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Virally delivered CMYA5 enhances the
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Cardiomyocytes derived from human induced pluripotent stem cells
(hiPSC-CMs) lack nanoscale structures essential for efficient excitation-
contraction coupling. Such nanostructures, known as dyads, are frequently
disrupted in heart failure. Here we show that the reduced expression of
cardiomyopathy-associated 5 (CMYAS5), amaster protein that establishes
dyads, contributes to dyad disorganizationin heart failure and to impaired
dyad assembly in hiPSC-CMs, and that a miniaturized form of CMYAS
suitable for delivery via an adeno-associated virus substantially improved
dyad architecture and normalized cardiac function under pressure
overload. In hiPSC-CMs, the miniaturized form of CMYAS increased
contractile forces, improved Ca* handling and enhanced the alignment of
sarcomere Z-lines with ryanodine receptor 2, a protein that mediates the
sarcoplasmicrelease of stored Ca*. Our findings clarify the mechanisms
responsible forimpaired dyad structure in diseased cardiomyocytes, and
suggest strategies for promoting dyad assembly and stability in heart
disease and during the derivation of hiPSC-CMs.

In mature cardiomyocytes, cardiac dyads tightly couple electrical
activity with Ca®* release and cardiomyocyte contraction. Dyads are
nanoscopic Ca* signalling structures formed by the close apposition
of T-tubules (cell-wide, regularly distributed tubular invaginations
of the plasma membrane that penetrate the cardiomyocyte interior)
with the junctional sarcoplasmicreticulum (jSR) (specialized regions
of the SR enriched for the Ca* release channel RYR2). Upon mem-
brane depolarization, L-type Ca** channels (LTCCs), housed within
T-tubule membranes, open andrelease extracellular Ca? into the dyadic
cleft—the confined, 12 nmwide space that separates T-tubules fromjSR.

This localized increase in Ca** activates RYR2 to release Ca* from the
jSRIumeninto the dyadic cleft’, from which it subsequently diffuses to
stimulate the contraction of adjacent sarcomeres. Dyads are precisely
positioned at the Z-disc of sarcomeres so that Ca*' released from dyads
coordinatively activates sarcomeres throughout the cardiomyocytein
response to membrane depolarization.

Human heart disease from diverse aetiologies causes structural
abnormalities of dyads, including T-tubule loss, physical uncoupling
between the T-tubules and the jSR, and their displacement from
Z-lines*’. The resulting reduction in the magnitude of the Ca*"
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Fig.1| CMYAS expression and localization in heart failure. Murine (a-e)

and human (f-j) heart samples were analysed. a,b, Relative expression

of Nppa (a) and CmyaS mRNA (b), normalized to Gapdh, in Sham and TAC mice.
c,d, Quantification of cardiac CMYAS protein levels. Western blots of Sham

and TAC heart lysates were analysed to compare CMYAS levels, normalized

to GAPDH loading control (c). A representative blot is shown (d). The RYR2
co-IPsample, generated by immunoprecipitation of heart lysate with RYR2
antibody, identifies the CMYAS5 band (arrowhead) that interacts with RYR2.

e, CMYAS5 localization in Sham and TAC myocardium. Representative images of
myocardial sectionsimmunostained with CMYAS and Z-line component ACTN2.

CMYAS5

n=>5pergroup.Boxed areas are magnified ininsets. f,g, Relative expression

of NPPA (f) and CMYAS5 (g) mRNA, normalized to GAPDH, in human HF and Ctrl
left ventricular myocardium. h,i, CMYAS protein level (h) in human HF and Ctrl
myocardium measured by western blotting (i). RYR2 co-IP sample, generated
by immunoprecipitating Ctrl lysate with RYR2 antibody, marks CMYAS bands
(arrowheads) thatinteract with RYR2.j, CMYAS localization in HF and Ctrl
myocardium. Images of myocardial sections immunostained with CMYAS
antibody. Two representative results from 10 samples per group are shown.
Mann-Whitney test. Scale bar, 10 um. Graphs indicate mean + s.d. Decimals
above bar graphs indicate P-values.

transient, depletion of SR Ca* stores and desynchronized and
inhomogeneous jSR Ca”" release lead to contractile dysfunction
and arrhythmias'®". Dyad architecture is also markedly deficient in
cardiomyocytes derived from human induced pluripotent stem cells
(hiPSC-CMs), which limits their applications for cardiac disease mod-
elling and therapeutic heart regeneration. Methods to promote dyad
assembly and stability would thus protect against cardiac remodelling
and heart failure and would increase the research and therapeutic
potential of hiPSC-CMs. We previously reported that the large protein
CMYAS (cardiomyopathy-associated protein 5) isrequired to assemble
jSR adjacent to Z-lines, the first step in dyad assembly'. Here we
show that CMYAS levels are reduced in human and experimental
heart failure. To buttress CMYAS expression in the diseased heart, we
engineered a miniaturized form of CMYAS that can be delivered by
viral vectors. We show that the expression of ‘miniCMYA5' reinforces
dyads in pressure-overloaded hearts and initiates dyad assembly
in hiPSC-CMs.

Results

CMYAS5lossin heart failure

Previously, we found that Cmyas$ ablation in mice (Cmya5*©) disrupts
dyad architecture, dyad positioning at Z-lines and jSR Ca*' release,

leading to progressive cardiac dysfunction and intolerance to pres-
sure overload stress'. We investigated changes in CMYAS that might
participatein dyad disruptionin diseased hearts usingamouse model
inwhichtransverseaortic constriction (TAC) induces pressure overload
and cardiac dysfunction. As expected, TAC induced marked upregu-
lation of cardiac stress marker Nppa compared with sham controls
(Fig. 1a). Cmya5 mRNA level was comparable between TAC and Sham
(Fig. 1b). CMYAS5 western blotting revealed multiple immunoreactive
protein bands not present in CmyaS5* hearts (Supplementary Fig. 1a,
Input). However, only the largestisoform co-immunoprecipitated with
RYR2 (Supplementary Fig. 1a, RYR2 IP), indicating that this isoform
uniquely bridges jSR to Z-lines. Quantification of thisisoform demon-
strated that in TAC, it was reduced to 0.57 of Sham values (Fig. 1c,d).
Cardiac immunostaining demonstrated that CMYAS localization at
cardiac Z-lines, marked by ACTN2, was not altered by TAC (Fig. 1e).
Localization of FSD2, a protein closely related to the C-terminal portion
of CMYAS (see below)®, also was not altered by TAC (Supplementary
Fig. 1b). However, consistent with previous studies’, TAC disrupted
RYR2 organization (Supplementary Fig. 1c). In Sham, we observed a
close correlation between RYR2 and CMYAS immunostaining signal
(Supplementary Fig. 1c,d). In contrast, in TAC, this correlation was
reduced and foci of RYR2 immunoreactivity without CMYAS signal were

Nature Biomedical Engineering | Volume 9 | May 2025 | 730-741

731


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-024-01253-z

observed, indicative of ‘orphaned’ RYR2 that had lost association with
CMYAS (Supplementary Fig.1c,d) probably due to CMYASinsufficiency.

We then examined the expression of CMYAS5 protein in human
ventricles of patients with heart failure (HF) due to dilated cardiomyo-
pathy compared with non-failing heart transplant donor controls (Ctrl;
Supplementary Table 1). As seen in the murine TAC model, NPPA mRNA
was strongly upregulated in HF compared with Ctrl, while CMYAS mRNA
was not significantly changed (Fig. 1f,g). In human cardiaclysates, the
largest two CMYAS5 immunoreactive bands co-immunoprecipitated
with RYR2 (Supplementary Fig. 1e). Quantification showed that these
CMYAS protein isoforms were significantly downregulated in HF
compared with Ctrl (Fig. 1h,i). As in the murine TAC model, CMYAS5
localization in a Z-line pattern was similar between human HF and
control myocardium (Fig. 1j), whereas RYR2 localization was disrupted
(Supplementary Fig. If).

Together, these data indicate that human dilated cardiomyo-
pathy and murine TAC sharereduced levels of CMYAS protein capable
of binding RYR2 and bridging between cardiac Z-lines and jSR. We
hypothesized that bolstering CMYAS protein could protect dyad
architecturein cardiac disease.

Engineering of a miniaturized CMYAS derivative that retains
full function

Because it efficiently transduces cardiomyocytes, adeno-associated
virus (AAV) is the leading cardiac gene transfer vector, with cardiac
and skeletal muscle-targeted therapies currently in clinical trials™.
AAV’s limited cargo capacity (-4.7 kb) precludes its use to express
full-length CMYAS (11.2 kb). To engineer a CMYAS derivative that
could be delivered by AAV, we analysed CMYAS amino acid conser-
vation across different species. Conserved residues are confined to
N-and C-terminal regions (Fig. 2a). A previously studied C-terminal
fragment, MD9 (residues 2,731-3,739), contains the most highly con-
servedregions, includinga TRIM (tripartite motif family) domainand
aRYR2interaction domain®. In addition, N-terminal residues 78-319
are also conserved. We used AAV and the cardiomyocyte selective
Tnnt2promoter to express NT (residues1-329), a C-terminal fragment
including MD9 (2,731-3,739), or an NT-MD9 fusion protein, which we
named ‘miniCMYAS’, inwild-type (WT) and Cmya5*° mice. InWT cardio-
myocytes, the MD9 and NT fragments each co-localized with Z-line
marker ACTN2 (Supplementary Fig. 2a). In Cmya5*° cardiomyocytes,
loss of CMYAS5 disrupted the Z-line pattern of RYR2 localization, as we
described previously" (Fig. 2b). NT continued to localize in a Z-line
pattern, but MD9 did not. Instead, it co-localized with abnormally
positioned RYR2 (Fig. 2b), probably because it binds RYR2 through
its RYR2 interaction domain (Supplementary Fig. 2b). The NT frag-
ment was sufficient to co-localize with ACTN2 at Z-lines in WT and
Cmyas*° cardiomyocytes (Fig. 2b and Supplementary Fig. 2a), but it
did not reverse RYR2 mislocalization (Fig. 2b), probably since it lacks
the RYR2 interaction domain and did not interact with RYR2 (Sup-
plementary Fig. 2b). In miniCMYAS5, fusion of NT to MD9 yielded an
engineered protein that was small enough for AAV delivery and that
interacted with RYR2 (Supplementary Fig. 2b), rescued RYR2 localiza-
tionin CmyaS*° cardiomyocytes (Fig. 2b) and co-localized with ACTN2
atZ-lines (Fig. 2b,c). T-tubules are also disordered in Cmya5*° (Fig. 2d).
As with RYR2/jSR positioning, T-tubule organization was rescued by
AAV-mediated expression of miniCYMAS, but not NT or MD9 (Fig. 2d).
Theseresults, summarizedin Fig. 2e, indicate that miniCMYAS5, contain-
ing the NT domainfor Z-linelocalization, RYR2 interaction domain and
TRIM domain for dimerization and interaction with other proteins>'®,
functionally replaces full-length CMYA5 to allow normal dyad assembly
and positioning at Z-lines in Cmya5*® cardiomyocytes.

To evaluate miniCMYAS5’s ability to functionally replace full-length
CMYAS in the heart, we transduced Cmya5*® and WT littermates with
AAV expressing miniCMYAS or GFP (control). By echocardiogra-
phy, Cmya5*° mice treated with AAV-GFP had reduced systolic heart

function at 3 months compared with WT littermates, and treatment
with AAV-miniCMYAS prevented this dysfunction (Fig. 2f). Cmyas*°
also developed cardiac hypertrophy, as demonstrated by increased
heart-to-body-weight ratio, which was prevented by AAV-miniCMYAS5
(Fig.2g).

These data demonstrate that miniCMYAS functionally replaces
full-length CMYAS to support normal dyad assembly, localization at
Z-lines and cardiac function.

AAV-miniCMYAS mitigates pressure overload-induced cardiac
dysfunction

To test the therapeutic potential of AAV-miniCMYAS, we adminis-
tered it or AAV-luciferase (AAV-Ctrl) to P2 (postnatal day 2) mice at
the dose of 1 x 10" viral genomes (vg) per gram body weight (Fig. 3a).
At 3 months old, these mice were subjected to Sham or TAC surgery.
Heart function was subsequently monitored by echocardiography,
and tissue was analysed at 8 weeks post surgery. Westernblotting con-
firmed AAV-mediated miniCMYAS expression at 80% of the level of
the endogenous RYR2-interacting CMYAS5 isoform (Supplementary
Fig.2c). Endogenous CMYAS expression was unaltered by miniCMYAS
(Supplementary Fig. 2¢,d). Immunostaining demonstrated an average
transduction of 61.5% of ventricular cardiomyocytes (Supplementary
Fig.2e).

Ininitial experiments, we tested the ability of miniCMYAS5 to nor-
malize cardiac dysfunction of CmyaS5*® mice caused by TAC. Before
TAC, mild cardiac dysfunction in Cmya5*° mice was normalized by
miniCMYAS (Fig. 3b, 0 w, and Extended Data Fig. 1a). At 5 and 8 weeks
after TAC, AAV-Ctrl hearts had severe dysfunction (Fig. 3b and Extended
DataFig.1a,b) and hypertrophy (Fig. 3¢c). Cardiac function and hyper-
trophy were significantly improved in AAV-miniCMYAS hearts (Fig. 3b,c
and Extended Data Fig. 1a,b). In situ imaging of T-tubule and RYR2
organization demonstrated disorganizationin sham-operated Cmyas*°
hearts, which deteriorated markedly after TAC (Fig. 3d). Quantitative
analysis confirmed TAC-induced disorganization of T-tubules and
RYR2 (reduced transverse fraction and increased longitudinal fraction;
Fig.3e) and demonstrated that these changes were significantly miti-
gated by miniCMYAS. Disordered dyads led to aberrant Ca* release in
both Sham and TAC CmyaS* cardiomyocytes that was ameliorated by
miniCMYAS, especially under isoproterenol stimulation, asindicated
by miniCMYAS reduction of Ca*" spark signal mass, the space-time
integral of the spark signal (Fig. 3f). As aresult, SR load of both Sham
and TAC CmyaS5*° cardiomyocytes was significantly greater with min-
iCMYAS treatment (Extended Data Fig. 2a,b). In turn, the amplitude
of Ca* transients of both Sham and TAC Cmya5*° cardiomyocytes
was significantly higher with miniCMYAS treatment (Extended Data
Fig.2c,d), as was cardiomyocyte contractility (Extended DataFig. 2e,f).
These results indicate that CMYAS is required to organize both jSR
and T-tubular components of dyads and is essential for cardiomyo-
cyte structural and functional integrity in the face of biomechanical
stress, and that miniCMYAS functionally substitutes for endogenous
full-length CMYAS.

Since dyad disorganization is a shared feature of heart diseases
of diverse aetiologies and contributes to cardiac dysfunction and
arrhythmia, heart-specific delivery of miniCMYAS may be a novel
cardioprotective avenue for forms of heart disease. We investigated
miniCMYAS’s therapeutic potential by assessing its ability to pro-
tect WT mice from TAC-induced cardiac stress. AAV-miniCMYAS did
not significantly alter the function of unstressed mice (Fig.3g, O w,
and Extended Data Fig. 1c), indicating that this level of overexpres-
sion is not cardiotoxic. TAC induced moderate cardiac dysfunction
in WT mice treated with AAV-Ctrl. In comparison, AAV-miniCMYA5
increased cardiac fractional shortening, ameasure of systolic function,
by ~1.9-fold (Fig. 3g, 8 w, and Extended Data Fig. 1c,d). Likewise, TAC
induced severe hypertrophy of WT mice treated with AAV-Ctrl, which
was significantly reduced by AAV-miniCMYAS (Fig. 3h). Insitu T-tubule
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and RYR2imaging demonstrated TAC-induced dyad disorganization,
which was significantly ameliorated by AAV-miniCMYAS (Fig. 3i,j).
Disruption of dyad architecture resulted in more aberrant spark fir-
ing at baseline and under isoproterenol stimulation (Fig. 3k), which
decreased SR Ca? stores (Extended Data Fig. 2g), blunted Ca*" tran-
sientamplitude (Extended Data Fig. 2h) and weakened cardiomyocyte

contractility (Extended Data Fig. 2i). These effects were improved by
AAV-miniCMYAS (Fig. 3k and Extended Data Fig. 2g-i).

Together, these results show that bolstering CMYAS activity in the
TAC cardiac disease model by AAV-miniCMYAS stabilizes dyad archi-
tecture, normalizes Ca*' release and mitigates cardiac hypertrophy
and dysfunction.
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AAV-miniCMYAS treatment of established heart disease
improves myocardial outcome

Typically, heart failure treatment is initiated to patients with estab-
lished heart disease. We modelled this scenario by administering
AAV-miniCMYAS5 to mice 2 weeks after TAC, when mice have already
developed cardiac dysfunction (Fig. 4a). TAC or Sham surgery was
performed on 3-month-old WT mice. Echocardiography at 2 weeks
post TAC was performed to assess cardiac dysfunction. Mice were
then randomly assigned to either AAV-miniCMYAS5 or AAV-luciferase
(AAV-Ctrl) therapy. AAV viruses were delivered at 1 x 10" vg g by
retro-orbitalinjection, whichresulted in-60% transduction efficiency
(Fig.4b). At the study endpoint of 8 weeks post TAC, echocardiogra-
phy was performed followed by tissue and molecular studies. Com-
pared with Ctrl, miniCMYAS did not affect the cardiac function of
sham-operated mice (Fig. 4c). Treatment with miniCMYAS5 tended to
blunt cardiac hypertrophyinduced by TAC and tended to reduce pul-
monary congestion, as reflected by normalized lung weights (Fig. 4d).
Consistent with these physiological measurements, miniCMYAS pro-
tected T-tubule and RYR2 organization from TAC-induced disorgani-
zation (Fig. 4e). In single dissociated cardiomyocytes, miniCMYA5

improved the SR load, Ca* transient amplitude and cardiomyocyte
contractility (Fig. 4f-h). These results show that miniCMYAS5 gene
therapy intervention improved myocardial outcome in the TAC
heart disease model even when initiated after the onset of cardiac
dysfunction.

MiniCMYAS promotes RYR2 positioning in hiPSC-CMs
hiPSC-CMs are immature and lack well-organized dyads, which limits
their usein disease modelling and tissue repair. Although hormones” ™,
culture conditions® and bioengineering approaches” have been
taken to improve hiPSC-CM maturity, so far these efforts have had
limited success atimproving dyad assembly. We showed that CMYAS
anchoring of RYR2/jSR to the Z-lines is an early and essential step in
the development of dyads that precedes the formation of T-tubules™.
CmyaSis strongly upregulated in mature compared with fetal murine
cardiomyocytes (Extended Data Fig. 3a-c). Giventhe overallimmaturity
of hiPSC-CMs, we hypothesized that their low expression of CMYAS
contributes to poor dyad assembly. We found that CMYAS5 transcripts
are barely detectable in hiPSC-CMs (Fig. 5a), and CMYAS protein was
not detected by western blotting (Fig. 5b).
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Fig. 4| AAV-miniCMYAS treatment of established heart disease.

a, Experimental outline. Two weeks after TAC or Sham surgery, WT adult mice
were randomized to receive AAV-miniCMYAS or AAV-luciferase (control). Mice
were then evaluated at 8 weeks after TAC. Images created with BioRender.com.
All mice harboured the RYR2-GFP knock-in allele. b, Representative myocardial
images (left and middle) and quantification of AAV transduction efficiency
(right). Each point represents one section. At least three different sections were
quantified per heart and at least three separate hearts were analysed. Scale bar,
20 pm. ¢, Echocardiography measurement of heart function. LVID;d,
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to body weight. LuW, lung weight. e, Representative in situ confocal images (top)
and quantification (bottom) of T-tubule and RYR2 organization. Scale bar, 10 pm.
f-h, Individual dissociated cardiomyocytes were loaded with Rhod2, paced and
analysed by confocal line scan imaging. Caffeine treatment to measure SR Ca*
load (f). Ca* transients (g) and cardiomyocyte shortening (h) under 1 Hz pacing.
Each point represents one cardiomyocyte. t-test (b), ANOVA with Sidak correction
for two comparisons (c and d), Mann-Whitney with Bonferroni correction for two
comparisons (e-h). Graphsindicate mean + s.d. mo, month; w, week.

Organized sarcomeres are critical for cardiomyocyte matu-
ration, and sarcomere Z-lines are the scaffold that organizes the
assembly of dyads. hiPSC-CM sarcomere organization is enhanced
by culturing them on extracellular matrix (ECM) rectangular islands
with 7:1aspect ratio® 2%, the geometry of de facto humanventricular
cardiomyocytes®. Therefore, we used ECM microcontact printing to
generate shape-controlled hiPSC-CMs with highly organized sarco-
meres (Fig. 5c,d). We did not observe localization of RYR2ina Z-line
patternin cells treated with negative control adenovirus (Ad:LacZ;
Fig. 5e), consistent with low CMYAS5 expression in hiPSC-CMs and
the essential role of CMYAS to position RYR2/jSR adjacent to Z-lines.
This situation is reminiscent of fetal cardiomyocytes, which have
well-organized Z-lines butincomplete alignment of RYR2 (ref. 12) in
the context of low CMYAS expression. In contrast, shape-controlled
hiPSC-CMs treated with Ad:miniCMYAS5 demonstrated regular align-
ment of miniCMYAS5 with Z-lines (Extended Data Fig. 3d) and regions
with RYR2 partial co-localization with miniCMYASinaZ-line pattern

(Fig. 5e,f). Despite advancing RYR2 organization and alignment
with Z-lines, we did not observe the later step of T-tubule formation
(Extended Data Fig. 3e).

We evaluated the impact of improved RYR2 organization
on hiPSC-CM Ca?" handling and force generation. We observed that
miniCMYAS treatment of patterned hiPSC-CMs increased Ca** transient
amplitude and shortened the time to the Ca*' transient peak (Fig. 5g—i).
To assess whether these ultrastructural changes translated to altered
force generation, the hiPSC-CMs were placed in three-dimensional
(3D) cultureinafibrin gel moulded between silicone pillars* (Extended
Data Fig. 4a). The active force generated by these engineered heart
tissues (EHTs) was greater with miniCMYAS treatment, compared
with control treatment (Extended Data Fig. 4b-d).

These data demonstrate that miniCMYAS expression in hiPSC-CMs
promotes alignment of RYR2/jSR to Z-lines, aninitial and essential step
for dyad assembly and maintenance, which enhances hiPSC-CM Ca*
handling and contraction.

Nature Biomedical Engineering | Volume 9 | May 2025 | 730-741

735


http://www.nature.com/natbiomedeng

Article https://doi.org/10.1038/s41551-024-01253-z

a b

Adult human hiPSC-CM

Coat PDMS stamp

CMYAS with ECM

=

CMYA5 mRNA

GAPDH

Use stamp to microcontact
print single-cell ECM
rectangles on coverslip

Seed ECM islands
with hiPSC-CMs

e f
N
[e}
p
3 0.3+
0.03
Z
&
=
(o))
o
N
a4
>
[24
0
<
>
s
Q
£
£
<
T
bel
<
g h i
6 0.003 200 0.03
o
o5 © o
Ad-miniCMYA5 990 150
0 ™ oo
£ 47 E
S o E °
o < %50 8100 [0
—_— w o o
500 ms b Oﬂgo
— Ad-miniCMYA5 2 o =
o) o =
— Ad-LacZ o) 50
o
n 10 n 10
[y 0 \ 0 T
5 LacZ ‘ LacZ
- miniCMYA5 miniCMYA5
500 ms
Fig. 5| MiniCMYAS5 promotes dyad assembly in hiPSC-CMs. a,b, mRNA (a) and and co-immunostained for RYR2 and HA. Bracketed regions are magnified at
protein (b) level of CMYASin adult human hearts and hiPSC-CMs. ¢, Schematic right. Scale bar, 10 pm. f, Quantification of RYR2 regularity. g-i, Ca®* transient
of the workflow used to generate shape-controlled hiPSC-CMs, which have recordings of patterned hiPSC-CMs treated with Ad:LacZ or Ad:HA-miniCMYAS,
highly organized Z-lines. A PDMS stamp with rectangular features is used to print and Ad:GCaMPé6f-Junctin and paced at 1 Hz. g, Representative confocal line scan
extracellular matrix rectangular islands on glass coverslips. Selective adhesion images (top) and Ca* transient (bottom). h,i, Quantification of Ca* transient
patterns the hiPSC-CMs. d, Representative image of patterned hiPSC-CMs amplitude (h) and time to peak (i). Each point represents a different hiPSC-CM.
immunostained for Z-line marker ACTN2. e, Representative image of patterned t-test (aand f), Mann-Whitney test (h andi). Graphs indicate mean + s.d. Values
hiPSC-CMs transduced with Ad:LacZ (top) or Ad:HA-miniCMYAS (bottom) above bar graphs indicate P-values.

Nature Biomedical Engineering | Volume 9 | May 2025 | 730-741 736


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-024-01253-z

Discussion

Efficient cardiomyocyte contraction requires coupling membrane
depolarization to coordinate Ca*' release throughout the cell. This
coordination is achieved through the tight linkage between LTCCs
in the T-tubules, RYR2 in the jSR and sarcomere Z-lines**°. CMYAS is
required to tether RYR2 and the jSR near Z-lines'”. Here we show that
CMYAS bridges Z-lines to RYR2/jSR through its evolutionarily con-
served structure, in which the N-terminal domain recognizes Z-lines and
the C-terminal region binds RYR2/jSR (Fig. 4g). The large, disordered
and poorly conserved region between its conserved termini was dis-
pensable in our assays, as fusion of the conserved N- and C-terminal
regions in miniCMYAS5 fully complemented CmyaS*° cardiomyocytes.

Loss of dyad architecture and subcellular localizationisacommon
hallmark of heart disease that contributes to cardiac dysfunction and
arrhythmia. Factors that destabilize T-tubules in diseased hearts, such
asreduced BINI (ref. 31) or JPH2 expression®, or JPH2 cleavage®, have
beenimplicatedintheloss of T-tubule organizationin diseased hearts.
However, RYR2/jSR organization is also disrupted in heart failure.
T-tubules are not required for RYR2/jSR organization or localization
to Z-lines, and mechanisms that perturb themin heart failure were not
described previously. We previously established that CMYAS localizes
toZ-linesand tethers RYR2/jSR adjacent to these structures®. T-tubules
subsequently form and co-localize withjSR, yielding organized, prop-
erly positioned dyads. CMYAS depletion disrupted the patterning
of both RYR2/jSR and the T-tubule network'. Here we show that the
subset of CMYAS that interacts with RYR2 is downregulated in failing
hearts, which was associated with loss of RYR2/jSR and T-tubule archi-
tecture, defective Ca®* signalling and impaired cardiac contractionin
the pressure-overloaded heart. Reduced CMYAS5 contributes to these
phenotypes, since AAV-mediated expression of miniCMYAS amelio-
rated pressure overload-induced dyad disorganization, aberrant Ca**
signalling and cardiac dysfunction.

Our results show that bolstering CMYAS activity through
AAV-mediated expression of miniCMYAS5 may benefit heart disease
caused by pressure overload and other pathological stresses. This result
provides mechanistic insights into the pathogenesis of dyad disarray
and heart disease. Furthermore, it suggests that augmenting CMYAS
activity may be a useful therapeutic strategy for cardiac dysfunction.
At a transduction efficiency of 50-60%, miniCMYAS only partially
prevented or reversed TAC-induced cardiac dysfunction. The salutary
effects of AAV-miniCMYAS could be augmented using alternative pro-
moters and capsidsto transduce a higher fraction of cardiomyocytes or
achieve physiological or supraphysiological levels. Additional protein
engineering could further enhance its biological activity. Previous
studies overexpressed JPH2 (ref. 33) and BIN1 (ref. 34) to protect dyads
from pressure overload. While beneficial, these manipulations focused
on T-tubule stabilization appear less potent than miniCMYAS (Sup-
plementary Table 2), potentially since jSR organization is upstream
of T-tubules. Indeed, miniCMYAS5 alsoimproved T-tubule organization
following TAC. Nevertheless, the reduction of T-tubule stabilizing
factors such as JPH2 and BIN1 may also be important contributors to
dyad disarray in heart disease, and combined overexpression of min-
iCMYAS5 and JPH2 could be more effective than either therapy alone.

hiPSC-CMs fail to form dyads, which limits their use in disease
modelling and tissue repair. Previously, adjustment culture media,
3D culture, and phasic, direction cell stress have been used toincrease
hiPSC-CM maturation, including alignment of RYR2 and formation of
T-tubules***, Here we define a new facet of hiPSC-CM immaturity
that contributes toimpaired dyad assembly—low expression of CMYAS.
Eveninshape-controlled hiPSC-CMs with well-organized sarcomeres,
RYR2did not properly localize near sarcomere Z-lines. Virally expressed
miniCMYAS5 localized to Z-lines, enhanced hiPSC-CM RYR2/jSR Z-line
co-localization, increased Ca* transient amplitude and Ca*' upstroke
velocity, and increased the contractile force of EHTs. However, RYR2
organization and dyads were only partially restored, possibly due to low

expression orimmaturity of other key dyad assembly proteins. Never-
theless, miniCMYAS provides the first geneticapproach to promote the
structural maturation of human cardiac muscle. Future investigations
are warranted to identify other factors required for dyad assembly
to determine whether their co-expression can further promote dyad
assembly in hiPSC-CMs. This study focused on the maturation of car-
diac dyad structure and function; additional studies are required to
assess whether genetic enhancement of dyad assembly more broadly
enhances hiPSC-CM maturation.

Methods

Animals

All animal experiments were performed under protocols approved
by the Boston Children’s Hospital Institutional Animal Care and Use
Committee. Cmya5*® (C57BL/6NJ-Cmya5™™*%/Mmja, 032826)
mice were obtained from the Jackson Laboratory. Ryr2-gfp knock-in
mice were described previously*®. Mice were housed in a specific
pathogen-free facility with 12 h/12 h light/dark cycle, 22 + 2 °C tem-
perature and 45%-65% relative humidity. Mice were genotyped using
PCR primers shown in Supplementary Table 3.

Echocardiography

Echocardiography was performed on a VisualSonics Vevo 3100
instrument with Vevostrain software. Animals were awake during the
procedure and held in a standard handgrip. The echocardiographer
wasblinded to group assignment.

Human heart procurement and tissue samples

Procurement of human myocardial tissue was performed under
protocols and ethical regulations approved by Institutional Review
Boards at the University of Pennsylvania and the Gift of Life Donor
Program (Pennsylvania, USA) as previously described”. Failing hearts
were obtained at the time of cardiac transplantation and all trans-
plant patients provided prospective informed consent for use of their
explanted heart tissue for research. Non-failing hearts were obtained
atthetime of organ donation from cadaveric donors with consent for
researchuse of heart tissue provided by the next of kin. In vivo function,
based onleft ventricle ejection fraction, was assessed viaechocardiog-
raphy in all hearts. At the time of tissue procurement, all hearts were
arrested insitu using ice-cold, blood-containing, high-potassium car-
dioplegicsolution. Explanted hearts were transported to the laboratory
onweticeincold Krebs-Henseleit buffer solution. Tissues were snap
frozeninliquid nitrogen and stored at —-80 °C until analysis.

TAC

Aortic banding was performed on male mice between 25and 30 g in
weight using a previously described protocol*®. Mice were anaesthe-
tized withisoflurane, intubated and mechanically ventilated. The chest
cavity was entered through an incision in the left second intercostal
space. The transverse aorta was dissected from the surrounding tis-
sues. Asilk suture was passed underneath the aortaand ligated against
a 27-gauge needle between the brachiocephalic trunk and the left
common carotid artery. The needle was then removed, resulting in a
ligature with a fixed diameter constricting the aorta. The chest cavity,
muscles and skin were closed layer by layer. The sham operation was
identical except that the aortawas not manipulated. The surgeonwas
blinded to genotype and treatment.

AAV production and injection

Amino acid positions refer to Uniprot Q70KF4 (murine CMYAS).
The NT domain corresponds to amino acids 1-329 and the MD9
domain to amino acids 2,731-3,739. In miniCMYAS5, these are joined
together withabacterial linker sequence (110 aa) that was fused to the
source Cmyas cDNA (accession AJ575748)*. In experiments on indi-
vidual fragments, this sequence was included with the NT fragment.
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The miniCMYAS construct also had a 3x haemagglutinin (HA) epitope
tagonthe N terminus.

For overexpression experiments in mice, genes of interest were
subcloned into AAV9-cardiac troponin T promoter vector (Addgene,
69915)*°. For AAV production®, the AAV plasmids along with the helper
plasmids AAV9-Rep/Cap (Addgene, 112865) and pAd-AF6 (Addgene,
112867) were co-transfected into HEK293T cells using polyethylen-
imine (Polysciences, 23966-2). AAV was purified by iodixanol density
gradient centrifugation. The density gradient was made by layering the
following solutions in Optiseal tubes (BECKMAN COULTER, 362183):
6 mlof17%iodixanol, 5 ml of 25% iodixanol, 4 ml of 40% iodixanol, 5 ml
of 60% iodixanol. HEK293T cell lysate containing AAV was layered on
top of the density gradient and centrifuged at 45,000 x g for 2 h. AAV
was recovered from the density gradient and titred by qPCR. AAV was
theninjected into P2 (postnatal day 2) pups subcutaneously in a total
volume of less than 30 plata full dose of 1 x 10" vg g™, For adult mice,
AAV was delivered by retro-orbital injection at adose of 1x 10" vg g™,

Recombinant adenovirus production and infection

MiniCMYAS carrying 3x HA tag was amplified from the AAV vector
and inserted into pENTR/TEV/D-TOPO vector (Invitrogen, K252520).
Adenovirus was produced using the Invitrogen adenoviral expres-
sion system (Invitrogen, V49320) and purified using the Vivapure
AdenoPack (Sartorius, VS-AVPQO020). Cultured cells were treated with
adenovirus at amultiplicity of infection (MOI) of 20.

RNA extraction and quantitation

Total RNA was isolated using Direct-zol RNA Miniprep Plus kits (Zymo
Research, R2071). DNase I-pretreated RNA (1 pg) was used as input
for reverse transcription using SuperScript Ill First-strand Synthesis
SuperMix (Thermo Fisher,18080400). Gene expression was analysed
by qPCR using Power SYBR Green PCR Master Mix (Applied Biosystems,
4367659) and aBio-Rad CFX96 touch thermocycler, using qPCR primers
listed in Supplementary Table 3.

Western blotting

Cell lysates (50 pg) were separated by 4-12% SDS-PAGE (Invitrogen,
NWO04120BOX) and transferred to Immobilon-P PVDF membranes
(Merck Millipore, IPVHO0010). The membranes were blocked with 5%
non-fat dry milkand incubated with primary antibody (Supplementary
Table 4) overnight at4 °C, followed by incubation with secondary anti-
bodyfor1hatroomtemperature. Westernblot signals were captured
using a Fujifilm LAS-3000 imager and quantified using Fiji.

Co-immunoprecipitation assays

For 500 pgtissue lysates, 50 pl protein G beads (Invitrogen, 10003D)
and 5 pl primary antibody (1 mg m1™) IgG control were used. Beads
were washed for 10 min in 600 pl PBS, then incubated with protein
and antibodies overnight at 4 °C. The protein-bound beads
were washed withimmunoprecipitation buffer (Thermo Fisher, 87787)
containing protease inhibitor (Thermo Fisher, A32965) extensively
for 10 times and subsequently boiled at 100 °C for 10 min to release
targets.

Insitu confocal imaging of cardiomyocyte T-tubule and RYR2
localization inintact hearts

For in situ T-tubule imaging*’, intact mouse hearts underwent
Langendorff perfusion at room temperature with 0 Ca** Tyrode solu-
tion (in mM, pH 7.4: NaCl 137, glucose 15, HEPES 20, KCI 4.9, MgCl, 1.2,
NaH,P0,1.2) containing 10 mM 2,3-butanedione monoxime (BDM) and
2.5 UM FM4-64 (Invitrogen, T3166), alipophilic fluorescent indicator of
the plasmamembrane, for 20 min. The hearts were thenplacedina per-
fusion chamber mounted on the stage of an Olympus FV3000RS confo-
calmicroscope and imaged in situ with a x60 (NA = 1.4) oil immersion
lens. The optical pinhole was set tolairy disc (<1 pm axial resolution).

Excitation for FM4-64 and RYR2-GFP was 488 nm, and emission was
680-780 nm and 490-540 nm, respectively.

Mouse cardiomyocyte isolation

Single ventricular myocytes were enzymatically isolated from mouse
hearts. Hearts were excised from isoflurane-anaesthetized animals,
rinsed in cold perfusion buffer (PB, in mM, pH 7.4: NaCl 137, glucose
15, HEPES 20, KCI 4.9, MgCl, 1.2, NaH,P0O, 1.2, taurine 5 and BDM 10)
and quickly mounted on a Langendorff perfusion system. Hearts
were then perfused at 37 °C with oxygenated Ca**-free PB (gassed
with 95% 0,, 5% CO,) until blood was completely cleared (-5 min).
The solution was then switched to digestion solution (PB containing
0.7 mg ml™ typell collagenase (Worthington, LS004176), 0.1 mg ml™
type XIV protease (Sigma-Aldrich, P5147), 1 mg ml™ bovine serum
albumin (BSA, Sigma-Aldrich, A3912) and 50 pM Ca®*). Once hearts
became soft (-15-30 min), perfusion was stopped and ventricles
were gently minced into small pieces and agitated by blunt-tipped
transfer pipettesin PB containing1 mg ml” BSA and 50 pM Ca*". Cells
were filtered using a100 pum cell strainer (Fisher Scientific, 0877119),
centrifuged for 1 min at 20 gand subjected to Ca** gradient recovery
using PB containing 1 mg ml™ BSA and Ca** from 0.25, 0.35, 0.52 to
1 mM sequentially.

Coverslips were pre-coated with 5 pug ml™ laminin (Sigma-Aldrich,
L2020) for at least 30 min at 37 °C. Freshly isolated myocytes were
plated onto the coverslips for 30 minin theincubator. Attached mouse
cardiomyocytes were culturedin MEM medium (Sigma-Aldrich, M2279)
supplemented with 10 mM BDM.

Ca* dye loading and live cellimaging

To record cytosolic Ca®* signals, freshly isolated murine cardiomyo-
cytes were incubated with Ca? indicator Rhod2-AM (5 pM, Invitrogen,
R1244) at 37 °C for 10 min (ref. 43) and then gently washed twice. Dye
loading, washing and Ca* imaging were conducted in Tyrode solution
containing 1 mM Ca*. For Ca* transient and SR load measurement,
10 mM BDM was added to avoid motion artefact. Caffeine (10 mM)
was introduced to deplete the SR store. For spark recording and con-
tractility assay, BDM was not provided. Isoproterenol (100 nM) was
applied when needed in spark recording. For Ca** transient recording
inpatterned hiPSC-CMs, cells were infected with adenovirus carrying
GCaMP6f-Junctin® (MOI =10) and paced at1 Hz.

Confocal imaging was performed with an Olympus FV3000RS
microscope with a x60 (NA =1.4) oil immersion objective and a line
scanspeed of 4 ms per line for atotal 8 sduration. The pinhole was set
for anominal 1 pm optical section. For measurement of Rhod2 signal,
excitation was at 543 nmand fluorescence emissions were collected at
>560 nm. GCaMP6f-Junctin was excited at 488 nm and emissions were
collected at 520-560 nm.

Differentiation of hiPSC-CMs

WTC-11 normal human male iPSCs (Coriell Institute, GM25256) that
harbour a doxycycline (Dox)-inducible CRISPR/Cas9 have been
described previously**. These cells were maintained in Essential 8
medium (Thermo Fisher, A1517001). hiPSC-CMs were differentiated
as described previously®. Briefly, cells were washed once with PBS,
detached by incubation with Versene (Invitrogen, 15040066) for
5-10 min and seeded onto 12-well plates pretreated with 1:100 (v/v)
diluted Geltrex (Life Technologies, A1413302) at a density of 10,000
cells per cm?in E8 medium supplemented with 10 uM of ROCK inhibitor
Y-27632 (R&D, 1254). When cell confluency reached -50-60%, cells were
treated with basic medium RPMI1640 (Life Technologies, 61870127)
plus 1x B27 minus insulin (Life Technologies, A1895601) containing
7 UM CHIR99021 (STEMCELL Technologies, 72054) for 48 h, followed
by basic medium containing 5 uM IWR-1-endo (STEMCELL Technolo-
gies, 72564) for another 48 h. On day 7 of differentiation, cells were
cultured in basic medium supplemented with 1:1,000 (v/v) insulin
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(Sigma-Aldrich, 19278). Finally, cells were dissociated for 1-2 h depend-
ing on cell density using collagenase Il (Worthington, LS004176).

hiPSC-CM patterning
Micropatterns were produced on glass coverslips (12 mm, VWR,
48366-252) coated with a 1:1 ratio of polydimethylsiloxane (PDMS)
184 (10:1 elastomer base:curing agent, The Dow Chemical Company
LT, HO47M73001) and 527 (1:1 Part A:Part B, The Dow Company LT,
HO047L6A013). Coverslips were coated for48 hina 65 °C ovenand then
exposed to UV ozone for 8 min. Then, stamps with rectangular features
(7:1aspect ratio, 1,600 pm? area) were coated for 1 h with fibronectin
(50 pg ml™) diluted in Geltrex (1:200, Life Technologies, A1413302). The
dried stamps were then placed on PDMS-coated coverslips. Pluronics
F-127 (1%; Sigma-Aldrich, P2443) was used to wash the coverslips for
10 min, followed by washing 3 times with room-temperature PBS.
Cells (1 x 10°) were seeded into a well of a 12-well plate. Virus
was incubated with seeded cells for 48 h at MOI 20. Cells were then
dissociated into single cells using the cardiomyocyte dissociation kit
(STEMCELL Technologies, 05025), and 50,000 cells were seeded onto
each glass coverslip. Cells were cultured for 5 days and then fixed for
immunofluorescence assays.

Engineered human heart tissue fabrication, culture and
contractile force assessment

Togenerate 3D human cardiac tissue bundles, we adapted a previously
described protocol?’. PDMS (14 x 12 mm? Dow Corning, SYLGARD184)
moulds with Velcro frame (1.2 mm long) were used. hiPSC-CMs
were dissociated to single cells using 0.2% collagenase type I (Sigma,
0130) and 0.25% trypsin/EDTA (Gibco, 25200056). Hydrogel solution
containing 24 pul 10 mg ml™ fibrinogen (Sigma, F3879), 12 pul Matrigel
(Corning,354277) and 24 pl 2x cardiac medium were mixed with1x 10°
hiPSC-CMs and adenovirus (MOl =10) in 58 pl 1x cardiac medium and
2.4 pul 50 U ml™ thrombin (Sigma, T7201) to obtain a total of ~120 pl
cell/gel mixture. A1x cardiac medium is composed of 2 pg ml™ vitamin
B12 (Sigma, V6629), 1 mg ml™ 6-aminocaproic acid (Sigma, A2504),
10% fetal bovine serum (FBS, ABW, LT22906) and low-glucose DMEM
(Gibco, 1567014). The mixture was placed in the moulds at 37 °C for
1h to polymerize. RPMI 1640 medium (Gibco, 11875093) with 1 mM
sodium pyruvate (Gibco, 11360070), 0.45 pM 1-thioglycerol (Sigma,
M6145),0.1 mM non-essential amino acids (Gibco, 11140050),2 mg mlI™
6-aminocaproic acid, 0.4 mg ml™ ascorbic acid (Sigma, A4544) and
1% penicillin-streptomycin (Gibco, 15140122) supplemented with 5%
FBS was used to culture the tissues. The force-generating capacity of
the engineered heart tissues was assessed on day 10 by loading into a
customized mechanical test system. Inotropic responsiveness of the
tissue bundles was tested by measuring contractile force generationin
1.8 mM Ca* Tyrode solution during electrical stimulationat2 Hz. The
bundles were stretched using a linear actuator from 0% to 8% above
theresting lengthin 2% increments.

Immunofluorescence assays

Hearts were fixed in 4% paraformaldehyde (PFA) overnight and allowed
tosinkin30%sucrose (typically 3-4 h) before freezingin tissue freezing
medium (TFM, General Data). Cryo-sections (10 um thick) were affixed
toslides. Heart sections were permeabilized with 0.5% Triton X-100 for
20 minand blocked with10% normal goat serum for1 h.Seeded isolated
cells were fixed in 2% PFA for 15 min at room temperature, washed 3
times with PBS, permeabilized with 0.1% Triton X-100 for 10 min, then
rinsed 3 times with PBS and blocked with 1% BSA for 1 h. The sections
or cells were then incubated with primary antibody (Supplementary
Table 4) overnight at 4 °C, washed with PBS 3 times, incubated with
Alexa fluor dyes-conjugated donkey secondary antibody (Invitro-
gen, 1:200) for 2 hat room temperature, washed with PBS 3 times and
then incubated with 1 mg ml™ 4’,6-diamidino-2-phenylindole (DAPI)
for 10 min at room temperature. Immunofluorescence staining was

visualized using a confocal microscope at 405 nm (DAPI), 488 nm
(Alexafluor 488), 543 nm (Alexa fluor 555) and 647 nm (Alexa fluor 647)
excitation,and 420-470 nm, 490-520 nm, 560-620 nm and >650 nm
emission, respectively.

RNA-seq

Gene expression values during normal development were obtained
by RNA-sequencing of purified ventricular cardiomyocytes. The data
were reported previously*® and are available from GEO, accession
number GSE195902.

Image processing and analysis

T-tubule, RYR2-GFP and Ca* imaging* data were analysed using cus-
tom code written in Interactive Data Language (ITT). RYR2 regularity
of shape-controlled iPSC-CMs was measured using the sarcomere
packing density algorithm, as described previously”. EHT contrac-
tion data were analysed using Matlab. The custom codeis provided as
Supplementary Code.

Statistics and reproducibility

Each experiment was repeated independently with similar results
at least 2 times, or as specified in the figure legends. Measurements
were made withinvestigators blinded to group assignment. Two-sided
Student’s ¢-test and analysis of variance (ANOVA) were used for
normally distributed data, and two-sided Mann-Whitney or Kruskal-
Wallis non-parametric tests were used otherwise. P<0.05 was
considered statistically significant. Statistical analysis was performed
using GraphPad Prism 10. Results are displayed as mean + s.d. Sample
sizes indicate independent biological replicates. Graphs show
mean +s.d.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the results in this study are available within the
paper andits Supplementary Information. The raw and analysed data-
sets generated during the study are available for research purposes
from the corresponding authors on reasonable request. Source data
are provided with this paper.

Code availability
Custom codeis provided as Supplementary Information andis also avail-
ablein Zenodo at https://doi.org/10.5281/zenodo0.13366870 (ref. 48).
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Extended DataFig. 1| Echocardiographic analysis of AAV-miniCMYAS or fractional shortening (FS, b and d) were measured at the indicated time point.
treatment in amurine pressure-overload model. a-d, Cmya5° (aand b) or WT Mann Whitney test with Bonferroni correction for 2 comparisons. Data are shown
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Extended Data Fig. 2| Assessment of contractility, Ca** transient, and SR

load in dissociated murine cardiomyocytes. Cmya5*° or WT mice were treated
with AAV-GFP or AAV-miniCMYAS following the timeline shownin Fig. 3a.
Cardiomyocytes were dissociated from mouse hearts, loaded with Ca*-sensitive
dye Rhod2, and analyzed by confocal line scanimaging during 1 Hz pacing.
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a,c,and e. SRload was measured as the peak fluorescent intensity after cells
were treated with caffeine (SR load F/F,, band g). Ca* transient amplitude was

determined from the peak fluorescent intensity divided by the baseline intensity

(Ca* transient F/F,, d and h). Contractility was measured as the fractional
shortening of the cardiomyocyte (Fractional shortening: fand i). Mann-Whitney
with Bonferonni correction for two tests. Data are shown as mean + SD.
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Extended Data Fig. 3| Expression and localization of CMYAS in hiPSC-CMs
and murine cardiomyocytes. a-c. Expression of Cmyas, Fsd2,and Ryr2 mRNAs
during murine heart development. Gene expression was measured in purified
ventricular cardiomyocytes at the indicated stage by RNA-seq. Data are from

murine developmental stage

murine developmental stage
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GSE195902.n =3 per time point. d. Co-localization of miniCMYAS with ACTN2
inpatterned hiPSC-CMs. e. Increased organization of RYR2/jSR induced by
miniCMYAS in hiPSC-CMs was not sufficient to stimulate detectable formation
of T-tubules, marked by CAV3. Bar =5 um. Data are shown as mean + SD.
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Authentication Cell lines are authenticated by ATCC via STR profiling.
Mycoplasma contamination The cell line tested negative for mycoplasma.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(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 Mice, mixed strains, ages P1 to 6 months, male and female. Cmya5A/A (C57BL/6NJ-Cmya5em1(IMPC)J/Mmija; Stock no. 032826,
Jackson Laboratory); Ryr2-GFP knockin (129sve, gift from Dr. Wayne Chen, University of Calgary). Descriptions of the mice used for
the experiments can be found in the relevant figure captions and in Methods. All animal experiments were performed under
protocols approved by the Boston Children’s Hospital Institutional Animal Care and Use Committee.
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Wild animals The study did not involve wild animals.
Reporting on sex Both male and female mice were used.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Boston Children's Hospital (BCH) Institutional Animal Care and Use Committee (IACUC).

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