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Abstract

Background: Pathogenic TAVNT2variants are a cause of hypertrophic (HCM) and dilated
(DCM) cardiomyopathies, which promote heart failure by incompletely understood mechanisms.
Additionally, the precise functional significance for 87% of 7TANTZ2variants remains
undetermined partially due to a lack of functional genomics studies. The knowledge of which and
how TA/NT2variants cause HCM and DCM could improve heart failure risk determination,
treatment efficacy, and therapeutic discovery, as well as provide new insights into cardiomyopathy
pathogenesis.

Methods: We created a toolkit of human induced pluripotent stem cell (hiPSC) models and
functional assays using CRISPR/Cas9 to study 7ANT7Z2variant pathogenicity and pathophysiology.
Using hiPSC-derived cardiomyocytes (hiPSC-CMs) in cardiac microtissue and single cell assays,
we functionally interrogated 51 7AMNT2variants, including 30 pathogenic/likely pathogenic
variants and 21 variants of unknown significance (VUS). We utilized RNA-sequencing to
determine the transcriptomic consequences of pathogenic 7VNTZ2 variants, and adapted CRISPR/
Cas9 to engineer a transcriptional reporter assay to assist prediction of 7AVNT2 variant
pathogenicity. We also studied variant-specific pathophysiology using a thin filament-directed
calcium reporter to monitor changes in myofilament calcium affinity.
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Results: HCM-associated 7NVA/T2variants caused increased cardiac microtissue contraction,
while DCM-associated variants decreased contraction. 7AMN T2 variant-dependent changes in
sarcomere contractile function induced graded regulation of 101 gene transcripts, including
MAPK signaling targets, HOPX, and NPPB. We distinguished pathogenic 7AVN T2 variants from
wildtype controls using a sarcomere functional reporter engineered by inserting tdTomato into the
endogenous NMPPB locus. Based on a combination of MPPB reporter activity and cardiac
microtissue contraction, our study provides experimental support for the reclassification of 2
pathogenic/likely pathogenic variants and 2 VUSs.

Conclusions: Our study found that HCM-associated 7AMNTZ2 variants increased cardiac
microtissue contraction, while DCM-associated variants cause decreased contraction, both of
which paralleled changes in myofilament calcium affinity. Transcriptomic changes, including
NPPB levels, directly correlated with sarcomere function and can be utilized to predict TNNT2
variant pathogenicity.

Keywords

sarcomere; troponin T; functional genomics; cardiomyopathy; induced pluripotent stem cells;
VUS; engineered heart tissues

Introduction

Genetic variant functional interpretation has lagged behind variant identification. This
asymmetry has been driven by rapid improvements in the cost, scale, and accessibility of
next-generation sequencing without similar breakthroughs in functional genomics. Large-
scale sequencing efforts in healthy and disease human populations? have resulted in
unintended negative consequences, including the identification of countless variants of
unknown significance (VUS) for which pathogenicity cannot be precisely determined?, and
the misclassification of benign and pathogenic variants due to the lack of family-based
linkage or functional assays that establish unequivocal pathogenicity3 4. This incomplete
genetic framework poses a significant challenge to the clinical application of genetic
information and limits the value of large-scale genetic studies, unless functional genomics
approaches are developed.

Heart failure (HF), a prevalent clinical syndrome with a 5-year mortality rate over 40%?, can
be caused by genetic variants in proteins comprising the cardiac sarcomere, the force
producing organelle of the cardiomyocyte. Sarcomere gene variants most commonly
promote HF through association with hypertrophic (HCM) and dilated cardiomyopathy
(DCM), which, despite shared genetic etiology, are characterized by distinct cardiac
remodeling, prognoses, and therapeutic responses® 7. Because of allelic heterogeneity,
sarcomere variants need to be functionally investigated in terms of not only their
pathogenicity, but also whether they promote HCM, DCM, or other less common
myocardial disorders®. A particularly challenging HF-associated sarcomere gene is cardiac
troponin T (¢cTnT; encoded by 7AMNT2), a thin filament protein that functions in the tripartite
troponin complex where calcium binds and triggers twitch force. Relative to other sarcomere
genes, pathogenic 7TAMNT2 variants are associated with poor prognosis, as they carry
increased risk of sudden cardiac death (SCD) that is disproportional to myocardial
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remodeling, thus confounding SCD risk prediction®: 10, Further complicating variant
interpretations, 7AWVN72is burdened by a high proportion of VUSs (Figure 1A), as well as
rare missense variants that are challenging to interpret using /n silico methods like
PolyPhen!, especially given the lack of a complete crystal structure for the human troponin
complex.

Our current knowledge regarding the functional consequences of 7ANT72 variants has
focused on a small subset of 7AMNT2variants studied through in vitro reconstituted protein
assays'? and /n vivo rodent models!3: 14, These studies have implicated altered calcium
sensitivity as underlying variant pathogenicity!2: 15 16 and define a poison-peptide
mechanism whereby mutant cTnT interferes with wildtype cTnT function, which can be
modeled using transgenic methods. However, these approaches have been limited by model
systems with non-human physiology and sarcomere protein expression’- 18 and, most
importantly, low throughput that restricts their applicability for functional interrogation of
the hundreds of catalogued 7TAVN/TZ2variants.

Recently, human induced pluripotent stem cell (hiPSC) technology has enabled the
generation of limitless cardiomyocytes (hiPSC-CMs) for variant modeling, which has been
further enhanced by the ability to engineer isogenic models through CRISPR/Cas9 genome
editing!®-21, These technologies have been applied to analyze a sarcomere VUS in MYL32,
and a more recent study combined CRISPR with dual-integrase cassette exchange to enable
simultaneous generation of multiple isogenic 7VN72VUS models23. However, these
approaches still remain limited by low throughput due to inefficient editing rates, long
generation times, and unintended genetic and epigenetic variation, limiting applicability for
functional genomics. Moreover, sarcomere functional assays to predict pathogenicity have
been elusive, especially for sarcomere gene variants in which pathophysiology is less
understood.

In this study, we developed a functional genomics platform (SarcTg) to study 51 TANNT2
variants using a combination of hiPSCs, genome editing, and new functional assays. Our
platform provides a carte blanche-like approach that allows for TAWN/T2 variant-specific
sarcomere assembly and functional interrogation, which we benchmarked against isogenic
variant models. We uncovered that sarcomere contractile function exhibits graded regulation
of 101 gene transcripts, including MAPK signaling targets, HOPX, and NPPB. We exploit
this finding to develop a fluorescent transcriptional reporter assay to predict sarcomere
functional changes induced by 51 7AMNTZ2variants. Our study demonstrates that HCM and
DCM-associated 7AMN/TZ2variants result in hypercontractility and hypocontractility,
respectively, in accord with an Jn vivo sarcomere tension-based model24. Using deviations in
SarcTg platform reporter activity validated by cardiac microtissue twitch force assays, our
study predicts that 6.7% of pathogenic/likely pathogenic 7NN T2 variants may be benign,
while 9.5% of VUSs may be pathogenic. We also determined the pathophysiology of four
well-established pathogenic 7AWN T2 variants by measuring thin filament-localized calcium
amplitudes. This demonstrated increased and decreased calcium affinities for HCM and
DCM-associated variants, respectively, which was independent of localization to troponin C-
binding sites, suggesting an allosteric-like mechanism. Our study provides a functional
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catalogue of TAVNTZ2variants, new insights into variant pathophysiology, and a roadmap for
studying other sarcomere gene variants.

No animals or human subjects were utilized in this study. Expanded Methods are provided in
the Supplemental Materials. The data that support the findings of this study are available
from the corresponding author upon reasonable request.

CRISPR Editing and Cardiomyocyte Differentiation

PGP1 GM23338 hiPSCs were maintained in mTeSR1 on Matrigel-coated plates and
passaged with Accutase. CRISPR genome editing was performed by electroporating hiPSCs
with vectors encoding Cas9, gRNA, and, where necessary, a DNA repair template, followed
by clonal screening. hiPSCs were differentiated into hiPSC-CMs through modulation of
Wnt/B-catenin signaling2®. Synthetic DNA sequences are provided in Supplemental Table I.

Human Cardiac Microtissues

Cardiac microtissues were generated as previously described!® 20, Briefly, cantilever devices
composed of polydimethylsiloxane (PDMS) were molded from SU-8 silicon masters and
embedded with fluorescent microbeads for tracking. hiPSC-CMs were mixed with human
cardiac fibroblasts and spun into PDMS devices containing a collagen-based ECM. Tissues
were maintained in DMEM + 10% FCS. All tissue experiments included a relevant wildtype
TNNTZ control (+WT or WT/WT) to normalize for batch variation in absolute force
generation. For acquisition of functional data, tissues were exposed to 1Hz pacing conditions
and videos were acquired using an Andor Dragonfly equipped with a live-cell chamber and
iXon EMCCD camera. Displacement of fluorescent microbeads was tracked using ImageJ.

RNA Sequencing

RNA was isolated from hiPSC-CMs using TRIzol and phenol-chloroform extraction.
Sequencing libraries were prepared using the Illumina TruSeq Stranded mRNA kit and
sequenced on a HiSeq 2500. Reads were aligned to the hg38 human genome using STAR,
quantified with HTSeq, and analyzed using DESeq2. Gene Ontology (GO) enrichment was
performed using the Broad’s MSigDB. RNA-seq data is accessible through the Gene
Expression Omnibus (GSE145042). Analyzed RNA-seq data is provided in Supplemental
Table I1.

Flow Cytometry

Flow cytometry was performed using a BD FACSymphony A5. hiPSC-CMs were stained
with TO-PRO-3 and Hoechst 33342 to gate for viability and single cells, respectively, and
then cell size (FSC) and tdTomato signal were determined (5,000-10,000 cells/sample). All
TNNTZvariant NPPB—tdTomato experiments included +WT control samples, which were
used to normalize for batch variation in absolute fluorescence levels, as well as +R92Q and
+R134G samples to confirm appropriate reporter response.
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Calcium Transients

For calcium transients analysis, lentivirus encoding RGECO or RGECO-Tnl was transduced
into hiPSC-CMs of interest 2—3 days prior to analysis. For signal acquisition, cells were
exposed to 1Hz pacing conditions and videos were acquired using an Andor Dragonfly.
Signal time series data was generated from regions of interest in ImageJ and automated
analysis was performed with a custom Python script.

Statistical Analysis

Statistical comparisons were conducted via Student’s t-test or ANOVA corrected for
multiple comparisons using the Holm-Sidak post-test, where indicated. Statistical
significance was defined by £=0.05 (ns), < 0.05 (*), P<0.01 (**), and P<0.001 (***).

Results

Developing a SarcTg platform for functional interrogation of TNNT2 variants

We set out to develop a scalable functional genomics platform to study the pathogenicity and
pathophysiology of cardiac sarcomere gene variants identified in sequencing cohorts. We
have previously utilized genome editing and reprogramming to generate sarcomere gene
variant models in isogenic® and patient-specific?® hiPSCs, respectively. Because these
approaches are hindered by throughput, cost, and differentiation variability, they are limited
in addressing the expanding knowledge gap regarding variant pathogenicity. Here, we
focused on 7TANTZ2due to the high burden of missense variants with uncertain functional
significance (Figure 1A), as well as recapitulation of /n vivo cardiomyopathy phenotypes
using transgenic methods secondary to an established poison peptide mechanism?7. We
hypothesized that engineering a transgenic sarcomere platform (SarcTg) by first ablating
endogenous 7VNT2 (TNNTZ ) using CRISPR/Cas9 in hiPSCs (Figure IA-C in the
Supplement), and expressing 7AVNT2 using variant-specific lentivirus (Figure 1B and 1C) in
differentiated 7VN727~ hiPSC-CMs could serve as a powerful tool for TAVN/T2 variant
functional testing. Because SarcTg hiPSC-CMs have sarcomeres composed of a single
TNNTZ variant, functional interrogation can be studied in a scalable, variant-specific
manner.

We first generated 7VA/727~ hiPSC-CMs and examined cTnT (encoded by 7TANT2)
expression and sarcomere structure, which demonstrated absence of cTnT (Figure 1D) and
Z-disk structures (Figure 1E), in accord with previous 7AVNTZ2ablation studies?” 28, These
sarcomere knockout (SarcKO) hiPSC-CMs can then be transduced with 7AVNTZ2-encoding
lentivirus to express transgenic cTnT (SarcTg) and induce sarcomere organization (Figure
1D and 1E). Next, with our ultimate goal being to study sarcomeres with variant-specific
cTnT, we optimized transgenic cTnT expression by testing different lentiviral multiplicities
of infection (MOI) to identify a dose that resulted in near physiological cTnT levels. Using
transgenic 3XFLAG-cTnT, which integrates into the sarcomere and can be discriminated by
size from endogenous cTnT in wildtype hiPSC-CMs (Figure ID—F in the Supplement), we
found ~1/4 and ~3/4 replacement of endogenous cTnT expression when using MOIs of 1
and 5, respectively (Figure 1G in the Supplement). Transgenic cTnT expression levels did
not vary with MOI unless cells were treated with MG-132 proteasome inhibitor2? (Figure
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IH-J in the Supplement). Based on these results, we proceeded with MOI of 2 for all
studies, as this provided physiological-like cTnT levels.

We next studied the functional consequences of restored cTnT expression by comparing
SarcKO hiPSC-CMs (+empty control lentivirus) and wildtype (WT) SarcTg hiPSC-CMs
(*WT TNNTZ lentivirus). Twitch force, a direct measure of sarcomere contractile function,
was studied in a 3-dimensional cardiac microtissue (CMT) assay that resembles cardiac
architecture and biomechanics (Figure 1F)19: 20. 30 While SarcKO CMTs produced 0 uN
twitch force, SarcTg produced an average of 10 UN twitch force, as quantified by cantilever
displacement (Figure 1G), demonstrating assembly of functional sarcomeres. We also
investigated cellular phenotypes previously associated with sarcomere functional changes,
including cell size and signaling regulation20: 24, SarcTg hiPSC-CMs demonstrated cellular
hypertrophy relative to SarcKO (Figure 1H), in association with activation of cell signaling
pathways implicated in HF hypertrophy, including Akt3! and mitogen-activated protein
kinases (MAPKSs) Erk32 and p3832 (Figure 11 and 1J). In summary, we have developed a
method for TAVNT2transgene-specific sarcomere assembly, which we propose to use as a
platform for functional interrogation of 7ANT72 variants.

SarcTg platform recapitulates phenotypes observed in isogenic TNNT2 variant models

Using CRISPR/Cas9, we engineered two isogenic 7NVNT2variant models to compare to
corresponding SarcTg models: HCM-associated R92Q (Arginine-92 changed to Glutamine)®
and DCM-associated R134G (Arginine-134 changed to Glycine)3* (Figure 11A-C in the
Supplement). Like patients harboring these variants, we studied heterozygous models and
compared to isogenic controls (WT/WT) (Figure 2A). R92Q/WT CMTs demonstrated
increased twitch force, while R134G/WT CMTs exhibited decreased twitch force (Figure 2B
and 2C), in accord with single cell contraction studies of other HCM and DCM-associated
TNNT2 variants?l: 35, For SarcTg variant models, we generated 7VN72 lentivirus encoding
R92Q (+R92Q) and R134G (+R134G) (Figure 11D in the Supplement), which were
sequence-verified (Figure 111 in the Supplement and Supplemental Table I11) and then
transduced into SarcKO hiPSC-CMs for analysis (Figure 2D). +R92Q and +R134G SarcTg
variants relative to +WT exhibited similar changes in CMT twitch force compared to
isogenic models (Figure 2E and 2F). Additionally, +R92Q and +R134G variants
demonstrated altered cell size (Figure 2G) and signaling (Figure 2H and 21) in correlation
with CMT contractility phenotypes. As differences in sarcomere content could explain
differences in CMT contraction, we also analyzed sarcomere Z-disk length, which has been
shown to be proportional to sarcomere content36, Average Z-disk length was increased in
+R92Q and decreased in +R134G hiPSC-CMs relative to +WT controls (Figure 2J and 2K),
suggesting that 7AVNTZ2 function correlates with sarcomere content. Taken together, these
data demonstrate that the SarcTg platform can functionally distinguish pathogenic 7TANT2
variants from controls using tissue, cellular, and molecular phenotypes associated with
altered 7TVWN/TZfunction.

RNA-sequencing to identify transcriptomic consequences of TNNT2 variants

We next set out to determine how +R92Q and +R134G SarcTg models regulate the hiPSC-
CM transcriptome relative to +WT, as this could uncover how changes in sarcomere function
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regulate gene expression, provide new insights into 7VN 72 mutation pathogenicity, and
illuminate quantitative molecular markers that could assist with variant pathogenicity
determination. To do this, we produced +WT, +R92Q, and +R134G SarcTg hiPSC-CMs,
harvested RNA, and performed RNA-sequencing (RNA-seq) followed by computational
analyses (Supplemental Table I1). Principle component analysis of biological triplicates
demonstrated separation of samples by 7ANT2variant (Figure 3A). Differential gene
expression analysis of hypercontractile +R92Q samples relative to +WT control identified
171 upregulated and 83 downregulated transcripts (Figure 3B), while hypocontractile
+R134G samples relative to +WT control identified 83 upregulated and 287 downregulated
transcripts (Figure 3C). These expression data suggest that sarcomere activation may be a
general enhancer of gene transcript levels.

We next examined differentially expressed transcripts using Gene Ontology (GO) term
enrichment to understand pathways regulated by HCM and DCM-associated 7TANNT2
variants. Many of the highly-enriched +R92Q-upregulated and +R134G-downregulated GO
terms overlapped (Figure 3B and 3C, denoted with *), including those with functions in
muscle contraction, myofibril assembly, and extracellular matrix (ECM), while no GO terms
were highly-enriched in the inverse condition. Further examination revealed that 101
transcripts were shared between the +R92Q-upregulated and +R134G-downregulated gene
sets (Figure IVA in the Supplement), which we propose to represent a module of sarcomere
function-dependent transcripts and processes (Figure IVB and IVC in the Supplement). In
accord with sarcomere function-dependent phosphorylation of Erk and p38, (Figure 21), this
module contained MAPK signaling transcripts, including RRAS, FGF5, GNG12, JUN,
GADD45G, FLNB, and JUND, as well as HOPX; a transcription factor implicated in
hiPSC-CM maturation and hypertrophy3’. In summary, we employed RNA-seq and
uncovered 101 gene transcripts with a graded response to sarcomere function, which
suggests rheostat-like regulation of gene expression by the sarcomere.

Building on this observation, we hypothesized that 7ANT72 variant pathogenicity could be
assessed using a transcriptional reporter. We started by ranking the sarcomere function-
dependent module of 101 gene transcripts by Log, fold-change relative to +WT (Figure 3D).
Overall, NPPB, encoding the well-established heart failure biomarker B-type natriuretic
peptide (BNP)38, was the most divergent between disease-associated 7AVN72 variants and
+WT controls. In addition to qPCR validation of NVPPB expression in SarcTg models (Figure
IVD in the Supplement), we also confirmed that two independent isogenic R92Q/WT and
R134G/WT clones had divergent NPPB expression relative to WT/WT samples (Figure IVE
in the Supplement). Therefore, NPPB transcript levels may provide a molecular readout of
sarcomere function in the setting of 7AVNTZ2 variants.

Functional classification of 51 TNNT2 variants using the SarcTg platform

We next examined the structural localization of TAVNTZ2 variants to determine how
localization relates to pathogenicity (Figure 4A). Pathogenic and likely pathogenic (P/LP)
TNNTZ2 variants are scattered across a troponin I/C-binding domain and two tropomyosin-
binding domains, including a previously-reported hotspot surrounding codon 9212,
Conversely, TMNT2VUSs are found across all cTnT functional domains. While no
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pathogenic variants have been found in the hypervariable region, the majority of TNNT2
VUSs reside outside of this domain, necessitating methods besides localization to
confidently assess VUS pathogenicity.

Using our previous observation that APPB transcript levels in R92Q and R134G TNNTZ2
variants deviate from WT in accord with contractility changes, we expanded the capabilities
of the SarcTg platform by producing a AMPPB reporter to functionally test a large panel of
TNNTZvariants. We utilized CRISPR/Cas9 to insert tdTomato at the transcriptional start
site of one allele of MPPBin SarcKO hiPSCs (NMPPB—tdTomato) to maintain NPPB
transcriptional regulatory sequences and preserve an unedited AVPPB allele (Figure 4B and
Figure VA-E in the Supplement). We then differentiated NPPB—tdTomato reporter
SarcKO hiPSCs to hiPSC-CMs. We observed that tdTomato fluorescent intensity in single
hiPSC-CMs could be discriminated from unedited controls using flow cytometry (Figure
4C), and +R92Q and +R134G divergently altered tdTomato levels relative to +WT (Figure
4D). We also confirmed that tdTomato reporter levels were not influenced by lentiviral
transduction, as empty control lentivirus did not shift reporter activity relative to non-
infected hiPSC-CMs (Figure VF in the Supplement) and was not altered by varied MOls
(Figure VG in the Supplement). Additionally, generation of the NPPB—tdTomato reporter
in a wildtype (TN T2*) background demonstrated deviation of variants from +WT
controls, though to a lesser degree than the SarcKO ( TAVNT27~) background (Figure 4E).

We also generated additional AV/PPB promoter-based reporters using both lentiviral
transgenesis and CRISPR/Cas9 modification of the AAVSL1 safe-harbor locus. We designed
the human NVPPB promoter sequence from open chromatin analysis using the assay for
transposase-accessible chromatin with sequencing (ATAC-seq), which was performed on our
control hiPSC-CMs (Figure VIA in the Supplement). We utilized the lentiviral (Figure VIB-
E in the Supplement) and AAVSL1 (Figure VIF-N in the Supplement) reporters to confirm
that the MMPPB promoter sequence alone was sufficient for 7AWNT2 variant discrimination.
The lentiviral reporter also supported that the SarcKO background enables better variant
discrimination compared to a wildtype background and isogenic models (Figure 4E and
Figure VID-E in the Supplement). Together, these results suggest that disruption of one
NPPB allele induced by generating a NPPB—tdTomato at the NPPB locus does not
diminish reporter functions, as all reporter formats distinguish variants to a similar degree.
These reporter systems expand our sarcomere functional genomics toolbox and provide
alternative reporter formats for the biomedical community.

Using the NPPB—tdTomato SarcTg platform, we then functionally interrogated 30 TWNNT2
P/LP variants listed in ClinVar. We produced lentiviruses encoding these variants (Figure 111
in the Supplement and Supplemental Table 111) and individually transduced them into
NPPB—tdTomato SarcKO hiPSC-CMs, followed by flow cytometry quantification of
tdTomato intensity. Of 11 DCM-associated P/LP variants, all resulted in decreased
NPPB—tdTomato intensity relative to +WT controls, while 17 out of 19 HCM-associated
P/LP variants resulted in increased NPPB—tdTomato intensity (Figure 4F). We conclude
that the SarcTg platform predicts 93.3% pathogenicity for a panel of P/LP 7TNNTZ2variants,
as defined by significant deviation in NPPB—tdTomato intensity relative to WT control,
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with HCM and DCM-associated variants producing increased and decreased
NPPB—tdTomato signal, respectively.

We next evaluated 21 VUSs using the NPPB—tdTomato SarcTg platform. Because VUSs
are clinically non-actionable, classifying these variants to either benign or pathogenic would
have significant clinical impact for individuals harboring these variants. Relative to +WT, 19
out of 21 VUSs (90.5%) resulted in unchanged NPPB—tdTomato intensity, suggesting that
these variants functionally resemble wildtype 7AMNTZ, while +K97N and +K258I resulted in
increased NPPB—tdTomato, suggesting that these variants functionally resemble HCM-like
TNNTZ (Figure 4G). We then segmented all variants by ExAC3? allele frequency to examine
the relationship between population allele count and AVPPB—tdTomato signal (Figure 4H
and 41). We first noted that the majority of 7A/NTZ2 variants tested in this study were
extremely rare, with 0 or 1 allele count in EXAC. Additionally, while all 7NN/T2 variants
that had >1 count functionally resembled wildtype 7TANNT2 (=NPPB), so did 15.6% of 0
count variants. This suggests that allele frequency alone may only be predictive of benign
classification for the minority of 7MNT2variants that are >1 allele count in EXAC.

To validate reclassified variants, we utilized the CMT assay for SarcTg twitch force
quantification. We first confirmed that four additional 7AMNT72 pathogenic variants
(+E160A%, +179N35, +K210A%0, and +R141W16), which exhibited divergent
NPPB—tdTomato expression, also resulted in divergent CMT twitch force (Figure 4J and
4K). Additionally, the +K97N and +K2581 VVUSs exhibited HCM-like twitch force while
+L.178F exhibited WT-like twitch force (Figure 4L and 4M), in accord with
NPPB—tdTomato expression. Finally, both +1211T and +N269K, which are classified as LP
in ClinVar, resulted in WT-like NPPB—tdTomato signal and CMT twitch force (Figure 4N
and 40). In summary, we identified that 6.7% of P/LP pathogenic 7TANNT2 variants tested
here produce wildtype-like sarcomere function; 90.5% of 7AMNT2VUSs produce wildtype-
like sarcomere function, and 9.5% of TAVNT72VUSs produce HCM-like sarcomere function.

Pathogenic TNNT2 variants modulate thin filament Ca2* affinity

To understand the pathophysiology of 7MNTZ2variants, we expanded the capabilities of the
SarcTg platform to include detection of Ca?* transients. We first produced lentivirus
encoding a recently described thin filament-directed Ca2* reporter, which utilizes troponin |
(Tnl; encoded by 7AN/3) fused to the RGECO fluorescent calcium sensor (RGECO-Tnl)#1
(Figure 5A). Transduced RGECO-Tnl in hiPSC-CMs appropriately localized to thin
filament structures and fluorescence intensity cyclically-activated in a verapamil-dependent
manner (Figure 5B-D). We next co-transduced 7AVNT72variants and RGECO-Tnl into either
TNNTZ2* or TNNTZ~ hiPSC-CMs. HCM-associated +R92Q and +E160A variants
resulted in increased RGECO-Tnl Ca2* amplitudes relative to +WT, while DCM-associated
+R134G and +K210A variants exhibited decreased amplitudes (Figure 5E-5G). Of note,
while K210A is localized to the troponin 1/C-binding domain, R134G is localized to the
tropomyosin-binding domain, suggesting that RGECO-Tnl Ca2* amplitude changes may not
relate to direct physical interaction between mutant ¢cTnT residues and troponin C.
Additionally, the HCM-like +K97N VUS also demonstrated increased RGECO-Tnl Ca2*
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amplitudes (Figure 5H), suggesting that increased thin filament-directed Ca* amplitudes
may be a common characteristic of hypercontractility-associated 7VNT72 variants.

As RGECO-Tnl Ca2* amplitude measurements could be confounded by differences in
troponin complex assembly (Figure 2K), we also verified variant phenotypes in a wildtype
(TNNTZ*) background (Figure 5F), and assessed the influence of region of interest (ROI)
geometry (rectangles or lines) and size (~4—16 pm?2) on RGECO-Tnl Ca2* amplitudes. For
both ROI geometries, the HCM-associated +R92Q 7NN T2 variant similarly increased thin
filament Ca2* amplitude relative to +WT (Figure VIIA and VIIB in the Supplement), and
ROI size did not influence reporter signal (Figure VIIC in the Supplement). To assess total
cellular Ca2* transients to compare to RGECO-Tnl results, we then transduced hiPSC-CMs
with unfused RGECO, which distributes throughout the cell and cyclically-activates in a
verapamil-dependent manner (Figure VIID-G in the Supplement), though cellular Ca2*
amplitudes were unchanged between 7NMNTZvariants and +WT controls (Figure VIIH-J in
the Supplement). In summary, these results suggest that pathogenic 7AVN72 variants result
in altered thin filament-localized Ca2* amplitudes that correlate with contractility changes,
but are independent of mutation structural localization and overall cellular Ca2* amplitudes.

Discussion

Pathogenic 7AMNTZ2variants are an inheritable risk factor for heart failure, yet we have an
incomplete understanding of the pathogenicity and pathophysiology of the majority of
variants. Secondary to low population allele counts, absence of linkage studies, and high
frequency of missense variants that are challenging to assess by /n silico methods, only 13%
of TNNT2variants in ClinVar are currently denoted with high-confidence ACMG
classifications*2 of benign or pathogenic (Figure 1A). Even likely pathogenic variants,
which may impact clinical decision making for individuals harboring these variants, could
have unacceptably-high 10% false positive rates3. The development of an accurate genetic
framework for 7MN T2 variants has also been hindered by allelic heterogeneity. In TNN'TZ,
which is illustrative of many sarcomere genes, different variants may result in heart failure
through HCM, DCM, or other myocardial disorders—each with different treatment
responses and prognoses. Because of an incomplete understanding of how specific TNNT2
variants result in HCM or DCM, functional assay development has also been challenging.

In this study, we utilized genome-engineered hiPSC-CMs, transcriptomics, and multi-scale
functional assays to understand the pathogenicity and pathophysiology of 51 TANNT2
variants. We focused on TAVN/TZ, in part, because it is amenable to transgenic variant
modeling through a poison-peptide mechanism16: 27 that enables high-efficiency variant
delivery into hiPSC-CMs using lentivirus. We optimized this transgenic approach, which we
call SarcTg, to provide physiologic-like cTnT expression levels, and also benchmarked
SarcTg variants against isogenic models of established HCM and DCM-associated 7TAVNT2
variants. Like R92Q transgenic micel# and our isogenic models, we observed that HCM-
associated R92Q SarcTg hiPSC-CMs exhibit hypercontractility that was similarly observed
with two additional HCM mutations, E160A and 179N. In contrast, we observed
hypocontractility in DCM-associated R134G, K210A, and R141W. These contractility
phenotypes are reminiscent of previous studies of other sarcomere mutations in cardiac
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microtissues from our group®: 20 and the work of others in mice6: 24, This dichotomy in
sarcomere function was also reflected in hypertrophic signaling responses and
transcriptomic changes, as we uncovered 101 transcripts that exhibited a graded response to
TINNT2-dependent sarcomere function, including MAPK signaling targets and the
transcription factor HOPX.

Among differential transcripts, MPPB levels were most predictive of 7AVNT2 variant
pathogenicity irrespective of modeling approach (transgenic or isogenic) or genetic
background (with or without wildtype cTnT). MPPB encodes for the secreted peptide
hormone BNP, which is a well-established biomarker for heart failure prognosis and
treatment responses®3. We found A/PPB levels correlated with “inside-out” mechanical
inputs derived from 7AMNTZ2-dependent sarcomere functional changes. /n7 vivo, BNP levels
are concordantly elevated in heart failure due to HCM or DCM, which can likely be
explained by a combination of intrinsic and extrinsic inputs on BNP, such as neurohormonal
signaling** and increased “outside-in” mechanical inputs from wall stress due to elevated
cardiac filling pressures®® that are excluded from our /n vitro assays.

To screen 51 7NN T2 variants, we engineered SarcTg NPPB—tdTomato reporter hiPSC-
CMs and quantified reporter activity by flow cytometry. We determined that 28 out of 30
pathogenic/likely-pathogenic 7AVNT2 variants could be discriminated from wildtype
TNNTZ, as HCM-associated variants enhanced reporter levels while DCM-associated
variants diminished it. Only 1211T and N269K were indistinguishable from wildtype
TNNTZ, and these variants have only been reported in small studies from non-European
ancestry#®. Based on this experimental evidence, we estimate that up to 6.7% of pathogenic/
likely-pathogenic TAVN/ T2 variants may be benign. We also tested 21 VUSs, with two
resulting in an HCM-like increase in reporter signal and 19 producing wildtype-like signal.
We also observed that all 7AVN72 variants with >1 EXAC allele count produced benign-like
reporter signal. While lower EXAC allele frequency correlated with pathogenicity, most
variants were identified with <1 count, and we observed several wildtype-like TNNTZ2
variants with allele counts of 0. This demonstrates that allele frequency alone is insufficient
for high-confidence 7NN/ T2 variant classification. Finally, to assess TN/ 72 variant-specific
pathophysiology, we tested myofilament-directed calcium transients for R92Q, E160A,
R134G, and K210A. Concordant with cardiac microtissue force changes, R92Q and E160A
increased, while R134G and K210A decreased myofilament-directed calcium transients.
Taken together, we propose that the molecular basis for these pathogenic 7AVNTZ2 variants
may be alterations in thin filament-directed calcium affinity, which results in corresponding
changes in thin filament activation and force production. Finally, we developed new tools for
sharing with the biomedical community including both a NPPB—tdTomato lentiviral
reporter and AAVS1 safe-harbor reporter.

Our study has important limitations, including the utilization of hiPSC-CMs, which
resemble neonatal human cardiomyocytes in gene expression and function. For example,
hiPSC-CMs express skeletal troponin | ( 7AVN/1), while adult human cardiomyocytes express
cardiac troponin | (TVN/I3*!. TNNII relative to TAVN/3has been shown to exhibit
differences in myofilament calcium sensitivity and adrenergic responsiveness that could
impact functional studies*®. Additionally, while we benchmarked SarcTg models against
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isogenic models of well-established mutations in a heterozygous background, it is possible
that functional interpretation of some variants could also be affected by co-expression with
wildtype cTnT and from transgenic issues such as changes in expression levels. The SarcTg
platform also does not have the capacity to detect aberrant RNA splicing phenotypes
secondary to 7VN/T2 missense variants. Unlike in LMNA%, TNNTZ2 missense mutations
have not been shown to affect RNA splicing to the best of our knowledge. In addition, we
recognize that variant pathogenicity cannot be confidently classified based on a single
experimental study. Our study utilized the A/PPB reporter and cardiac microtissue functional
assays, but some pathogenic 7NMNT2variants may alter other cTnT functions not assayed
here, thus additional experimental and clinical studies will need to be performed prior to
definitive TNV T2 variant reclassification.

Future directions of this study will be directed at functional interrogation of the entire
catalogue of 384 TA/NT2variants listed in ClinVar. It will also be critically important to
study sex-dependence and ethnicity-dependence of 7AVNTZ2 variant phenotypes, such as by
developing the SarcTg platform in a female or non-European ancestry line. Finally, with the
capacity to generate patient-specific 7TAMN72variant models, we can begin to assess variant-
specific treatment responses and pathophysiology.

In summary, we demonstrate a functional catalogue of 51 7AMN T2 variants studied in hiPSC-
CMs and cardiac microtissues. HCM-associated mutations cause hypercontractility while
DCM-associated mutations cause hypocontractility. Our study provides experimental
evidence based on NPPB reporter and cardiac microtissue functional assays that two
pathogenic/likely-pathogenic 7AVNT2 variants resemble wildtype cTnT and two TANT2
VUSs resemble HCM-associated 7A/N72variants. We observe that the underlying
pathophysiology of several pathogenic TAVN 72 variants is altered myofilament calcium
affinity. Finally, our study provides a roadmap and new tools for future sarcomere functional
genomics studies.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. We developed a scalable human cardiomyocyte platform to functionally
interrogate 7NVNT2 variants previously identified in the human population.

. Transcriptome analysis of pathogenic HCM-associated and DCM-associated
TNNTZ variants revealed molecular signatures of cardiomyopathy
pathogenicity.

. Through engineering a human cardiomyocyte NVPPB reporter assay, we
functionally interrogated 30 HCM- and DCM-associated 7NVN/72 variants, as
well as 21 variants of uncertain significance (VUS), which provided
experimental evidence to support the reclassification of some 7TNNT2
pathogenic variants and VUSs that were additionally validated in cardiac
microtissue functional assays.

What are the clinical implications?

. Inheritance of pathogenic 7AW/ T2 variants is a leading cause of
cardiomyopathy.

. The majority of 7TMN/T2variants identified in the human population are
classified as VUSs, which limits the clinical utility of genetic testing.

. Reclassification of TAVNT2 variants would improve cardiomyopathy risk
determination and treatment responses for individuals harboring these
variants.
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Figure 1. Developing a SarcTg platform for functional interrogation of TNNT2 variants.
(A) Classification of the 384 TAMN/ T2 variants catalogued in NIH ClinVar (Dec. 2019).

(B) Overview of strategy for production of SarcTg hiPSC-CMs from CRISPR-engineered
TNNTZI= hiPSC-CMs (SarcKO) utilizing lentiviral 7AVA/T2to generate transgene-specific
sarcomeres (SarcTg).

(C) Schematic of lentiviral vector used for delivery of TAVNTZ2for SarcTg studies.

(D) Representative protein immunoblot of cardiac troponin T (cTnT) expression in SarcTg
and SarcKO hiPSC-CMs.

(E) Representative confocal micrograph of hiPSC-CMs immunostained for cardiac a-actinin
(green), cTnT (red), and DAPI (blue) to visualize sarcomere structure in SarcTg and SarcKO
hiPSC-CMs.

(F) General overview of cardiac microtissue (CMT) assay.

(G) Max twitch force generated by CMTs assembled from SarcKO (+empty lentivirus)
versus SarcTg (+WT 7NNT2 lentivirus) hiPSC-CMs (n=24-34 individual tissues generated
across 5 independently transduced hiPSC-CM differentiation batches).

(H) Quantification of SarcTg hiPSC-CM cell size relative to SarcKO using forward scatter
(FSC) from flow cytometry (n=8-9 independent transductions).

(1) Representative protein immunoblots and (J) quantification of phosphorylated and total
Akt, Erk1/2, and p38 to assess cardiac hypertrophy signaling (n=5 independent
transductions).

Data are mean + SD; significance assessed by Student’s t-test and defined by P< 0.01 (**)
and P<0.001 (***).
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Figure 2. SarcTg platform recapitulates phenotypes observed in isogenic TNNT2 variant models
(A) Overview of isogenic 7AVNTZvariant modeling strategy, which utilizes CRISPR/Cas9 to

independently knock-in pathogenic variants into wildtype control hiPSCs, followed by
independent differentiation into hiPSC-CMs for analysis.

(B) Representative tracings and (C) quantification of the Log, fold-change (Log,FC) in
twitch force produced by CMTs assembled from isogenic R92Q/WT and R134G/WT
hiPSC-CMs relative to WT/WT control (n=18-40 individual tissues generated across 5
hiPSC-CM differentiation batches; one isogenic clone was used for each variant).

(D) Overview of SarcTg variant modeling, which involves lentiviral delivery of TNNT2
variants into SarcKO hiPSC-CMs.

(E) Representative tracings and (F) quantification of the Log,FC in twitch force produced
by CMTs assembled from +R92Q and +R134G SarcTg hiPSC-CMs relative to +WT control
(n=11-34 individual tissues generated across 5 independently transduced hiPSC-CM
differentiation batches).
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(G) Quantification of +R92Q and +R134G cell size relative to +WT control SarcTg hiPSC-
CMs using forward scatter (FSC) from flow cytometry (n=15-18 independent
transductions).

(H) Representative protein immunaoblots and (1) quantification of phosphorylated and total
Akt, Erk1/2, and p38 in SarcTg variant hiPSC-CMs (n=3 independent transductions).

(J) Representative confocal micrograph of hiPSC-CMs immunostained for cardiac a-actinin
and (K) subjected to ridge detection to quantify Z-disk length of +WT, +R92Q, and +R134G
SarcTg hiPSC-CMs (n=48-71 cells per variant).

Data are mean £ SD; significance assessed by ANOVA using Holm-Sidak correction for
multiple comparisons to control (+WT or WT/WT) and defined by A< 0.05 (*), P<0.01
(**), and P<0.001 (***).
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Figure 3. RNA-sequencing to identify transcriptomic consequences of TNNT2 variants.
(A) Principle component analysis plot of RNA sequencing performed on +WT, +R92Q, and

+R134G SarcTg hiPSC-CMs (n=3 independent transductions). The percent variance
explained by PC1 (88%) and PC2 (6%) are each listed on the respective axes.

(B) Volcano plot and Gene Ontology (GO) term enrichment analysis of the significantly
downregulated (blue; Log,FC < —0.5, FDR-adjusted £ < 0.05) and upregulated (red; Log,FC
> 0.5, FDR-adjusted £ < 0.05) genes in +R92Q SarcTg hiPSC-CMs relative to +WT, as well
as (C) +R134G SarcTg hiPSC-CMs relative to +WT. Enriched GO terms denoted with * are
shared between those upregulated in +R92Q and downregulated in +R134G.

(D) Log,FC ranked expression of the 101 sarcomere function-dependent transcripts (see
Supplemental Figure 1V) that are upregulated in +R92Q (y-axis) and downregulated in
+R134G (x-axis) relative to +WT control.
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Figure 4. Functional classification of 51 TNNT2 variants using the SarcTg platform
(A) Localization of TWNTZ missense variants from NIH ClinVar, which are aligned along a

schematic map of the canonical adult human 7TANTZ mRNA transcript (Ensembl
ENST00000509001) annotated with spliced exons, codon positions, and ¢TnT functional
domains.

(B) Simplified schematic of NPPB—tdTomato reporter in hiPSC-CMs.

(C) Representative histograms of tdTomato expression from flow cytometry analysis of
negative control hiPSC-CMs versus NPPB—tdTomato hiPSC-CMs.

(D) Flow cytometry analysis of +WT, +R92Q, and +R134G SarcTg NPPB—tdTomato
hiPSC-CMs (n=11 independent transductions).
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(E) Comparison of NPPB—tdTomato intensity (relative to respective +WT controls)
between TAV/NTZ lentiviral variants transduced into SarcKO (TNNT2~) NPPB—tdTomato
(light grey) versus TNNTZ2* NPPB—tdTomato (dark grey) hiPSC-CMs (n=8-11
independent transductions).

(F) NPPB—tdTomato intensity (relative to +WT control) from a panel of 30 pathogenic/
likely pathogenic HCM (red) and DCM (blue) 7AMNTZ2variants (n=8 independent
transductions per variant).

(G) NPPB—tdTomato intensity (relative to +WT control) from a panel of 21 TNNT2VUSs
(yellow) (n=8 independent transductions per variant).

(H) Counts and (I) proportion of 7AVNT2 variants categorized by EXAC allele count and
alterations in NPPB—tdTomato expression.

(J) Representative tracings and (K) quantification of twitch force produced by CMTs
assembled from +E160A (HCM; TNPPB), +179N (HCM; 1 NPPB), +K210A (DCM,;
VNPPB), and +R141W (DCM; { NPPB) SarcTg hiPSC-CMs relative to +WT (n=17-41
individual tissues generated across 5 independently transduced hiPSC-CM differentiation
batches).

(L) Representative tracings and (M) quantification of twitch force produced by CMTs
assembled from +K97N (VUS; ' NPPB), +L178F (VUS; =NPPB), and +K258I (VUS;

T NPPB) SarcTg hiPSC-CMs relative to +WT (n=7-16 individual tissues generated across 2
independently transduced hiPSC-CM differentiation batches).

(N) Representative tracings and (O) quantification of twitch force produced by CMTs
assembled from +1211T (HCM; =NPPB) and +N269K (HCM; =NPPB) SarcTg hiPSC-CMs
relative to +WT (n=14-21 individual tissues generated across 2 independently transduced
hiPSC-CM differentiation batches).

Data are mean + SD; significance assessed by Student’s t-test (E) or ANOVA using Holm-
Sidak correction for multiple comparisons to +WT control (D, F-O) and defined by £< 0.05
(*), P<0.01 (**), and P<0.001 (***).
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Figure 5. Pathogenic TNNT2 variants modulate thin filament ca%* affinity.

(A) Schematic of lentiviral vector used for expression of a RGECO-Tnl myofilament CaZ*
Sensor.

(B) Example live-cell imaging frames of an hiPSC-CM transduced with RGECO-Tnl
lentivirus representing baseline and peak fluorescence produced by Ca2* locally bound to
RGECO-Tnl at the sarcomere.

(C) Strategy for quantifying myofilament Ca2* transients from an hiPSC-CM video, which
involves measuring and averaging the signal from five independent myofibril segments per
cell.

(D) Quantification of max RGECO-Tnl AF/F amplitude produced by WT hiPSC-CMs
treated with verapamil relative to DMSO vehicle (n=6 cells per condition).

(E) Representative tracings of the AF/F-transformed RGECO-Tnl signal (relative to +WT
control) produced by hiPSC-CMs transduced with HCM (+R92Q and +E160A) and DCM
(+R134G and +K210A) 7TANNTZvariants, and (F) quantification of max RGECO-Tnl AF/F
amplitude produced by pathogenic 7AMN/T2 variants relative to +WT control using wildtype
(TNNTZ"*) and (G) SarcKO (TVNT27/7) hiPSC-CM backgrounds (n=32-41 cells per
variant).

(H) Quantification of max RGECO-Tnl AF/F amplitude produced by the +K97N variant
relative to +WT control using the SarcKO hiPSC-CM background (n=32 cells per variant).
Data are mean + SD; significance assessed by Student’s t-test (D, H) or ANOVA using
Holm-Sidak correction for multiple comparisons to +WT control (F, G) and defined by P<
0.01 (**) and P<0.001 (***).
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