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In brief

Self-amplifying RNAs (saRNAs) have the
potential for rapid, durable, non-
integrating delivery of transgenes in
human induced pluripotent stem cells.
Della Santina et al. show that
transcription factors and reporters
expressed from saRNA are present for
multiple weeks, supporting forward
programming to neurons and tracking
electrophysiological properties in 3D
cardiac spheroids.
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MOTIVATION Current methods to introduce transgenes into human induced pluripotent stem cells (hiPSCs)
largely fall into two categories: (1) integrating approaches that have durable expression but are associated
with higher risks of off-target effects via insertional mutagenesis, and (2) non-integrating approaches that
pose little risk to genomic integrity but have shortened expression periods. Here, we test the ability of
self-amplifying RNAs to address these limitations and demonstrate that this integration-free strategy enables
persistent expression of transcription factors and functional reporters for weeks and supports forward pro-
gramming to neurons.

SUMMARY

Genetic modification of human induced pluripotent stem cells (hiPSCs) is a powerful approach to measure
and manipulate cellular processes. Conventional genetic engineering of hiPSCs requires laborious pro-
cesses involving transfection, selection, and expansion that can cause karyotypic abnormalities or transgene
silencing during differentiation. The use of self-amplifying RNA (saRNA) is a potential alternative integration-
free method for durable expression of transgenes. Here, we used saRNA to deliver transcription factors and
functional reporters in hiPSCs and demonstrated that protein expression can persist for weeks. Specifically,
saRNA delivery enabled highly efficient forward programming to Ngn2-induced neurons and measurement of
functional reporters over time. We show that a single transfection of saRNA-encoded jRCaMP1b in hiPSCs
generates sustained reporter expression throughout differentiation to 3D cardiac spheroids, allowing the
tracking of cardiomyocyte function and drug responses. Altogether, our systematic analysis shows that
saRNA extends transgene expression in hiPSCs, supporting integration-free cell fate programming and func-
tional reporter measurement in clinically relevant model systems.

INTRODUCTION

Genetically encoded reporters and transcription factors are
powerful tools for measuring and modifying cellular function
and fate. Choice of transgene delivery method sets scalability,
durability, and precision in cellular engineering. For example,
transient delivery of RNA and plasmids supports rapid, integra-

tion-free expression, but it is not well suited for applications
that require expression for multiple days or weeks. Alternatively,
integration of transgenes using programmable nucleases,
transposons, or lentiviruses can support durable expression
but requires time-consuming cell line engineering and selection
strategies that may affect cellular physiology." Moreover,
extended culture as needed for isolation of clonal lines intensifies
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single-cell bottlenecks that can induce genetic drift, posing a
challenge for the generation and comparison of multiple human
induced pluripotent stem cell (hiPSC) lines.” Although landing-
pad hiPSC lines can streamline cell line construction, their initial
generation and validation require months, limiting the inherent
scalability of this approach.® Moreover, integration approaches
often result in transgene silencing, limiting the use of hiPSCs
for long-term gene expression, therapeutic gene delivery, and
other synthetic biology applications.*® While adenoviral-associ-
ated virus (AAV) addresses some of these challenges, the small
packaging capacity of AAV prevents delivery of large cargoes®
and production of AAV demands optimization, which can limit
scale-up.” Modified mRNA (modRNA) supports applications
where transient expression is sufficient'*>°~° but require multiple
transfections to achieve durable responses, limiting scalability
and compromising cell viability.’®'® In contrast, self-amplifying
RNA (saRNA) offers key advantages for delivering transgenes,
including higher expression at lower doses and durable expres-
sion, yet there has been limited systematic characterization of
saRNA as a tool to manipulate hiPSC systems.'*

Delivery of transgenes using saRNA has been used in applica-
tions including protein replacement therapy,'® hiPSC reprog-
ramming,'® and inducible gene circuits.” saRNAs are derived
from positive-strand RNA viruses, encoding the viral conserved
sequence elements (CSEs) and non-structural protein genes
(nsP1-nsP4) for replication. A transgene can be inserted as a sin-
gle transcript replicon that facilitates self-replication within the
cytoplasm of the host cell (Figure 1A). The endogenous subge-
nomic promoter (SGP) located upstream of the transgene is
separately transcribed by nsP1-nsP4, amplifying transgene
transcript levels. Translational applications of saRNAs primarily
focus on vaccine development for infectious diseases and can-
cers.'® In saRNA-based vaccines, the amplification of transgene
expression allows saRNAs to produce similar levels of antigen
compared to mRNAs with a fraction of the dose.'® Because saR-
NAs are replicated in the cytoplasm and do not contain double-
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stranded DNA, there is a low risk of genomic integration.20 Thus,
saRNAs could be used more broadly as a tool for durable, scal-
able, integration-free delivery of transgenes to hiPSCs.*"'

Here, we systematically test saRNA delivery of transgenes in
various contexts, demonstrating its use to bridge the gap be-
tween rapid, integration-free delivery and durable protein
expression in hiPSCs and differentiated cell types. Compared
with transfection mediated by either modRNA or plasmid DNA
(pDNA), saRNAs induce sustained transgene expression in
hiPSCs without affecting cell viability or pluripotency markers.
A single transfection of saRNA encoding Ngn2 induces forward
programming of hiPSCs into neurons at high efficiency within
6 days. We further demonstrate that the delivery of saRNAs en-
coding functional reporters can measure critical physiological
readouts in hiPSC-derived cardiomyocytes (CMs), cardiac
spheroids, and primary mouse hippocampal explants. Sparse la-
beling allows measurement of cell physiology at single-cell res-
olution within 3D cardiac spheroids more than 30 days after re-
porter delivery. Collectively, our work demonstrates that
saRNA-mediated delivery enables rapid, durable expression of
transgenes, substantially increasing the speed and scalability
of hiPSC engineering for a variety of applications.

RESULTS

saRNA delivers efficient, durable transgene expression
in hiPSCs

To characterize the potential of saRNAs to deliver sustained
expression of transgenes to hiPSCs, we synthesized saRNA
derived from components of the Venezuelan equine encephalitis
(VEE) virus and compared the expression with modRNA and
transient transfection using a standard pDNA vector (Figure
1A)."® The saRNA encodes the VEE non-structural proteins
(nsP1-nsP4) responsible for the amplification of the entire repli-
con and the transgenic cargo that is downstream of the SGP. Us-
ing in vitro transcription, we first synthesized the saRNA

Figure 1. saRNA enables sustained transgene expression in 2D and 3D hiPSC cultures
(A-1) Expression from the saRNA confers selection marker resistance without impacting cell viability or pluripotency markers in hiPSCs.

(A) hiPSCs are transfected with equal amounts (by mass) of either saRNA, modRNA, or the pDNA eGFP-IRES-PuroR transgenic cassette. For saRNA, co-opting
the alphaviral regulatory sequences drives high expressions of the transgenes located downstream of the subgenomic promoter (SGP). For modRNA, B-globin
UTRs enable effective translation of coding mRNA sequences. For pDNA, the CAG promoter and bovine growth hormone (bGH) polyadenylation signal allow
efficient expression of transgenes in hiPSCs.

(B) Representative fluorescence microscopy images of hiPSCs fixed at 2 days post-transfection (dpt) with each delivery construct in (A).

(C) Flow cytometry analysis of eGFP expression (MFI [mean fluorescence intensity] measured at 2 dpt in arbitrary units [a.u.] and percentage positive for eGFP are
reported as the geometric mean of three biological replicates) and cell viability (percentage of live single cells, reported as the arithmetic mean of three biological
replicates); error bars + SEM (standard error of the mean).

(D) Markers of pluripotency measured by nuclear intensity of OCT4 immunostaining via microscopy as shown in (B), and percentage of SSEA4-positive cells
measured by flow cytometry. Data are reported as the mean of three biological replicates; error bars + SEM.

(E) Puromycin (Puro) or zeocin (Zeo) selection for 2 days enriches saRNA-expressing hiPSCs in 2D monolayers. Scale bars: 200 pm.

(F) Flow cytometry analysis of the percentage of eGFP* cells and mean eGFP expression at 4 dpt after 2 days of Puro or Zeo selection. Data are reported as the
mean of three biological replicates; error bars + SEM.

(G) saRNA yields sustained, robust expression in 3D cultures. The cells were transfected in 2D hiPSC culture prior to seeding into suspension media for spheroid
formation and cultured over 4 days while measuring the fluorescence intensity and spheroid size. Scale bars: 300 pm.

(H) Average eGFP fluorescence per unit area for cultures with and without Puro selection in suspension culture. n = 45 per distribution (5 spheroids per image and
3 images per well for 3 total wells).

(I) Maximume-intensity projection of a representative spheroid from non-Puro-treated control and Puro-selected well imaged 5 days after seeding into 3D hiPSC
spheroids. Scale bars: 100 pm.

Statistical significance in (C) and (D) was determined using one-way ANOVA with Bonferroni correction for multiple comparisons. Statistical significance in (F) and
(H) was determined using Student’s t test. ns (not significant), p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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encoding an enhanced green fluorescent protein (eGFP) and a
puromycin N-acetyltransferase (PuroR) selection cassette,
separated by an internal ribosome entry site (IRES) downstream
of the SGP (see STAR Methods). We also synthesized modRNA
and prepared pDNA encoding the same eGFP-IRES-PuroR
cassette (Figure 1A), which allowed us to directly compare
across methods. hiPSCs were transfected with equal concentra-
tions by mass of each construct. At 2 days post-transfection
(dpt), we compared eGFP signal intensity using fluorescence
microscopy (Figure 1B) and quantified expression by flow
cytometry (Figure 1C). As expected, both modRNA and saRNA
transfected a larger fraction of cells compared with pDNA
(Figures 1C andS1). We also observed that saRNA delivery
led to the highest transgene expression, whereby the mean
level of eGFP expression was 9.4-fold and 26.3-fold greater
than those obtained using modRNA or pDNA, respectively
(Figures 1B and 1C). We attribute the elevated eGFP levels to
the saRNA nsP1-nsP4 replication machinery and resulting
RNA amplification.

Because delivery vectors and transgene expression can
impact cellular physiology, we next measured hiPSC viability
and pluripotency marker expression. At 2 dpt, the cells retained
high viability and normal morphology across all three delivery
modalities, comparable to the transfection control (Figures 1C
andS2). OCT4 immunofluorescence intensity was similar in the
saRNA and modRNA conditions, whereas we observed a small
reduction in pDNA-transfected cells (Figure 1D). SSEA-4 levels
were also similar across delivery methods, as quantified by
flow cytometry (Figure 1D).

Given that nucleic acids can induce an immune response, we
next compared gene expression in hiPSCs at 24 and 48 h post-
transfection in saRNA, modRNA, and untransfected conditions
by performing bulk RNA sequencing (Figure S3; Table S2).
Consistent with prior work,%? canonical interferon-stimulated
genes including IFIT1, OAS1, and MX17, showed elevated
expression after saRNA-mediated transfection relative to mod-
RNA and untransfected conditions. Importantly, saRNA delivery
resulted in robust transgene expression without substantially
affecting cell viability or the expression of key pluripotency
markers and supported robust differentiation.

Applications that require long-term expression such as lineage
tracing and library screening may benefit from enriching for a
population of cells expressing the transgene of interest. Thus,
we generated saRNAs with either puromycin resistance (PuroR)
or bleomycin resistance (BleoR) and performed antibiotic selec-
tion for 48 h starting at 1 dpt followed by medium replacement
without antibiotic (Figure 1E)."**?* After short-term selection,
more than 90% of cells expressed eGFP at 4 dpt for both selec-
tion schemes. Puromycin treatment generated 1.5-fold higher
levels of eGFP than zeocin treatment (Figure 1F). This difference
may be due to the efficiency of the resistance enzyme or expres-
sion of the resistance cassette. Without antibiotic selection, we
observed saRNA-encoded eGFP fluorescence through two pas-
sages for at least 7 days (Figure S4C). The observed decrease
in fluorescence over time is likely explained by cell division-
based dilution and the relative growth advantage of lower- or
non-expressing cells. Given the improved enrichment and
higher eGFP fluorescence levels of saRNA-expressing hiPSCs
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using puromycin selection, we used PuroR for subsequent
experiments.

Long-term experiments using hiPSCs to generate complex
cell assemblies require durable expression of desired trans-
genes. Moreover, the transfection efficiency of 3D cell clusters
is generally low, making delivery a challenge at this stage.?>*°
We next tested whether delivery and antibiotic selection of
saRNA in hiPSCs could help overcome this limitation. saRNA-
expressing hiPSCs were transfected and selected with puromy-
cin for 7 days, followed by the generation of hiPSC spheroids
(Figure 1G).2” Puromycin selection in suspension culture for
3 days (starting the day after seeding) resulted in high quantities
of eGFP-expressing hiPSCs across the cell population (days 2,
3, and 4 after seeding into suspension) (Figure 1H; Figures S2D
and S2E). Potentially, modulating the cell seeding density and
volume of media can be used to tune spheroid diameter to adjust
for cell loss under puromycin selection.?® In the absence of se-
lection, we observed sparse labeling of cells in spheroids
(Figure 11). The ability to achieve uniform, durable transgene
expression or sparse labeling of cells provides flexibility for
downstream applications.?®

saRNA-mediated delivery of Ngn2 efficiently
differentiates hiPSCs into neurons

Forward programming of hiPSCs is a rapid, robust method to
source rare or difficult-to-isolate patient-specific cells for dis-
ease modeling, drug discovery, and cell therapies.® For example,
overexpression of the neuronal transcription factor Ngn2 rapidly
differentiates hiPSCs into induced neurons (iNs).?*° Durable
expression of Ngn2 improves neuronal purity.”® As such,
Ngn2-hiPSC lines typically use the Tet-ON 3G system, with a
doxycycline-inducible Ngn2 transgene integrated into the
genome.”*" Due to the insertional mutagenesis risk associated
with DNA-based delivery, integration-free methods of delivering
transcription factors (TFs) may reduce artifacts found in genome
engineering and provide a greater safety profile for cell therapy
applications.’ While modRNA-mediated delivery of Ngn2 can
drive hiPSC differentiation into iNs, the rapid decay of Ngn2
modRNA requires daily transfections for 10 days, substantially
increasing cell stress and the cost and complexity of generating
iNs.

To test the ability of saRNA-mediated Ngn2 expression for for-
ward programming hiPSCs into iNs, we synthesized and deliv-
ered saRNA encoding Ngn2 and eGFP separated by a Porcine
teschovirus-1 2A (P2A) skipping peptide to hiPSCs, which al-
lowed us to correlate Ngn2 expression with eGFP expression
(Figure 2A). After transfection, we cultured cells in conditions es-
tablished for forward programming previously via a Tet-ON Ngn2
hiPSC line.*? We tested differentiation with and without a 48-h
puromycin selection from day 1 to day 3 (Figure 2A). By including
the IRES-PuroR element on our construct, we could eliminate
untransfected hiPSCs. A transient 48-h puromycin treatment
reduced the fraction of untransfected cells, yielding a higher pro-
portion of iNs that formed neurite projections (Figure 2B).

With a single transfection of Ngn2-P2A-eGFP saRNA, we
observed neurite projections from eGFP-expressing, puromy-
cin-resistant cells and observed the emergence of neuronal clus-
ters at 6 dpt (Figure 2C). The compact, spherical nuclei of iNs
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were readily distinguishable from the larger, elongated nuclei of
hiPSCs (SCs) (Figure 2D). To measure differentiation efficiency,
we fixed the cells at 6 dpt and quantified the number of cells pos-
itive for TUJ1, by immunofluorescence, normalizing to the total
number of nuclei. Delivery and selection yielded cultures with
more than 90% TUJ1-positive cells, indicating that Ngn2-P2A-
eGFP saRNA induces highly efficient differentiation (Figures 2E
andSb5). Delivery of eGFP saRNA did not yield TUJ1-positive
cells despite culture in the same media conditions as the
Ngn2-P2A-eGFP saRNA (Figure S6).

To measure the activation of neuronal genes, we compared
the expression of key genes in iNs and hiPSCs with eGFP
saRNA. As expected, both Ngn2 and eGFP transgenes
expressed at 6 dpt, as measured by quantitative reverse-tran-
scription PCR (RT-gPCR). Additionally, while eGFP expressed
in both saRNA-transfected cell populations, only the Ngn2-
P2A-eGFP saRNA-transfected cells expressed Ngn2 (Figure
2F). Moreover, Ngn2-P2A-eGFP saRNA induced the activation
of neuronal genes including BRN2 and ISL1 compared
with the eGFP-transfected control (Figure 2F). Finally, as
measured by immunofluorescence staining at day 6, iNs ex-
pressed MAP2, a marker associated with mature neurons
(Figure 2G).*® Collectively, these results indicate that saRNA-
mediated delivery of Ngn2 drives highly efficient differentiation
of hiPSCs into iNs, that exhibit neuronal morphology, express
neuron-associated genes, and are positive for mature neuronal
markers, with a single transfection of non-integrating genetic
components.

saRNA enables expression of functional reporters in
primary and hiPSC-derived cells

Measuring real-time physiological changes in hiPSC-derived
cells requires sustained expression of functional reporters.
Silencing of genomically integrated transgenes increases during
differentiation, limiting the use of genetically encoded tools for
functional studies.®***° On the other hand, delivery of functional
reporters using saRNA should resist silencing and allow durable
protein expression. To test this idea, we constructed saRNAs en-
coding functional reporters representing diverse physiological
readouts and localization to different subcellular compartments
(Figure 3A; Figure S7). Specifically, we synthesized individual
saRNAs carrying (1) ASAPS5, a voltage reporter that localizes to
the cell membrane (Figure 3B), (2) jRCaMP1b, a red-shifted cal-
cium reporter that localizes to the cytosol (Figure 3C), and (3) Hy-
Per7, a redox sensor targeted to mitochondria (Figure $7).567%8

Cell Reports Methods

All dynamic signals were processed with sliding window normal-
ization to remove baseline signal drift during the recording period
(Figure S8).

To assess sensor functionality, we tested saRNA-delivered re-
porters in cell types with robust electrical activity including
hiPSC-derived CMs and primary neuronal cells that exhibit char-
acteristic voltage and calcium dynamics. Measuring voltage
changes using optical sensors remains challenging because of
the fragile nature of the cell membrane, fast kinetics of voltage
changes, and low expression of voltage reporters.®® Thus, we
selected ASAP5, a plasma membrane-localized reporter engi-
neered for higher gain and faster onset, enabling critical mea-
surements and comparisons of electrical activity.®” Next-gener-
ation genetically encoded voltage indicators (GEVIs) such as
ASAPS5 offer a less invasive and higher throughput alternative to
patch clamp, with enough spatiotemporal resolution to detect
neuron firing and determine the shape of cardiac action poten-
tials, which differ between the atrial, ventricular, and nodal cell
types.*® In vivo, ASAP5 shows reduced signal-to-noise ratio
and exhibits higher responsivity to action potentials and excit-
atory postsynaptic potentials compared with previously devel-
oped GEViIs. Delivery of saRNA encoding ASAP5 to primary
mouse hippocampal cells, including neurons, and hiPSC-derived
CMs showed that ASAP5 signal localizes to the membrane
(Figures 3B and 3C). As expected, ASAP5 traces appeared as
pulses of decreased fluorescence in response to membrane de-
polarization which showed stochastic activity in neurons and
rhythmic patterns in CMs. In CMs, membrane depolarizations
coincided with visible membrane contraction, resulting in up to
a 10% change in fluorescence over ~1 s (Figure 3B). In addition
to the characteristic action potential duration (APD) of cardiac
muscle cells, ASAP5 traces exhibit a prolonged plateau phase
and slower repolarization time, which reflects the expected
enrichment of ventricular CMs in hiPSC differentiation.*’

ASAPS5 signal in mouse hippocampal culture was observed after
30days in vitro and 2 days after saRNA transfection (Figure 3C). At
this time point, it is expected that primary hippocampal cultures
will have formed network connections and exhibit spontaneous
synaptic activity.”? Within primary mouse hippocampus explant
cultures, cells with characteristic neuronal morphology, including
small cell bodies and long, branched processes, were visually
identified and treated as putative neurons. Consistent with these
expectations, we observed intermittent changes in reporter
brightness, which confirmed spontaneous electrical activity in
neurons as well as reporter responsiveness to depolarization

Figure 2. saRNA-based delivery of Ngn2 efficiently differentiates hiPSCs into iNs

(A) Overview of saRNA-based forward programming of hiPSCs into iNs.

(B) Fluorescence microscopy images of hiPSCs transfected with Ngn2-P2A-eGFP saRNA taken at 3 dpt, with and without 48 h puromycin selection starting at 1

dpt. Scale bars: 200 pm.

(C) Fluorescence microscopy images taken at 2 and 6 dpt during conversion process of hiPSCs into iNs for hiPSCs transfected with either Ngn2-P2A-eGFP (top

row) or eGFP saRNA control (bottom row). Scale bars: 100 pm.

(D) Immunofluorescence images (TUJ1, red; DNA, cyan) of hiPSCs transfected with Ngn2-P2A-eGFP saRNA fixed at 6 dpt, with white arrows indicating TUJ1* iNs

and TUJ1-hiPSCs (SCs). Scale bars: 100 pm.

(E) Quantification of the percentage of TUJ1* cells post-differentiation at 6 dpt, showing a high proportion of iNs. N = 2 independent differentiation experiments

with 1 and 3 technical replicates (circle and triangles, respectively).

(F) Gene expression analysis of transgenes and neuronal markers, comparing the Ngn2-P2A-eGFP with eGFP saRNA control. Values represent the average of
N = 3 independent differentiations, normalized to the RPL37A housekeeping gene and log4o transformed.
(G) Immunofluorescence images (MAP2, magenta; eGFP, green; DNA, cyan) of Ngn2-P2A-eGFP and eGFP saRNA control fixed at 6 dpt. Scale bars: 100 pm.
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Figure 3. saRNA-encoded functional reporters properly localize in cells and report voltage and calcium dynamics in electrically active cell
types

(A) Schematic of saRNA-mediated delivery of subcellular localizing fluorescent reporters to distinct cell types.

(B-E) n = 3 representative cells from 3 separate fields of view (FOV) in a single transfected well. All data collection was performed at 2 dpt, using a spinning disk
confocal microscope (Yokogawa CSU-W1 confocal scanner unit on a Nikon Eclipse Ti microscope) equipped with a 40x1.15 NA water immersion objective and
Zyla PLUS 4.2 Megapixel camera.

(B and C) ASAP5 imaging was performed using 488-nm excitation light and FITC emission filter.

(D and E) jRCaMP1b imaging was performed using 561-nm excitation light and Cy3 emission filter. Fluorescence traces were normalized to a local baseline (Fq)
calculated within a sliding window of W frames. For each frame, Fo was defined as the Pth percentile of the fluorescence values within that window, and the
normalized signal is expressed as AF/Fq = ([F — Fo|)/Fo. ASAP5 membrane localized voltage sensor in (B) iPSC-derived cardiomyocytes (CMs) imaged at 10 Hz
over 30-s recording period (normalization parameters: W = 25; p = 50) and (C) primary mouse hippocampal explant culture at 3.33 Hz for 15 s (normalization
parameters: W = 20; p = 90). Membrane depolarization events are reported as the negative percent change from baseline fluorescence because ASAP5 exhibits
inverse voltage sensitivity where brightness decreases during depolarization. JRCaMP1b cytosolic calcium reporter in (D) iPSC-derived CMs imaged at 10 Hz for
30 s (normalization parameters: W = 100; p = 10) and (E) primary mouse hippocampus explant cells imaged at 10 Hz for 30 s (normalization parameters: W = 100;
p =10). Scale bars: 50 pm.

events. For three representative cells recorded over 15 s, ASAP5
signal fluctuated by 1%-5% over 1-2 s. These dynamics are
consistent with subthreshold synaptic potentials as opposed to
full action potentials.®” Imaging modalities that achieve higher
temporal resolution would further allow detection of the sub-milli-
second action potentials associated with neurons, offering a po-
tential alternative to more laborious patch-clamp analysis.

To monitor calcium dynamics, we next transfected saRNA en-
coding jRCaMP1b, a genetically encoded calcium indicator
(GECI).*® Like GEVIs, GECIs allow non-invasive measurement of
cellular activity but can be more readily observed on standard im-
aging setups because of their slower rate of change and
higher expression throughout the cytoplasm (as opposed to the
cell membrane). Delivery of saRNAs encoding jRCaMP1b to
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hiPSC-derived CMs and primary mouse hippocampus explants
enabled measurement of calcium transients in single cells
(Figures 3D and 3E). As with ASAP5, CMs displayed characteristic
rhythmic patterns of calcium signaling (Figure 3D), and neurons
showed stochastic activity across cells like those reported for
GECiIs (Figure 3E).*® Across three representative cells, jJRCaMP1b
signal fluctuated by a maximum of 8%-15% over an average of
6.67 s in CMs, with a faster increase in fluorescence lasting
1.13 s and longer return to baseline in 5.53 s. This is consistent
with spontaneous calcium transients in immature hiPSC-derived
CMs recorded at room temperature, where reduced sarco-
plasmic reticulum function and slower ion channel kinetics pro-
long rise and decay times.***° Recordings at 37°C showed
more rapid kinetics and are consistent with measurements of
Fluo-4, a calcium-sensitive dye (Figure S9). The observed ampli-
tudes fall within the range expected for red-shifted GECls.*® In pu-
tative mouse neurons, jRCaMP1b fluorescence increased by up
to 31%, and a single peak lasted at most 5.86 s. These amplitudes
and kinetics are consistent with previous reports of jJRCaMP1b in
cultured neurons, where transient durations ranged from 1 to 10
s°547 The relatively slow decay of the signal suggests that these
neurons exhibit prolonged intracellular calcium elevations, poten-
tially reflecting sustained spontaneous activity under these exper-
imental conditions. We also demonstrated that saRNA can deliver
mitochondrially targeted HyPer7, a genetically encoded fluores-
cent H,O, sensor that can be readout in diverse cell types
(Figure S7). Thus, saRNA offers a versatile platform for rapid,
non-integrating delivery and durable measurement of functional
reporters in primary and differentiated cell types using conven-
tional fluorescence microscopy.

saRNA delivery of reporters enables functional readouts
in hiPSC-derived 3D cardiac spheroids

To examine the potential of saRNA-delivered fluorescent re-
porters for monitoring hiPSC differentiation in 3D systems, we
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tested saRNA-encoded protein durability during hiPSC differ-
entiation to cardiac spheroids. Remarkably, saRNA-encoded
protein expression persisted throughout differentiation for
over 30 days (Figure 4A). We transfected iPSCs with saRNA
in 2D culture and selected with puromycin for 5-7 days prior
to cardiac differentiation. saRNA-enriched hiPSCs were seeded
into spheroids followed by cardiac differentiation using stan-
dard protocols (see STAR Methods). We observed beating in
eGFP-labeled cardiac spheroids between days 6 and 7 of dif-
ferentiation with eGFP saRNA. Immunofluorescent staining
showed robust expression of the CM marker Nkx2.5 by day
14 of differentiation, including in cells expressing eGFP
(Figure 4B). saRNA-treated CMs also exhibited a clear sarco-
mere banding pattern, evidenced by cardiac troponin T
(cTnT) immunofluorescence staining. Using 2D differentiation,
we also show that saRNA transfection does not inhibit the dif-
ferentiation efficiency, as we observed >93% of eGFP-express-
ing cells overlapped cTnT relative to 88% of eGFP-negative
cells by flow cytometry (Figure S10).

We next tested a 24-h puromycin selection step to further
enrich cells expressing saRNA-encoded proteins once seeded
into suspension. Across replicates, puromycin selection
increased the fraction of cells labeled at day 14 (Figure 4C). To
maximize expression of the reporter in cTnT-positive cells at
day 30, we included this enrichment step for experiments
continued to day 30 (Figure 4G) but omitted selection for
day 14 measurements (Figures 4D and 4E). The brief additional
selection did not affect the generation of robustly beating
eGFP-labeled spheroids that were positive for Nkx2.5 and
cTnT (Figures S11B and S11C). We also show that eGFP inten-
sity is not correlated with calcein AM, CellROX, MitoView, or
cleaved caspase-3 signals, indicating that saRNA-based trans-
gene expression does not have a significant impact on cell
viability, oxidative stress, mitochondrial membrane potential, or
apoptosis in long-term culture (Figure S12).

Figure 4. saRNA-based fluorescent reporters enable long-term functional readout of calcium dynamics in 3D cardiac spheroids
(A) Overview of saRNA-based reporter delivery to hiPSCs to cardiac spheroid differentiation protocol.

(B) Maximum projections of immunofluorescent images (Hoechst, cyan; eGFP, green; Nkx2.5, magenta; cardiac troponin T [cTnT]; red) of a representative
cardiac spheroid expressing saRNA-eGFP fixed at day 14 of differentiation. Top row: 4 x magnification, scale bars: 500 pm; Bottom row: 20x magnification, scale
bars: 100 um. Inset with dotted white line shows a single z slice of Hoechst channel, demonstrating chamber formation. Inset with orange border shows a single z
slice at 40x magnification, showing banded sarcomere formation in eGFP-positive cells. Scale bars: 5 pm.

(C) Labeling percentage for day 14 cardiac spheroids expressing saRNA-eGFP with and without an initial 24-h puromycin (Puro) selection step after seeding into
3D suspension culture. Each point represents a single spheroid, and each distribution contains two independent differentiations (Control: n = 77 from two dif-
ferentiations with 3 wells each; 24-h Puro: n = 115 from two differentiations with 2 wells and 3 wells each). Data are reported as the mean, and error bars represent
the standard deviation. p = 8.25 x 1072°, by t test.

(D) (Left) Cardiac spheroid at day 14 of differentiation expressing saRNA-jRCaMP1b. Representative overlay of bright-field and maximum projection of z stack at
561-nm illumination taken at 40x on day 14 of differentiation. (Right) Accompanying 30-s recording of the average change in jRCaMP1b signal measured in a
single cell (orange line) at sub-contraction level and across the entire cardiac spheroid (red line) during a contraction, noted with black arrow. Normalized by
minimum fluorescence value across the recording period. Scale bars: 100 pm.

(E) Calcium peaks per minute as measured by 30 s recordings of jRCaMP1b signal at 4 x magnification with 300 ms exposure time (9 fps) before and after 30-min
incubation with 5 uM propranolol or 5 uM isoproterenol compared with control media (from left to right n = 13, 20, 20, 14, 19, and 23 beating cardiac spheroids).
Data are reported as the mean of all observations; error bars represent the standard deviation. p = 0.3704, 3.354 x 10758, and 1.022 x 1078, by t test.

(F) Representative traces of jJRCaMP1b taken at day 14 and day 30 of three independent differentiations. One representative trace is selected per differentiation.
Normalized between 0 and 1 to compare temporal parameters.

(G-I) Calcium peaks per minute (G), coefficient of variation of inter-beat interval (H), and time to decay to 50% (Decay T50) of peak brightness (1) for three in-
dependent differentiations compared at day 14 and day 30, where n = 38, 49, and 16 for day 14 and n = 16, 14, and 12 for day 30 across 3 wells each (day 14;
N = 16 represents one well).

For (G)—(l), data are represented by a boxplot showing the median (line within box), interquartile range/IQR (box), and data points outside of 1.5 x IQR as outliers.
Whiskers extend to the most extreme points within 1.5 x IQR. p = 7.67 x 1077, 0.017, and 0.3771 for (G) —(l) respectively, by Mann-Whitney U test. ns
(not significant), p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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Having demonstrated the maintenance of saRNA-eGFP-ex-
pressing spheroids throughout a 30-day 3D differentiation
period, we next tested our ability to measure a dynamic physio-
logical reporter in this system. Sparse labeling is particularly
valuable for dynamic imaging, such as calcium or voltage sig-
nals, where overlapping fluorescence from neighboring cells
can obscure spatial resolution.*® Calcium fluxes directly reflect
excitation-contraction coupling and electrophysiological matu-
rity and are a gold-standard functional assay for hiPSC-derived
CMs in disease modeling and drug screening contexts.*?°
Thus, we generated sparsely labeled jRCaMP1b-expressing
cardiac spheroids and observed calcium transients during differ-
entiation progression. At day 14, we measured both small, non-
contractile fluctuations in single cells and large, contraction-
coupled calcium transients across the entire spheroid, plotted
as normalized fluorescence intensity (AF/Fg) over time
(Figure 4D). Cardiac spheroids expressing both eGFP and
jRCaMP1b could also be generated by seeding equal numbers
of eGFP-transfected and jRCaMP1b-transfected hiPSCs prior
to differentiation, making this a flexible method for combining
multiple labels without burdening individual cells with more
than one transgene (Figure S11D). As proof of concept, we
next measured calcium dynamics using jJRCaMP1b-expressing
CMs in response to well-characterized drugs that disrupt CM
function. We added propranolol or isoproterenol, which block
or increase calcium influx, respectively, to day 14 cardiac spher-
oids for 30 min and measured the fluorescence intensity
over time. From a single field of view with low magnification,
we could segment and extract up to 20 independent calcium re-
cordings per condition to rapidly assess changes in beat rate
due to drug treatment. As expected, exposure to propranolol
decreased calcium peak number by 77.3% and treatment with
isoproterenol increased the calcium peak number by 257%,
while the control group showed no statistically significant
change (Figures 4E andS13B).

The ability to maintain reporter expression for more than
30 days using saRNA delivery enabled measurement of calcium
dynamics in CMs throughout differentiation and maturation
(Figures 4F-4l; Figure S13C). To track calcium signaling over a
longer observational period, we included 24-h puromycin selec-
tion upon seeding into suspension to increase reporter signal at
day 30 (Figure S14). We found that the beat rate increased from
day 14 to day 30 across three independent differentiations. In a
3D spheroid differentiation system, this difference likely reflects
robust coupling and synchronization between cells.® Moreover,
the coefficient of variation (CV) of the inter-beat interval was
slightly higher, on average, on day 30 than on day 14. The nar-
rower distribution on day 30 indicated that there were fewer
spheroids with irregular beating patterns observed across the
population (Figure 4H). As CMs mature, they develop faster cal-
cium decay kinetics, a key hallmark of functional maturation and
efficient excitation-contraction coupling.”> Despite a higher
average number of calcium peaks per minute, we did not
observe statistically significant differences in the calcium decay
kinetics on day 30 compared with day 14 (Figure 4l). These data
are consistent with the known lack of functional maturity of
hiPSC-derived CMs, indicating the need for assessing calcium
dynamics beyond beat frequency. Although we initially focused
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on parameters that prioritize experimental throughput to support
the idea that saRNA can scale to screening applications, we
found that sensor brightness on day 30 is sufficient to capture
calcium transients at a 50 Hz frame rate, enabling faster kinetic
measurements, including rise time (Figure S11F). Moreover,
saRNA-GECIs optimized for fast transient calcium imaging can
be used if higher temporal resolution or speed is preferred over
the longer-lasting spectral properties of jRCaMP1b. Together,
these data demonstrate that saRNA-encoded fluorescent re-
porters can be used to track dynamic signals over long observa-
tional periods with a single non-integrating transfection, greatly
expanding the toolkit for non-invasive imaging of biological
processes for multiple applications that require extended culture
time.

DISCUSSION

We systematically tested saRNA delivery to hiPSCs and primary
cells as a flexible tool for durable expression of transgenes in
multiple applications. saRNAs generate high protein levels in
hiPSCs without compromising their viability, pluripotency, or
ability to differentiate. We also show that a single transfection
of the saRNA encoding Ngn2 to hiPSCs leads to high efficiency
of differentiation into neurons. Moreover, we demonstrate that
saRNAs can deliver GEVIs or GECIs to electrically active cell
types such as neurons and CMs. Finally, we show that saRNA
delivery of jRCaMP1b to hiPSCs allows long-term monitoring
of calcium dynamics to assess functional state and response
to drug perturbations in cardiac spheroids. Thus, saRNA offers
a rapid, efficient method to forward program hiPSCs into neu-
rons and to generate footprint-free fluorescent reporter lines.
Together, our data support that saRNA can be broadly used as
a highly scalable tool for functional manipulation and observation
of hiPSCs and hiPSC-derived cells.

Current methods to introduce genetic payloads to hiPSCs are
subject to a major tradeoff between the duration of expression
and risk from genomic integration. Non-integrating tools
including Sendai virus, episomal vectors, synthetic mRNA,
pDNAs, protein transduction, and AAVs pose little risk for unin-
tended genomic integration. However, transient expression
from these tools is often insufficient for observing the differenti-
ation processes or longer-term monitoring of disease states.**
Integrating tools like lentiviruses, retroviruses, CRISPR-Cas9,
and transposons are often used to generate stable cell lines,
but these methods pose a higher risk of insertional mutagenesis,
off-target effects, and genetic drift.°*>°> Leveraging saRNA to
facilitate long-term transgene expression obviates the need for
the cumbersome and slow pipelines of cellular engineering,
enabling more rapid exploration of biological phenomena. The
ease with which saRNA tools achieve high-efficiency and long-
term transgene delivery serves to democratize stem cell engi-
neering and enables more labs to incorporate biosensors in their
measurements of hiPSCs and hiPSC-derived cell types. This will
accelerate the rate at which candidate factors and biosensors
can be tested across tissue systems, driving the development
of next-generation therapies and advancing new discoveries.*®
We evaluated multiple reporters to highlight the flexibility of the
platform. Given the common use of reporters that use the green
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channel, we designed saRNA-based reporters that were
compatible for multiplex imaging experiments. While the relative
dimness and slower kinetics of the red channel jRCaMP1b re-
porter may limit observation of rapid calcium transients, our sys-
tem’s flexibility could accommodate GCaMP depending on
experimental goals.*®

We demonstrate the applicability of saRNA to forward pro-
gram hiPSCs into iNs. Ngn2-driven differentiation of hiPSCs
yields neurons that can be used for drug screening and cell
therapy. Previous work established that forward programming
to neurons requires durable expression of Ngn2.>° As such,
Ngn2-hiPSC lines typically use the Tet-ON 3G system, with a
doxycycline-inducible Ngn2 transgene integrated into the
genome, along with a constitutively expressed transactiva-
tor.”*! Depending on the syntax of the Tet-ON elements, a sin-
gle, site-specific integrated copy of Tet-inducible Ngn2 can
efficiently differentiate hiPSCs into iNs.®> However, harnessing
the power of diverse hiPSC lines requires scalable methods
of engineering neurons, underscoring the value of fast, robust
tools. Importantly, as a non-integrating vector with FDA
approval for administration to patients,”” saRNA may offer
improved scalability and safety for translating hiPSC-derived
neurons as cell therapies. Existing modRNA-based protocols
achieve ~70% TUJ1" cells after 10 days of daily transfec-
tions,*® compared with >90% TUJ1* cells after 6 days with a
single transfection, indicating further improvement. The simple,
rapid production of hiPSC-derived iNs at clinically relevant pu-
rities via Ngn2 saRNA allows scaling the potential of disease
modeling and drug screening with hiPSC-derived cells.
Combining saRNA Ngn2-driven forward programming with
specific small molecules and growth factors may further
advance disease modeling by enabling the scalable generation
of neuronal subtypes.®®®"

3D spheroids and organoids have emerged as powerful
models for studying human development, diseases, and drug re-
sponses, offering a more physiologically relevant alternative to
traditional 2D cultures. Their 3D architecture and multicellular
complexity replicate key features of native tissues, but these
same properties create challenges for gene delivery. This limita-
tion is especially true for non-integrating, transient transfection
methods, like lipid-based reagents or electroporation, which
fail to deliver payloads within dense, differentiated structures.
Thus, introducing genetic tools, such as fluorescent biosensors,
earlier in the workflow by manipulating hiPSCs in 2D adherent
culture could help overcome this limitation. We demonstrate
that saRNA-based delivery achieves sparse sensor labeling
with robust and enduring signal in 3D cardiac spheroids with a
single transfection prior to differentiation. Because saRNA deliv-
ery is highly scalable, its implementation to deliver reporters
across many cell lines offers a key advantage for the identifica-
tion of genotype-specific effects of drug compounds, thereby
improving genotype-based stratification of candidates for clin-
ical trials. Moreover, the durable expression of fluorescent re-
porters avoids repeated dosing, while enabling dynamic mea-
surements for long-term safety studies, a feature lacking in
traditional drug screening modalities.°> Though we initially
selected cardiac spheroids as a testbed system to demonstrate
the utility of saRNA to construct footprint-free optical reporter
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lines, we expect this approach to be applicable across multiple
tissue types, further augmenting the potential of saRNA as anim-
pactful addition to a researcher’s toolbox.”’

Beyond our demonstrations in forward programming and
measuring functional reporters, there remain opportunities to
tailor the design of saRNAs for their broadest application. High
expression of transgenes supported our testbed applications
of Ngn2-based differentiation to neurons and calcium tracing
in cardiac spheroids. However, some applications may require
precise or controllable levels of proteins. For example, transient
expression of the pioneer transcription factor ETV2 in hiPSCs
produces more mature endothelial cells compared with sus-
tained overexpression.®® Moreover, overexpression of some ge-
netic sensors may induce proteotoxic stress, metabolic burden,
or other off-target physiological effects.®* Synthetic biology ap-
proaches to control saRNA transgene expression can support
tuning of expression. For example, SGP tuning®® can offer pre-
translational control of transgene expression, and fusing trimeth-
oprim (TMP)-responsive degradation domains to the alphaviral
non-structural proteins or the transgene product offers post-
translational control.°® Combining the evolving control mecha-
nisms could further tune output of transgene expression by
calibrating initial expression levels and offering inducible degra-
dation of the replication machinery and/or gene product. In the-
ory, multiple transcription factors or combinations of transcrip-
tion factors and reporters could be encoded on a single
saRNA. However, the design rules for larger polycistronic
cassettes are not yet defined. Both the exact sequence of the
transgenes, their connecting sequences (e.g., IRESs and self-
cleaving peptides), and the length of the saRNA may affect trans-
fection and expression. However, the modularity of saRNA-en-
coded payloads should enable rapid and iterative design testing
across combinations of genetic components to optimize perfor-
mance. While our goal is durable protein expression, we also
recognize that direct quantification of RNA levels or kinetics is
a next step for understanding the dynamics of these systems.

Innate immune signaling remains an important consideration
for saRNA-based delivery platforms. This may be particularly
relevant for differentiation protocols that are sensitive to
inflammatory signaling or in applications directly focusing on
the immune or inflammatory pathways, where saRNA-induced
transcriptional responses could confound downstream mea-
surements or cellular phenotypes. Previous works suggest that
saRNA-induced inflammatory responses can be mitigated using
immune-evasive strategies, including synthesizing saRNA with
modified nucleotides,? engineering replicons that co-express
the E3L dsRNA-binding protein from vaccinia virus,®”"°® and
passaging replicons under exogenous interferon stress to evolve
saRNAs with attenuated immunogenicity.® Thus, these optimi-
zations are expected to further extend the applicability of saRNA
as a biological tool.

Collectively, our study shows that using saRNA is a fast,
simple, robust, and non-integrating method for transgene deliv-
ery, offering a more scalable solution for engineering hiPSCs.
With broader adoption of saRNA-based tools in this context,
we anticipate accelerated innovations and discoveries across
developmental biology, disease research, and drug screening
applications.
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Limitations of the study

While we demonstrate saRNA-mediated transgene delivery in
two hiPSC lines, it is possible that cell lines of different genetic
backgrounds would respond differently to saRNA transfection
or the resulting high expression of transcription factors or re-
porters. Additionally, because we were interested in durable
expression of protein factors and reporters, we did not directly
measure the saRNA replication dynamics within the cells. These
data cannot distinguish ongoing saRNA replication from slow
decay of a stable transcript or selective expansion of highly ex-
pressing cells, and future studies are needed to determine the
relationship between saRNA replicon persistence and protein
stability. Lastly, while we observed measurable changes during
the 30-day maturation window reported in cardiac spheroids,
the data presented here likely reflect a relatively early stage of
maturation, and much longer longitudinal experiments would
be needed to better relate the changes in calcium signaling to
CM maturation in this system.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-TUBB3 (TUJ1) Biolegend Cat# 801202; RRID: AB_10063408

rabbit anti-MAP2

goat anti-mouse Alexa Fluor 555
donkey anti-rabbit Alexa Fluor 647
anti-human SSEA-4 APC-Vio® 770, REAfinity™
mouse anti-cTnT

rabbit anti-Nkx2.5

goat anti-mouse 594

chicken anti-rabbit 647

goat anti-OCT-3/4

rabbit anti-cleaved caspase-3
Rabbit anti-cTnT

Cell Signaling Technology
Invitrogen

Jackson ImmunoResearch Labs

Miltenyi Biotec

Abcam

Cell Signaling Technology
Invitrogen

Invitrogen

Santa Cruz

Abcam

ABclonal

Cat# #4542; RRID: AB_10693782
Cat# A-21422; RRID: AB_2535844

Cat# 711-605-152; RRID: AB_2492288
Cat# 130-125-975; RRID: AB_2876945

Cat# ab8295; RRID: AB_306445
Cat# 8792; RRID: AB_2797667
Cat# A11005; RRID: AB_2534073
Cat# A21443; RRID: AB_2535861
Cat# sc-8628; RRID: AB_653551
Cat# ab32042; RRID: AB_725947
Cat# A4914; RRID: AB_2863388

Bacterial and virus strains

NEB® Stable Competent E. coli

New England Biolabs

Cat# C3040I

Chemicals, peptides, and recombinant proteins

Ascl

Mlul-HF®

Sph-HF®

Xbal

PrimeSTAR® HS DNA Polymerase
Agarose Dissolving Buffer
Pyrophosphatase, Inorganic (E. coli)
DNase |

CleanCap® Reagent AU
CleanCap® Reagent AG
Puromycin

Puromycin, 10mg/mL in
distilled water, sterile-filtered

Zeocin™
StemFlex™ Medium

Lipofectamine™ Stem
Transfection Reagent

Lipofectamine™ MessengerMAX™
Transfection Reagent

RevitaCell™ Supplement

Gentle Cell Dissociation Reagent™
DAPI

Recombinant Human BDNF Protein
Human NT-3 Recombinant Protein
Trypan Blue Stain 0.4%

CellAdhere Laminin-521

Opti-MEM™ | Reduced Serum Medium
Penicillin-Streptomycin (10,000 U/mL)

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Takara Bio

Zymo Research

New England Biolabs
New England Biolabs
TriLink Biotechnologies
TriLink Biotechnologies
Invivogen

Thermo Scientific

Invivogen
ThermoFisher
ThermoFisher

ThermoFisher

ThermoFisher
STEMCELL Technologies
Tocris

R&D Systems
PeproTech®

Invitrogen

STEMCELL Technologies
Thermo Scientific
Thermo Scientific
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Cat# R0558S
Cat# R3198S
Cat# R3182S
Cat# R0145S
Cat# RO40A
Cat# D4001-1-100
Cat# M0361S
Cat# M0303S
Cat# N-7114-5
Cat# N-7113-5
Cat# ant-pr-1
Cat# J67236.XF

Cat# ant-zn-05
Cat# A3349401
Cat# STEM00015

Cat# LMRNAOO8

Cat# A2644501
Cat# 100-1077
Cat# 5748

Cat# 248-BDB-050
Cat# 450-03-10UG
Cat# 710282

Cat# 200-0117
Cat# 31985070
Cat# 15-140-122
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

MEM Non Essential Amino Acids
Solution (100x)

GlutaMAX Supplement
DMEM/F-12, no glutamine

B-27 Supplement (50x), serum free
N-2 Supplement (100x)

Paraformaldehyde, 16% w/v ag. soln.,
methanol free

Bovine Serum Albumin (BSA)

Bovine Serum Albumin Solution

Bovine Serum Albumin lyophilized powder
Hoechst 33342

RPMI 1640 Medium

DMEM/F12

StemScale™ PSC Suspension Medium
Matrigel® Matrix hESC-qualified
StemPro™ Accutase®

TrypLE Express™

Y-27632 (Dihydrochloride)

InSolution™ Y-27632, Sterile-Filtered,
Cell Culture Tested

Laduviglusib (CHIR-99021) HCI
IWP 2

CloneR™ 2

mTeSR Plus medium

RPMI 1640 [-] glucose

L-ascorbic acid 2-phosphate
Human Albumin

sodium L-lactate

Triton X-100

B-27™ Supplement, minus insulin
ReLeSR™

JumpStartTM Taq DNA Polymerase
(+) -Propranolol hydrochloride

(—) -Isoproterenol hydrochloride
Papain

Ovomucoid trypsin inhibitor

Minimum Essential Medium
(MEM, no glutamine, no phenol red)

D-glucose

Holo-Transferrin bovine

HEPES

glutaGRO

insulin

Heat-inactivated fetal bovine serum
AraC

Pluronic™ F-127

RPMI 1640 Medium, no phenol red

Thermo Scientific

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

Sigma Aldrich
Millipore Sigma
Sigma Aldrich
Thermo Scientific
Gibco

Gibco

Gibco

Corning

Gibco

Gibco
STEMCELL Technologies
Millipore Sigma

Selleck Chemicals

Fisher Scientific
STEMCELL Technologies
STEMCELL Technologies
Thermo Scientific
Sigma-Aldrich

Sigma Aldrich

Sigma Aldrich

Millipore Sigma

Thermo Fisher Scientific
STEMCELL Technologies
Sigma-Aldrich

Millipore Sigma

Millipore Sigma
Worthington Biochem
Worthington Biochem
Gibco

Sigma
Sigma
Sigma
Corning
Sigma
Corning
Sigma
Invitrogen
Gibco

Cat# 11-140-050

Cat# 35-050-061
Cat# 21-331-020
Cat# 17-504-044
Cat# 17-502-048
Cat# 043368-9 M

Cat# A2058-25G
Cat# A1595
Cat# A2153-50G
Cat# 62249
Cat# 11875093
Cat# 11320033
Cat# A4965001
Cat# 354277
Cat# 11105-01
Cat# 12604-013
Cat# 72304
Cat# 509228

Cat# S2924

Cat# 35-331-0
Cat# 100-0691
Cat# 100-0276
Cat# 11879020
Cat# TAQH9876E755
Cat# A9731

71718

Cat# 1.08603.1000
Cat# A1895601
Cat# 100-0483
Cat# D9307-50UN
Cat# P0884

Cat# 16504

Cat# 9001-73-4
Cat# 9035-81-1
Cat# 51200038

Cat# G7021
Cat# T0665
Cat# H0887
Cat# 25-015-Cl
Cat# 19278

Cat# 35-011-CV
Cat# C6645
Cat# P6866
Cat# 11835030
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Critical commercial assays

LIVE/DEAD™ Fixable Orange (602) Viability Kit
NEBuilder® HiFi DNA Assembly Cloning Kit
HiScribe® T7 High Yield RNA Synthesis Kit

Thermo Scientific
New England Biolabs
N/A

Cat# L34984
Cat# E5520S
Cat# E2040S

Monarch Total RNA Miniprep Kit New England Biolabs Cat# T2010
Protoscript First Strand cDNA synthesis Kit New England Biolabs Cat# E6300
Monarch® Spin RNA Cleanup Kit (50 pg) New England Biolabs Cat# T2040S
Monarch® Spin PCR & DNA Cleanup Kit (5 pg) New England Biolabs Cat# T1130L
Monarch® Spin Plasmid Miniprep Kit New England Biolabs Cat# T1110L
LookOut® Mycoplasma PCR Detection Kit Millipore Sigma Cat# MP0035-1KT
STEMdIff™ Cardiomyocyte Dissociation Kit STEMCELL Technologies Cat# 05025
Zymo 1x DNA/RNA Shield Zymo Cat# R110S
Fluo-4 AM, cell permeant Invitrogen Cat# F14201
CellROX™ Orange Reagent Invitrogen Cat# C10443
MitoView™ 633 Biotium Cat# 70055
Calcein Blue, AM ThermoFisher Cat# C1429
Deposited data

RNA Seq. of saRNA treated, modRNA treated, Gene Expression Omnibus (GEO) GSE334590
and control iPS11 at 24 and 48 h

post transfection

Experimental models: Cell lines

Human: Human iPSC Line (Episomal, HFF) Alstem Cat# iPS11
Human: Human iPSC Line UPenn Dr. Daniel Rader PENNO014i-37-3
Swiss Webster Mouse (hippocampus cell culture) Taconic Biosciences SW-F/SW-M

Oligonucleotides

polyA-encoded. Sequence: GGA TGTTTTTAA

TATTTCAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAGAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAACGCGTCGAGGGGAATTAATTCTTGAAG

DP-369. Sequence: ggtgcctgagaattggcaag

DP-370. Sequence: tttttttttgaaatattaa
aaacaaaatcc

qPCR primers, see Table S1

Integrated DNA Technologies

Genewiz from Azenta
Life Sciences
Genewiz from Azenta
Life Sciences
Genewiz from Azenta
Life Sciences

4 nmole Ultramer™ DNA Oligo

N/A
N/A

N/A

Recombinant DNA

pIVT-FIp-2A-BleoR
pAAV.Syn.NES-jRCaMP1b.WPRE.SV40
pAAV-hsyn-ASAP5-WPRE
HyPer7.2DAAO-mito

pcDNAS.1-GINKO1

pMXs-NIL

T7-VEE-GFP
pKGO03372-VEE-eGFP-IRES-PuroR-polyA
pKG04056-VEE-eGFP-IRES-BleoR-polyA
pKG03865-VEE-jRCaMP1b-IRES-PuroR-polyA
pKG03866-VEE-ASAP5-IRES-PuroR-polyA
pKGO04057-VEE-HyPer7-IRES-PuroR-polyA

Blanch-Asensio et al.*”
Dana et al.*®

Hao et al.®”

Saeedi Saravi et al.”®

Shen et al.”’
Wang et al.”?
Yoshioka et al.'®
This Study

This Study

This Study

This Study

This Study
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Addgene Plasmid #232752
Addgene Plasmid #100851
Addgene Plasmid # 225709
Addgene Plasmid #168304
Addgene Plasmid #113112
Addgene Plasmid # 233192
Addgene Plasmid #58977
Addgene Plasmid #246033
Addgene Plasmid # 246034
Addgene Plasmid # 246035
Addgene Plasmid # 246036
Addgene Plasmid # 246037

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pKG03863-VEE-Ngn2-P2A-eGFP-IRES-PuroR-polyA This Study Addgene Plasmid # 246038
pKG04063-pSHIP-CAG.d-eGFP-IRES-PuroR-bGH This Study Addgene Plasmid # 246040
pKG03869-plVT-eGFP-IRES-PuroR-polyA This Study Addgene Plasmid # 246041
pKG04347-VEE-GINKO1-IRES-PuroR-polyA This Study Addgene Plasmid # 246057
Software and algorithms

Fiji/lmageJ2 N/A 2.9.0/1.53t
MATLAB_R2023A Mathworks N/A

GraphPad Prism 8 GraphPad v. 8.2.0

SnapGene® SnapGene N/A

Adobe lllustrator CC N/A https://www.adobe.com
FlowdJo software FlowdJo https://www.flowjo.com
CellProfiler 4.2.8 Stirling et al.”® Cellprofiler.org

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All procedures involving animals at the Massachusetts Institute of Technology were conducted in accordance with the United States
National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Massachusetts Institute of Tech-
nology Committee on Animal Care and Biosafety Committee.

iPS11 cells (Alstem, iPS11) were maintained on 24-well plates coated with 15 pL CellAdhere Laminin-521 (STEMCELL Technolo-
gies, 200-011), media changed daily with 500 pL Gibco Stemflex (ThermoFisher Scientific, A3349401) containing 100 U/mL
Penicillin-Streptomycin (ThermoFIsher Scientific, 15140122) and incubated in a humidified incubator at 37°C with 5% CO,. Cells
were passaged at a split ratio of 1:10 twice a week when ~80% confluent using 300 uL Gentle Cell Dissociation Reagent
(STEMCELL Technologies, 100-1077) according to the manufacturer’s instructions and replated with 1:200 RevitaCell Supplement
(ThermoFisher Scientific, A2644501). iPS11 are used in Figures 1B-1F and 2B-2G.

37-1189 cells (generously provided by University of Pennsylvania under MTA agreement, PENN0141-37-3) were maintained on
6-well plates coated with hESC qualified Matrigel (Corning, 354277) diluted in 500 mL DMEM/F12 media (Gibco, 11320033), media
changed every other day with 2 mL Gibco Stemflex (ThermoFisher Scientific, A3349401) and incubated in a humidified incubator at
37°C with 5% CO,. Cells were passaged at a split ratio between 1:3 and 1:6 when <60% confluent using 1 mL ReLeSR™ (STEMCELL
Technologies, 100-0483) according to manufacturer’s instructions. 37-1189 cells are used in Figures 1G and 1H and 4B-4l.

hiPSC-derived CMs were obtained by differentiation of 37-1189 hiPSCs.”*"° hiPSCs were maintained on Matrigel-coated plates
(Corning, 354277) in mTeSR Plus medium (STEMCELL Technologies, 100-0276), with medium changes every two days. Cells were
passaged using ReLeSR (STEMCELL Technologies, 100-0483) according to manufacturer instructions. For differentiation, cells were
seeded onto Matrigel (Corning, 354277) in a 12-well plate at a concentration of 100,000 cells per well, allowed to grow for 3 days, and
then treated with 12 pM CHIR-99021 (Selleck Chemicals, S2924) for 24 h in RPMI 1640 (ThermoFisher Scientific, 11875093) with B27
supplement, minus insulin (ThermoFisher Scientific, A1895601). Exactly 48 h after removal of CHIR-99021, the cells were treated with
5 uM of the Wnt inhibitor IWP-2 (Fisher Scientific, 35-331-0) and incubated for another 48 h. RPMI/B27 minusinsulin media was
changed every other day for 7 days after the addition of CHIR-99021, following 7 days of culture in RPMI/B27 minus insulin, the media
was changed to RPMI with B27 supplement, serum-free (ThermoFisher Scientific, 17504044). To select for cardiomyocytes, cells
were cultured for 3 days in RPMI 1640 without glucose (ThermoFisher Scientific, 11879020) supplemented with 213 pg/mL
L-ascorbic acid 2-phosphate (Sigma-Aldrich, TAQH9876E755), 500 ug/mL human albumin (Sigma Aldrich, A9731), and 5 mM sodium
L-lactate (Sigma Aldrich, 71718). Cardiomyocytes were replated using the STEMdiff Cardiomyocyte Dissociation Kit (StemCell Tech-
nologies 05025) and plated onto a Matrigel-coated plate for imaging at day 14. hiPSC CMs were used in Figures 3B and 3D.

Primary mouse hippocampal explant cultures were prepared from postnatal day 0 or 1 Swiss Webster mice (Taconic) (both male
and female mice were used) as previously described (Klapoetke et al., 20147°). Briefly, dissected hippocampal tissue was digested
with 100 units of papain (Worthington Biochem) for 6-8 min, and the digestion was stopped with ovomucoid trypsin inhibitor (Wor-
thington Biochem). Cells were seeded in 100 pL neuron culture medium containing Minimum Essential Medium (MEM, no glutamine,
no phenol red; Gibco), D-glucose (25 mM, Sigma), holo-Transferrin bovine (100 pg/mL, Sigma), HEPES (10 mM, Sigma), glutaGRO
(2 mM, Corning), insulin (25 pg/mL, Sigma), B27 supplement (1x, Gibco), and heat-inactivated fetal bovine serum (10% in volume,
Corning), with final pH adjusted to 7.3-7.4 using NaOH. After cell adhesion, additional plating medium was added. AraC (2 pM, Sigma)
medium was added at 1 day in vitro (DIV 1), when glial density was 50%-70% of confluence. Neurons were grown at 37°C and 5%
CO2 in a humidified atmosphere in a neuron incubator, with 2 mL total medium volume in each well of the 24-well plate. Primary
mouse hippocampal explant cultures are used in Figures 3C and 3E.
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METHOD DETAILS

Molecular cloning

All self-amplifying RNA IVT templates were derived from T7-VEE-GFP (Addgene Plasmid #58977). To streamline saRNA production,
T7-VEE-eGFP-IRES-PuroR-polyA (Addgene Plasmid #246033), which encodes a polyA track downstream of the 3’ conserved
sequence element was constructed. This enables T7 RNA polymerase to append a polyA tail on transcribed saRNAs within the
IVT reaction, eliminating the need to carry out an additional polyadenylation reaction required for saRNAs derived from the original
vector. To achieve this, a 4 nmol DNA ultramer oligo (Integrated DNA Technologies), polyA-encoded, which contained a segmented
polyA (poly(A)z « eo_c) Previously reported to attenuate in vivo truncation in E. coli’” flanked with Gibson overhangs was ordered.
T7-VEE GFP was digested with Sph-HF and MIul-HF, which correspond to the unique restriction sites closest to the desired place-
ment of a polyA track. As the digestion of T7-VEE GFP with Sph-HF excised the C-terminus of PuroR and the 3’ conserved sequence
element, the corresponding sequence from T7-VEE GFP was PCR amplified with primers DP-369 and DP-370. These and all
subsequent digested vectors and PCR-generated DNA fragments were isolated via gel electrophoresis, extracted with Agarose Dis-
solving Buffer (Zymo Research, D4001-1-100), and purified with the Monarch PCR and DNA Cleanup Kit (NEB). 40 ng of digested
backbone, 40 ng PCR product, and 4 ng of polyA-encoded oligo were assembled using HiFi reaction mixture (NEB). The reaction
was transformed to NEB Stable bacteria and incubated overnight on LB + Ampicillin Agar plates. Individual colonies were cultured
in 5 mL liquid LB + Ampicillin, with overnight cultures miniprepped using the Monarch miniprep kit. All incubation steps were con-
ducted at 30°C to minimize truncation of the polyA track.

All saRNA IVT templates were assembled via HiFi assembly following an analogous procedure. The eGFP-IRES-PuroR cassette
from T7-VEE-eGFP-IRES-PuroR-polyA was excised by digestion with Ascl and Xbal. The digested backbone was treated with
shrimp alkaline phosphatase to attenuate background colonies. Genes of interest were PCR amplified with 20-30 bp long
Gibson-compatible overhangs with PrimeSTAR HS DNA Polymerase (Takara). BleoR was cloned from pIVT-FIp-2A-BleoR (Addgene
Plasmid #232752), jRCaMP1b was cloned from pAAV.Syn.NES-jRCaMP1b.WPRE.SV40 (Addgene Plasmid #100851), ASAP5 was
cloned from pAAV-hsyn-ASAP5-WPRE (Addgene Plasmid # 225709), HyPer7 was cloned from HyPer7.2DAAO-mito (Addgene
Plasmid #168304), GINKO1 was cloned from pcDNA3.1-GINKO1 (Addgene Plasmid #113112) and Ngn2-P2A was cloned from
pMXs-NIL (Addgene Plasmid # 233192).

The template for eGFP-IRES-PuroR modRNA, plVT-eGFP-IRES-PuroR-polyA (Addgene Plasmid #246041) and eGFP-IRES-PuroR
plasmid DNA expression vector, pSHIP-CAG.d-eGFP-IRES-PuroR-bGH (Addgene Plasmid #246040) were both constructed via
Bsal Golden Gate following the Galloway Lab’s version of MoClo, as previously reported.”® Briefly, the eGFP-IRES-PuroR cassette
was PCR amplified with compatible pPV2 Bsal overhangs. For plVT-eGFP-IRES-PuroR-polyA, the PCR fragment was assembled
into a modRNA IVT backbone plasmid containing beta globin 5 and 3' UTRs and a T7 promoter compatible with the CleanCap
AG reagent. For pSHIP-CAG.d-eGFP-IRES-PuroR-bGH, the PCR fragment was assembled into a transcriptional unit containing a
domesticated CAG promoter (CAG.d) and the bovine growth hormone (bGH) polyadenylation signal. Golden gate reactions were
transformed as described above, substituting Ampicillin with Kanamycin.

All plasmids were sequence verified with Plasmidsaurus Whole Plasmid Sequencing and will be made available on Addgene.

In vitro transcription

Plasmids encoding the desired saRNAs were linearized for IVT with Mlul-HF (New England Biolabs, R3198S) and purified using the
Monarch PCR and DNA Cleanup Kit (New England Biolabs, T1030). 500 ng of purified linearized product served as template in a 20 pL
IVT reaction using the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs, E2040), co-transcriptionally capping
with CleanCap Reagent AU (TriLink Biotechnologies, N-7114-1) for saBRNA or CleanCap Reagent AG (TriLink Biotechnologies,
N-7113-5) for modRNA. 1 pL of Pyrophosphatase, Inorganic (E. coli) (New England Biolabs, M0361S) was added to each IVT to
enhance yield. IVT reactions were incubated at 37°C for 6 h, at which point reactions were diluted to 50 pL, treated with 2 pL DNase
| (New England Biolabs, M0303), and incubated at 37°C for 30 min to degrade the IVT template DNA. Synthesized saRNA was column
purified and eluted with 60 pL water using the 50 pg Monarch RNA Cleanup Kit (New England Biolabs, T2040). A small sample was
nanodropped and run on a native denaturing gel to determine saRNA concentration and verify full-length product. The saRNA was
dispensed in aliquots and stored at —80°C.

Transfection of hiPSCs with saRNA

Transfection experiments were conducted as described elsewhere.* Briefly, hiPSCs were plated the day prior at 100,000 cells per
24-well to achieve ~30% confluency on the day of transfection. 500 ng of saRNA was diluted in Opti-MEM (ThermoFisher Scientific,
31985070) to a volume of 25 pL. In parallel, either 1 pL of Lipofectamine Stem Transfection Reagent (ThermoFisher Scientific,
STEMO00015; for Figure 1 comparisons of plasmid DNA, modRNA, and saRNA) or 1 pL of Lipofectamine MessengerMAX Transfection
Reagent (ThermoFisher Scientific, LMRNAQOS; for all other experiments involving exclusively modRNA and/or saRNA) was added to
24 plL Opti-MEM. For the Stem Transfection Reagent, the diluted saRNA was added immediately to the Lipofectamine mixture, mixed
well, and incubated for 10 min. For the MessengerMax Transfection Reagent, the Lipofectamine mixture was preincubated for 15 min
before adding the diluted saRNA, and the saRNA/Lipofectamine mixture was incubated for an additional 5 min. During the incubation
periods, cells were optionally washed once with PBS, and media was replaced with 500 pL of Opti-MEM. After the final incubation
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step, the saRNA/LNP complexes were added dropwise to the well, and the plate was gently rocked and returned to the incubator.
After 4 h, 500 pL of StemFlex media was added to each transfected well. A complete media change was performed on transfected
wells the following day.

QUANTIFICATION OF TRANSFECTION EFFICIENCY, CELL VIABILITY, AND PLURIPOTENCY MARKERS

iPS11 cells were transfected as above with 500 ng of either pDNA, modRNA, saRNA using Lipofectamine Stem Transfection
Reagent. Two days post-transfection, cells were either fixed and stained for OCT4 or dissociated with TrypLE Express™ for flow
cytometry assessment of viability and SSEA-4 staining.

For OCT4 staining, cells were PBS washed three times and fixed for 1 h at 4°C with Paraformaldehyde, 16% w/v ag. soln., methanol
free (ThermoFisher Scientific, 043368-9 M) diluted to 4% in PBS. Cells were washed three times with PBS following fixation and
blocking was performed in 2% BSA (Sigma-Aldrich, A2153-50G) with 0.1% Triton X-100 (Millipore Sigma, 1.08603.1000) for 1 h
at room temperature. Primary antibody (goat anti-OCT-3/4, Santa Cruz sc-8628) was diluted 1:2500 in blocking buffer and 500 pL
was added to each well overnight at 4°C. Primary antibody was removed, and cells were washed three times with PBS. Secondary
antibody (chicken anti-goat Alexa 647, Invitrogen A-21469) was diluted 1:1000 in blocking buffer and incubated overnight at 4°C.
Cells were then washed three times with PBS and incubated with 300 uL per well of Hoechst 33342 (Thermo Scientific, 62249) diluted
1:5000 in PBS for 5-10 min at room temperature. Cells were washed once with PBS then stored at 4°C protected from light and evap-
oration until ready to image. OCT4 nuclear intensity was quantified using Fiji. Briefly, single slice confocal images were taken at the
center of the sample using a20x 0.7 NA objective (Nikon MRH48250). Once loaded into Fiji, individual color channels were split, and a
threshold was imposed on the Hoechst channel using an Otsu range of 130-65535. These settings were used to convert the Hoechst
channel to a Binary mask which was then adjusted with the fill holes’ command and individual nuclei separated from each other with
the ‘watershed’ command (both of which can be found in the Process > Binary dropdown menu). After visual inspection to assess
accuracy of the mask, ‘Analyze Particles’ was run with size range set to 25-500 pixels (to remove small debris or ineffectively
segmented nuclei from analysis) and 0-1 circularity. This mask was then applied to the OCT4 channel and the average measurement
for each segmented nucleus was calculated to report across groups. Additional representative images were captured using an epi-
fluorescence microscope (EVOS M5000 Imaging system); with 4x/10x phase ring, DAPI, Cy5, and 10x Objective, fluorite, LWD,
phase-contrast, 0.30NA/7.13WD (Thermo Fisher, AMEP498).

For flow cytometry assessment, cell suspension was spun down at 300 g for 4 min and resuspended in 1TmL PBS for staining with
1 uL LIVE/DEAD™ Fixable Orange (602) Viability Kit for 30 min at room temperature. The cells were pelleted, washed once with PBS,
and then resuspended in 98 L of PBS with 5% BSA (Millipore Sigma, A1595). The samples were then stained with 2 pL of Anti-human
SSEA-4 APC-Vio 770, REAfinity (Miltenyi Biotec) and incubated in the dark for 15 min at 4°C. Cell suspensions were then diluted in
1 mL of cold PBS and pelleted for 10 min at 400 g and 4°C, resuspended in PBS, filtered and analyzed by flow cytometry.

Flow cytometry

Flow cytometry experiments were conducted on an Attune NxT Acoustic Focusing Cytometer using a 488 nm laser, 510/10 filter, and
a voltage gain of 240 for eGFP fluorescence, a nm laser, 620/15 filter and a voltage gain of 400 for mOrange live/dead fluorescence,
and a nm laser, 780/60 filter and a voltage gain of 400 for SSEA-4-APC-Vio7 fluorescence. FSC-A and SSC-A were used to gate cells,
with FSC-H and FSC-A used to gate singlets. eGFP*, mOrange live/dead ~, and SSEA-4-APC-Vio7" gates were set using an untrans-
fected and unstained negative control sample. Gating and analysis were conducted using FlowJo. The gating strategy and represen-
tative histogram plots are presented in Figure S1. Raw.fcs are available on GitHub.

RNA sequencing and analysis

iPS11 cells were cultured in StemFlex (ThermoFisher, A3349401) media on Matrigel coated 6-well plates. Prior to transfection cells
were dissociated using TrypLE express (Gibco, 12604-013) and seeded into a Matrigel (Corning, 354277) coated 24 well plate and
allowed to adhere overnight. On day O, cells were transfected with 250 ng of saRNA, modRNA, or no nucleic acid complexed with
0.5 pL Lipofectamine MessengerMax (ThermoFisher, LMRNAO0O8) and Opti-MEM to a total volume of 25 pL per well. Each well was
transfected in 250 pL of Opti-MEM per well for 4 h then 250 pL of StemFlex media was added to media contents and incubated over-
night. On day 1 post transfection, wells were either media changed to be kept until day 2 or collected for sequencing. Briefly, wells
were washed twice with PBS and incubated with 100 pL TrypLE express for 3-5 min at 37°C. Cells were gently pipetted up and down
to singularize then were transferred to Eppendorf tubes with 400 uL StemFlex to neutralize dissociation. Cells were counted then
centrifuged at 300 x g for 5 min and supernatant was removed. Cell pellets were then resuspended in, at minimum, 50 uL Zymo
1x DNA/RNA Shield (Zymo, R1100S) (use the appropriate volume to achieve ~200 K cells per 50 pL end volume), mixed immediately
and thoroughly, then vortexed for 5 s to shear chromosomal DNA. Samples were stored at room temperature until submitting to Plas-
midsaurus for RNA Sequencing. On day 2, all remaining wells were processed.

Quality of the fastq files was assessed using FastQC v0.12.1. Reads were then quality filtered using fastp v0.24.0 with poly-X tail
trimming, 3’ quality-based tail trimming, a minimum Phred quality score of 15, and a minimum length requirement of 50 bp. Quality-
filtered reads were aligned to the reference genome using STAR aligner v2.7.11 with non-canonical splice junction removal and
output of unmapped reads, followed by coordinate sorting using samtools v1.22.1. PCR and optical duplicates were removed using
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UMI-based deduplication with UMIcollapsev1.1.0. Alignment quality metrics, strand specificity, and read distribution across
genomic features were assessed using RSeQC v5.0.4 and Qualimap v2.3, with results aggregated into a comprehensive quality con-
trol report using MultiQC v1.32. Gene-level expression quantification was performed using featureCounts(subread package v2.1.1)
with strand-specific counting, multi-mapping read fractional assignment, exons and three prime UTR as the feature identifiers, and
grouped by gene_id. Final gene counts were annotated with gene biotype and other metadata extracted from the reference GTF file.

hiPSC suspension spheroid culture

hiPSCs (37-1189) were seeded onto Matrigel (Corning, 354277) in DMEM/F12 (Gibco, 11320033) coated 24-well plate transfected as
described above and maintained in 1 pg/mL puromycin (Thermo Scientific, J67236.XF) in StemFlex Media (ThermoFisher, A3349401)
for 5to 7 days depending on growth rate and required cell number. To seed into suspension, cells were washed twice with D-PBS and
incubated with Stempro™ Accutase™ (ThermoFisher Scientific, A1110501) for 3-5 min at 37°C. Dissociated cells were gently trit-
urated to singularize and added to a StemScale media volume that is 4 times that of Accutase to neutralize dissociation. Cell sus-
pension was then centrifuged at 200 g for 4 min to pellet cells. Supernatant was aspirated and cell pellet was resuspended in
StemScale™ PSC Suspension Medium (ThermoFisher Scientific, A4965001) media supplemented with Y-27632 (Millipore Sigma,
5092280001 or StemCell Technologies, 72304) to a final concentration of 10 pM. Live cells were counted using a Countess 3 (Invi-
trogen) cell counter with Trypan Blue Stain (Invitrogen, T10282) and added to a non-tissue culture treated 6 well plate at 300,000 cells
per well in StemScale media with 10 pM Y-27632. Plates were then incubated on an orbital shaker (Thermo MaxQ 2000 CO,, Plus)
rotating at 70 rpm. Half media changes with StemScale were performed the day after seeding and every other day following by tilting
the plate at a 45° angle, allowing the spheroids to settle, and gently aspirating and replacing half the media. Puromycin selection was
withdrawn for seeding and optionally added back the day following seeding using a complete media change also performed by tilting
the plate to a 45° angle and pipetting off and replacing the entire media volume.

Fixation, immunofluorescent staining, and purity quantification of induced neurons (iNs)

For induced neurons, immunostaining was carried out at 24-well scale at 6 dpt of Ngn2-P2A-eGFP. All wash/addition steps were
carried out via manual aspiration (i.e., slowly removing or adding media with a P200 pipette), rotating the quadrant the pipette tip
was submerged clockwise for each pipetting step to avoid over pipetting in one area of the well. Culture media was removed
from iNs and cells were washed three times with PBS. Cells were fixed with 4% paraformaldehyde for 1 h at 4°C. After 1 h, the fixative
was removed, and cells were washed three times with cold PBS. Cells were then blocked and permeabilized with 5% FBS and 0.5%
Tween 20 in PBS for 24 h at 4°C. Following permeabilization and blocking, primary antibodies, either mouse anti-TUJ1 (BioLegend
801202) or rabbit anti-MAP2 (Cell Signaling Technologies 4542) were added at a 1:500 dilution in blocking buffer (5% FBS, 0.1%
Tween 20 in PBS) and incubated overnight at 4°C. Cells were washed three times with 0.1% Tween 20 in PBS and blocked and per-
meabilized in 5% FBS and 0.5% Tween 20 in PBS for 1 h at 4°C. DAPI (1 x) (Tocris 5748) and secondary antibodies, either goat anti-
mouse Alexa Fluor 555 (Invitrogen, A-21422) or donkey anti-rabbit Alexa Fluor 647 (Jackson ImmunoResearch Laboratories, 711-
605-152) were added at a 1:500 dilution in blocking buffer and incubated at room temperature for 1 h. Cells were washed with
0.1% Tween 20 in PBS three times and cells were kept in PBS following the last wash. Images and visualization were carried out
with the Keyence All-in-one fluorescence microscope BZ-X800.

To quantify the purity of the induced neurons, five sections of a DAPI and TUJ1-stained well were randomly sampled and imaged.
DAPI stained nuclei were segmented with CellProfiler,” using the IdentifyPrimaryObjects module. This module set the object diam-
eter to a minimum of 8 pixels and a maximum of 50 pixels, implemented an adaptive Minimum Cross-Entropy thresholding method
with a smoothing scale and correction factor of 1.65 and 1, respectively, and used pixel intensity to distinguish clumped objects. The
pipeline is provided in a .zip folder on GitHub. After segmentation to obtain the total number of nuclei in the image section, the number
of TUJ1-negative nuclei (corresponding to residual stem cells) were manually counted and subtracted from the total nuclei count to
determine the number of TUJ1-positive nuclei (corresponding to the number of iNs). TUJ1-positive nuclei and total nuclei across all
five image sections were summed and purity was calculated using the ratio of TUJ1-positive nuclei to total nuclei. An example of the
segmentation strategy for one technical replicate is provided in Figure S5.

Quantitative PCR analysis of induced neurons (iNs)
Three separate differentiation experiments were conducted using iPS11. For each replicate, induced neurons obtained from three
24-wells transfected with Ngn2-2 A-eGFP saRNA and negative control cells obtained from one 24-well transfected with eGFP saRNA
were harvested six days post transfection, resuspended in 200 pL of RNA later buffer, and stored at —80°C. RNA from all three ex-
periments was isolated simultaneously using the Monarch Total RNA Miniprep Kit (New England Biolabs, T2010) with an additional
on-column Dnase | (New England Biolabs, M0570) treatment step. RNA samples were eluted with 50 pL of nuclease-free water. cDNA
was synthesized from 6 pL of eluted RNA using the ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs, E6300) using
oligo-dT primers. cDNA samples were stored at —20°C until gPCR.

gPCR was performed at the MIT BioMicro Center on a Roche LightCycler 480 with three technical replicates per condition. Reac-
tion mixes were assembled using 5.0 uL KAPA SYBR FAST gPCR Master Mix (2 x) Universal (Kapa Biosystems, KK4600), 0.5 pL 2 uM
forward and reverse primers, 0.5 pL cDNA product, and 1.5 pL nuclease-free water. The primer sequences used for each gene target
are provided in the supplemental information. Using the “High Sensitivity” analysis mode, C; values were called for each technical
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replicate, with average C, values determined by calculating the arithmetic mean of the three technical replicates. values were

calculated relative to the RPL37A levels for each sample and logo transformed.

Imaging of HyPer7 reporter

Generation of the HyPer7-Mito saRNA and transfection into hiPSCs was performed as described above. Two days post transfection,
MitoTracker Deep Red FM dye (Thermo Fisher Scientific, M22426) was added to the cells at a concentration of 50nM and incubated
at 37°C for 15 min. Culture medium was replaced with 1.2 mL of HBSS solution (Thermo Fisher Scientific, 14025092) supplemented
with 20 mM HEPES (Thermo Fisher Scientific, 15630080). D-alanine (TCI, A0177) or Hydrogen Peroxide (H»0,) (Thermo Fisher Sci-
entific, H325-500) were added to the appropriate conditions to a final concentration of 40 mM and 25 uM, respectively. Imaging was
performed using an Inverted Evident FluoView FV4000 microscope with a 60x/1.30 silicon immersion UPlan Superapochromat
objective. The HyPer7 fluorophore was excited sequentially with 405 nm and 488 nm lasers, and emission was detected with a
520 nm filter. The HyPer7 ratio was calculated using the Fiji distribution of Imaged by performing background subtraction, then
dividing the mean intensity of each 488 nm excitation image (oxidized HyPer7) by the corresponding 405 nm excitation image
(reduced HyPer7). Colorized ratio images were generated as previously described.®"° Briefly, each 488 nm excitation image was
divided by its corresponding 405 nm excitation image, and the resulting image was depicted in the “Fire” lookup table.

Voltage and calcium imaging and analysis in 2D cell culture

Mouse hippocampal cell cultures were prepared at 24-well scale as described above and were transfected with 500 ng of saRNA
diluted in Opti-MEM (ThermoFisher Scientific, 31985070) to a volume of 25 pL. In parallel, 1 uL of Lipofectamine MessengerMAX
Transfection Reagent (ThermoFisher Scientific, LMRNAQOO8) was added to 24 pL Opti-MEM. The Lipofectamine mixture was prein-
cubated for 15 min before adding the diluted saRNA, and the saRNA/Lipofectamine mixture was incubated for an additional 5 min.
After the final incubation step, the saRNA/LNP complexes were added dropwise to the well in 500 pL of maintenance media, and the
plate was gently rocked and returned to the incubator. After 4 h, 500 pL of additional maintenance media was added to each trans-
fected well. hiPSC-derived CMs were prepared at 96-well scale and were transfected with 100 ng saRNA in 5 pL. Opti-MEM™ com-
plexed with 0.2 pL Lipofectamine MessengerMAX Transfection Reagent in 4.8 pL Opti-MEM™ in 100 pL maintenance media and
refreshed with an additional 100 pL of maintenance media after 4 h. A complete media change was performed on transfected wells
the following day. Neural cultures were transfected at > 14 days in vitro and hiPSC-derived cardiomyocytes were transfected once
beating resumed following replating at day 14 (between 4 and 5 days).

Live neuron and cardiomyocyte imaging was performed in their maintenance media at room temperature on a spinning disk
confocal microscope (a Yokogawa CSU-W1 Confocal Scanner Unit on a Nikon Eclipse Ti microscope) equipped with a 40x1.15
NA water immersion objective (Nikon MRD77410) and a Zyla PLUS 4.2 Megapixel camera controlled by NIS-Elements AR software.
The filter set for GFP (488 nm excitation; FITC emission filter) was used for imaging ASAP5 and the filter set for mRuby (561 nm exci-
tation; Cy3 emission) was used for imaging jRCaMP1b. Voltage imaging (ASAP5) was performed at 300 ms exposure (3.33 Hz) for
neuronal cell types and 100 ms exposure (10 Hz) for cardiac cell types. Calcium imaging (jRCaMP1b) was performed at 100 ms expo-
sure (10 Hz) for neuronal cell types and 100 ms exposure (10 Hz) for cardiac cell types. For each sample, imaging was performed on a
single focal plane near the mid-section of cells. hiPSC-derived CMs with beating patterns that kept the cell body in focus were
selected for representative traces. From primary mouse hippocampus cultures, cells with characteristic neuronal morphology,
including small cell bodies and long, branched processes, were visually identified and treated as putative neurons. Sliding window
normalization was applied to correct for slow baseline signal drift. Briefly, for each recorded trace, the raw fluorescence intensity vec-
tor was extracted, and a baseline fluorescence (Fg) was estimated using a sliding window set between 15 and 100. Within each win-
dow, the baseline was defined between the 10" and 50" percentile (median) of fluorescence values, providing an estimate against
noise and transient fluctuations. The baseline trace was then interpolated across the full recording interval to generate a continuous
estimate of Fy (defined as the value under which P, percent of fluorescence values, fall in W, frame period). The top percentile values
(50" to 90™) were used to calculate baseline of ASAP5 traces (fluorescence decreases in response to a voltage change) and inverted
for all visual displays. Each sensor was imaged 2 days post transfection (with a media change at 24 h) and representative traces for
three cells are shown in Figure 3.

Normalized fluorescence was calculated as (F(t)-Fo(t))/Fo(t), where F(t) is the raw trace and Fy(t) is baseline calculated with sliding
window normalization at each time (t). Both raw and baseline traces were plotted for visual inspection, and normalized traces were
displayed to quantify relative fluorescence changes (noting that the polarity is inverted for inverse indicators such as ASAP5). The
normalized traces, raw traces, and calculated baseline fluorescence with accompanying window size and percentile settings are pre-
sented in Figure S8.

For comparison to Fluo-4 AM (Invitrogen, F14201), CMs were prepared and transfected as described above then incubated for
30 min with 2.5 pM Fluo-4 diluted in DMSO and 0.02% Pluronic™ F-127 (Invitrogen, P6866) in phenol-free RPMI (Gibco,
11835030). Cells were then washed once with phenol-free RPMI, allowed to equilibrate for 30 min at 37°C, then imaged in fresh
phenol-free RPMI at 37°C on an epifluorescence microscope (a Lumencor SPECTRA X Light Engine on a Nikon Eclipse Ti-2 micro-
scope) with a 20x0.80 NA objective (Nikon MRD70270) and ORCA-Fusion BT Digital CMOS camera (Hamamatsu C15440-20UP)
controlled by NIS-Elements software. Fluo-4 was imaged with filter settings for 488 nm excitation and 521 nm emission with 50%
illumination intensity and 9 ms exposure time. jJRCaMP1b imaging was performed at 9 ms exposure time using Texas Red excitation
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and filter settings (561 nm excitation and 609 nm emission) at 50% illumination intensity. Analysis was performed as described above
using a window size 1 s and step size of 0.1 s.

Differentiation of hiPSCs to cardiomyocytes in suspension

hiPSC spheroids were differentiated according to manufacturer instructions for cardiomyocyte differentiation from PSC suspension
culture in StemScale ™ PSC Suspension Medium (ThermoFisher Scientific, A4965001).%° Briefly, upon reaching an average diameter
of between 250 pm and 300 um (between 4 and 5 days), as assessed by brightfield or phase contrast microscopy, wells were washed
with RPMI 1640 medium (ThermoFisher Scientific, 11875093) and incubated for 48 h in RPMI supplemented with B-27™ Supple-
ment, minus insulin (ThermoFisher Scientific, A1895601) and 6 pM CHIR-99021 (Selleck Chemicals, S2924) (day 0). Exactly 48 h
following CHIR-99021 addition (day 2), wells were washed with RPMI and incubated for 48 h in RPMI with B-27 minus insulin and
7.5 pM IWP-2 (Fisher Scientific, 35-331-0). Following IWP incubation (day 4), all wells were changed into RPMI with B-27 minus in-
sulin for 48 h. On day 6, wells were changed into RPMI media supplemented with B-27™ Supplement (50x), serum free
(ThermoFisher Scientific, 17504044). 50% media changes in RPMI with B-27 were performed every other day following day 6. All
incubations were conducted at 37°C with 5% CO, on a plate shaker rotating at 70 rpm.

Fixation and immunofluorescent staining of cardiac spheroids

For cardiac spheroids, immunostaining was carried out at 24-well scale on day 14 and day 30 following differentiation induction at
day 0. Cardiac spheroids were collected in an Eppendorf tube and kept on ice until fixation. Spheroids were allowed to settle by grav-
ity sedimentation (~1 min) and were washed with 1 mL PBS prior to fixation for 30 min with Paraformaldehyde (PFA), 16% w/v aqg.
soln., methanol free (ThermoFisher Scientific, 043368-9 M) diluted to 4% in PBS with gently agitation. Following incubation, PFA was
removed, and cardiac spheroids were washed for 5 min in PBS three times. Cardiac spheroids were then transferred to a 1% BSA
(Millipore Sigma, A1595) coated 24-well plate and blocked with 1% BSA and 0.5% Triton X-100 (Merck, 108603 1000) in PBS for 2 h
at room temperature or overnight at 4°C. Primary antibodies (mouse anti-cTnT — Abcam, ab8395; rabbit anti-nkx2.5 — Cell Signaling
Technology, #8792) were diluted in 1% BSA in PBS according to manufacturer recommendations (1:1000) and added for 4°C with
gentle agitation for 2 days. Secondary antibodies (goat anti-mouse 594 — Invitrogen, A11005; chicken anti-rabbit 647 — Invitrogen,
A21443) were diluted to 1:200 and added after three 10-min washes with PBS. Following 2-day incubation at 4°C with gentle agita-
tion, samples were washed three times with PBS and incubated overnight at 4°C with Hoechst (Thermo Scientific, #62249) diluted to
1:5000 in PBS. Samples were then washed and stored in PBS.

To measure apoptosis, cardiac spheroids were fixed and stained as described above with primary antibodies for cleaved
caspase-3 (Abcam, ab32042) diluted at 1:500 and secondary antibody (Invitrogen, A21443) diluted 1:200 (Figure S12). Cleaved
caspase-3 image analysis was performed using Fiji. Spheroids were masked on cleaved caspase-3 and eGFP signal using Otsu’s
automatic thresholding on maximum projections. Averages of eGFP positive and randomly selected pixels were calculated for
comparison.

Quantification of labeling percentage in cardiac spheroids

Cardiac spheroids were fixed and stained as described above. 4-channel z-stacks were taken at a step size of 12.5 um through the
depth of spheroids using a spinning disk confocal (a Yokogawa CSU-W1 Confocal Scanner Unit on a Nikon Eclipse Ti microscope)
equipped with a 4x0.2NA objective (Nikon MRD70040) and a Zyla PLUS 4.2 Megapixel camera controlled by NIS-Elements AR soft-
ware. Hoechst: 405 nm excitation, 500 ms exposure time, 70.8 laser intensity; eGFP- 488 nm excitation, 300 ms exposure time,
100% laser intensity; NKx2.5-640 nm excitation, 100 ms exposure time, 100% laser intensity; cTnT — 561 nm excitation, 600 ms
exposure time, 100% laser intensity.

Maximum intensity projections were generated for each image, and individual spheroids were segmented based on the Hoechst
channel in Fiji. Briefly, images were split into individual color channels and maximum projections were generated. A manual threshold
was set on the Hoechst channel to segment spheroids from background and was converted to a binary mask and ‘analyze particles’
was used to generate a set of individual ROls that represent each spheroid. Spheroids that were negative for cTnT signal were manu-
ally excluded from analysis as not having undergone differentiation. The eGFP maximum projection was converted to 8-bit, and a
histogram of pixel values was generated for each ROI with 256 bins. The percentage of pixels that were in bins 26 through 256 of
each histogram out of the total number of pixels was used to represent the percentage of each spheroid that was eGFP positive.

Viability and metabolic health assessment in cardiac spheroids

On day 30 of cardiac differentiation of spheroids as described above, saRNA-eGFP transfected spheroids were transferred to un-
treated 6-well plates for staining. For viability staining, 20 uL of 1 mM stock of Calcein Blue, AM (ThermoFisher, C1429) diluted in
DMSO was added to 10 mL PBS. Spheroids were incubated in dye solution for 30 min at 37°C and 70 rpm. Following incubation,
spheroids were washed once with PBS then incubated an additional 30 min at 37°C and 70 rpm before being transferred into warmed
phenol-free RPMI (Gibco, 11835030) for imaging. For metabolic health assessment, spheroids were incubated with CellROX orange
(Invitrogen, C10443) used at a final concentration of 5 uM and MitoView 633 (Biotium, 70055) at a final concentration of 25 nM in RPMI
1640 (ThermoFisher Scientific, 11875093) with B-27 supplement (ThermoFisher Scientific, 17504044) for 30 min at 37°C and 70 rpm.
Following staining, spheroids were washed twice with PBS then transferred into warmed phenol-free RPMI (Gibco, 11835030) for
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imaging. Imaging was performed on a spinning disk confocal microscope (a Yokogawa CSU-W1 Confocal Scanner Unit on a Nikon
Eclipse Ti microscope) equipped with a 10 x 0.45 NA (Nikon MRD70170) and a Zyla PLUS 4.2 Megapixel camera controlled by NIS-
Elements AR software.

Calcein Blue, AM, CellROX orange, and MitoView 633 image analysis was performed using Fiji. For Calcein Blue, AM, spheroids
were masked on Calcein Blue, AM and eGFP signal using Otsu’s automatic thresholding on maximum projections. Averages of eGFP
positive and randomly selected pixels were calculated for comparison. CellROX and MitoView analyses were performed the same
way. Masks were used to segment spheroid volume in both the analysis and eGFP channel. Pearson and Spearman correlation cal-
culations were performed between masked pixels in the CellROX/MitoView channel and eGFP.

Calcium imaging in cardiac spheroids

Calcium imaging in cardiac spheroids was performed at room temperature in RPMI 1640 medium (ThermoFisher Scienti-
fic, 11875093) B-27™ Supplement (50x), serum free (ThermoFisher Scientific, 17504044) on a spinning disk confocal microscope
(a Yokogawa CSU-W1 Confocal Scanner Unit on a Nikon Eclipse Ti microscope). Imaging was performed with a 4 x 0.2 NA (Nikon
MRD70040), 10 x 0.45 NA (Nikon MRD70170), or 20 x 0.7 NA (Nikon MRH48250) objective, as specified in figure captions, using
561 nm excitation and Cy3 emission filter settings and 300 ms exposure time (3.33 Hz).

50 Hz imaging was performed at 37°C on an epifluorescence microscope (a Lumencor SPECTRA X Light Engine on a Nikon Eclipse
Ti-2 microscope) with a 20x0.80 NA objective (Nikon MRD70270) and ORCA-Fusion BT Digital CMOS camera (Hamamatsu C15440-
20UP) controlled by NIS-Elements software. Images were captured with 20 ms exposure time using Texas Red excitation and filter
settings (561 nm excitation and 609 nm emission).

Calculation of calcium peak parameters in cardiac spheroids

In Fiji, an ROl was manually drawn to encompass regions of the image that showed changes in fluorescence and values were
measured throughout the z stack (representing time). Each fluorescence time series representing calcium dynamics was analyzed
using a custom MATLAB function (made available on GitHub). Briefly, raw traces consist of a time vector (t) and normalized fluores-
cence intensity values (y, scaled between 0 and 1 to account for differing baseline brightness to directly compare only temporal pa-
rameters). For acquisition rates lower than 30 fps (most taken at 3.33 Hz unless otherwise specified), traces were up-sampled by a
piecewise cubic Hermite interpolation (pchip) to achieve an effective sampling frequency of >30 Hz. Peaks were identified using the
findpeaks function with a minimum peak prominence threshold of 0.2 (out of 0-1) and a minimum inter-peak interval of 0.3 s. These
plots were then displayed graphically to ensure accurate peak detection by visual inspection. For each 30 s trace, the total number of
detected peaks was recorded. Inter-beat intervals (IBls) were calculated as the time differences between successive peaks, and
instantaneous beat frequencies were expressed as beats per minute (BPM = 60/IBl). Beat-to-beat variability was quantified as
the coefficient of variation of the IBI (CV_IBI). Calcium traces with 2 or fewer identified peaks were removed from analysis since
they falsely yield a coefficient of variation of 0. Because the original sampling interval imposes a quantization error (0.3/\/12 ~
0.087 s based on the standard deviation of a uniform distribution), we estimated residual timing uncertainty after interpolation
(0.02-0.03 s depending on SNR) which propagates to the estimated BPM uncertainty. For example, if peaks are detected 3 s
apart, £0.03 s results in +1% uncertainty in BPM. Only for 50 Hz sampled traces were rise kinetics calculated (>10 frames per
rise time without up-sampling) while decay kinetics (which last approximately 1 s) were calculated for all traces (points along obser-
vation curve are shown in Figure S11F). For the largest detected peak, the baseline was defined as the minimum fluorescence value
preceding the peak. The 10%, 50%, and 90% fluorescence values relative to the peak amplitude were then computed. Rise time was
measured as the time interval between the first crossing of the 10% and 90% fluorescence levels prior to the peak maximum. Decay
was quantified as the time required for the signal to decrease from peak amplitude to 50% of the peak amplitude (T50) following the
peak maximum. All extracted metrics were compiled for each trace.

Assessment of cardiomyocyte differentiation efficiency

hiPSCs were transfected with eGFP saRNA and differentiated into cardiomyocytes in 2-dimensional monolayers, then prepared for
flow cytometry on day 15 of differentiation as previously described.”® hiPSC-CMs were washed with PBS, then dissociated for 10 min
using 0.25% Trypsin + EDTA at 37°C. Cells were fixed with 1% paraformaldehyde for 20 min at room temperature, then 90% ice-cold
methanol for 15 min at 4°C. Cells were washed three times in 10% FBS in PBS, then blocked for 10 min in 10% FBS at room tem-
perature. 1 million cells were aliquoted into individual Eppendorf tubes, then resuspended in 150 pL of 10% FBS with a 1:100 dilution
of APC conjugated cardiac troponin T antibody, REAfinity (Miltenyi Biotec, 1C11) and incubated overnight at 4°C. Cells were washed
with 10% FBS and resuspended in HBSS for analysis. Flow cytometry analysis was conducted on an LSR Fortessa Cell Analyzer
using a 488 nm laser with a 530/30 filter for eGFP fluorescence and a 640 nm laser with a 670/30 filter for cTnT-APC fluorescence.
FSC-A and SSC-A were used to gate cells, and eGFP* and cTnT-APC™" gates were set using an untransfected and unstained negative
control sample.

For analysis by immunofluorescence, hiPSC-CMs were dissociated on day 15 of differentiation using the STEMdiff Cardiomyocyte
Dissociation Kit (StemCell Technologies, 05025) and plated onto a 96-well plate. Cells were allowed to recover for 3 days and then
fixed with 4% paraformaldehyde for 15 min. Cells were then blocked and permeabilized with 2% BSA and 0.1% Triton X-100 in PBS
for 1 h atroom temperature, then incubated with primary antibody (rabbit anti-cTnT — ABclonal, A4914) at 1:1000 in 2% BSA overnight
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at 4°C. Cells were washed three times with PBS and then incubated with secondary antibody (chicken anti-rabbit 647 — Invitrogen,
A21443) overnight in 2% BSA. Samples were washed three times with PBS, incubated with Hoechst (Thermo Scientific, #62249)
diluted to 1:5000 in PBS, and then washed and stored in PBS. Imaging was performed using the Operetta CLS High-Content Analysis
System in confocal mode using a 40x water objective. Image analysis was performed using Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each individual data point on summary graphs represents a biological or technical replicate and is specified as such in figure legends.
Unless specified otherwise, data are reported as arithmetic means + standard error of the mean (SEM) when reporting variation be-
tween averaged values and arithmetic means + standard deviation when whole distributions are reported. Presented statistical an-
alyses of normally distributed data include Welch’s Student t test for pairwise comparisons and Ordinary one-way ANOVA with Bon-
ferroni correction for multiple comparisons. Statistical comparisons of non-normally distributed data with two groups represent a
Mann-Whitney U test. All calculations were performed using GraphPad Prism v.8 or MATLAB version 2023a, with significance set
atns: p > 0.05, *: p < 0.05; **: p < 0.01; **: p < 0.001; ***: p < 0.0001.
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