STEM CELLS AND DEVELOPMENT
Volume 27, Number 12, 2018

© Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2017.0265

Simulated Microgravity Impairs Cardiac Autonomic
Neurogenesis from Neural Crest Cells

Konstantinos E. Hatzistergos, Zhijie Jiang? Krystalenia Valasaki,
Lauro M. Takeuchi! Wayne Balkan, Preethi Atluri! Dieter Saur®* Barbara Seidler®*
Nicholas Tsinoremas? Darcy L. DiFede; and Joshua M. Hare'

Microgravity-induced alterations in the autonomic nervous system (ANS) contribute to derangements in both
the mechanical and electrophysiological function of the cardiovascular system, leading to severe symptoms in
humans following space travel. Because the ANS forms embryonically from neural crest (NC) progenitors,
we hypothesized that microgravity can impair NC-derived cardiac structures. Accordlngly, we conducted in
vitro simulated microgravity experiments employing NC genetlc hneage tracing in mice with cKit<ERT2*,
IslInLacZ, and Wntl-Cre reporter alleles. Inducible fate mapping in adult mouse hearts and pluripotent stem
cells (iPSCs) demonstrated reduced cKir“"***"?**_mediated labeling of both NC-derived cardiomyocytes and
autonomic neurons (P <0.0005 vs. controls). Whole transcriptome analysis, suggested that this effect was
associated with repressed cardiac NC- and upregulated mesoderm-related gene expression profiles, coupled
with abnormal bone morphogenetic protein (BMP)/transforming growth factor beta (TGF-B) and Wnt/[-
catenin signaling. To separate the manifestations of simulated microgravity on NC versus mesodermal-
cardiac derivatives, we conducted Isl//nLacZ lineage analyses, which indicated an approximately 3-fold
expansion (P<0.05) in mesoderm-derived Isl-I" pacemaker sinoatrial nodal cells; and an approximately
3-fold reduction (P <0.05) in cardiac NC-derived ANS cells, including sympathetic nerves and Isl-1" cardiac
ganglia. Finally, NC-specific fate mapping with a WntI-Cre reporter iPSC model of murine NC development
confirmed that simulated microgravity directly impacted the in vitro development of cardiac NC progenitors
and their contribution to the sympathetic and parasympathetic innervation of the iPSC-derived myocardium.
Altogether, these findings reveal an important role for gravity in the development of NCs and their postnatal
derivatives, and have important therapeutic implications for human space exploration, providing insights into
cellular and molecular mechanisms of microgravity-induced cardiomyopathies/channelopathies.
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Introduction

S PACE EXPLORATION IS PHYSICALLY challenging and studies
on humans returning from spaceflight, as well as earth-
based simulated microgravity and space radiation experi-
ments, have identified numerous hazards associated with low
earth orbit and deep space travel [1]. These exposures may
pose a risk to cardiovascular health, including, but not limited
to, hemodynamic changes and body fluid shifts [2]; loss of
myocardial mass [3]; reduced vascular resistance [1,2]; ab-
normal heart rate variability [4-6]; and orthostatic intoler-

ance [5,7,8]. Importantly, increased mortality rates due to
cardiovascular disease have also been reported [1].
Although the underlying mechanisms remain unclear and
controversial, clinical and experimental data suggest that the
detrimental effects of microgravity on cardiovascular health
are related at least in part to alterations in the autonomic
nervous system (ANS) and conduction systems [4—7,9-12].
The cardiac ANS develops from a migratory population of
cells, the neural crest (NC) [13], which we [14—17] and others
[13,18-20] have shown to play an important role in the
plasticity and pathophysiology of the developing and adult
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heart. The cardiac conduction system, which is largely op-
erated by pacemaker cells in the sinoatrial node (SAN), arises
instead from cardiac mesoderm progenitors [21]. Importantly,
despite their distinct embryonic origins, both NC and SAN
lineages are produced under a cardiac regulatory network
involving the stage-specific modulation of the bone mor-
phogenetic protein (BMP) and Wnt signaling pathways
[13,22,23]. Recent studies indicate that exposure of mouse
embryonic stem cells (mESCs) to simulated microgravity [24]
or spaceflight [25] significantly alters their capacity to differ-
entiate into cardiogenic and neurogenic cells, through mecha-
nisms that involve altered Wnt and BMP signaling pathways.
However, whether the impact of microgravity on cardiovascular
health involves abnormalities in the molecular and cellular
mechanisms of the ANS and SAN lineages, remains unknown.

Accordingly, we employed simulated microgravity experi-
ments, combined with cKit“**R"?*  IslinLacZ, and WntI-Cre
lineage mapping approaches in mice and induced pluripotent
stem cell (iPSC) models of cardiogenesis, to study the impact
of microgravity on the ANS and SAN lineages.

Materials and Methods
Animals

All animal studies were performed in an AAALAC-
approved animal facility at the University of Miami, Miller
School of Medicine, and procedures were performed using
IACUC—a(mjpproved protocols according to NIH standards.
The cKit“"“*f*"*, IRG, IslInLacZ, IslI"*" "M, Wnt]-Cre,
and tdTomato mice have been described previously [14,15].

iPSC modeling experiments

The iPSC*"“" and iPSC™"/*“" mouse iPSC lines have
been described elsewhere [14,15]. Mouse iPSCs were prop-
agated without feeders on 0.1% gelatin-coated plates (Milli-
pore), with NDiff227 (Clontech), supplemented with 1,000 U/
mL LIF (Millipore), 1 uM PD0325901 (Tocris), and 3 uM
CHIR99021 (Tocris). For cardiac NC differentiation, iPSCs
were resuspended in differentiation medium [IMDM (Ther-
mo), L-glutamine, 20% FBS (Thermo), 0.1 mM nonessential
aminoacids, and 0.1 mM 2-mercaptoethanol] at 25,000 cells/
mL and aggregated into embryoid bodies (EBs) in the pres-
ence of the small molecule BMP antagonist dorsomorphin
(2 uM; Tocris), or 100 pg/mL ascorbic acid (Sigma), using
the hanging drop method, as described previously [14,15]. To
simulate microgravity, day 4 EBs were randomly transferred
into 2-mL high-aspect ratio vessels (HARVs), with or without
Sephadex microcarrier beads (Sigma), or in 0.1% gelatin-
coated six-well plates (Corning), as control. A total of 30 EBs
were cultured per HARV or per well. HARVs were attached
into a rotary cell suspension culture system (RCCS; Synthe-
con), and speed was adjusted every other day at 12-20 rpm,
as previously described [24]. To induce cKir“"*RT2"* re-
combination, cultures were supplemented every other day
with 1 pM (Z)-4-hydroxytamoxifen (Abcam), from day 6
until the end of the experiment. To explore the effect of
transitioning into normal gravity, RCCS-grown EBs were
collected on day 10 and plated on gelatin-coated six-well
plates, until day 21. Medium was exchanged every other day.
Quantification of beating and Cre-reporter gene expression
were performed as described previously [14,15]. Live-tissue
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epifluorescence imaging was performed in an Olympus IX81
fluorescent microscope, as described before [14,15].

Adult lineage tracing and heart tissue culturing

For tamoxifen-inducible lineage tracing of adult c-Kit*
cardiac cells, female cKir“"“*f"**:IRG mice (8-12 weeks
old) were treated for 3 consecutive days with intraperitoneal
injections of tamoxifen, as previously described [15]. For
cKitCTeERT/ *+IRG tissue culture experiments, heart explants
were collected from the interventricular septal wall of adult
cKir“"ERT* .IRG mice of both sexes (8-12 weeks old) as
previously described [14]. Tissues were minced into ~2-3 mm®
fragments and digested in a solution of DMEM/F12
(Thermo), 20% FBS (Thermo), 1% penicillin/streptomycin
(Thermo), and 200U/mL Collagenase-Type II solution
(Worthington) at 37°C. Digested tissue explants were then
collected and washed twice with DMEM (Thermo) to re-
move residual enzyme. Single tissue fragments were then
handpicked under sterile conditions with a stereomicroscope
and a micropipette, and randomly transferred into six-well
plates [static culture (SC)] or 2 mL-HARVs (RCCS), coated
with 2.5 % 10° gamma-irradiated mouse embryonic fibroblasts
(MEFs; Millipore). According to manufacturer’s instructions
(Synthecon), all tissue samples cultured in HARVs were
supplemented with MEF-coated Sephadex microcarrier
beads (Sigma). Samples were fed every other day with
DMEM/F12, 15% FBS (HyClone), 1% penicillin/streptomycin
(Thermo), 1% B-mercaptoethanol (Thermo), 1,000 U/mL
recombinant mouse LIF (Millipore), 100 ng/mL recombi-
nant mouse SCF (PeproTech) 1 ng/mL recombinant mouse
bFGF (PeproTech), 0.1 mM nonessential aminoacids
(Thermo), and 1 uM (Z)-4-hydroxytamoxifen. Quantifica-
tion of Cre reporter gene expression in heart explants was
performed as described before [14].

For IslinLacZ tissue culture experiments, Is//nLacZ hearts
of both sexes (8-12 weeks old) were harvested and rinsed in
ice cold Hanks’ balanced salt solution (HBSS; Thermo Sci-
entific), before dissecting both ventricles and atria under a
stereomicroscope (Discovery V8; Zeiss). The remaining tis-
sue, containing the intact inflow and outflow tracts, the outflow
tract base, and sinus node, was cleared from any epicardial fat,
esophageal and pharyngeal tissue fragments, and placed in
SC with DMEM/F12 (Thermo), 20% FBS (Thermo), 1%
penicillin/streptomycin (Thermo), 0.1 mM nonessential ami-
noacids (Thermo), and 1% B-mercaptoethanol (Thermo), at
37°C/5% CO,. After 1h, tissues were collected in fresh me-
dium and randomized into SC or RCCS cultures. Medium was
changed every 2 days. MEF-coated microcarrier beads were not
used in this set of experiments. After a total period of 2 weeks,
samples were collected, fixed for 10 min in 4% paraformalde-
hyde, and processed for X-gal staining as previously described
[15]. X-gal-stained samples were subsequently imaged in a
Zeiss, Discovery V8 stereomicroscope equipped with a Nikon
D7200 digital camera. For X-gal quantification, jpeg images
were used to select the X-gal* areas in Adobe Photoshop
Elements (version 12.1) using the semiautomated color
range selection tool, and converted into pixel values.

Immunostaining

Confocal immunofluorescence was performed in adult
heart tissue and iPSC-derived EBs as previously described
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[14,15]. The following antibodies were used: anti-enhanced
green fluorescent protein (EGFP) (chicken monoclonal,
1:500; Aves); Nkx2.5 (goat polyclonal, 1:50; Santa Cruz
biotechnologies); vesicular acetylcholine transporter (1:200;
Novus Biologicals); Tyrosine Hydroxylase (rabbit polyclonal,
1:500; Novus Biologicals), Tujl (Rabbit polyclonal, 1:500;
Covance). Subsequently, the antibodies were visualized by
incubating the cells for 45 min at RT with Alexa 488, Alexa
546, or Alexa 647 secondary antibodies (Molecular probes).

TagMan gene expression analysis

TagMan gene expression analysis was performed as de-
scribed previously [14,15]. Briefly, RNA was isolated from
EBs using the RNeasy Plus Mini Kit (Qiagen), according to
the manufacturer’s instructions. RNA quality was assessed
using NanoDrop (Thermo). cDNA was generated using the
High-Capacity cDNA Reverse Transcription Kit (Thermo),
and gene expression was analyzed using the TagMan Uni-
versal PCR Master Mix (Thermo) in a Bio-Rad Q5 Real-
Time PCR. For the analysis, all values were normalized to
GAPDH. The following probes were used: Mm99999915_
g1, GAPDH; Mm00432087_m1, BMP4; Mm01300555_¢gl1,
WNT1; Mm00440359_m1, MYH7; Mm01297833_s1, NOG-
GIN; Mm00550265_m1, LEF1; Mm00435491_m1, PAX3;
MmO01309813_s1, NKX2.5; Mm00445212_m1, CKIT; Mm00
486938_m1, CDHS5; Mm00443610_m1, AXIN2; Mm004431
21_ml, SEMA3C; Mm01224783_m1, SEMA3D; Mm01222
421_ml, KDR; Mm00486299_s1, SOX1; Mm00517585_ml,
ISL1; Mm00447557_m1, TH; and Mm01221880_m1, CHAT.

Microarray analysis

RNA was collected from ascorbic acid-treated iPSCX-¢"-
derived EBs, on days 10 (n=3 SC and n=3 RCCS) and 21
(n=3 SC and n=3 RCCS), using the RNeasy Plus Mini Kit
(Qiagen), according to the manufacturer’s instructions. RNA
quality was assessed in an Agilent Bioanalyzer, at the Uni-
versity of Miami, Hussman Institute of Human Genomics,
Center for Genome Technology (HIHG-CGT), Gene Ex-
pression Core Facility. One sample from the day 10 RCCS
group failed the quality test and was therefore excluded from
the array. A total of n=11 samples were analyzed on the
Affymetrix GeneChip Mouse Gene 2.0 ST array, at the
HIHG-CGT. Analysis of array data was conducted in R
package [26]. The CEL files of 11 samples were read into R
and sample quality was evaluated in R before normaliza-
tion. The normalized data were tested by F-test to remove
genes whose expression values are not different among
groups. Hierarchical clustering and PCA were applied on
filtered gene set to evaluate the relationship among samples.
Limma package was used to fit the expression values of four
groups, and then the genes of significantly differential ex-
pression and adjusted P<0.05 between each two groups
were collected. The enrichment analyses on DE genes were
conducted in GeneGo (MetaCore Bioinformatics software,
Thomson Reuters), and top 10 enriched pathways and gene
ontology processes were reported.

Statistics

All statistical analyses, except microarrays, were performed
using GraphPad Prism version 5.00 for Windows. Values
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were analyzed using Student’s f-test, Mann—Whitney, or
ANOVAs (one- or two-way) followed by Tukey’s post hoc
tests. All data met the assumptions of the tests. A P <0.05
was considered statistically significant. All values are re-
ported as mean+ SEM.

Results

Effects of simulated microgravity on adult
and iPSC-derived cKit" cardiac cells

Contrary to the harmful effects of spaceflight in human
cardiovascular pathophysiology [1,6], exposure to microgravity
exerts beneficial effects on the cardiac mesoderm differentia-
tion of pluripotent stem cell-derived progenitors [24,25].

To address this paradox, we first tested the effect of sim-
ulated microgravity on the fate of adult cardiac precursor
cells, by combining a RCCS with a cKifCERTZY . IRG-
inducible genetic fate-mapping approach in adult mice, under
which the expression of the cell surface marker cKit results in
Cre-mediated irreversible replacement of Discosoma sea
anemones-derived red fluorescent protein (DSRED) with the
EGFP fluorescent reporter gene, upon induction with ta-
moxifen [14,15]. In agreement with earlier reports [14,15],
cKit““ERT2 .IRG fate mapping marked a rare pool of cKif®
cells in the adult heart which contributed to postnatal turnover
of cardiomyocytes and autonomic neurons (Fig. 1A-D). To
study the responses of adult cKit" cells to microgravity,
myocardial tissue was extracted from the interventricular
septum of cKit“"ERT? . IRG adult mice and randomized
to be cultured on MEF feeder layers for up to 2 months,
either under SC or RCCS conditions, in the presence of
4-hydroxytamoxifen, as described previously [14,23]. Both
SC and RCCS cultures promoted the outgrowth of prolifer-
ative cardiac cells from within the myocardial explants
(Fig. 1E-G). However, although the SC group became en-
riched in migratory EGFP" cKir" cells over time (Fig. 1G, H),
there was complete absence of EGFP expression, both within
the explanted tissues and in explant-derived cells, in the
RCCS group (P<0.005) (Fig. 1E, F, H).

To better understand this observation, we developed an
iPSC approach to model cardiac cKit" cell development and
differentiation, by generating iPSCs from cKir“"***"**;IRG
reporter mice (iPSCs*"*"“"*) [14,15]. To direct differentiation
toward the cardiac lineages, iPSCs*"“" were first aggregated
into EBs under SC, in the presence of ascorbate or the
BMP antagonist Dorsomorphin (DM) as previously described
[14,15]. To genetically fate-map the impact of simulated mi-
crogravity on iPSCs*""_derived cKir" cells, EBs were ran-
domized onto gelatin-coated plates (SC) or RCCS on EB day
4and subjected to treatment with 4-hydroxytamoxifen until
their full cardiac differentiation on EB day 10. Analysis of
EGFP expression and spontaneous contractions on EB day 10,
indicated an approximately 5-fold decrease in the rate of
spontaneously beating EBs (P <0.005), and an approximately
6-fold decrease in the number of EBs containing EGFP"/
Nkx2.5" derivatives (P <0.05) in RCCS compared with SC
(Fig. 2A—H, and Supplementary Movies S1-S2; Supplemen-
tary Data are available online at www.liebertpub.com/scd).

Altogether, these findings suggest that, contrary to its
beneficial effects on the cardiac mesoderm differentiation of
pluripotent stem cells [24,25], simulated microgravity exerts
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FIG. 1. Rotary Cell Culture System (RCCS) impairs cKit" cells in the adult heart. (A-D) An enhanced green fluorescent
protein (EGFP)* cardiomyocyte (A-B) and Tuj1*/TH" neuron (C, D) following 2-week cKir“"“*f™**;IRG lineage fate mapping
(n=3), indicates contribution of adult cKit" cells to postnatal cardiomyocyte and ANS renewal. (E, F) Live tissue imaging
of EGFP and Discosoma sea anemone-derived red fluorescent protein (DSRED) in cardiac explants from a cKit“"*ER72+; JRG
mouse heart, cultured for 24 days in RCCS in the presence of 4-hydroxytamoxifen, illustrates loss of the cKit-CreERT2
lineage, as indicated by the lack of EGFP expression in the explant as well as in explant-derived cells (boxed region)
migrating onto the MEF-coated microbeads (pb). (F) Is a higher magnification of the boxed region in (E). (G) In contrast
to RCCS, culture under static (SC) conditions promotes the outgrowth of EGFP* cardiac explant-derived cells (arrows).
(H) Quantification of EGFP" cells under SC and RCCS (n=35 mice/group). Values are mean+ SEM. ***P <(.0005. Scale
bars 10 um (A-D), and 150 um (E, F). ANS, autonomic nervous system; BF, brightfield; MEF, mouse embryonic fibroblast;
RCCS, rotary cell suspension culture system; TH, tyrosine hydroxylase.

detrimental effects in both adult and iPSC-derived cardiac
cKif* cells.

Abnormal Wnt and BMP signaling is associated
with cKit" cell defects

To investigate the potential mechanisms underlying the
negative effects of simulated microgravity on cKit" cells,
we performed gene expression microarray analysis of day
10 iPSCX"“"*_derived EBs (Fig. 2A). Overall, a total of
391 genes were found to be differentially expressed be-
tween SC and RCCS-grown day 10 EBs (Supplementary
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Fig. S2 and Supplementary Table S1). More specifically,
compared with SC, EBs subjected to RCCS exhibited sig-
nificant enrichment in cardiogenic mesoderm-related genes,
such as Mef2C, Msx1, Hand2, Kdr, pecaml, and Tbx3 (Sup-
plementary Table S2); whereas, expression of neuroecto-
dermal lineage-related genes, such as SoxI, Pax3, Sema3C,
Sema3D, Sema3E, and Zic3 (Supplementary Table S3),
were significantly downregulated. Furthermore, enrichment
analysis by sorting for the 10 most significantly affected gene
networks and gene ontology processes, revealed a signifi-
cant impact of RCCS on cardiovascular, neurogenic, and
epithelial-to-mesenchymal transition gene programs compared

FIG. 2. RCCS impairs embryonic development of cKir* cells in an iPSC*"" model of cardiogenesis. (A, B) Quanti-
fication of spontaneously beating EBs (A) and spontaneously beating EBs expressing enhanced green fluorescent protein
(EGFP) (B) under SC or RCCS (n =3/group). (C, D) Live tissue imaging of EGFP and Discosoma sea anemone-derived red
fluorescent protein (DSRED) in SC (C) and RCCS-grown (D) iPSCH7C"_derived EBs, following NC differentiation and
induction of Cre-mediated recombination with 4-hydroxytamoxifen. (E-H) Confocal immunofluorescence showing colo-
calization of EGFP, NKX2.5, and cardiac troponin I in iPSCF*C"_derived cKif™ NCs, grown under SC. Two-tailed #-test,
*P<0.05, ***P<0.0005. Values are mean+ SEM. Scale bars 150 um (C, D) and 10 um (E-H). EBs, embryoid bodies;
iPSC, induced pluripotent stem cells; NC, neural crest.
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FIG. 3. RCCS affects cardiogenic and neurogenic programs by altering the Wnt and bone morphogenetic protein (BMP)
signaling pathways. (A) The 10 process networks most significantly affected (statistically significant), based on microarray
enrichment analysis of day 10 iPSC**“"derived EBs, grown under SC or RCCS. (B) The 10 GO processes most sig-
nificantly affected, based on microarray enrichment analysis of day 10 iPSC**"“"-derived EBs, grown under SC or RCCS.
(n=2 biological replicates for day 10 RCCS, and n=3 biological replicates for day 10 SC). GO, gene ontology.

with SC; and these effects were accompanied by significant
differences in the activities of Wnt/B-catenin and BMP/TGF-3
signaling pathways (Fig. 3).

To explore whether the effects of simulated microgravity
on cardiac cKir" cells are reversible, day 10 RCCS iPSCX*¢-
derived EBs were transferred to SC and subcultured until
EB day 21. Microarray analysis indicated a total of 7,337
genes to be differentially expressed between SC and RCCS
(Supplementary Fig. S1 and Supplementary Table S4).
Enrichment analysis showed that, compared with SC, the ab-
normalities in the TGF-B/BMP, Wnt/B-catenin, and epithelial-
to-mesenchymal transition pathways, persisted in RCCS EBs
even after their transfer to SC (Fig. 4A). Moreover, we noted
significant differences in gene ontology processes related to
biogenesis and organization of subcellular organelles, as well
as cell metabolism (Fig. 4B). Notably, similar metabolic ab-
normalities have been described before on stem cells follow-
ing actual spaceflight experiments [25].

To verify the microarray results, we performed quantita-
tive polymerase chain reaction (QPCR) analysis. Expression
of Bmp4 and its antagonist Noggin corroborated that, com-
pared with SC, the RCCS group was associated with ab-
normal BMP signaling (Fig. 5A, B). Similarly, differences
in Lefl and Axin2 transcription between the two groups
corroborated the RCCS-induced abnormalities in Wnt/p-

catenin signaling indicated by the gene expression micro-
array (Fig. 5C, D).

Analysis of the cardiomyogenic genes, Myh6 and Nkx2.5,
did not show significant differences between groups,
(Fig. SE, F). However, compared with SC, the day 10 RCCS
group exhibited significantly higher expression of the vas-
culogenic genes, Kdr and Cdh5, which remained upregu-
lated following transition to SC (Fig. 5G, H). Interestingly,
compared with the SC group, the transcription factor Isi-1,
which is commonly expressed in mesoderm- and NC- de-
rived cardiac cells, was significantly upregulated in the
RCCS group at day 10, but was significantly downregulated
by day 21, following transition to SC (Fig. 5I).

Expression of the NC-related genes, Pax3 and Wntl, were
downregulated at day 10 in the RCCS group, but were ex-
pressed at similar levels between groups at day 21 (Fig. 5J, K).
In contrast, the NC-related genes, cKit, Sema3C, and Sema3d,
were also downregulated at day 10 in the RCCS group, but
remained repressed throughout the period of the study (Fig. SL—
N). Consequently, analysis of the adrenergic and cholinergic
nerve markers, Tyrosine Hydroxylase (Th) (Fig. 50) and
Choline Acetyltransferase (ChAT) (Fig. 5P), indicated that
sympathetic and parasympathetic neurogenesis, respectively,
from NCs were significantly downregulated in the RCCS
group compared with SC, both at days 10 and 21 of the study.
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FIG.4. Abnormal BMP/TGF-f and Wnt/B-catenin following transition from RCCS to SC. (A) The 10 signaling pathways
most significantly affected based on microarray enrichment analysis of day 21 iPSC**“"*-derived EBs, grown continuously
under SC or following transfer from RCCS to SC on day 10. (B) The 10 GO processes most significantly affected, based on
microarray enrichment analysis of day 21 iPSC**"“"_derived EBs, grown continuously under SC or following transfer from
RCCS to SC on day 10 (n=3 biological replicates per group).

Collectively, these findings support that the detrimental
effects of RCCS on cardiac cKif" cells are associated with a
repressed NC gene expression profile and impaired auto-
nomic neurogenesis, which are not fully reversible upon
transition to SC, likely due to underlying abnormalities in
Wnt/B-catenin and BMP/TGF- signaling pathways.

Effects of simulated microgravity on NC versus
mesoderm-derived Isl-1" cardiac cells

The cKit“"“*f™* fate mapping studies suggest that the
effects of simulated microgravity are manifested differently
between mesoderm and NC-derived cardiac tissues. To test
this hypothesis, we investigated the response of postnatal
Isl-I" cardiac cells, which comprise a diverse pool of second
heart field (SHF) mesodermal derivatives and NC cells, ex-
pressing the ISL. LIM homeobox 1 transcription factor Isl-1
[17,27-29].

First, we employed a previously described IslinLacZ/+
indicator mouse line [27], to verify the expression of Is/-] in

postnatal SHF and NC cardiac cells. In agreement with pre-
vious reports [17,21,27], X-gal analysis indicated that post-
natal IslinLacZ expression identifies a group of posterior
SHF-derived pacemaker cells in the SAN; a mixed pool of
NC- and SHF-derived cells in the proximal outflow tract
(OFT); and finally, a group of NC cells in the cardiac ganglia
(CGs), located in the dorsal aspect of the heart (Supplementary
Fig. S2A). Furthermore, analysis with a tamoxifen-inducible
Is1MerCreMers reporter allele [17,27,28] indicated that
postnatal Isl-I* cells retain plasticity and contribute to
postnatal turnover of NC-derived sympathetic neurons (Sup-
plementary Fig. S2B), and rarely cardiomyocytes (Supple-
mentary Fig. S2C).

Next, to test the effects of simulated microgravity on
postnatal Isl-1* cells, the cardiac bases of adult IslinLacZ
mice, which included the SAN, OFT, and CGs, were dis-
sociated from the atria and ventricles and randomized to the
SC or RCCS groups. Two weeks later, X-gal analysis in-
dicated that IslinLacZ expression in the OFT was similar
between the two groups (Fig. 6A, C, E). However, compared
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FIG. 7. RCCS specifically compromises NC lineage development. (A) Schematic of the iPSCs""/“* model of

microgravity-induced cardiomyopathy. (B, C) Live epifluorescence imaging demonstrating absence of tdTomato expression
in day 4 iPSC"""/"¢"* EBs, immediately before transfer to RCCS, indicating that NC differentiation has not commenced.
(D-G) tdTomato expression in day 10 iPSC"""“" EBs, indicative of NC differentiation. Expression of tdTomato is less
abundant in RCCS- (D, E) than SC-grown (F, G) EBs. (H) Quantification of tdTomato epifluorescence under RCCS and SC
on day 10; and day 21, after transition on day 10 EBs from SC to RCCS (n=17/group at day 10; n="7 for RCCS on day 21;
n=12 for SC at day 21). ***P <(0.0001, two-tailed T-test. Values are mean* SEM. Scale bars 150 pm.

with SC, the RCCS group displayed an approximately 3-fold
expansion (P <0.05) in the pool of X-gal™ pacemaker cells
in the SAN (Fig. 6A, C, E), and an approximately 3-fold
reduction (P<0.05) in the pool of X-gal® cells in the CGs
(Fig. 6B, D, E). Furthermore, qPCR analysis indicated that
these manifestations were accompanied by a significant re-
duction in the expression of the sympathetic nerve marker
Th (Fig. 6F); and more importantly, by abnormalities in
BMP signaling as indicated by differences in Bmp4 and
Noggin expression (Fig. 6F) and Wnt/B-catenin signaling, as
indicated by differences in Axin2, Lefl, and Gsk3f expres-
sion (Fig. 6F).

Taken together, these findings suggest that RCCS-induced
abnormalities in Wnt and BMP signaling are manifested as a
significant expansion of posterior SHF-derived Isl-I" conduc-
tion system cells in the SAN; and repression of NC-derived
ANS cells, including sympathetic nerves and Isl-I* CGs.

Effects of simulated microgravity on iPSCs-derived
cardiac NC cells and ANS

Although the experiments with the cKit and Isi-1 alleles
support the hypothesis that simulated microgravity induces
NC-based abnormalities of the ANS, neither cKit or Isl-1 are
NC-specific markers. Accordingly, we sought to specifically
test the effects of simulated microgravity on cardiac NCs, by
generating a NC-specific Cre-reporter iPSC line (iPSC""/-™)
from Wntl-Cre;tdTomato neonatal mouse cardiac fibro-
blasts [15].

As with the iPSCs*"" ", iPSC""/"“"* were differentiated
into EBs before being transferred into SC or RCCS on day

4, for up to 21 days (Fig. 7A). By day 9, a migratory pop-
ulation of tdTomato™ cells emerged from within the
ipscWmi-Cre ERg, indicating differentiation into NC cells
(Fig. 7B, C). Quantification of tdTomato” EBs on day 10
indicated that NC differentiation was significantly impaired
in the RCCS group compared with SC (20.8% +5.3% vs.
53.7%+5.5% tdTomato™ EBs in RCCS and SC groups, re-
spectively, P<0.0001) (Fig. 7D-H)].

To test whether the RCCS-induced defects in NC de-
velopment can be rescued following transition to SC,
iPSCs""!-“"*_derived EBs were transitioned from RCCS
to SC on day 10, and subcultured until EB day 21. How-
ever, tdTomato quantification indicated that the degree
of NC differentiation was still significantly lower in the
RCCS group compared with SC (25.7%+6.1% vs. 83.8% %
3.8% tdTomato® EBs at day 21, between RCCS and SC
groups, respectively; P<0.0001) (Fig. 7H).

Live-cell imaging and confocal immunofluorescence did
not show any differences in the capacity of iPSCs""//-¢"e.
derived tdTomato* NCs to differentiate into NKX2.5%
spontaneously beating cardiomyocytes (Fig. 8A—-C and
Supplementary Movies S3—-S4). However, although tdTo-
mato* NCs in the SC group contributed extensively to the
cardiac autonomic innervation of spontaneously beating
EBs with tdTomato® sympathetic and parasympathetic
nerves (Fig. 8D-F, J-L, and Supplementary Movie S5),
differentiation of iPSCs""/"“"“_derived NCs into cardiac
ANS derivatives was diminished in the RCCS group
(Fig. 8A-C, G-I, and Supplementary Movie S6).

Collectively, these findings indicate that RCCS directly
impacts the development of the NC lineage from iPSCs, and
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FIG. 8. RCCS compromises NC differentiation into cardiac ANS. (A-F) Confocal immunofluorescence of TH, Nkx2.5,
and tdTomato on day 19 ipSC"ni!-Cre EBg transitioned from RCCS on day 10 (A-C) or continuously grown in SC (D-F).
Exposure to RCCS supports differentiation of EBs into tdTomato/Nkx2.5" myocardium, which however lacks sympathetic
innervation, as indicated b}f the complete lack of TH* neurons (A-C). In contrast, SC-differentiated Nkx2.5" myocardium is
innervated with tdTomato/TH* sympathetic neurons (D-F). (C, F) Are blownup images of the areas depicted in insets in
(A, B, D, E), respectively. (G, H) Confocal immunofluorescence of vesicular acetylcholine transporter (VAChT) and
tdTomato on day 19 iPSC""/-¢" EBs, transitioned from RCCS on day 10 (G-I) or continuously grown in SC (J-L).
Exposure to RCCS results in EB differentiation into VAChT /tdTomato-negative parasympathetic neurons (G-I). In

contrast, Earasympathetic neurons in SC-differentiated EBs are derived from NCs, as indicated by colocalization of

tdTomato
respectively. Scale bars 100 pm.

consequently, their contribution to sympathetic and para-
sympathetic innervation of iPSC-derived myocardium; and
further suggest that these defects may not be fully reversible
upon transition to SC.

Discussion

We employed a series of earth-based in vitro experiments
to separate the effects of microgravity on NC versus me-
sodermal cardiac precursors. The major new finding of this
study is that simulated microgravity exerts adverse effects
on the autonomic and pacemaking pathways of the heart, by
directly repressing NC while enhancing mesoderm-derived
cardiac lineages (Supplementary Fig. S3). More specifically,
we found that simulated microgravity produced perturba-
tions in the expression of cKit“ERT?*  [slinLacZ, and
Wntl-Cre reporter alleles in adult as well as iPSC-derived
cardiac NCs and ANS derivatives, whereas promoting the
expansion of Isl/nLacZ reporter gene expression in SHF-
derived pacemaker cells of the sinus node. Furthermore,
gene expression microarrays and qPCR analyses suggested
that these effects were associated with abnormalities in
BMP/TGF-f and Wnt/B-catenin signaling; and may not be
fully reversible upon transition to normal gravity.

/VAChT" (J-L). (I, L) Are higher magnification images of the areas depicted in insets in (G, H, J, K),

In agreement with our findings, microgravity-induced
abnormalities associated with the cardiac ANS and SAN
have been previously reported in humans subjected to
spaceflight [2,3,5,6,10,11,30-33]. Particularly, transition to
microgravity has been reported to induce cardiovascular
deconditioning, an acute syndrome manifested as abnormal
cardiac preload, stroke volume, and output; loss of myo-
cardial mass; reduced vascular resistance; abnormal baro-
reflex responses; heart rate variability; and orthostatic
intolerance [4-7,11]. Furthermore, a retrospective analysis
recently reported significantly higher mortality rates of the
Apollo lunar astronauts due to cardiovascular disease [1].
Importantly—although the etiologies for the disease remain
undetermined—in support to our study, a cohort of the
lunar astronauts reportedly experienced unstable auto-
nomic nervous function and cardiac rhythm problems, in-
cluding bigeminy as well as premature auricular and
ventricular contractions, both during and after space travel
[12,34]. Thus, the detrimental effects of microgravity in
postnatal cardiac NCs and their ANS derivatives, in con-
junction to the abnormal expansion of Is/-I* conduction
system cells in the SAN described in this study, provide a
possible explanation for the development of spaceflight-
induced cardiomyopathies in humans.
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Our findings on simulated microgravity-induced ab-
normalities in adult and iPSC-derived NC cells are also in
agreement with previous developmental studies, reporting
neural tube and other neurological defects in urodeles
[35,36] and rodents [37,38] in response to actual space-
flight. In addition, consistent with our findings that these
effects were associated with abnormal BMP/TGF-3 and
Wnt/B-catenin signaling, Lei et al. reported enhanced me-
sendoderm and repressed neuroectodermal differentiation of
mESCs in RCCS, due to increased expression of Wnt3 [24].
Similarly, Blaber et al. recently investigated the effects of
microgravity during spaceflight on mESCs, and reported
abnormalities in several signaling pathways, including Wnt/
B-catenin and TGF-B/BMP [25]. Remarkably, compared
with our findings and previous simulated microgravity
experiments by others [24], the effects of spaceflight on
mESCs were associated with retention of pluripotency and
inhibition of differentiation into both mesendodermal and
neuroectodermal lineages, suggesting that earth-based sim-
ulated microgravity experiments may not recapitulate the
full spectrum of spaceflight-induced abnormalities on stem/
progenitor cells.

Finally, several limitations should be taken into account
when interpreting our findings. First, the data described in this
study are derived from earth-based simulated microgravity
experiments. Second, the impact of simulated microgravity in
cardiovascular development and plasticity were assessed ex
vivo, in explanted heart tissues and iPSC-based in vitro
models of cardiogenesis. Third, our experiments were con-
ducted in murine tissues and cell lines. Therefore, further
studies are warranted to elucidate whether the NC-based
molecular and cellular mechanisms described herein, are as-
sociated with microgravity-induced cardiovascular disorders
in humans following space travel.

In summary, we employed a series of earth-based ex-
periments to simulate and study the impact of micrograv-
ity on the cellular and molecular mechanisms underlying
the embryonic development and postnatal plasticity of the
mammalian heart. Our findings support that microgravity
impacts cardiac NC cells and their ANS derivatives, as well
as the cardiac conduction system, by altering the BMP/TGF-
B and Wnt/B-catenin signaling pathways. Taken together,
our study provides novel mechanistic insights on the effects
of microgravity in cardiovascular development and health;
and therefore may lead to novel therapeutic strategies for the
prevention and treatment of microgravity-induced cardio-
myopathies.
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