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Myosin heavy chain 7b (MYH7b) is an ancient member of
the myosin heavy chain motor protein family that is expressed
in striated muscles. In mammalian cardiac muscle, MYH7b
RNA is expressed along with two other myosin heavy chains, β-
myosin heavy chain (β-MyHC) and α-myosin heavy chain (α-
MyHC). However, unlike β-MyHC and α-MyHC, which are
maintained in a careful balance at the protein level, the MYH7b
locus does not produce a full-length protein in the heart due to
a posttranscriptional exon-skipping mechanism that occurs in
a tissue-specific manner. Whether this locus has a role in the
heart beyond producing its intronic microRNA, miR-499, was
unclear. Using cardiomyocytes derived from human induced
pluripotent stem cells as a model system, we found that the
noncoding exon-skipped RNA (lncMYH7b) affects the tran-
scriptional landscape of human cardiomyocytes, independent
of miR-499. Specifically, lncMYH7b regulates the ratio of β-
MyHC to α-MyHC, which is crucial for cardiac contractility.
We also found that lncMYH7b regulates beat rate and sarco-
mere formation in cardiomyocytes. This regulation is likely
achieved through control of a member of the TEA domain
transcription factor family (TEAD3, which is known to regulate
β-MyHC). Therefore, we conclude that this ancient gene has
been repurposed by alternative splicing to produce a regulatory
long-noncoding RNA in the human heart that affects cardiac
myosin composition.

The myosin family of motor proteins that drives striated
muscle contraction consists of ten genes with distinct func-
tions (1). Three of these genes are expressed in mammalian
hearts (MYH6, MYH7, and MYH7b). MYH6 (α-MyHC) and
MYH7 (β-MyHC) are the major sarcomeric myosin proteins
expressed in mammalian hearts. In humans, >90% of the
heart’s myosin protein composition is comprised of β-MyHC
with the remaining <10% being α-MyHC and the two are
antithetically regulated (1–5). However, various conditions can
shift their relative proportions. The finely tuned balance of
these two motors is critical for proper cardiac function since
they have very different enzymatic properties, which determine
the contractile velocity of the muscle (6). It has been well
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established that disturbing the β-MyHC/α-MyHC ratio leads
to compromised contractility in cardiomyocytes; in human
heart failure, there is a shift to �100% β-MyHC and α-MyHC
becomes undetectable (2–4, 7). As β-MyHC is the slower,
more efficient motor, this shift in expression is thought to be
an initial compensatory mechanism to preserve energy in the
failing heart. Heart failure patients that show functional
improvement upon treatment with β-adrenergic receptor
blockers have an increase in α-MyHC expression (4). This
suggests that maintenance of the β-MyHC/α-MyHC ratio is
fundamental to proper cardiac function.

While MYH6 and MYH7 have been studied for decades,
MYH7b was not identified until the sequencing of the human
genome and was initially annotated as a sarcomeric myosin
based on sequence alignments with other known family
members (8). Based on phylogenetic analysis, MYH7b was
identified as an ancient myosin, indicating that MYH7b was
present before the gene duplication events that led to the other
sarcomeric myosins (8). The humanMYH7b gene is located on
chromosome 20, separate from the two canonical sarcomeric
myosin clusters on chromosomes 14 (cardiac myosins) and 17
(skeletal muscle myosins), supporting the idea that MYH7b
may have a specialized role in muscle biology (1, 8). In certain
species, including snakes and birds, MYH7b is expressed as a
typical sarcomeric myosin protein in the heart and skeletal
muscle (9). However, MYH7b has a unique expression pattern
in mammals: the encoded protein is expressed in specialized
muscles and nonmuscle tissues (10–12). Furthermore, while
MYH7b RNA is expressed in mammalian cardiac and skeletal
muscle, an alternative splicing event skips an exon, introducing
a premature termination codon (PTC) that prevents full-
length protein expression (Fig. 1A, Fig. S1) (10). This raises
the question of why MYH7b RNA expression has been
conserved in the mammalian heart. One obvious hypothesis is
that MYH7b transcription is preserved in mammalian heart
and skeletal muscle in order to maintain the expression of an
intronic MYH7b microRNA, miR-499, in those tissues (10).
However, miR-499 knockout mice have no discernible cardiac
or skeletal muscle phenotype (13). It is possible that the
species-specific regulation of myosin isoforms complicates the
interpretation of this mouse model and that miR-499 could
play an important role in human muscle (6, 14). Another
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Figure 1. MYH7b is alternatively spliced in the heart and correlates with β-MyHC in heart disease. A, MYH7b is expressed as a full-length sarcomeric
myosin protein in the human brain and inner ear, but is alternatively spliced, skipping exon 8 (in green) in the heart and skeletal muscle to become
noncoding. A putative short peptide (MYH7b_sp) could be produced from the exon-skipped transcript, and a microRNA (miR-499) is encoded regardless of
splicing. B, the expression of exon 7-skipped MYH7b correlates with that of β-MyHC in nonfailing (NF), dilated cardiomyopathy (DCM), and ischemic
cardiomyopathy (ICM). Data pulled from GSE116250. C, splicing analysis of MYH7b in 64 human hearts shows that exon 8 is almost nonexistent in the
human heart. D, quantification of exon skipping in human hearts.

Myosin 7b is an lncRNA in the heart
hypothesis is that a heretofore unknown functional molecule is
expressed from the MYH7b gene, resulting in its conserved
expression in the sarcomeric muscle tissue. In this report, we
2 J. Biol. Chem. (2021) 296 100694
performed a thorough dissection of this locus in order to
discern the role of MYH7b gene expression in human car-
diomyocytes and found a novel long noncoding RNA
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(lncMYH7b) with roles in cardiac gene expression, leading to
changes in cardiomyocyte beat rate and sarcomeric
organization.

Results

MYH7b and β-MyHC expression are positively coregulated

The human MYH7b locus is complex. In certain tissues, it
encodes a typical striated muscle myosin mRNA and full-
length protein. In tissues where exon 7 is skipped, the lo-
cus could theoretically produce both a peptide originating
from the short open reading frame preceding the PTC in
exon 9 (MYH7b_sp) and the exon 7-skipped long-noncoding
RNA itself (lncMYH7b, Fig. 1A). In both contexts, the
microRNA miR-499 is encoded in intron 19. We analyzed
RNA-sequencing (RNA-seq) data from 64 healthy and
diseased human heart samples and found that exon 7 (the
skipped exon) of the MYH7b RNA is essentially undetectable
regardless of disease state, which is consistent with our
previous observation that MYH7b has a tissue-specific
alternative splicing pattern (Fig. 1, B and C) (10). This
transcriptomic analysis suggests that the full-length MYH7b
protein is not present in the human heart. This observation
is also consistent with our previous results showing that
forced expression of full-length MYH7b protein in the
mouse heart results in cardiac dilation and dysfunction,
despite roles the full-length protein is known to have in
other tissues (12, 15, 16).

β-MyHC induction, which shifts the β-MyHC/α-MyHC
ratio, is a hallmark of chronic heart disease (2–4). Intriguingly,
we observed that MYH7b RNA levels correlate with β-MyHC
expression, including the known increase in β-MyHC
expression in diseased human hearts (Fig. 1D and Fig. S2). This
raised the possibility that there is a regulatory relationship
between the MYH7b locus and β-MyHC expression. Although
full-length MYH7b protein and mRNA are essentially absent
in the human heart, there are several other molecules origi-
nating from the MYH7b gene locus, as mentioned above. The
presence of these different molecules prompted further
investigation into the locus as a whole.

miR-499 does not regulate β-MyHC expression

One hypothesis is that the MYH7b locus regulates β-MyHC
through the miR-499, which is a miRNA encoded in intron 19
of theMYH7b pre-mRNA. There is no evidence to suggest that
miR-499 regulates the expression of either α- or β-MyHC, and
the miR-499 knockout mouse still induces β-MyHC in the
heart under conditions of hypothyroidism (10, 13, 17). Other
microRNAs, such as miR-208a and miR-208b encoded by the
α-MyHC and β-MyHC genes, respectively, have been shown to
have effects on the β-MyHC/α-MyHC ratio in mouse models
(13). However, the adult mouse cardiac β-MyHC/α-MyHC
ratio is opposite to the human one (5%:95% compared with
90%:10%), demonstrating species-specific regulation (6, 14).
Therefore, it was important to investigate the β-MyHC
response to changes in miR-499 activity in a human context.
We employed a cellular model of human induced pluripotent
stem cells differentiated to cardiomyocytes (hiPS-CMs), which
we treated with an anti-miR that targets miR-499 specifically.
We observed no changes in MYH7b or β-MyHC levels (Fig. 2).
Therefore, we conclude that miR-499 does not regulate β-
MyHC expression in human cardiomyocytes.
MYH7b short peptide is not expressed in human hearts

The elimination of miR-499 as a regulator of the β-MyHC/
α-MyHC ratio left both a putative short peptide and the
lncMYH7b itself to investigate (Fig. 3A). The MYH7b locus
produces full-length protein in the specialized muscles, brain,
and inner ear tissues and therefore encodes all of the essential
signals for translation (9). We previously reported increased
exon 7-skipped MYH7b RNA levels in C2C12 mouse myo-
tubes after blocking translation with cycloheximide, indi-
cating that the exon-skipped RNA is either translated or
shunted to the nonsense-mediated decay (NMD) pathway
(10). Using FISH, we determined that MYH7b RNA is
localized to the cytoplasm in hiPS-CMs, consistent with
translation (Fig. 3, B and C). We confirmed these results by
checking for signal upon knockdown and with biochemical
fractionation (Fig. S3, B and C). Furthermore, we saw very
few transcripts along the nuclear envelope, which is where
mRNAs undergoing NMD typically localize (Fig. 3B) (18).
This suggests that not all exon 7-skipped MYH7b RNA is
degraded by NMD. There is also precedent for small peptides
being produced from “non-coding” RNAs, which affect
muscle contraction (19, 20). Based on this, we next investi-
gated whether the short open reading frame prior to the PTC
in exon 9 is translated and, if so, whether the short peptide
(MYH7b_sp) could regulate the β-MyHC/α-MyHC ratio in
human cardiomyocytes. The putative MYH7b_sp is predicted
to be 206 amino acids in length and approximately 27 kDa. It
is possible that MYH7b_sp has escaped detection in previous
studies simply because full-length MyHCs are approximately
250 kDa, and a 27 kDa MyHC has not been described.
Therefore, we used our anti-MYH7b antibody, which is
directed against an epitope that should present in both the
full-length MYH7b (as shown in Fig. 3D, mouse cerebellum)
and the putative MYH7b_sp to probe for MYH7b_sp
expression (11, 15). As a positive control, we infected
C2C12 cells with an adenovirus containing only the
MYH7b_sp open reading frame and detected a protein of the
right size and immunoreactivity (Fig. 3D). We probed human
heart tissue from dilated cardiomyopathy patients, where
MYH7b transcripts are easily detectable (Fig. 1B), but did not
detect it via western blotting (Fig. 3D). In case MYH7b_sp
exists at levels below the detection limit of a western blot but
does have a regulatory role, we forced expression of the
MYH7b_sp using adenovirus infection of hiPS-CMs and
performed RNA-seq (Fig. S4). We found no difference in the
β-MyHC/α-MyHC ratio at the RNA level, and many differ-
entially expressed genes were chaperones, which is both
consistent with an adenoviral infection and production of a
foreign peptide (Fig. S4) (21). Thus, we conclude that
MYH7b_sp is not expressed at detectable levels in human
J. Biol. Chem. (2021) 296 100694 3



Figure 2. miR-499 does not affect the expression of either MYH7b or β-MyHC. A, miR-499 is effectively knocked down by the anti-miR. miR-499 is still
produced upon skipping of exon 7 and could have a role in β-MyHC regulation. B, an anti-miR targeted to miR-499 does not change the expression levels of
MYH7b or β-MyHC.

Myosin 7b is an lncRNA in the heart
cardiomyocytes and has no effect on the expression of α- or
β-MyHC, even after forced expression.
lncMYH7b has a role in β-MyHC regulation in human
cardiomyocytes

Having ruled out the possible regulatory roles of miR-499
and MYH7b_sp in β-MyHC expression, we hypothesized that
the lncMYH7b transcript itself regulates β-MyHC. We
attempted to overexpress the exon-skipped cDNA (MYH7bΔ7
cDNA) via adenoviral infection as we did with MYH7b_sp.
Unfortunately, we discovered that this cDNA expresses large
quantities of MYH7b_sp, which we have that shown is not
produced from endogenous lncMYH7b (Fig. S5). We hypoth-
esize that this is due to the lack of exon junction complexes
that would normally trigger NMD and other RNA quality-
control pathways. This led us to postulate that having a
spliced transcript is essential to lncMYH7b’s function. There-
fore, we decided to move forward with a loss-of-function
approach. To achieve this, we knocked down MYH7b RNA
with locked nucleic acid antisense oligonucleotides (ASOs) and
measured the kinetics of lncMYH7b and β-MyHC expression
in hiPS-CMs. Upon treatment with 10 μM ASO, MYH7b RNA
was knocked down �12-fold by 48 h, which was maintained
through 7 days (Fig. 4A). Importantly, we observed decreased
β-MyHC expression only after loss of MYH7b RNA (Fig. 4A),
4 J. Biol. Chem. (2021) 296 100694
supporting an upstream role for the exon-skipped MYH7b
RNA in regulating β-MyHC expression. To further support the
idea that lncMYH7b is regulating β-MyHC/α-MyHC ratios
independently of miR-499, we measured the change in myomiR
levels after lncMYH7b knockdown (KD). We observed no
change in miR-499 levels, nor in the other two myomiRs
encoded by α-MyHC and β-MyHC (miR-208a and miR-208b,
respectively) upon treatment with the MYH7b ASO (Fig. 4B).

Next, we determined that the change observed in β-MyHC
RNA upon MYH7b KD was recapitulated at the protein level. As
independent validation, we differentiated hiPS-CMs from a
different iPSC line and used a different ASO sequence. A myosin
separating gel showed a significant decrease of the β-MyHC/α-
MyHC ratio upon KD of MYH7b RNA (Fig. 4C). Together, these
data demonstrate a role for lncMYH7b in regulating the β-
MyHC/α-MyHC ratio in human cardiomyocytes.

In order to elucidate the potential regulatory impacts of
lncMYH7b in a more global and unbiased manner, we per-
formed RNA-seq on MYH7b ASO-treated hiPS-CMs. We used
the publicly available NF-core/RNAseq pipeline to analyze
differential gene expression (22). Differential expression anal-
ysis revealed a large bias toward downregulation (535 down-
regulated versus 224 upregulated genes) with very little overlap
with our MYH7b_sp dataset (Fig. 5B). As knockdown of the
RNA would also prevent protein expression, this further sup-
ports the lack of MYH7b_sp translated from the endogenous



Figure 3. MYH7b_sp does not affect the β-/α-MyHC ratio and is undetectable in human hearts. A, miR-499 has been eliminated as the active molecule
involved in MyHC regulation in the heart; however, MYH7b_sp could have a regulatory role. B, single-molecule FISH shows that MYH7b RNA is largely is
localized in the cytoplasm, but not along the nuclear envelope where NMD largely occurs. C, quantification of MYH7b RNA localization using FISH. D,
western blotting of failing human hearts cannot detect MYH7b_sp using a custom MYH7b antibody that does detect full-length MYH7b in mouse cere-
bellum. E, RNA-seq of MYH7b_sp overexpression shows no significant change in the β-MyHC/α-MyHC ratio.

Myosin 7b is an lncRNA in the heart
locus. We found that the change in the β-MyHC/α-MyHC ratio
was also evident at the RNA level, suggesting that lncMYH7b is
affecting β-MyHC pretranslationally (Fig. 5A). To gain func-
tional insight into the role of lncMYH7b in regulating cardiac
gene expression, we performed a KEGG pathway analysis of
our RNA-seq dataset and found that pathways associated with
cardiomyopathies were regulated by the reduction in
lncMYH7b expression (Fig. 5D). This is consistent with the
Figure 4. lncMYH7b controls β-MyHC expression at both the RNA and prot
β-MyHC, RNA levels are reduced. B, ASOs targeted against MYH7b RNA do not a
MyHC ratio at the protein level upon lncMYH7b KD in hiPS-CMs. D, represent
increases in lncMYH7b levels observed in the tissue from pa-
tients with chronic heart disease (Fig. S2). Of interest, expres-
sion of two members of the TEA domain (TEAD) transcription
factor family, TEAD1 and TEAD3 (log2(fold change) = −0.67
and −1.68, respectively), was decreased in our lncMYH7b KD
dataset. As TEAD3 was the most downregulated, and has been
shown to directly regulate β-MyHC transcription, we decided
to focus on that transcription factor (23). We independently
ein level. A, MYH7b RNA decreases at least 48 h before there is a change in
ffect myomiR levels. C, myosin-separating gels show a reduction in the β-/α-
ative myosin-separating gel.

J. Biol. Chem. (2021) 296 100694 5



Figure 5. lncMYH7b KD shows little overlap with MYH7b_sp overexpression. A, RNA-seq of lncMYH7b KD in iPS-CMs shows a reduction in the β-/α-
MyHC ratio, confirming that lncMYH7b is affecting β-MyHC RNA. B, Venn diagram of the differentially expressed genes from the MYH7b_sp overexpression
and lncMYH7b KD shows that there is little overlap, which further supports the conclusion that MYH7b_sp is nonconsequential. C, RNA-seq of lncMYH7b KD
shows an enrichment of downregulated genes. D, KEGG analysis of the lncMYH7b KD RNA-seq shows enrichment of focal adhesion pathways, indicating
possible role of FAK in lncMYH7b regulation.

Myosin 7b is an lncRNA in the heart
confirmed a decrease in TEAD3 RNA levels using qPCR, which
agrees with TEAD3 being the most downregulated transcrip-
tion factor in our data (Fig. S6). TEAD family members are
known to bind to and enhance transcription at the β-MyHC
promoter and are upregulated in hypertrophic cardiomyopathy
patient hearts (23). TEAD3 specifically has not been well
studied, but has a cardiac-enriched expression pattern (24).
TEAD family members can complex with MEF2 transcription
factor family members, which are master regulators of muscle
6 J. Biol. Chem. (2021) 296 100694
formation and are known to enhance β-MyHC transcription
(25–27). Moreover, further interrogation of the dataset
revealed a significant decrease in the expression of PTK2, also
known as focal adhesion kinase (FAK). FAK can also complex
with MEF2 in cardiomyocytes to enhance its activity under
stress conditions, and in a mouse model where FAK was
knocked out in cardiomyocytes, MEF2A protein levels were
downregulated (28–30). Additionally, the FAK pathway is one
of the top five enriched pathways in our KEGG analysis
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(Fig. 5D). Finally, FAK has also been identified as an upstream
activator of TEAD transcriptional networks (31, 32). This,
along with lncMYH7b’s cytoplasmic localization, suggests that
lncMYH7b is targeting an upstream effector of TEAD tran-
scription in cardiomyocytes.
lncMYH7b KD also causes defects in cardiomyocyte function
and sarcomere organization

As we saw effects upon the adrenergic signaling pathway in
our RNA-seq data (Fig. 6A), we measured the spontaneous
cardiomyocyte beat rate after lncMYH7b KD. As analyzed by
the MotionGUI software, we saw a significant (�25%) decrease
in beat rate in the MYH7b ASO-treated cells as compared with
Figure 6. lncMYH7b KD affects adrenergic signaling and beat rate in hiP
signaling genes upon lncMYH7b KD. B, hiPS-CMs treated with MYH7b ASO have
ASO. C, changes in RyR2 and PP2A expression shown by RNA-seq are recapit
the hiPS-CMs treated with the scrambled control ASO
(Fig. 6B) (33). To confirm that this is due to the changes in
expression seen in the RNA-seq, we decided to measure pro-
tein levels of several of the affected proteins by western blot.
As seen in Figure 6C, PP2A levels are significantly decreased
and RyR2 levels are trending down. This is consistent with the
changes in RNA levels detected in our RNA-seq data (Fig. 6A),
indicating that lncMYH7b is affecting expression of some key
proteins in the adrenergic pathways in cardiomyocytes.

In addition to the adrenergic affects, we were intrigued by
the dramatic decrease of the RNA level of Formin Homology
2 Domain Containing 3 Protein (FHOD3). FHOD3 is known
to play a significant role in the formation of sarcomeres both
in vivo and in maturing hiPS-CMs (34–36). There was also a
S-CMs. A, KEGG pathway diagram showing the effects seen on adrenergic
a significantly slower spontaneous beat rate than those treated with control
ulated at the protein level.

J. Biol. Chem. (2021) 296 100694 7
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significant decrease in the expression of MYH10 upon
lncMYH7b KD. Both FHOD3 and MYH10 are essential for
sarcomere formation in hiPS-CMs (36). As such, we quan-
tified sarcomere formation in hiPS-CMs treated with the
MYH7b ASO. We stained for α-actinin for sarcomere
structure across two differentiations and found a distinct
phenotypic shift upon lncMYH7b KD (Fig. 7). Cells with
clearly defined structures, either fully formed sarcomeres or
presarcomeric filaments, predominated in the cells treated
with the control ASO. In contrast, most (�70%) lncMYH7b
KD cells have little to no α-actinin organization (Fig. 7).
Together, these data suggest that lncMYH7b plays an
essential role in cardiomyocyte sarcomeric organization and
function.

Discussion

We have discovered that the MYH7b gene not only encodes
a myosin heavy chain protein and a miRNA but also a regula-
tory lncRNA we have named lncMYH7b. This is the first
example of a myosin heavy chain sense transcript with a reg-
ulatory role. Since MYH7b protein is undetectable in the
mammalian heart despite the presence of the RNA, we postu-
lated that the locus is transcribed to enable miR-499 expression.
However, miR-499 null mice have no obvious cardiac pheno-
types either at baseline or when stressed (13). Importantly,
MYH7b RNA levels are preserved in those animals. Although it
is a complicated locus encoding several potential active mole-
cules, we present evidence that it is the lncRNA itself that has a
regulatory role in cardiac gene expression.
Figure 7. lncMYH7b KD causes significant effects on sarcomere organizati
α-actinin staining we scored in hiPS-CMs. The “organized” category was broke
that have been shown to transition to fully organized sarcomeres in hiPS-CMs
discernible organization of alpha-actinin. B, quantification of the change in α-ac
in the percentage of cells with α-actinin organization with MYH7b ASO treatme
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There have been several reports of other lncRNAs having
important roles in the heart. Myheart, the antisense tran-
script of β-MyHC, Chaer, and Charme are just three ex-
amples of lncRNAs that regulate genes associated with
heart disease (37–39). However, most known cardiac
lncRNAs work at the chromatin level by affecting epigenetic
factors. lncMYH7b’s cytoplasmic localization implies a
novel posttranscriptional mechanism of regulating gene
expression (40, 41). There are examples of annotated
lncRNAs encoding micropeptides, but despite MYH7b
generating full-length protein in other tissues, there is no
evidence for any peptide derived from this locus in the
human heart (9, 11, 12, 16, 19, 20). Furthermore, this is an
exciting example of the repurposing of an ancient protein-
coding gene to produce a regulatory molecule via alterna-
tive splicing. The noncoding portion of the genome has
been an area of exciting discovery in recent years, and the
prospect of more bifunctional RNAs opens up even more
possibilities.

The use of human cells was indispensable to this work. The
species-specific ratio of β-MyHC and α-MyHC leads to
difficulties when using traditional in vivo rodent models. With
hiPS-CMs we are more able to investigate regulatory networks
specific to humans. We are also able to validate findings against
diverse genetic backgrounds. In this study, we were able to use
two independent hiPS-CM systems to show the lncMYH7b
regulation of the myosin heavy chains. This bodes well for the
future of cardiac work in hiPS-CMs, both in the context of
reproducibility and studying human-specific gene regulation.
on in hiPS-CMs. A, representative images showing the three phenotypes of
n down into two subphenotypes: organized sarcomeres and presarcomeres
(36). This is in comparison to the disorganized phenotype, where there is no
tinin phenotype upon lncMYH7b knockdown. There is a significant decrease
nt. Cells from three wells from two independent differentiations were scored.
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This lncMYH7b dependence of β-MyHC expression at both
the RNA and protein levels is an exciting new discovery in the
field of cardiac biology. An increase in the β-MyHC/α-MyHC
ratio is a hallmark of heart disease (2, 3). This change in
myosin heavy chain composition has been shown to
compromise the contractility of cardiomyocytes. Heart failure
patients that respond functionally to β-adrenergic receptor
blocker treatment have a shift back toward the physiological
β-MyHC/α-MyHC ratio (4). Therefore, understanding the
regulation of β-MyHC expression is of great interest to the
cardiac field. Since our FISH data show that lncMYH7b is
primarily localized in the cytoplasm (Fig. 3B), we do not think
that lncMYH7b acts directly to regulate transcription from
the β-MyHC locus. We analyzed the transcriptome of
lncMYH7b KD hiPS-CMs to gain insight into potential net-
works that include this lncRNA. Notably, we found decreased
expression of the transcription factors TEAD1, TEAD3, and
MEF2A upon lncMYH7b KD. As these factors are known to
transcriptionally regulate β-MyHC via a distal MCAT
element, we suspect that this is a main driver for the observed
decrease in the β-MyHC/α-MyHC ratio (23, 25). How
lncMYH7b mediates this change in TEAD and MEF2 family
member levels is an area of ongoing investigation. However, it
is possible that the expression level changes in these tran-
scription factors are downstream effects of changes in FAK
levels. FAK not only affects the levels of MEF2A, but it is also
a known upstream regulator of TEAD-mediated transcription
(31, 42). All of these factors (FAK, MEF2, and TEADs) have
major roles in both normal heart function and response to
disease states, indicating that lncMYH7b may also have a role
in physiologic cardiac gene expression regulation as well as a
role in disease response. This is well represented by the
phenotypic changes to beat rate and sarcomere formation we
observed. Further dissection of this regulatory network is
necessary to better understand lncMYH7b’s role in the tran-
scriptional landscape of the heart. Once fully defined, this
offers multiple new target points for therapeutics to treat
chronic heart disease.
Experimental procedures

Cell culture

The WTC-11 iPSC line was used for all RNA-seq and
fluorescent in situ hybridization (FISH) experiments. A small-
molecule differentiation protocol was followed (43). Wnt
signaling was activated for 48 h using Chiron 99021 (GSK3
inhibitor) at 5 μM in RPMI base media with BSA and L-
ascorbic acid. Wnt was then inhibited for 48 h using Wnt-C59
at 2 μM in the same base media. The media was then switched
to a B27 supplement with insulin in RPMI for the remainder of
the culture time. All cells were matured for 35 days before
treatment with ASO or virus.

iCell Cardiomyocytes were purchased from Cellular Dy-
namics International (CMC-100-010-001, donor 01434),
cultured to manufacturer’s protocols, and used for all qPCR
experiments. qPCR probes were purchased from Applied Bio-
systems and performed according to manufacturer’s protocols.
Antisense oligonucleotide treatment

Matured cardiomyocytes were passively treated with either a
scrambled (control) ASO or one targeting MYH7b at 2 μM for
96 h. ASO was refreshed with media changes, every 48 h. ASO
was manufactured and verified by miRagen (sequence found in
Table S1, chemistry proprietary). For the kinetic study, iCell
Cardiomyocyteswere treatedwith 10μMASO targetingMYH7b
for indicated timepoints. ASOwas refreshed withmedia changes
every 24 h and RNA was collected at indicated timepoints.
Fluorescent in situ hybridization probe design

Probes were designed against the human MYH7b using the
LGC Biosearch Technologies’ Stellaris probe designer (Stellaris
Probe Designer v. 4.2). As there was a concern for cross-
reaction with both β-MyHC and α-MyHC due to high
sequence conservation in the myosin II family, these probes
were ranked according to how many mismatches they had with
the other two transcripts. The selected sequences can be found
in Table S2. The top 29 were ordered from Integrated DNA
Technologies and labeled with ATTO-550 dye using terminal
deoxynucleotidyl transferase (TdT) as described in Gaspar
et al. 2017. Briefly, TdT was incubated with 5-Propargylamino-
ddUTP-ATTO-550 and an equimolar mix of the 29 probes at
37 �C for 16 h, refreshing the TdT at 8 h. The labeled probes
were then purified through ethanol precipitation. We checked
for cross-reaction with β-MyHC and α-MyHC by transfecting
Cos7 cells with each cDNA and subjecting them to our anti-
MYH7b FISH probes (Fig. S3A).

Matured cardiomyocytes were replated on plasma cleaned
coverslips coated in a GelTrex cushion. 48 h after, the
cardiomyocytes were washed three times with PBS, then
fixed with 4% PFA for 10 min at room temperature. After
washing again, coverslips were transferred to 70% ethanol
and kept at 4 �C for at least 1 h. The 70% ethanol was then
removed and 1 ml Stellaris RNA FISH Wash Buffer A
(Biosearch Technologies Cat# SMF-WA1-60) with 10%
deionized formamide was added for 5 min at room tem-
perature. A humidifying chamber was assembled in a 15 cm
tissue culture plate using a wet paper towel covered in
Parafilm. For each coverslip, 2 μl of the TdT-labeled probes
was added to 98 μl of Stellaris RNA FISH Hybridization
Buffer (Biosearch Technologies Cat# SMF-HB1-10); 100 μl
of this mixture was dotted onto the Parafilm in the hu-
midifying chamber. The chamber was sealed with Parafilm,
then left in the dark at 37 �C overnight. Coverslips were
then transferred back into a 12-well culture plate and
washed twice with 1 ml Buffer A for 30 min at 37 �C, then
in 1 ml Stellaris RNA FISH Wash Buffer B (Biosearch
Technologies Cat# SMF-WB1-20) with Hoechst stain at
1:10,000 dilution for 5 min at RT. Coverslips were then
mounted using Vectashield antifade mounting medium and
sealed with clear nail polish. Cells were imaged with a
DeltaVision confocal microscope, and images were decon-
volved using the Softworx software. Localization was
determined using Imaris to detect all dots, then only dots
within nuclei, and taking the ratio of those two
J. Biol. Chem. (2021) 296 100694 9
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measurements; 100 nuclei were analyzed across eight field of
views in two independent experiments.

Adenovirus production

Adenovirus for recombinant expression of MYH7b_sp and
MYH7bΔ7 cDNA was produced as previously described using
the pAdEasy system (44). Cells were infected with a multi-
plicity of infection of 400 and collected after 48 h.

Tissue samples

Tissue samples from four individuals were obtained upon
left ventricular assist device implantation under IRB approval
CRV019-1 from UCD Anschutz Medical Campus.

Whole cell lysates, myosin separating gels, and western
blotting

All tissue samples were powdered with a BioPulverizer, then
nutated in RIPA buffer (140 mM NaCl, 50 mM Tris, 0.5 mM
EGTA, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5%
deoxycholate) for 45 min at 4 �C, then spun at 15,000 rpm for
15 min to pellet the insoluble fraction. Cell lysates were pre-
pared in the same manner. Lysates were quantified using a
BioRad DC Assay. To determine the myosin isoform per-
centages in control versus MYH7b KD samples, we followed
the protocol in Warren and Greaser (45). Briefly, 4 μg of each
sample was run on a 6% poly-acrylamide–N,N0 -dia-
llyltartardiamide (DATD) gel and stained with Sypro. Relative
percentages of α-MyHC and β-MyHC were determined for
each lane using ImageQuant. For western blotting, 40 μg of
protein was run on a 10% SDS-PAGE gel and transferred to a
PVDF membrane. An anti-MYH7b antibody was used at 1:100
(11, 15). Commercial antibodies used were: anti-RyR2
(Thermo Fisher, #MA3-916),anti-TEAD3 (Cell Signaling
Technologies [CST], #13224S), PP2A C subunit (CST,
#2038T), anti-vinculin (Sigma, #V9131), anti-GAPDH (CST
#2118). Westerns were quantified using FIJI open source
software.

Biochemical fractionation

The following was performed on a full 12-well plate of
hiPS-CMs. The cells were collected by Versene treatment
followed by cell scraping. Cells were washed three times with
cold PBS. They were then resuspended in five volumes of
lysis buffer (10 mM Tris, pH 7.5, 3 mM MgCl2, 10 mM NaCl,
5 mM EGTA, 0.05% NP40) and nutated at 4 �C for 30 min.
Cells were then dounced ten times. This was spun for 10 min
at 2000g at 4 �C. The cytoplasmic fraction (supernatant) was
then collected. The nuclear fraction was washed three times
with cold nuclear wash buffer (10 mM HEPES, pH 6.8,
300 mM sucrose, 3 mM MgCl2, 25 mM NaCl, 1 mM EGTA)
and pelleted at 400g for 5 min at 4 �C. Nuclei were then
lysed in five volumes of nuclear lysis buffer (50 mM HEPES
pH 7.0, 150 mM NaCl, 0.1% NP-40), nutated at 4 �C for
30 min. They were then dounced 20 times and spun at
15,000 rpm for 30 min. The supernatant was collected as the
nuclear fraction.
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RNA isolation

Total RNA was isolated using Tri reagent. Samples were
suspended in Tri reagent, then total RNA was organically
extracted using chloroform. RNA was then alcohol precipi-
tated with isopropanol and resuspended in sterile water.

Quantitative PCR (qPCR)

Reverse transcription was performed using Superscript III
(Life Technologies, #18080044) and random hexamers. Quan-
titative PCR analysis was performed with the SYBR Green
master mix (Invitrogen #4312704) on a BioRad CFX96 Touch
Real-Time PCR Detection system. Results were analyzed with
the CFX96 software, using the standard curve method of
quantitation. The primers used can be found in Table S3.

RNA-sequencing and analysis

RNA samples were submitted to Novogene for library
preparation, by PolyA selection, and sequencing. All samples
had a sequencing depth of at least 20 million 150 bp paired end
reads. The reads were mapped and extensive quality control
was performed using the nf-core/rnaseq v1.4.2 pipeline. Reads
were mapped to hg38 and gene quantification used Gencode
v34. Differential expression analysis was performed using
DESeq2 in R v3.5.1. Functional enrichment was performed
with ClusterProfiler in R. All scripts are available on GitHub at:
https://github.com/libr8211/lncMYH7b.

RNA-seq reads for the human heart data were retrieved
from GEO (accession number GSE116250). Since the exon-
skipped transcript is not present in the Gencode v34 annota-
tion, we appended the specific exon-skipped transcript entry
for MYH7b to the Gencode human annotation v34 and ran the
same bioinformatic analysis as above to quantify the amount of
exon skipped versus full length transcript. Details are available
in the same Github repository as above.

Immunostaining

Cells were replated onto plasma-cleaned coverslips coated
with a GelTrex cushion 48 h before ASO treatment began.
ASO treatment was consistent with above methods. After
treatment, coverslips were removed from culture and the
remaining cells were collected to confirm MYH7b KD by
qPCR. Coverslips were fixed with 4% paraformaldehyde in
PBS for 10 min at room temperature. The fixed cells were
then permeabilized by 0.1% Triton X-100 in PBS for 5 min at
room temperature. Then cells were blocked in 0.1% Triton
X-100, 1% BSA, and 5% normal goat serum in PBS for 30 min
at room temperature. The primary solution of 1:1000 α-
actinin and 1:100 β-catenin (Cell Signaling Technologies,
#8480T) was made in the block solution, and cells were left
in primary solution overnight in a humidifying chamber at 4
�C. The next day, cells were washed three times for 5 min in
PBS, then transferred to secondary: 1:1000 IgG goat α-mouse
Alexa 568 (Invitrogen, #A21144) and 1:1000 IgG donkey α-
rabbit Alexa 488 in block solution, for 1 h at room tem-
perature in a humidifying chamber. Cells were then washed
three times for 5 min in PBS and incubated for 10 min in

https://github.com/libr8211/lncMYH7b
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1:8000 Hoescht stain in PBS. Cells were washed one more
time in PBS, then coverslips were mounted on microscopy
slides with FluoroMount G. Images were taken with a Nikon
spinning disc confocal microscope in the CU Biofrontiers
Advanced Light Microscopy core. To help prevent bias,
images were taken after only identifying nuclei without
looking at the α-actinin and β-catenin staining, therefore
blinding the sarcomere phenotype. Images were analyzed
with the FIJI open-source software. This was repeated for
two separate differentiations, three wells each time. The
three α-actinin phenotypes (sarcomeres, pre-sarcomeres,
and disorganized) were decided upon after a blind scoring
of images from the first differentiation. Sarcomeres in the
second differentiation were not well organized, so the images
were identified to be certain that we had a consistent
phenotype across the control samples.

Beat rate analysis

Cells were treated on day 35 with ASO as above. Brightfield
videos of 10 s each, with the frame rate set to “no-delay,” were
obtained with the Nikon Te-2000 Widefield microscope in the
BioFrontiers Advanced Light Microscopy core. This produced
videos of 33 fps, which were analyzed with the MotionGUI
software in Matlab (33). This was repeated for two separate
differentiations, three wells each time.

Statistical analysis

We used a t-test with Welch’s correction to compare
treated with control groups. All groups had at least a bio-
logical replicate number of 3, the specific n for each exper-
iment is noted in individual figure legends. Any outliers were
determined and eliminated based on the GraphPad Quick-
Calcs Grubbs test (https://www.graphpad.com/quickcalcs/
grubbs1/, alpha = 0.05). For the RNA-sequencing analysis,
the statistics used were the default within the bioinformatic
programs. Details are available within the Github repository
as above.

Data availability

The RNA-seq datasets generated for this study are available
on NCBI GEO GSE157260 (MYH7b_sp overexpression) and
GSE157217 (KD study).
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