCM of diabetic hearts. Since intramyocyte LD accumulation precedes
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onset of cardiac dysfunctions in individuals with obesity or diabetes™”,

ourinvivo LIPTER transgene datastrongly suggest that targeted LIPTER
delivery into heart muscle might be an effective strategy to prevent
cardiac dysfunction and heart failure in metabolic syndromes.

Compared with DNA, RNA exhibits a broader range of interacts
with various molecules, suggesting more diverse and complex func-
tional dimensions. LDs are ancient organelles that exist in prokaryotes
and eukaryotic cells. Our findings reveal amolecular linker role of RNA
inmediating the transport of lipid-covered vesicle through RNA-lipid/
proteininteractions. This may reflectancient RNA functionsin the pri-
mordial RNAworld’, where RNA-lipid/proteininteractions could have
play critical rolesin forming the first living system, whichencompassed
lipid membranes and a mixture of RNA, protein and other molecules.

Insummary, this study uncovers anIncRNA-mediated LD transport
systemin human CMs and reveals the crucial role of LIPTER and MYH10
in lipid metabolism of mammalian hearts. The mouse homologue of
LIPTER has notbeenidentified, limiting thein vivo loss-of-function anal-
ysis of LIPTER in rodents. Moreover, considering that a single IncRNA
can interact with multiple proteins?**"*?, it is not yet clear whether
LIPTER could regulate LD metabolism through other mechanisms,
such as epigenetic regulation of genes in TAG synthesis and lipolysis
on LDs (Extended Data Fig. 4a). Lastly, FAO rate measurements were
conducted at a 6:1 palmitate-to-albumin ratio, much higher than the
physiological ratio (1:1-3:1) (ref. 53), raising aconcern of lipid overload
during measurement. Additionally, whole heart FAO rate measurement
using heart tissue homogenate were not performed under the same
oxygen concentration asin vivo conditions, resulting in the majority of
radiolabelled palmitate being converted into ASMs rather than CO,. To
address these technical challenges, FAO rates will be further evaluated
inlive animals as previously described™.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Experimental model and subject details

hPSCs. WT hiPSCs were generated from fibroblasts of ahealthy donor
as previously in this report® and transferred with an MTA. The hiPSCs
were cultured onirradiated mouse embryonic fibroblast cellsand main-
tained in KSR medium containing Dulbecco’s modified Eagle medium
(DMEM)/F12 (Gibco, 11330032), 20% KSR (Invitrogen, 10828028),
penicillin/streptomycin (P/S; Gibco, 15140163), GlutaMAX Supple-
ment (Gibco, 35050061), non-essential amino acids (Gibco, 11140050),
B-mercaptoethanol (Sigma-Aldrich, M3148) and bFGF (R&D Systems,
233-FB-025). For differentiationinto CMs as previously described®*®,
hiPSC-derived EBs were suspended in StemPro-34 medium (Gibco,
10639011) and treated with the following conditions: days 0-1, BMP4
(2.5ng ml™); days1-4, BMP4 (10 ng ml™), bFGF (5 ng mI™) and Activin A
(2ng ml™); and days 4-8, XAV-939 (Tocris, cat.no. 3748). After 20 days,
beating EBs were cultured with DMEM high-glucose medium (Gibco,
11966025) containing 10% foetal bovine serum (FBS) and P/S. For mon-
olayer CM differentiation, hiPSCs were seeded on Matrigel and treated
with12.5nM CHIR99021 (Sigma, SML1046) in differentiation medium
(RPMI-1640 with B27 minusinsulin) for 24 h, which were then replaced
with differentiation medium without additional factors. Two dayslater,
cells were treated with 5 nM IWP4 (Tocris, 5214) for 48 h, and then the
medium was changed every two days until day 14. The beating cells
were thenselectedin DMEM medium containing no glucose with4 mM
lactate for four additional days. After CM selection, CMs were cultured
in DMEM high-glucose medium containing 10% FBS and P/S.

Animals and diets. All animal experiments were performed following
the approval and guidelines of the Institutional Animal Care and Use
Committee of Indiana University. Animals are maintained in accordance
with the applicable portions of the Animal Welfare act and the DHHS
Guide for the Care and Use of Laboratory Animals. LIPTER(Tg) C57BL/6)
mice were generated using CRISPR/Cas9 at the Genome Editing, Trans-
genic, and Virus Core at UPMC Magee-Women’s Research Institute.
Six-week-old male homozygous Lepr®® mice were obtained from the
Jackson Laboratory (strain number 000697). Myh10 floxed mice with
C57BL/6) background were obtained from Dr RobertS. Adelsteinlab at
Laboratory of Molecular Cardiology, National Heart, Lung and Blood
Institute®’. C57BL/6) Tnnt2“" mice were obtained from Dr Chenleng Cai
lab at Indiana University. Conditional Myh10°“° inmouse CMs was gen-
erated by crossing Myh107*mice with Tnnt2Mer¢reMer mjce, Six-week-old
male Myh10" and Myh10™/ Tnnt2Ver¢*¥er mice were injected with tamox-
ifen (0.1 mg g'body weight) for days1, 3 and 5by intraperitoneal injec-
tionand then fed with aHFD (45 kcal% fat, Research Diets Inc., D12451i)
for3 months. Six-week-old male LIPTER(Tg) mice and age-matched WT
C57BL/6) mice were fed with a HFD (45 kcal% fat, Research Diets Inc.,
D12451i) or NC (18 protein, Inotiv, 2018sx) for 10 months.

Method details

Human heart tissue acquisition. Human left ventricle tissues were
obtained from the Duke Human Heart Repository, which is a Duke
University Health System institutional review board-approved tissue
repository. Samples were procured by the Duke Human Heart Reposi-
tory in accordance with an approved Duke University Health System
institutional review board protocol with writteninformed consent. All
patientinformation was de-identified. Left ventricle tissues were imme-
diately flash frozenin liquid nitrogen and stored ina-80 °C freezer.

CRISPR/Cas-9 knockout

LIPTER and MYHI10 knockout hiPSC lines were established using
CRISPR/Cas9 as we previously described?. The guide RNAs (gRNAs)
targeting the LIPTER or MYH10 gene were designed using the CRISPR
design platform (https://zlab.bio/guide-design-resources), and the
dual gRNA knock-out method was used. The gRNA was cloned into
the pENTR-spCAS9-T2A-EGFP vector, and CRISPR/Cas-9 and gRNA

plasmids were co-transfected into human iPSCs using X-tremeGENE
9 DNA Transfection Reagent (Roche, 6365787001). After transfection,
GFP’ cells were sorted by FACSAria Il cell sorter (BD Biosciences) and
seeded onfeeder cells with Y-27632 (Selleckchem, S1049). Single hiPSC
clones were picked and genotyped by PCR.

Plasmid construction

LIPTER transcripts were amplified from CMs and cloned into the
pHAGE-puro-inducible vector for generating LIPTER overexpres-
sion vectors. The LIPTER promoter region (hg38, chr3:157087815-
157090367) was amplified and cloned into the pGL3-basic vector.
The pBABE-puro human RXR alpha plasmid and pBABE-puro LAP2
(C/EBP betaisoform) plasmid were obtained from Addgene (plasmid
numbers 11441 and 15712). NKX2.5 was cloned into the pMXs-puro
plasmid. FLAG-tagged ORF1, ORF2 and ORF3 of LIPTER were cloned
into a pQCXIP vector.

LIPTER coding potential prediction and verification

Protein coding potential was predicted using Open Reading Frame
Finder (https://www.ncbi.nlm.nih.gov/orffinder/). FLAG sequences
(GAC TAC AAA GAC GAT GAC GAC AAG) were inserted after each
predicted ORF before the stop codon and cloned into a pQCXIP vec-
tor. Three LIPTER ORFs with FLAG plasmids were transfected into
HEK293T cells (CRL-3216, ATCC) respectively using the X-tremeGENE
9 DNA Transfection Reagent (Roche, 6365787001). A non-relevant
protein-coding gene with a FLAG-tag was transfected as a positive
control. RNA expression levels were detected using RT-qPCR. FLAG
was detected using anti-FLAG antibody (1:1,000, Cell Signaling, 14793S)
by immune fluorescent staining and western blotting.

Luciferase assay

Luciferase assay was performed using the Dual-Glo Luciferase Assay Sys-
tem (Promega, E2920) following the manufacturer’s protocol. Briefly,
HEK293T cells were co-transfected with the pGL3-L/PTER-promoter
and NKX2.5, CEBPB or RXRa plasmids, or a vector control using the
X-tremeGENE 9 transfection reagent (Roche, 6365787001). Cells were
collected 48 h post-transfection. Firefly and Renilla luciferase activities
incell lysates were measured using the GLOMAX Explorer microplate
reader system (Promega).

Lipid uptake assay

Rhodamine-B-labelled palmitic acid (Avanti, 810104) was dissolved
in ethanol and then in 10% bovine serum albumin (BSA). The final
concentration of PA was 5 mM. HiPSC-CMs were dissociated into sin-
gle cells and seeded at a density of 1 x 10° cells per well in a 12-well
plate. Cells were treated with 200 pM Rhodamine-B-labelled pal-
mitic acid for 1 h and lysed with 100 pl RIPA lysis buffer. For the mito-
chondrial lipid uptake assay, hiPSC-CMs were treated with 200 pM
Rhodamine-labelled palmitic acid for 2 h. Subsequently, mitochon-
dria were isolated using the Mitochondria Isolation Kit for Cultured
Cells (ThermoFisher, 89874) and lysed with 100 pl RIPA lysis buffer.
Fluorescence values were detected at an excitation of 520 nm with a
580-640 nm filter on a GLOMAX Explorer microplate reader system
(Promega).

Mitochondrial proteomics

WT and LIPTER*® hiPSC-CMs were selected and dissociated into single
cells. Mitochondriawere isolated from 5 x 10° CMs using Mitochondria
Isolation Kit for Cultured Cells (ThermoFisher, 89874). MS and data
analyses were performed at the Proteomics Core Facility at the Indiana
University School of Medicine.

Flow cytometry
Flow cytometry was performed to detect cTnT positive cell ratios
during EB differentiation, as previously described”. Briefly, day 20 or
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40 EBswere collected and dissociated with 1 mg ml™ Collagenase B for
30 min, followed by 0.25% trypsin-EDTA for 5 minat 37 °C. Dissociated
single cells were fixed in 4% paraformaldehyde (PFA) for 15 minutes at
room temperature and washed three times with phosphate-buffered
saline (PBS). Cells were incubated in a blocking buffer containing 1x
PBS, 10% goat serum and 0.1% saponin. Cells were then incubated
with primary antibody diluted in 1x PBS with 2% BSA and 0.1% saponin
for 1hat 37 °C, followed by incubation with Alexa Fluor 488-labelled
goat anti-mouse secondary antibody (1:200, Thermo Fisher Scientific,
A-11001) for 1 hat 37 °C. Flow cytometry analysis was conducted using
an Attune NxT flow cytometer (Invitrogen). Data were analysed using
FlowJo (Treestar). Supplementary Fig.1shows the gate setting.

Nuclear and cytoplasmic RNA detection

A total of 2 x 10° hiPSC-CMs were separated into nuclear and cyto-
plasmic fractions using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (ThermoFisher, 78833). RNAs from both nuclear and cyto-
plasmic fractions were extracted using the RNeasy Mini Kit (Qiagen,
74106). LIPTER, GAPDH (cytosolic marker) and U6 (nuclear marker)
expression levels were detected using RT-qPCR on a QuantStudio 6
Flex system (Applied Biosystems).

Extraction of lipid-associating RNAs

A total of 1 x 10 hiPSC-CMs were treated with 100 pM palmitate acid
for 48 h, followed by lipid extraction using the Lipid Extraction Kit
(Cell Biolabs, STA-612) according to the manufacturer’s protocol. The
isolated total lipids were dried in a vacuum concentrator at 4 °C and
resuspended in 700 pl of TRIzol. RNA was then extracted by using the
RNeasy mini kit (Qiagen, 74106).

TEM

hiPSC-derived EBs at day 40 of differentiation were fixed in 2.5% glu-
taraldehyde in 1x PBS for 1 h. Then EBs were washed with PBS and
post-fixed with 1% osmium tetroxide and 1% potassium ferricyanide
forlhat4°C,dehydrated withagraded series of EtOH (30%, 50%, 70%,
90%and100%). Subsequently, EBs were embedded and sectioned. TEM
images were taken using the JEM-1400 Flash Electron Microscope at
the Indiana Center for Biological Microscopy.

Western blotting

Cells were lysed using the Complete Lysis-M EDTA-free kit (Roche,
04719964001). Lysates were run on Mini-PROTEAN TGX Precast Gels
(Bio-Rad) and transferred to polyvinylidene difluoride membranes
usinga Trans-Blot Turbo Transfer System (Bio-Rad). The membrane was
blocked with 5% non-fat milk for 1 h at room temperature, incubated
in TBXT buffer containing 5% BSA and primary antibodies against
MYHI10 (1:1,000, Santa Cruz, sc-33729), FLAG (1:1,000, Cell Signal-
ing, 14793S), ATGL1 (1:1,000, Life Technologies, 55190-1-AP), PLIN5
(1:1,000, Life Technologies, 26951-1-AP) or GPAM (1:1,000, Life Tech-
nologies, PA520524) at 4 °C overnight. The membrane was then washed
with TBXT and incubated with horseradish peroxidase-conjugated
anti-rabbit IgG (1:200, Santa Cruz Biotechnology, sc-2357) or
anti-mouse IgG (Santa Cruz Biotechnology, sc-2005) secondary anti-
body, and detected using ECL Western Blotting Substrate (Pierce) on
aChemiDoc Imaging System (Bio-Rad).

Echocardiography

Mice were anaesthetized with 1-2% isoflurane, and chest hairs were
shaved. The anaesthetized mice were placed on a heated platform
in the prone position. Pre-heated ultrasound coupling gel was
appliedtothe chestarea, and alinear array transducer (18-23 MHz)
was positioned to obtain one-dimensional M-mode images or
two-dimensional B-mode parasternal long- and short-axis views
on a VisualSonics Vevo 2100 Imaging System. Left ventricle FS per-
centages and EF percentages were calculated from the M-mode

measurements using Vevo LAB ultrasound analysis software at the
IU Small Animal Ultrasound Core.

AAV9 transgene

Dr Zhigiang Lin (Masonic Medical Research Institute, United States)
provided the AAV9-CTNT vector. AAV9-CTNT-GFP (green fluores-
cent protein), AAV9-CTNT-AS-LIPTER and AAV9-CTNT-LIPTER (human
full-length LIPTER RNA) contained a chicken troponin T promoter
to drive CM-specific GFP, AS-LIPTER and LIPTER expression. AAV9
viruses were packaged by the Genome Editing, Transgenic, and Virus
Core at Magee-Women'’s Research Institute with a fee-based service.
AAV9 was administered by retro-orbital injection into 6-week-old
B6.BKS(D)-Lepr®/) mice (stock no. 000697, The Jackson Laboratory)
at 2 x10% vg/g. WT C57BL/6) mice (stock no. 000664, The Jackson
Laboratory) without AAV9 injection were also included as a control.

NKX2.5knockdown

AAV9-shNKX2.5were utilized to knock down NKX2.5in hiPSC-derived
CMs. Briefly, AAV9-shRNA-ctrl (Addgene, 85741) was used as a control
scramble shRNA. Two shRNAs targeting human NKX2.5 were designed
andinsertedintothe AAV9 plasmid to replace the shRNA-ctrlsequence.
The pAdDeltaF6 and AAV2/9 plasmids were used for packaging viruses.
Viruses with a concentration of 1 x 10’ GC ml™ were used to infect
hiPSC-derived EBs. Media containing AAV9 virus were changed every
three days and maintained for 9 days.

Cryosection and CM area measurement

HiPSC-derived EBs were fixed with 4% PFA for 30 min, washed with PBS
and dehydrated in sucrose solutions of increasing concentration (10%,
20% and 30%) for 1 h each. Dehydrated EBs were embedded in OCT
(Fisher Scientific, 23730571) and stored at -80 °C. Frozen EBs were
sectioned at 7 um on a Leica CM3050 cryostat and stored ina-80 °C
freezer. For human heart LV tissues and mouse heart sectioning, the
tissues were fixed with 4% PFA overnight, and dehydrated in sucrose
solutions of increasing concentration (10%,20% and 30%) for 3 heach.
Fixed tissues were embedded in OCT and stored at -80 °C freezer. To
measure myocyte cross-sectional area, the sections were stained with
AlexaFluor488-conjugated wheat germ agglutinin (Invitrogen, W11261)
for membrane and with DAPIfor nuclei. Aminimum of 50 CMs per sec-
tion were manually outlined and single-cell cross-sectional area was
measured using ImageJ software (National Institutes of Health (NIH)).

Fast Green and Picoro-Sirius Red staining

Mouse heart sections were fixed with Bouins’ solution at 55°Cfor1h
and washed with tap water for 45 min. Until yellow colour disappeared,
sections were stained with 0.1% Fast Green for 30 min, followed by 1%
aceticacid for15 sandtap water for 2 min. Sections were then stained
with 0.1% Sirius Red for 30 min, dehydrated with EtOH (70-100%),
cleared with xylene and mounted with Cytoseal 60 (Fisher Scientific,
23-244257).

RNAFISH

Cryosections of hiPSC-EBs and human heart tissues were prepared
by following the sample preparation protocol for fixed frozen tissues
from ACD Inc. Briefly, the tissue sections were washed with PBS, baked
at 60 °Cfor 30 min, post-fixed with 4% PFA for 15 minat4 °C,and then
dehydrated with 50%, 70% and 100% EtOH for 1 x 5 min at room tem-
perature. Tissues were baked in target retrieval solution at 98-102 °C
for target retrieval, and then treated with Protease IV for 30 min at
40 °C. The LIPTER specific probes labelled with C2 and negative con-
trol probes were synthesized at ACD Inc. The prepared tissue and EB
sections were hybridized with LIPTER or control probes following the
RNAscope Fluorescent Multiplex Assay protocol. Briefly, the sections
were incubated with Amp 1-FL for 30 min, Amp 2-FL for 15 min, Amp
3-FL for 1x 30 min and Amp4 AltB-FL for 15 min at 40 °C, and washed
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with Wash Buffer twice at room temperature between each inculca-
tion. For FISH and lipid double stainings, after FISH, the sections were
stained with 1:1,000 LipidTOX Deep Red (ThermoFisher, H34477) in
PBS for 30 min at room temperature. After three washes with PBS,
samples were mounted with DAPI Fluoromount-G (SouthernBiotech,
0100-20) forimaging.

Immunofluorescent microscopy

EBsortissue sections were washed with PBS toremove OCT and blocked
with 5% goatserumin PBST for1 hatroom temperature. CMs were fixed
with cold 4% PFA for 15 min at room temperature. The blocked sample
sections and fixed CMs were incubated with anti-cTnT antibody (1:200,
Thermo Fisher Scientific, MS-295-P), cleaved caspase-3 antibody (1:200,
Cell Signaling, 9664), MYH10 antibody (1:200, Santa Cruz, sc-33729),
NKX2.5 antibody (1:100, Abcam, ab97355), RXRa antibody (1:200,
ABclonalScience, A19105), or CEBPB antibody (1:100, Abcam, ab32358)
inblocking buffer containing 2% goat serumand 0.1% saponin overnight
at 4 °C. After incubation, samples were washed with PBS three times
andincubated with fluorescence-labelled secondary antibody (1:200,
Thermo Fisher Scientific, A-21235, A-11001 or A-21422) for1hat 37 °C.
Finally, cellswere washed three times in 1x PBS, then mounted with DAPI
Fluoromount-G (SouthernBiotech, 0100-20) for imaging.

Lipid staining

Samples were treated with Oil Red O (Sigma, 00625) staining or Nile
Red (Sigma, 19123) staining to detect LDs. For Oil Red O staining, sam-
pleswere washedin 60% isopropanol for 5 minand thenincubated with
Oil Red O working solution (300 mg Oil Red O in 100 mlisopropanol,
and 6:4 diluted with water) for 20 min at room temperature. After wash-
ing with 60% isopropanol for 1 min and H,0 for 5 min, the slides were
mounted with DAPI Fluoromount-G (SouthernBiotech, 0100-20) for
imaging. For Nile Red Staining, slides were stained with Nile Red (Sigma,
19123) at 1 pg ml™ for 10 min at room temperature, washed with PBS
and mounted with DAPI Fluoromount-G (SouthernBiotech, 0100-20).

TUNEL staining

TUNEL staining was performed following the manufacturer’s protocol
of In Situ Cell Death Detection Kit (TMR red) (Roche, 12156792910).
Briefly, after immunofluorescent staining with anti-cTnT antibody
(1:200, Thermo Fisher Scientific, MS-295-P), heart tissue sections or
cell samples were permeabilized with permeabilization solution (0.1%
Triton X-100 in 0.1% sodium citrate) for 2 min on ice and washed with
PBS twice. Samples were then stained with TUNEL reaction mixture
for1hat37 °C. After washing with PBS three times for 5 min each, the
samples were mounted with DAPI Fluoromount-G medium (Southern-
Biotech, 0100-20) for imaging.

RNA isolation, cDNA synthesis and RT-qPCR

Total RNAs were extracted from cells or tissues using TRIzol Reagent
(Invitrogen, 15596018) and purified with the RNeasy mini kit (Qiagen,
74106).DNase treatment was performed using RNase-free DNase (Qia-
gen) to remove any contaminating genomic DNA. Total RNAs were
reverse transcribed into complementary DNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, 4374966).
RT-qPCRwas performed ona QuantStudio 6 Flex system (Applied Bio-
systems) using SYBR Green Master Mix (Applied Biosystems, 4385614).
Results were analysed using the 2 method and normalized to the
expression of ACTBgene. RT-PCR was performed with Thermo Fisher
Scientific DreamTaq Green PCR Master Mix. Primer sequences are
described in Supplementary Table 6.

RNA-lipid overlay assay

TheRNA-lipid overlay assay was performed according to the previously
published method*®. Briefly, Biotinylated LIPTERRNA, truncated LIPTER
RNA fragments and control AS-LIPTER were transcribed using the

TranscriptAid T7 High Yield Transcription Kit (ThermoFisher, K0441),
and labelled with RNA 3’ End Biotinylation Kit (ThermoFisher,20160)
following the manufacturer’s protocols. Lipid strips membrane (Ech-
elonBiosciences, P-6002) was blocked with RNA-lipid binding buffer
and thenincubated with biotinylated RNA (1 pg mI™) in RNA-lipid bind-
ing buffer supplemented with 50 U mI™ RNase inhibitor. The membrane
was then washed three times for 10 min with RNA-lipid binding buffer
supplemented with 0.05% IGEPAL CA-630 (Sigma, 18896), and signal
was detected using the Chemiluminescent Nucleic Acid Detection Mod-
ule (ThermoFisher, 89880) of a ChemiDoc Imaging System (Bio-Rad).

Giantlipid vesicles assay

To generate giant lipid vesicles*’, fluorescent-labelled phospholip-
ids including TopFluor TMR PA (Avanti Polar Lipids, 810240), Top-
Fluor PI4P (Avanti Polar Lipids, 810185) and TopFluor PI (Avanti Polar
Lipids, 810187) were dissolved in CHCl,. A total of 250 nmol of each
fluorescent-labelled PA, PI4P or Plin 500 pul CHCI; was transferred toa
smallglasstube (ThermoFisher,14-958) and dried using nitrogenairina
chamber. A thinlipid layer was formed on the bottom of the glass bottle.
RNA-lipid binding buffer was slowly added to the bottle, and after48 h
ofincubation at room temperaturein the dark, giant lipid vesicles were
collected fromthe upper layer of the solution. LIPTER, LIPTER-antisense
and LIPTER exon 1-2 and exon 3 fragments were labelled with the
Alexa Fluor 594 Nucleic Acid Labeling Kit (ThermoFisher, U21654)
according to the manufacturer’s protocol. The lipid vesicles and the
Alexa594-labelled RNAs were gently mixed at a volume ratio of 5:1,
incubated at room temperature for 15 min in the dark, and dropped
onglass coverslips. Images were captured usinga DMi8 inverted fluo-
rescent microscope (Leica).

MST assay

MST assays were performed on a NanoTemper Monolith NT.115 with
blue/redfilters (NanoTemper Technologies) at the Physical Biochem-
istry Instrumentation Facility at Indiana University, Bloomington.
TopFluor TMR PA (Avanti Polar Lipids, 810240) and TopFluor PI4P
(AvantiPolar Lipids, 810185) were dissolved in RNA-lipid binding buffer
(100 nM), and afinal concentration of 25 nM of each was used. LIPTER
and LIPTER-antisense RNA were synthesized invitro and serially diluted
(1-9,600 nM) in the RNA-lipid binding buffer into 16 vials with 10 pl
per vial. Fluorescent-labelled PA or PI4P (10 pul) was added and mixed
well in each vial. Next, 10 pl of the mixed solution from each vial was
removed andloadedintoacapillary. Fluorescence intensities of the 16
capillaries were measured at 40% MST power and 90% LED power. The
Kjvalue was calculated using MO Affinity Analysis software.

MS2-tagged RNA affinity purification

MS2-tagged RNA affinity purification was performed as previ-
ously described®. Plasmids pcDNA3-FLAG-MS2 and pcDNA3-
24xMS2-stemloop were obtained from Dr Je-Hyun Yoon Lab (Medical
University of South Carolina, United States). LIPTER full-length RNA,
LIPTER RNA fragments and control RNA were cloned into the
pcDNA3-24xMS2-stemloop plasmid between Hindlll and EcoRlI sites.
HEK293T cells (CRL-3216, ATCC) were co-transfected with 6 pug
pcDNA3-LIPTER-24xMS2SL (or different exons-24xMS2SL or pcDN
A3-LIPTER-antisense-24xMS2SL) plasmids and 3 pg pcDNA3-FLAG/
YFP-MS2 by using X-tremeGENE 9 DNA Transfection Reagent (Roche,
6365787001). After 48 h, transfected cells were collected to pulldown
RNA binding proteins using the EZ-Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Sigma,17701). Cells were lysed with 100 pl
RIP lysis buffer plus RNase inhibitor with protease inhibitor cocktail.
Then 100 pl cell lysate was mixed with 860 I RIP wash buffer, 5 pg
FLAG antibody (1:200, Cell Signaling, 14793S)-labelled magnetic beads,
35l 0.5 MEDTA and 5 pl RNase inhibitor and incubated. The mixture
was rotated overnight at 4 °C. After inculcation, beads were washed
with RIP wash buffer six times, resuspended in RIPA lysis buffer plus
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loading buffer and heated for 5 min at 95 °C. The beads were removed
by centrifuge at 200g for 5 min, and the supernatant was collected for
SDS-PAGE, followed by silver staining using the Pierce Silver Stain kit
(ThermokFisher, 34612) or western blotting.

Live cellimaging

Totrace LIPTERRNAinlive CMs, LIPTER-24xMS2SL and LIPTER-antisense-
24xMS2SL were separately inserted into a pHAGE lentiviral vector with
puromycin resistance. The pHR-tdMCP-YFP (MS2-coat binding protein
tagged with YFP) lentiviral plasmid was obtained d from Addgene (plas-
mid number 99151). A total of 1 x 10° hiPSCs were infected with packaged
pHAGE-LIPTER-24XxMS2SL or pHAGE-LIPTER-antisense-24xMS2SL lentivi-
rusfor 72 h. After infection, cells were selected using 1 pg ml™ puromycin
for 4 days. The remaining cells were then infected with pHR-tdMCP-YFP
lentivirus. YFP* cellswere sorted by aBD FACSAriall CellSorter, expanded
and differentiated into CMs. The differentiated CMs were seeded into
poly-D-lysine-coated 35 mmglass-bottom dishes (MatTek, P35GC-0-10-C).
Live cell video was taken on a Nikon live cellimaging system with an Apo
60x Qil lens at Indiana Center for Biological Microscopy. Consecutive
imageswere taken during4 hwith 3 minintervals, and atotal of 8limages
were taken per field. The video was exported with 16 frames per second
using the NIS Elements software.

Quantifications of FA and TAG in mouse hearts

The concentration of free FA was quantified by using the Free Fatty
Acid Assay kit (Abcam, ab65341), and TAG concentrations were quanti-
fied using a Triglyceride Quantification Assay Kit (Abcam, ab65336).
Approximately 25 mg of mouse heart tissue per heart was collected
and homogenizedin 500 pllipid extraction buffer (Abcam, ab211044)
using aBeadbug Homogenizer. After centrifugation, the supernatant
was removed to a new tube. FA or TAG concentration was measured
accordingtothe manufacturer’s protocols. The FA and TAG concentra-
tions in WT and genetically modified mouse hearts were normalized
tothe collected heart tissue weights.

Whole mouse heart FAO rate assay

Freshly collected mouse heart was minced into small pieces and thor-
oughly homogenized in ice-cold STE buffer (0.25 M sucrose, 10 mM
Tris-HCl and 1 mM EDTA, at pH of 7.4) using a Dounce homogenizer.
After homogenization, the specimen was centrifuged at420gat 4 °C for
10 min. Supernatant containing crude mitochondria was transferred
into chilled Eppendorftubes for protein quantificationand FAQO assay
as previously described® . In brief, 30 pl of tissue homogenate was
addedinto Eppendorftubesintriplicate (including STE blank control
for background reading), followed by theimmediate addition of 370 pl
oxidation reaction mixture (100 mM sucrose, 10 mM Tris-HCI, 5 mM
KH,PO,, 0.2 mM EDTA, 80 mM KCI, 1 mM MgCl,, 2 mM L-carnitine,
0.1 mMmalate, 0.05 mM Coenzyme A,2 mM ATP,1 mM dithiothreitol,
0.5 mM palmitate, 0.7% BSA and 0.4pCi“C-palmitate), and incubated
at37 °Cfor1h. Afterincubation, the entire reaction mixture was trans-
ferred into tubes containing 200 pl of 1 M perchloric acid and the CO,
trap disc, and incubated for 1 h at room temperature. Then the trap
disc was transferred to scintillation vials for complete oxidation meas-
urement, whereas the supernatant obtained by centrifugation of the
remaining acid solution was used to measure acid-soluble metabolites
(ASMs) produced by incomplete oxidation. In addition, the nonincu-
bated reaction mixture was counted in triplicate to get the measure-
ment of the amount of radioactivity inputinto each reaction.

The specific activity of the reaction mixture was determined by
dividing the disintegrations per minute (DPM) of the input by the num-
ber of nanomoles of palmitate (cold + hot) per reaction. The specific
activity can be used to convert DPM to nanomoles for the other samples.

DPM of input

Specific activity =
P y Total nmol of palmitate

To determine the rate of conversion of *C-palmitate to *CO,, we
divide the nanomoles of *CO, by the amount of time in the reaction and
the amount of protein per action. A similar calculation canbe done to
determine the rate of conversion of *C-palmitate to ASMs.

(DPM of sample)—(DPM of background)
(Specific activity)x(reaction time)x(protein amount per action)

FAOrate =

Untargeted metabolomics

Untargeted metabolomics was performed, and datawere analysed by
Creative Proteomics. Briefly, 10 million enriched hiPSC-CMs were col-
lected at day 40 and washed with PBS. Metabolites were extracted with
800 pl of methanol, 10 pl of DL-o-chlorophenylalanine (2.8 mg ml™)
and 10 pl of LPC (12:0), followed by ultrasonication for 30 min. The
samples were analysed using the Ultimate 3000 HPLC and UHPLC
combined with Q Exactive MS systems (ThermoFisher) and screened
with electrospray ionization (ESI)-MS. Raw data were acquired and
aligned using the Compound Discover (3.0, ThermoFisher) based on
the m/zvalue and theretention time of the ion signals. lons from both
ESI” and ESI" were merged and imported into the SIMCA-P program
(version 14.1) for multivariate analysis.

Seahorse mitochondrial function assays
Seahorse XFp Extracellular Flux Analyzer was used to measure oxy-
gen consumption rate (OCR) and extracellular acidification rate of
hiPSC-CMs according to the manufacturer’s protocol. Briefly, 5 x 10*
CMs (based on FCCPtitration assay) were seeded into Matrigel-coated
eight-strip utility plate for 48 h before Mito Stress Test assay. We pre-
pared the pH 7.4 assay medium (with 4 mM L-glutamine and 25 mM
glucose),and hydrated the cartridge in calibration medium at 37 °C
without CO, before running the assay. Then 1.5 uM oligomycin was
loaded into port A, 0.25 UM FCCP into port B and 0.5 uM Rot/AA into
port Conthe cartridge. The Mito Stress Test was run according to the
standard process of analyzer. After the assay, the protein concentration
of each well was measured using BCA protein assay kit (ThermoFisher,
23225). Raw data were processed using Seahorse Wave software.
Long-chain FAO was measured according to the protocol of Pal-
mitate Oxidation Stress Test Kit on a Seahorse XF96 Analyzer. Briefly,
5x10* CMs were seeded into one well of Matrigel-coated 96-well util-
ity microplate, cultured in normal culture medium for 48 h and then
switched to the substrate-limited growth medium (DMEM plus 0.5 mM
glucose, 1.0 mM GlutaMAX, 1% FBS and 0.5 mM L-carnitine) overnight.
The FAO assay buffer was prepared according to the protocol and
replaced the substrate-limited growth medium 45 min before measure-
ment. FAO buffer or 40 uM etomoxir was added into each well 15 min
before measurement. BSA control or palmitate:BSA was added into
well before the Mito Stress test was started. FAO level was quantified
on the basis of the differences in the values of the maximal oxygen
consumption in palmitate:BSA without or with presence of etomoxir.

Illumina RNA sequencing and data analysis

Transcriptional profiles of human ESC-derived CMs, SMCs and ECs were
obtained by [llumina mRNA deep sequencing using a service from LC
Sciences as we previously reported*. Three non-failure hearts, three
non-failure hearts with T2DM, three hearts with DCM, and three hearts
withDCMand T2DM were subject to mRNA-seq. Briefly, total RNAs were
extracted from humanleft ventricle tissues by using the RNeasy kit (Qia-
gen, 74106), and sequenced by using paired-end deep-transcriptome
sequencing with the Illumina platform at IlU Genomic Core. All IncR-
NAs were profiled according to their fragments per kilobase of tran-
script per million mapped reads values. Additionally, mRNAs were
extracted from enriched day 40 WT and LIPTER*® hiPSC-CMs, as well
as hearts of WT and LIPTER(Tg) mice fed with HFD for 7 months and
sequenced by using paired-end deep-transcriptome sequencing with
the lllumina platform. The RNA-seq data were collected and analysed
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as we previously described”***. In general, the sequencing reads were
mapped to the reference genome (either hg38 or mm10) by STAR
(version 2.7.2a). Gene expression levels were evaluated by the fea-
tureCounts on uniquely mapped reads. Following gene expression
normalization based on trimmed mean of M (TMM) values, edgeR
(refs. 65,66) was employed to perform differential analysis given
the comparison between LIPTER*® and WT for human samples or
LIPTER(Tg) and WT for mouse heart samples. The genes with false dis-
coveryrate (FDR)-adjusted Pvalues <0.05 after multiple test correction
were determined as differentially expressed genes.

Functional enrichment analysis

GO analysis was conducted on differentially expressed genes using
DAVID®*°, The gene set enrichment analysis (GSEA)”° was performed
(http://www.gsea-msigdb.org/gsea/index.jsp, V4.1.0) based on the fold
change (log,) of gene expression between either KO versus WT CMs or
Tgversus WT hearts by focusing on C5biological process (bp) from GO
database or specific toxicity gene sets retrieved from Ingenuity Pathway
Analysis”. The significantly enriched GO terms or toxicity-related gene
sets were selected for presentationin figures.

RIP

RIPwas conducted using the EZ-Magna RIP RNA-Binding Protein Immu-
noprecipitation kit (Millipore) according to the manufacturer’sinstruc-
tion (Sigma,17701). Briefly, 1 x 10° hiPSC-CMs were resuspended in 50 pl
of RIPlysis buffer with protease inhibitor cocktailand RNase inhibitor.
For each sample, 5 pg anti-human MYH10 antibody (1:400, Abcam,
ab230823) wasadded and 1 pgisotype IgG antibody (1:200, Cell Signal-
ing, 5415S) was used as the control. RIP-qPCR results were calculated
as fold enrichment from specific antibody versus non-specific IgG
(1:200, Cell Signaling, 5415S).

RIP-seq for mouse hearts

RNA immunoprecipitation was performed with mouse hearts as
described above. Hearts were collected from WT and LIPTER (Tg) mice.
One-hundred milligrams of left ventricle tissue per heart was collected
and lysed with RIP lysis buffer according to the manufacturer’s protocol
(Sigma, 17701). Anti-Myh10 antibody (1:400, Abcam, ab230823) was
used to pull down Myh10-binding RNAs. Normal rabbit IgG was used
as negative control. The pulldown RNAs were extracted by using the
RNeasy minikit (Qiagen, 74106). Total RNA sequencing was performed
atthelU Genomic Core. The sequence reads were mapped to the mouse
genome mm10 using STAR (v2.7.2a) with the the following parameter:
‘~outSAMmapqUnique 60’. Then unmapped reads were mapped to the
human genome hg38 by STAR with the same parameter. Peak calling
onmapped reads was performed by MACS2 compared with IgG signals
with a cut-off of FDR-adjusted Pvalue <0.01.

ScRNA-seq data analysis

The gene count matrix of scRNA-seq data from a foetal human heart
was retrieved from a previously published report®. Normalization,
dimensionality reduction and clustering of scRNA-seq data were per-
formed using Seurat (v3) (ref. 72) according to the parameters previ-
ously utilized”. The t-distributed stochastic neighbour embedding was
used to visualize single-cell clusters, and gene expressioninareduced
2D space. Annotation of cell clusters was mapped from the annotation
of the clusters presented in this report®.

Statistics and reproducibility

Statistical results were analysed using Prism 8 (GraphPad Software).
Unpaired Student’s ¢-tests (two groups) and two-way analysis of vari-
ance were used in data analyses unless specified in the legend. Column
bar plots show mean + standard error of the mean (s.e.m.) from atleast
threeindependent experiments. Statistical parameters, including the
exactvalue of n, statistical test method and statistical significance, are

reportedinthefigures, figurelegends and related dataresources. Data
werejudged to be significant when P < 0.05. No statistical method was
used to pre-determine sample size. No animal or data were excluded
fromthe analyses. The experiments were not randomized. The Investi-
gatorswere notblinded to allocation during experiments and outcome
assessment.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq data of WT and LIPTER*® hiPSC-CMs, and WT and LIPTER (Tg)
mouse hearts were deposited in NCBI GEO database (GSE175370). The
UCSC Genome Browser view of RNAseq results from T2DM and NF human
hearts can be found at https://genome.ucsc.Edu/s/samal/hg38_Yan-
glei ILMNS550. The metabolomics datacanbeaccessedin Supplementary
Table1. The datasets used to determine LINCOO881 expressionin human
hearts canbe accessed at NCBI Accession GSE64283 asshownin Extended
DataFig.1c’?>, NCBIAccession PRINA280600 as shownin Extended Data
Fig.1d™ and NCBI Accession GSE30611 (Illumina Human Body Map 2.0
Project) asshownin Extended DataFig. 1e.Source dataare provided with
this paper. All other data supporting the findings of this study are avail-
able from the corresponding author on reasonable request.

References

55. Carvajal-Vergara, X. et al. Patient-specific induced pluripotent
stem-cell-derived models of LEOPARD syndrome. Nature 465,
808-812 (2010).

56. Lin, B. et al. High-purity enrichment of functional cardiovascular
cells from human iPS cells. Cardiovasc. Res. 95, 327-335 (2012).

57. Ma, X. et al. Conditional ablation of nonmuscle myosin
II-B delineates heart defects in adult mice. Circ. Res. 105,
1102-1109 (2009).

58. Lin, A. et al. The LINK-A IncRNA interacts with PtdIns(3,4,5)P3 to
hyperactivate AKT and confer resistance to AKT inhibitors. Nat.
Cell Biol. 19, 238-251(2017).

59. Janas, T. & Yarus, M. Visualization of membrane RNAs. RNA 9,
1353-1361(2003).

60. Yoon, J. H. & Gorospe, M. Identification of mRNA-interacting
factors by MS2-TRAP (MS2-tagged RNA affinity purification).
Methods Mol. Biol. 1421, 15-22 (2016).

61. Huynh, F. K., Green, M. F.,, Koves, T. R. & Hirschey, M. D.
Measurement of fatty acid oxidation rates in animal tissues and
cell lines. Methods Enzymol. 542, 391-405 (2014).

62. Zhou, H. et al. IL-1induces mitochondrial translocation of IRAK2 to
suppress oxidative metabolism in adipocytes. Nat. Immunol. 21,
1219-1231(2020).

63. Naiman, S. et al. SIRT6 promotes hepatic beta-
oxidation via activation of PPARa. Cell Rep. 29,

4127-4143 (2019).

64. Liu, J. et al. Genome-wide studies reveal the essential and
opposite roles of ARID1A in controlling human cardiogenesis and
neurogenesis from pluripotent stem cells. Genome Biol. 21, 169
(2020).

65. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a
Bioconductor package for differential expression analysis of
digital gene expression data. Bioinformatics 26, 139-140
(2010).

66. McCarthy, D. J., Chen, Y. & Smyth, G. K. Differential expression
analysis of multifactor RNA-seq experiments with respect to
biological variation. Nucleic Acids Res. 40, 4288-4297
(2012).

67. Dennis, G. Jr et al. DAVID: database for annotation, visualization,
and integrated discovery. Genome Biol. 4, P3 (2003).

Nature Cell Biology


http://www.nature.com/naturecellbiology
http://www.gsea-msigdb.org/gsea/index.jsp
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE175370
https://genome.ucsc.Edu/s/samal/hg38_YangLei_ILMN550
https://genome.ucsc.Edu/s/samal/hg38_YangLei_ILMN550
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64283
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA280600
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30611

Article

https://doi.org/10.1038/s41556-023-01162-4

68. Huangda, W., Sherman, B. T. & Lempicki, R. A. Bioinformatics
enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 37, 1-13 (2009).

69. Huang da, W., Sherman, B. T. & Lempicki, R. A. Systematic and
integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 4, 44-57 (2009).

70. Subramanian, A. et al. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide
expression profiles. Proc. Natl Acad. Sci. USA 102, 15545-15550
(2005).

71. Kramer, A., Green, J., Pollard, J. Jr. & Tugendreich, S. Causal
analysis approaches in Ingenuity Pathway Analysis. Bioinformatics
30, 523-530 (2014).

72. Stuart, T. et al. Comprehensive integration of single-cell data. Cell
177,1888-1902 (2019).

73. Szabo, L. et al. Statistically based splicing detection reveals
neural enrichment and tissue-specific induction of circular RNA
during human fetal development. Genome Biol. 16, 126
(2015).

74. Duff, M. et al. Genome-wide identification of zero nucleotide
recursive splicing in Drosophila. Nature 521, 376-379
(2015).

Acknowledgements

This work was supported by the National Institute of Health grants
RO1THL147871 and ROTHL160856 and American Heart Association
20EIA35260114 to L.Y. The mRNA-seq was carried out at the Center
for Medical Genomics at Indiana University School of Medicine.

We thank Z. Lin for providing AAV9 vector and C. Cai for providing the
Tnnt2-MerCreMer mouse line. We thank L. J. Field for critical reading
and suggestions.

Author contributions

L.H. and L.. initiated the project. L.H. performed most experiments
and conducted statistical analyses. D.H. assessed FAO rates of

mouse hearts. SW. performed NKX2.5 knockdown and western
blotting. C.W. differentiated CMs. Y.S. generated the transgenic
mouse line and AAV9 virus. S.L. and JW. performed bioinformatics
analyses on sequencing data. X.L and H.E.B. supported mitochondrial
functional analyses. L.H. and L.Y. wrote and revised the paper.

LY. supervised the project.

Competinginterests
A provisional patent application from L.Y. is under preparation.
The other authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41556-023-01162-4.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41556-023-01162-4.

Correspondence and requests for materials should be addressed to
Lei Yang.

Peer review information Nature Cell Biology thanks Gary Lopaschuk
and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-023-01162-4
https://doi.org/10.1038/s41556-023-01162-4
https://doi.org/10.1038/s41556-023-01162-4
https://doi.org/10.1038/s41556-023-01162-4
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41556-023-01162-4

Q

iPSCs MCPs CMs ECs SMCs
: 200+ gm0 TNNT2 g 15000 CD31
315 3 PDGFRA H H
8 ocT4 & 5 800 5
3 ] S
8 5 150 . 2 ° 2 10000
2104 0.0 2 9 600 2
- o
ﬁ g o 400 d 2 5000
0.5 2 £ ]
2 £ 50- 8 200 3
K o] ] 4
l.’qé E - () © 0 0 T T S T T
00 —— e 0== T PSCs MaPs CMs EGs SMCs iPSCs MCPs CMs ECs SMCs
iPSCs MCPs CMs ECs SMCs iPSCs MCPs CMs ECs SMCs
_ gon SM22 & 604 NAV2-AS2 515 TTN-AS1 5 200 SLC8A1-AS1
H H 8 E
3 c c
< 60 S . 5 5 150
S ° § 404 ° 210 2 ()
I g 3 ° § 100
e 2 204 25 2 .
5 20 . K 3 ° g
@ + K ° ° °
[ o0
2 ° 14 P x o T T T T T
0= v s S S S —— R— ! ' 7 T iPSCs MCPs CMs ECs SMC:
PSCs MCPs CMs ECs SMCs iPSCs MCPs OMs ECs SMCs iPSCs MCPs CMs ECs SMCs obs MERe s Eos BHES
3 1-
b NAV2-AS2 _ mome TTNAST seores SLCEAT-AST
20 p=02022 p=02157 3 g 3 pooAtas
3 g S
S —_ S p=0.9414 ]
g18 | - .é 2 vg 2 .
o T 3
o - s | ¢l i)
o ] 51 s I i(’f 1 -
Jos 3 5 I s
: Al gL
<2( 0.0 T T T T 0 T T T T @0 T T T T
NF NF+T2DM DCM DCM+T2DM NF  NF+T2DM DCM DCM+T2DM NF  NF+T2DM DCM DCM+T2DM
257 Tissue-specific circular RNA induction during human fetal development 8 RNA sequencing of total RNA from 20 human tissues 10 lllumina bodyMap2 transcriptome
2 Szabo, Linda, et al. Genome biology 16.1 (2015): 126 Duff, Michael O., et al. Nature 521.7552 (2015): 376-379 8
T 6
S 15 6
10. & 4
5 2 2
M Tyl rrrroror oo o1 o{;é;,;(};@;@;;éé&!éé.;\‘a
%@‘;@:&gqsf\s‘i\*{@?{&:@;%j%iéi@‘;i%m N q\«i&i&;&;&ﬁs’x ««}‘yo‘@f 130\0‘&@9@0;@@Voq\w&i@'féémt@&(;"i\ce"gz@&i;*ﬁv*i&fd@& G o I i&‘@ o® ‘z@@ﬁ& & & ¢
PGPSR R S NN NSNS PP ® e & & 2 AY o®
vﬁé;p@v&o ERE I {&a&i&%&{‘:\‘ SESES »‘;\ 0@2}%&:@ «:@ @6\ & Q’Z@‘\F’ﬁ & N o 9@0 s}@ & 5}9\0 P ®
Extended Data Fig. 1| Identification of human CM-specificIncRNA LIPTER presented as mean +s.e.m. Unpaired two-tailed ¢-test is used for comparison.
(LINC00881). a, RT-qPCR detection of pluripotency marker OCT4, cardiac ¢, Histogram of LINCO0881 expressions in the human hearts during fetal
progenitor marker PDGFRA, cardiomyocyte marker TNNT2, endothelial cell development. RPKM, Reads Per Kilobase of transcript (RPKM). Bars are presented
marker CD31, smooth muscle cell marker SM22, as well as IncRNAs NAV2-AS2, asmean = sd. Data were analyzed from GSE64283"°. d, Histogram of LINCOOSS1
TTN-ASIand SLC8AI-ASI expressionsin enriched cardiovascular cell types expressions across 20 human tissues. Data were analyzed from NCBI Accession
differentiated from humaniPS cells. (n=2independent experiments). b, RT- PRJNA280600™. e, Histogram of LINCOOSSI expressions across 16 human tissues.
qPCR detection of INcRNAs NAV2-AS2, TTN-ASI and SLC8AI-ASI expression levels Data were analyzed from GSE30611 (Illumina Human Body Map 2.0 Project).
inleft ventricle tissues from NF (n =10 samples), NF+T2DM (n = 4 samples), Source numerical data are available in source data.

DCM (n=12samples) and DCM+T2DM (n = 5samples) individuals. All bars are

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30611

Article

https://doi.org/10.1038/s41556-023-01162-4

ORF1+ —szom B—{-3d—{ Exom3 }— ORF1. MASVNLSFSFSRPSHALFLFPFPVLTVTQGTTCEMKDLRCCIGS

ORF2+ —Exom.j—[zxonz}—[ Exon3 |— ORF2. MRNKREGAFPCAALGETHTDRGSGMTGKGGNGFC

ORF3+ Exond ]_[Exong}_[Exong-D_ ORF3. MRSLGWAVIQYNWCPYKKRLGHRCTQREDHMNTE

100

75
0| e
37
25
20

15
10

FLAG

DAPI

400000
° LINC00881
>
2 *kKk B
S 300000~ S
S * e
& ©
o =
S 200000- )
X >
g O
& 100000+
oS
S
O
% 0l opo—og
o S O ©
& F T X
($) N ,\x X ,bx
o7 T
2 o o O

Extended Data Fig. 2| LINCOO881 contains no coding potential. a, ORFs
predicted in LINCO0881, showing predicted peptide sequence of each ORF. A
FLAG tag was inserted right after each ORF. b, Western blotting detection of
peptide expressions in HEK293T cells transfected with positive control, vector,
and FLAG tagged ORF1, ORF2 or ORF3. Positive controlis anirrelevant FLAG
tagged protein coding gene. The experiment was carried out 2 times with similar
outcomes. ¢, Immunofluorescent staining to detect expressions of FLAG tagged

<
KD N 9 FLAG control

GEDSHLQATERALQRNQPCRQFDLRFLASRIVRK

Vector ORF1+FLAG ORF2+FLAG ORF3+FLAG

50 pm 50 pm 50 pm

50 pm

peptidesin HEK293T cells transfected with positive control, vector, and FLAG
tagged ORF1, ORF2 or ORF3.d, RT-qPCR detecting LINCOO881 RNA expression
levels in HEK293T cells transfected with positive control, vector, and FLAG
tagged ORF1, ORF2 or ORF3. Bars are presented as mean *s.e.m. Unpaired two-
tailed t-testis used for comparison. *p < 0.01, **p < 0.001, (n = 3 independent
experiments). Source numerical data and unprocessed blots are available in
source data.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-023-01162-4

C Day20EBs
da b 50, - wr I9G wr
RNA,LI\PTER BRNA2 ;\Z; LIPTERKO NO. 1 08 : . :: ,47 20{0
Exon 1 Exon2 Exon3 @ 1001 LIPTERX®No.109 i I I
: ey i b
— Long deletion: Predicted KO 473 bp — @ 50l I .l- ¥ :I: T (L,)) % v e g e 4 e e e
Long deletion w T 1%} L{PTERKONo.wa LIPTERX® No.109
103 104 105 106 107 |108 109] 110 E’ » EUM‘ 53.3% an.m 517%
‘('“' 0.. = B K 5 SO
o= - — — ~—500bp 8 = i
S T B
Days 7 8 9 1011121314151617181920 oTnT
d Day 20 EBs e
\?100 f Day 40 EBs
S0 Day20 == WT WT LIPTERKONo.108 LIPTERK® No.109
_% 80 . - L/PTERKO No.108 o _Gate: P2 oy Gate: P2 o Gate:P2
s @ N . k] LIPTER*® No.109 3
5 4 E
O 40 2 (O I
* ¢ AR
c 20 g 2 i
[ 2 -
0 > o s 0 T T oTnT-A
NI S L
RS O«
LIPTER®®

g

Nile Red cTnT DAPI Merged

g 4 % 60 LIPTER **
= >
<_:_Z P L L 9 50 t
< 40
= 34 KS) 4 *k Kk H
S T b -
° k] qg_z%:‘ *kkk
3 - N ——
* g 2 3
= z 47
o @
S S 1 g 21 w N8
€ = 5 ot
= 3 oA 2 -
= | I SN
xr o= me SO S S S S
w T 3 N N e
2 k) o < PR R N SN
g = RN & S & e & €8 &
o & S & & & &ES
[ AV & & vV LS
o \>Q ,\Q/ Q:J: S
- QQ 3/& Tet free serum + Dox (ug/mL)
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Extended DataFig. 4 | LIPTER deficiency compromises mitochondrial function and induces apoptosis of human iPSC-CMs. a, Comparing the expression levels
of CD36, TG synthesis/lipolysis related genes and PLINS in enriched WT and LIPTER*® hiPSC-CM s at day 40 of differentiation using RT-qPCR. Bars represent mean
values * s.e.m. Unpaired two-tailed t-test is used for comparison. ***p <0.0001, *p < 0.01. ns. no significance. (n = 4 independent experiments). b, Western blotting
detection of GPAM, PLINS and ATGL1 protein expressions in enriched WT and LIPTER*® hiPSC-CMs at day 40 of differentiation. ¢, Statistical analysis of Western blotting
resultsinb. Bars represent mean values * s.e.m. Unpaired two-tailed ¢-test is used for comparison. **p < 0.01, *p < 0.05. (n = 3 times of independent experiments in the
1*and 3" groups; n = 4 independent experiments in the 2" group). d, WT and LIPTER*® hiPSC-derived embryoid bodies were treated with 200 pM palmitic acid for 4
days, followed by immunostaining for PLIN5 and Neil Red lipid staining on EB sections. Arrows indicate condensed PLINS. The experiment was carried out 3 times with
similar outcomes. e, Live cellimages showing the fusion of Rhodamine B-palmitic acid (red) labeled-LDs with mitochondria (green) and subsequent diminishment

in WT hiPSC-CMs over 45 min, while no apparent LD-mitochondria fusion was observed in LIPTER*®, and MYH10*° hiPSC-CMs. Images were from the continuous

live cellimaging during 45 min of cultured hiPSC-CMs. The experiment was carried out 3 times with similar outcomes with statistical results in (f). f, Quantification
ofthe ratios of LD fused with mitochondriain e. Bars represent mean values + s.e.m. Unpaired two-tailed ¢-test is used for comparison. *p < 0.05. (n =3 independent
experiments). g, Analyses of the maximal oxygen consumption values with Palmitate:BSA between conditions without and with Etomoxir (Eto) to compare relative
fatty acid oxidation (FAO) capabilities (yellow zone) in WT, LIPTER ¥° and LIPTER *°/°t hiPSC-CMs. The experiment was carried out 4 times with similar outcomes.

h, Representativeimmunofluorescentimages of TUNEL and cTnT co-staining on day 40 hiPSC-EB sections. The experiment was carried out 5 times with similar
outcomes. i, Representative immunofluorescent images of Cleaved Caspase-3 and cTnT co-staining on day 40 hiPSC-EB sections. The experiment was carried out 4
times with similar outcomes. Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 5| NKX2.5 deficiency reduces LIPTER expression and
phenocopies LIPTER*® hiPSC-CMs. a, RT-qPCR analysis of cTnT, LIPTER, MYHIO
and NKX2.5 expressions in WT hiPSC-CMs after infection with AAV9 virus
carrying scramble control shRNA or two NKX2.5-shRNAs. (n = Sindependent
experiments). b, Representative images of Oil Red O lipid staining for LD
accumulation, and NKX2.5, ¢cTnT, DAPlimmunostaining in WT, LIPTER*° and
LIPTER¥®/°t hiPSC-CMs treated with control shRNA or NKX2.5-shRNA under low
(5.5 mM) or high glucose (22 mM) conditions. The experiment was carried out 4
times with similar outcomes. ¢, Quantification of the ratios of Oil Red O positive

areasincTnT ' CMareasinb. (n =4 independent experiments).d, Representative
immunofluorescentimages of TUNEL, NKX2.5, cTnT and DAPI stainingin WT,
LIPTER*® and LIPTER**/°t hiPSC-CMs treated with control or NKX2.5 shRNA under
high glucose conditions (22 mM). The experiment was carried out 4 times with
similar outcomes. e, Quantification of the ratios of TUNEL* CMsincTnT' CMs

of (d). (n=4independent experiments).Ina,c,e, bars represent mean values +
s.e.m. Unpaired two-tailed ¢-testis used for comparison. ****p <0.0001, ***p <
0.001,*p<0.01, *p < 0.05. Source numerical data are available in source data.
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Extended DataFig. 6 | Transcriptional control of LIPTER inhuman CMs. a,
RT-qPCR analysis of RXRA and CEBPB expressions in WT hiPSC-CMs treated with
high glucose for 2 weeks. (n = 4 independent experiments). b, Representative

immunofluorescent images of RXRA and CEBPB staining in WT hiPSC-CMs

treated with or without high glucose for 2 weeks. The experiment was carried
out 3 times with similar outcomes. ¢, RT-qPCR detection of RXRA and CEBPB

mRNA levels in human left ventricle tissues. NF (n = 9 samples), NF+T2DM
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Extended Data Fig. 7| Selective binding of LIPTER with PA/P14P and

MYH10. a, RT-qPCR analysis of LIPTER, U6 (nuclear RNA) and GAPDH (cytosolic
RNA) expression levelsin fractionated nuclei and cytoplasm of hiPSC-CMs.
Barsrepresent mean values +s.e.m. (n =3 independent experiments). b,
Representative images showing no detectable interactions of giant lipid vesicles
generated by TopFluor-Pl with Alexa594-labeled LIPTER or Antisense-LIPTER
(AS-LIPTER). The experiment was carried out 3 times with similar outcomes.

¢, Aspecific protein band only pulled down by LIPTER-MS2 in HEK293T cells

and visualized in SDS PAGE gel by silver staining. MS2 binding protein was
FLAG-tagged. The experiment was carried out 2 times with similar outcomes.
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d, Western blotting confirming MYH10 pulldown by LIPTER in HEK293T cells.
The experiment was carried out 2 times with similar outcomes. e, 3D confocal
immunofluorescentimages showing colocalization of LIPTER"*™2 MYH10, and
LD in WT hiPSC-CMs (also see Supplementary Video 1). The lower right graph
indicates the view of merged images. The experiment was carried out 3 times
with similar outcomes. f, Immunofluorescent images showing MYH10-ACTIN
cytoskeletonin WT hiPSC-CMs. The experiment was carried out 3 times with
similar outcomes. Source numerical data and unprocessed blots are available in
source data.
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Extended DataFig. 8 | MYH10 deficiency phenocopies LIPTER*®in CMs. a, of fluorescence levels in mitochondriaisolated from WT and MYH10*° hiPSC-
PCR detection of MYH10 null hiPSC clones confirms successful knockout of CMs after Rhodamine B-palmitic acid treatment for 2 h. (n =3 independent
MYH10.b, Mitochondria stress assay results collected from a Seahorse XF96 experiments). f, Representative images of Oil Red O lipid staining (first two
Analyzer showing the differences of maximal oxygen consumption values with columns); Nile Red and cTnT co-staining (3 rd column) in WT hiPSC-EBs treated
Palmitate:BSA between conditions without and with Etomoxir (Eto). The yellow with (S)-(-)-Blebbistatin or (R)-(-)-Blebbistatin for 10 days. g, Representative
zonein panels represent FAO capabilities of WT and MYH10*° hiPSC-CMs. ¢, images of TUNEL and cTnT co-staining in WT hiPSC-EBs treated with (S)-(-)-
Representativeimmunofluorescent images for TUNEL and cTnT co-staining Blebbistatin or (R)-(-)-Blebbistatin for 10 days. h, Quantification of TUNEL* CM
in WT and MYH10*° hiPSC-EB sections. d, Representative images showing ratios in WT hiPSC-CMs treated with (S)-(-)-Blebbistatin or (R)-(-)-Blebbistatin for
LD accumulation and cytosolic distribution in WT and MYHIOX® hiPSC-CMs 10 days. (n = Sindependent experiments). i, Immunofluorescentimages showing
treated with 200 pM palmitic acid for 6 h. The experiment was carried out 4 Myh10 deficiency in Myh10“*° mouse heart.Ind', e, h, bars represent mean values
times with similar outcomes. d', Quantification of relative LD density in the 1/2 +s.e.m. Unpaired two-tailed t-test is used for comparison. ***p < 0.001, *p < 0.01,
cytosolicareas of CMsind. (n =4 independent experiments). e, Quantification *p <0.05.Source numerical data are available in source data.
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Extended Data Fig. 9 | LIPTER transgene displays cardiac protective effects
in HFD-fed mice. a, Representative FACS results showing cleaved-Caspase-3/
cTnT double positive cell ratios in control and LIPTER®® hiPSC-CMs treated with
or without 400 pM palmitic acid for 4 days. The experiment was carried out 3
times with similar outcomes. b, Representative Immunofluorescent images of
TUNEL and cTnT co-staining in control and LIPTER°* hiPSC-EBs treated with 400
1M palmitic acid for 4 days. The experiment was carried out 3 times with similar
outcomes. ¢, Schematic of LIPTER(Tg) mouse generation using CRISPR/Cas-9,
withthe Rosa26 locus targeted by asingle gRNA. d, RT-qPCR examining LIPTER
expression levelsin WT and L/IPTER(Tg) mouse hearts. (n = 5mice per group). e,
Representative images of WT and LIPTER (Tg) mouse hearts after 7 months of
HFD feeding. The heart weight/tibia length ratio was calculated. (n = Smicein

WT, and n=6in Tg). f, Representative immunofluorescent images of TUNEL and
cTnT co-staining in mouse heart sections after 7 months of HFD feeding. The
experiment was carried out 4 times with similar outcomes. g, Quantification of
TUNEL" CMratiosin (f). (n =4 mice per group). h, RIP-seq results showing LIPTER
pulldown in LIPTER (Tg) mouse heart using anti-Myh10 antibody, with the red
arrow indicating enriched signals on exon 3 of transgenic LIPTER. Control Actb
and Gapdh RNAs were not pulled down by anti-Myh10 antibody. The experiment
was carried outin 2 mice each genotype with similar outcomes. Ind, e, g, bars
represent mean values +s.e.m. Unpaired two-tailed ¢-test is used for comparison.
***p<0.001, *p<0.05, (n.s), no significance. Source numerical data are available
insource data.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01162-4

a db/db mouse
WT AAV-GFP  AAV-Antisense AAV-LIPTER

Bright Field

1mm

GFP

1mm

1mm imm Tmm

c d WGA/DAPI
__ 4007
% *%
é 3004 o
@
© 200
o
x
()
o 1004 -
Lé AAV-Antisense
04 -, -
s @ Q&
S‘ & & L
SR
LS S
YY~ 50 ym
db/db mouse

Extended Data Fig.10 | CM-targeted LIPTER transgene exhibits cardiac
protective effects in Lepr®®“° mice. a, Heart images of WT and db/db mice 6
weeks after injection of AAV9-cTnT-GFP, AAV9-cTnT-AS-LIPTER or AAV9-cTnT-
LIPTER, with fluorescent images showing robust GFP expression post AAV9-cTnT-
GFPinjection. The experiment was carried out 4 times with similar outcomes. b,
Representative images showing GFP expression in CMs of db/db mouse heart 6
weeks after AAV9-cTnT-GFP injection. The experiment was carried out 4 times
with similar outcomes. ¢, RT-qPCR examining GFP expression levels in WT and
db/db mouse hearts 6 weeks after AAV9 injection. (n = 5 mice per group, except
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n=4miceinthe GFP group).d, Representative images of WGA staining in WT or
db/db mouse hearts 6 weeks after AAV9 injection. The experiment was carried
out 5 times with similar outcomes. e, Blood glucose levels of WT and db/db mice
6 weeks after AAV9injection. WT mice without AAV9 injection also serve as
control. (n=5mice per group, except n =4 mice in the GFP group). f, EMSA results
showing no direct interaction between L/PTER and TFG protein. The experiment
was carried out 2 times with similar outcomes. In cand e, bars represent mean
values +s.e.m. Unpaired two-tailed t-test is used for comparison. ***p < 0.001, **p
<0.01.Source numerical data are available in source data.
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Software and code

Policy information about availability of computer code

Data collection  The RNA-seq and RIN-seq were performed on the lllumina HiSeq 2500. Mouse heart functions were collected by using a Vevo 2100 high-
resolution digital imaging platform. Images of histological results were collected on a Leica DMi8 inverted fluorescent microscope built-in
Leica Application Suite (LASX) software. Sea horse data analysis was done using Agilent proprietary software. Live cell video was taken on a
Nikon live cell imaging system with built-in Nikon Application. RT-gPCR was performed on a QuantStudio 6 Flex system (Applied Biosystems).

Data analysis RNA-seq: In general, the sequencing reads were mapped to the reference genome (either hg38 or mm10) by STAR [Version 2.7.2a]. Gene
expression levels were evaluated by the featureCounts on uniquely mapped reads. Following gene expression normalization based on
trimmed mean of M (TMM) values, the edgeR was employed to perform differential analysis given the comparison between LIPTER KO and
WT for human samples or LIPTER(Tg) and WT for mouse samples.

Untargeted metabolomics: Data were acquired and aligned by using the Compound Discover (3.0, ThermoFisher) based on the m/z value and
the retention time of the ion signals. lons from both ESI- and ESI+ were merged and imported into the SIMCA-P program (version 14.1) for
multivariate analysis.

ScRNA-seq: Normalization, dimensionality reduction, and clustering of scRNA-seq data were performed using the Seurat (v3). The t-
distributed Stochastic Neighbor Embedding (tSNE) were used to visualize single-cell clusters, and gene expressions in a reduced 2D space.
Flow cytometry: Data were analysed using FlowJO.

GO analyses were performed using GSEA.

gPCR: Ct values were calculated using QuantStudio 6. Statistical analyses were performed using Prism 8.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

RNA-seq data of WT and LIPTER KO hiPSC-CMs, and WT and LIPTER (Tg) mouse hearts were deposited in to NCBI with GEO Submission number GSE175370 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE175370). The UCSC Genome Browser view of RNAseq results from T2DM and NF human hearts could be found
here: https://genome.ucsc.Edu/s/samal/hg38_YanglLei_ILMN550.
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Reporting on sex and gender Human left ventricle tissue used in this study were obtained from the Duke Human Heart Repository (DHHR), which is a DUHS
IRB approved tissue repository. Samples were procured by the DHHR in accordance with an approved DUHS IRB protocol
using written informed consent. All patient information has been de-identified. Therefore, the sex and gender information
were not collected. This study does not focus on sex and gender differences either.

Population characteristics We requested heart left ventricle tissues from DHHR, which were collected from individualizes diagnosed with DCM together
with or without T2DM, as well as from individuals diagnosed without heart failure and with or without T2DM.

Recruitment We did not recruit any patients. Study materials and de-identified medical record information of the patients were obtained
from the DHHR bio-repository.

Ethics oversight Duke Human Heart Repository (DHHR) is a DUHS IRB approved tissue repository. Given that the specimens were not collected
specifically for this study and the subject identifiers linked to these specimens were not requested for this study, this study is
not considered a human subject research. Informed consent was obtained by DHHR. The study is compliant with all ethical
regulations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For animal experiments, sample size calculation was performed using EDA (experimental design assistant) ensuring a power of 0.9, a
significant difference of 0.05, and a variation and effect size for each model according to personal experience.
No sample size calculation was performed for other experiments. The sample size was chosen according to previous publications (ref, 19,23)
and current standard.

Data exclusions  No experimental data were excluded.

Replication All experiments in main Figures have been reported as individual dots corresponding to single replicates.

Randomization  Mice treatments were decided based on genotype. Group allocation within a genotype was randomized. For all other experiments, allocation
in each group was random.

Blinding Investigators were not blinded in data collection analyses of outcomes. Blinding was not possible because cell cultures of WT, control, siRNA-
treated or KO cells had to be defined, the same as WT, KO, Tg mice.
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Antibodies used Mouse monoclonal anti-MYH10 (3H2), Santa Cruz Biotechnology Cat# sc-33729, RRID:AB_628464.
Rabbit monoclonal anti-DYKDDDDK Tag (D6W5B) Rabbit mAb (Binds to same epitope as Sigma's Anti-FLAG® M2 Antibody), Cell
Signaling Technology Cat# 14793, RRID:AB_2572291
Mouse monoclonal anti-GFP antibody, Abcam Cat# ab290, RRID:AB_303395.
Rabbit monoclonal anti-CEBP Beta antibody [E299], Abcam Cat# ab32358, RRID:AB_726796.
Rabbit polyclonal anti-Nkx2.5 antibody, Abcam Cat# ab97355, RRID:AB_10680260.
Rabbit monoclonal anti- Retinoid X Receptor alpha, ABclonal Cat# A19105, RRID:AB_2862598.
Rabbit monoclonal anti-Cleaved Caspase-3 (Asp175) (5A1E), Cell Signaling Technology Cat# 9664, RRID:AB_2070042.
Mouse monoclonal anti-Troponin T, Cardiac Isoform, Thermo Fisher Cat# MS-295-P, RRID:AB_61806.
Rabbit monoclonal anti-Cardiac Troponin T [EPR20266], Abcam Cat# Ab209813.
Anti-Wheat Germ Agglutinin Conjugates Alexa Fluor 488, Invitrogen Cat# W11261.
Rabbit polyclonal anti-ATGL, Thermo Fisher Cat# 55190-1-AP, RRID:AB_11182818.
Rabbit polyclonal anti-Perilipin 5, Thermo Fisher Cat# 26951-1-AP, RRID:AB_2880699.
Rabbit polyclonal anti-GPAM, Thermo Fisher Scientific Cat# PA5-20524, RRID:AB_11155813.
Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488, Thermo Fisher Scientific Cat# A-11001,
RRID:AB_2534069.
Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555, Invitrogen Cat# A-21422, RRID:AB_141822.
Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647, Thermo Fisher Scientific Cat# A-21235,
RRID:AB_2535804.
Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555, Invitrogen, Cat# A-21428, RRID:AB_141784.
Goat Anti-Rabbit 1gG H&L Alexa Fluor 488, Abcam Cat# ab150077, RRID:AB_2630356.
Mouse anti-rabbit IgG-HRP, Santa Cruz Biotechnology Cat# sc-2357, RRID:AB_628497.
Goat anti-mouse IgG-HRP, Santa Cruz Biotechnology Cat# sc-2005, RRID:AB_631736.
Mouse isotype 1gG control antibody, Cell Signalling Cat#5415S, RRID:AB_10829607.

Dilution:

For western blot: Antibody was diluted 1:1000.

For IF staining: Antibody was diluted range 1:50 to 1:200.
Fluorescent secondary antibody was diluted 1:200.
HRP-conjugated antibody was diluted 1:5000.

Validation The validations were provided by the manufacturer’s website.
Mouse monoclonal anti-MYH9/10 (3H2): https://datasheets.scht.com/sc-33729.pdf
Rabbit monoclonal anti-DYKDDDDK Tag (D6W5B) Rabbit mAb :
https://www.cellsignal.com/products/primary-antibodies/dykddddk-tag-d6w5Sb-rabbit-mab-binds-to-same-epitope-as-sigma-s-anti-
flag-m2-antibody/14793?gclid=EAlalQobChMIufmayv3A_glVCu3jBx3S8wIIEAAYASAAEgIP1_D_BwE&gclsrc=aw.ds.
Mouse monoclonal anti-GFP antibody, https://www.abcam.com/products/primary-antibodies/gfp-antibody-ab290.html
Rabbit monoclonal anti-CEBP Beta antibody [E299]:
https://www.abcam.com/products/primary-antibodies/cebp-beta-antibody-e299-c-terminal-ab32358.html.
Rabbit polyclonal anti-Nkx2.5 antibody: https://www.abcam.com/products/primary-antibodies/nkx25-antibody-ab97355.html.
Rabbit monoclonal anti- RXRa, https://abclonal.com/catalog-antibodies/RXRRabbitmAb/A19105
Rabbit monoclonal anti-Cleaved Caspase-3 (Asp175) (5A1E): https://www.cellsignal.com/products/primary-antibodies/cleaved-
caspase-3-asp175-5ale-rabbit-mab/9664.
Mouse monoclonal anti-Troponin T: https://www.fishersci.com/shop/products/lab-vision-troponin-t-cardiac-isoform-ab-1-mouse-
monoclonal-antibody-200-g-ml-bsa-azide/p-4563797.
Rabbit monoclonal anti-Cardiac Troponin T: https://www.abcam.com/products/primary-antibodies/cardiac-troponin-t-antibody-
epr20266-ab209813.html
Anti-Wheat Germ Agglutinin Conjugates Alexa Fluor 488: https://www.thermofisher.com/order/catalog/product/W11261?
ef_id=EAlalQobChMI4_OH34HB_glV_efiBx1x9g4pEAAYASAAEgIBd_D_BWwE:G:s&s_kwcid=AL!3652131447292198736!!1g!!!
10506731179!
109642167491&cid=bid_pca_iva_r01_co_cp1359 pjt0000_bidOO000_Ose_gaw_dy pur_con&gclid=EAlalQobChMI4_OH34HB_glV_ef
jBx1x9g4pEAAYASAAEgEIBA_ D BWwE.
Rabbit polyclonal anti-ATGL: https://www.thermofisher.com/antibody/product/ATGL-Antibody-Polyclonal/55190-1-AP
Rabbit polyclonal anti-Perilipin 5: https://www.thermofisher.com/antibody/product/Perilipin-5-Antibody-Polyclonal/26951-1-AP.
Rabbit polyclonal anti-GPAM: https://www.thermofisher.com/antibody/product/GPAM-Antibody-Polyclonal/PA5-20524.
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Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488: https://www.thermofisher.com/antibody/product/
Goat-anti-Mouse-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-11001.

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555: https://www.thermofisher.com/antibody/product/
Goat-anti-Mouse-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21422.

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647: https://www.thermofisher.com/antibody/product/
Goat-anti-Mouse-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21235.

Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555: https://www.thermofisher.com/antibody/product/
Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21428.

Goat Anti-Rabbit IgG H&L Alexa Fluor 488: https://www.abcam.com/products/secondary-antibodies/goat-rabbit-igg-hl-alexa-
fluor-488-ab150077.html.

Mouse anti-rabbit I[gG-HRP: https://www.scbt.com/p/mouse-anti-rabbit-igg-hrp.

Goat anti-mouse IgG-HRP, https://www.scbt.com/p/goat-anti-mouse-igg-hrp.

Mouse isotype IgG control antibody, https://www.cellsignal.com/products/primary-antibodies/mouse-g3al-mab-iggl-isotype-
control/5415

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Wild type human iPSCs induced pluripotent stem cells (hiPSCs) were generated from fibroblasts of a healthy donor (Nature
465, 808-812, 2010.) and obtained via a MTA. HEK293T cells (CRL-3216, ATCC).

PCR and Sanger sequencing were conducted to ensure there was no mutation on the PTPN11 gene (Nature 465, 808-812) of
hiPSCs.

Mycoplasma contamination All cellls were tested mycoplasma negative.

Commonly misidentified lines  Not included.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

LIPTER transgenic C57BL/6J mice were generated by using CRISPR/Cas9. Six-week-old male homozygous C57BL/6J Leprdb/db mice
were purchased from the Jackson Laboratory (Strain #:000697). Myh10 flox(f) C57BL/6J mice were obtained from the Dr. Robert S.
Adelstein lab at Laboratory of Molecular Cardiology, NHLBI4. C57BL/6J Tnnt2Cre mice were obtained from Dr. Chen leng Cai lab at
Indiana University. Conditional Myh10 knockout in mouse cardiomyocytes were generated by cross Myh10 f/f mice with Tnnt2-
MerCreMer mice. Six-week male Myh10 f/f and Myh10f/f/Tnnt2-MerCreMer mice were injected with tamoxifen (0.1 mg/gram body
weight) at days 1, 3, 5 by intraperitoneal (IP) injection and then fed with high fat diet (45 kcal% fat, Research Diets Inc., D12451i) for
3 months. Six-week male LIPTER transgenic mice and age matched WT C57BL/6J mice were fed with high fat diet (45 kcal% fat,
Research Diets Inc., D12451i) or normal chew (18 protein, Inotiv, 2018sx) for 7-10 months.

Not included.
Since male and female mice have differences in metabolism, all in vivo lipid metabolic studies only utilized male mice in this study.
Not included.

All experimental procedures involving animals in this study were reviewed and approved by the Indiana University’s Institutional
Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

IE The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

X, A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Briefly, day 20 or 40 EBs were harvested and dissociated with 1mg/ml Collagenase B for 30 min, followed with (0.25% trypsin-
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Sample preparation EDTA) for 5 min at 37°C. The dissociated single cells were fixed in 4% PFA for 15 min at RT and washed 3 times with PBS. Cells
were incubated in blocking buffer containing 1xPBS, 10% goat serum and 0.1% saponin. Then cells were incubated with
primary antibody diluted in 1xPBS with 2% BSA and 0.1% saponin for 1 hr at 37°C, following with APC labelled goat anti-
mouse secondary antibody for 1 hr at 37°C.

Instrument Attune NXT flow cytometer (Invitrogen)

Software FlowJo (Treestar)

Cell population abundance cTnT positive cell population abundance is normally above 10% for analysis.

Gating strategy A population of single cells were gated based on cell size (forward scatter, FSC, versus side scatter, SSC). Abcam ab209813

antibody was used to stain cTNT positive cardiomyocytes. Supplementary Figure 1 shows the gate setting.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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