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SUMMARY
With extended stays aboard the International Space Station (ISS) becoming commonplace, there is a need to better understand the

effects of microgravity on cardiac function. We utilized human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)

to study the effects of microgravity on cell-level cardiac function and gene expression. The hiPSC-CMs were cultured aboard the

ISS for 5.5 weeks and their gene expression, structure, and functions were compared with ground control hiPSC-CMs. Exposure to

microgravity on the ISS caused alterations in hiPSC-CM calcium handling. RNA-sequencing analysis demonstrated that 2,635 genes

were differentially expressed among flight, post-flight, and ground control samples, including genes involved in mitochondrial meta-

bolism. This study represents the first use of hiPSC technology to model the effects of spaceflight on human cardiomyocyte structure

and function.
INTRODUCTION

The allure of space as a natural laboratory stems from its

unique properties that cannot be perfectly duplicated on

Earth, notably microgravity, which has been simulated us-

ing techniques such as rotating bioreactors, random posi-

tioning machines, and magnetic levitation (Becker and

Souza, 2013). While spaceflight is largely government

funded, private enterprises dedicated to low-orbit payload

delivery have enabled space to become a realistic destina-

tion for science (Rogers, 2001). However, the effects of

microgravity on human organ function must be better un-

derstood. Because of the heart’s critical role in maintaining

proper bodily systemic functions, the effects of micro-

gravity on cardiac physiology, metabolism, and cellular

biology should be elucidated.

Spaceflight induces physiological changes in cardiac

function (Sides et al., 2005). Astronauts on space shuttle

missions experienced reduced heart rate and lowered arte-

rial pressure (Fritsch-Yelle et al., 1996; Perhonen et al.,

2001). The National Aeronautics and Space Administra-

tion (NASA) Twin Study demonstrated that long-term

exposure to microgravity reduces mean arterial pressure

and increases cardiac output (Garrett-Bakelman et al.,
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2019). However, little is known about the role of

microgravity in influencing human cardiac function at

the cellular level.

Existing cardiac cellular microgravity studies have used

mouse or rat cardiomyocyte (CM) models. Alterations

occur in mRNA expression of rat cardiac myosin protein,

critical for CM contractility, when animals are maintained

in microgravity (Thomason et al., 1992). Microgravity up-

regulates the expression of mitochondrial metabolism

genes, such as malate dehydrogenase, in rat cardiac muscle

(Connor and Hood, 1998). Hindlimb suspension of rats

promoted the expression of a unique isoform of cardiac

troponin I, critical for proper CM contraction (Yu et al.,

2001). In rat CMs, simulated microgravity altered nuclear

localization of nuclear factor kB, which is implicated in

the cellular response to oxidative stress (Kwon et al.,

2009). However, animal models cannot perfectly replicate

cellular functions in human cardiac tissues, partly due to

species-specific differences in cardiac function (Fermini

et al., 1992; Gauthier et al., 1999; Spotnitz et al., 1984).

Thus, we should understand the cellular and physiological

processes influenced by microgravity in human heart cells.

Human CMs are a limited resource and cannot be

maintained long term (Bergmann et al., 2009). However,
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Figure 1. Evaluating the Effects of Spaceflight on hiPSC-CM Structure and Function
(A) Timeline for experiment. Tissue samples were collected from three individuals and used to generate human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs). The hiPSC-CMs were plated in fully enclosed 6-well plates optimized for microgravity (‘‘BioCells’’)
and sent to the International Space Station (ISS) for culture and live imaging for�1 month. Ground controls with the same hiPSC-CM lines
and hardware were maintained at Stanford University. Media exchanges and imaging were strictly scheduled so that the only significant
difference in cell environment was spaceflight. After sample return from the ISS, cellular phenotypes were evaluated using gene
expression, immunofluorescence, calcium imaging, and contractility analyses.
(B) A BioCell in its environmental control habitat (‘‘PHAB’’).
(C) The interior of the Space Automated Bioproduct Laboratory (SABL), the incubator used to maintain the cells on the ISS.
human induced pluripotent stem cell-derived CMs

(hiPSC-CMs) have emerged as a surrogate for studying

the molecular and cellular mechanisms of human car-

diac pathophysiology (Sharma et al., 2013, 2017, 2018;

Sun et al., 2012). The hiPSC-CMs can be mass produced,

cultured long term, and manipulated in vitro (Sharma

et al., 2013). Employing a multi-disciplinary approach

and access to the International Space Station (ISS), we

utilized hiPSC-CMs to provide insights into the effects

of spaceflight and microgravity on human cardiac phys-

iology, cell structure, and gene expression.
RESULTS

Microgravity Cell Culture and Maintenance of hiPSC-

CMs in Space

hiPSC lines were generated from three individuals by

reprogramming peripheral blood mononuclear cells

(PBMCs) and differentiating them into hiPSC-CMs

(Burridge et al., 2014). Monolayers of beating hiPSC-

CMs were sent to the ISS for 5.5 weeks (Figure 1A). The

hiPSC-CMs were grown in fully enclosed 6-well plates

(BioCells) optimized for long-termmicrogravity cell culture
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(Figure 1B). BioCells were launched to the ISS aboard a

SpaceX Dragon transport spacecraft via a SpaceX Falcon 9

rocket during the SpaceX CRS-9 commercial resupply ser-

vice mission. BioCells were maintained aboard the ISS in

an on-station incubator (Space Automated Bioproduct Lab-

oratory [SABL]) (Figure 1C) at 37�C and 5% CO2, and

ground control cells were cultured in parallel. The hiPSC-

CMs within the BioCells were cultured in a high-nutrient

CM maintenance medium that was changed weekly.

Ground control hiPSC-CMs were maintained identically,

with media changes replicated exactly on a 6-h delay

from the ISS.

Functional Analyses of hiPSC-CMs in Microgravity

Conditions and Post Spaceflight

Prolonged spaceflight alters human heart physiology.

Thus, we aimed to determine the effects of microgravity

on hiPSC-CM morphology and function. Upon return

to Earth, space-flown hiPSC-CMs were evaluated for

changes in morphology and structure. Phase-contrast mi-

croscopy found no overt changes between groundside

controls and flight samples (Figure 2A). The hiPSC-CMs

from cell line 2 exhibited lower cell confluence than

other lines, likely due to lower survival at initial plating.

Immunofluorescence of ground and flight samples

for sarcomeric proteins a-actinin and cardiac troponin T

(cTnT) illustrated standard, striated sarcomeres (Fig-

ure 2B). DAPI-positive and cTnT/a-actinin-negative cells

indicated the presence of a non-myocyte, fibroblast-like

population. We did not observe significant differences

in sarcomere structure, length, or regularity between

ground and flight samples (Figures 2C–2E). These results

suggest that space-flown hiPSC-CMs retain sarcomeric

structure and morphology when compared with ground

hiPSC-CMs.

For hiPSC-CM functional assessment, we analyzed

hiPSC-CM contractile properties using video microscopy

(Videos S1 and S2) with motion vector analysis (Huebsch

et al., 2015). Ground and space-flown hiPSC-CMs had a

similar spontaneous beat rate after 2.5 weeks (Figure 3A).

There was no significant difference between contraction

and relaxation velocities (Figures 3B and 3C). We also

assessed Ca2+-handling properties of space-flown hiPSC-

CMs after return to Earth (Figure 3D). Space-flown hiPSC-

CMs exhibited unchanged Ca2+ transient amplitude but

showed a significant increase in transient decay tau (Fig-

ures 3E and S1) that is indicative of a decreased calcium re-

cycling rate. We also observed an increase in the standard

deviation of beating intervals (Figure 3F) in space-flown

hiPSC-CMs, indicating beating irregularity. These results

suggest that calcium-handling-related parameters remain

altered for space-flown hiPSC-CMs following return to

normal gravity.
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Gene Expression of hiPSC-CMs in Microgravity and

Post Spaceflight

We analyzed the transcriptome of hiPSC-CMs during

spaceflight and post-flight. hiPSC-CMs were harvested at

4.5 weeks in spaceflight and on day 10 after return to Earth.

Ground hiPSC-CMs were collected at the post-return time

point as controls. Based on RNA sequencing, principal

component analyses of flight, post-flight, and ground

hiPSC-CMs showed that samples clustered based on the

cell line of origin (Figure S2A) and developed a differential

pattern of gene expression during the experiment. Flight

samples clustered separately from post-flight samples,

which in turn clustered most closely with ground controls

(Figure 4A).

Based on our contractility and calcium-handling data, we

examined expression of genes related to these functions.

There was no significant change in expression levels of cal-

cium cycling-related genes ryanodine receptor 2 (RYR2) or

sarcoplasmic/ER calcium ATPase 2 (SERCA2) (Figure 4B).

Thus, the declined calcium recycling we observed may

have resulted from stress-induced calcium sarcoplasmic re-

ticulum (SR) load increase, shifting the calcium balance be-

tween the SR and cytoplasm and decreasing the recycling

rate through the same amount of SERCA2a. Increased SR

load may increase calcium leak from RyR2, which would

promote the beating irregularity we observed.

Sarcomeric genes cardiac troponin T (TNNT2) and

troponin I1 (TNNI1) were significantly upregulated in

flight, although other sarcomeric genes were similarly ex-

pressed (MYH7). Motif enrichment analysis of differen-

tially expressed genes among the conditions (Table S2)

indicated that the motif for specificity protein 1 (Sp1) was

enriched for genes upregulated in flight compared with

ground. Sp1 activates the TNNT2 promoter, which can

contribute to a hypertrophic phenotype (Azakie et al.,

2006).

Myocyte enhancer factor 2 (MEF2) transcription factor

motifs were enriched in genes upregulated in flight

comparedwith ground. Like Sp1, MEF2 contributes to regu-

lation of a hypertrophic phenotype (Agrawal et al., 2010).

MEF2D, whichmediates stress-dependent cardiac remodel-

ing (Kim et al., 2008), was upregulated in flight hiPSC-CMs

compared with that on the ground (Figure 4C). Association

of MEF2 with class II histone deacetylases (HDACs) re-

presses hypertrophy, whereas class I HDACs induce hyper-

trophy (Agrawal et al., 2010). Expression of HDAC10 and

HDAC4 (class II) was lower in flight hiPSC-CMs than on

the ground, whereas expression of HDAC8 (class I) was

increased.

Other transcription factors for which motifs were en-

riched include peroxisome proliferator-activated receptors,

Krüppel-like factor 5 (KLF5), and chicken ovalbumin up-

stream promoter transcription factor II (COUP-TFII), which
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are involved in regulating cardiac metabolism (Drosatos

et al., 2016; Wu et al., 2015). Although expression of these

factors was not significantly different among the three con-

ditions (Figure 4D), further annotation of RNA-sequencing

data revealed that genes belonging to the mitochondrial

metabolic pathway showed the most significant changes

both between flight and ground and between flight and

post-flight (Figures 4E and S2B; Table S3). Flight samples

showed a decreased expression of genes related to RNA/

DNA helicase and DNA damage and repair compared

with both post-flight and ground samples. The numbers

of differentially expressed genes in a two-group compari-

son between ground and flight (3,008 genes) and between

post-flight and flight (2,026 genes) were much greater than

the number of differentially expressed genes between post-

flight and ground (1,049 genes), with the most overlap in

differentially expressed genes between the ground versus

flight and post-flight versus flight comparisons (Figure 4F).

These results suggest that hiPSC-CMs adopt a unique gene-

expression signature during spaceflight, and this gene-

expression pattern reverts to one similar to ground controls

upon return to normal gravity.
DISCUSSION

Decades of observations on space-flown animal models

and human astronauts have confirmed that cardiovascular

physiology is profoundly changed by spaceflight (Hughson

et al., 2017). However, most cardiovascular microgravity

physiology studies have been conducted either in non-hu-

man models or at tissue, organ, or systemic levels. While

recent studies of human cardiac progenitor cells have

demonstrated that microgravity can enhance their differ-

entiation and maintenance (Baio et al., 2018; Camberos

et al., 2019; Jha et al., 2016), none have addressed the ef-

fects of spaceflight on differentiated cardiomyocytes. Using

6-well plates optimized for microgravity, we sent live

hiPSC-CMs from three individuals to the ISS as an in vitro

human model for microgravity exposure.

Previous microgravity studies in animal models have

demonstrated changes in contractile muscle protein

expression (Thomason et al., 1992; Yu et al., 2001). While

we did not observe a significant difference in contractility
Figure 2. hiPSC-CMs Demonstrate No Overt Changes in Cell Morph
(A) Representative phase-contrast images of live-return hiPSC-CMs fr
paraformaldehyde fixation.
(B) Immunofluorescence of flight and ground control samples from ea
and a-actinin, and nuclear stain DAPI. Scale bars represent 50 mm.
(C–E) Pearson’s coefficient (C), period (D), and fast Fourier transform
ground and flight samples (arbitrary units). N = 3 lines, n = 2–3 imag
Error bars represent standard error of the mean (SEM).
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or differences in cellmorphology or sarcomere structure be-

tween space-flown and groundside CMs, we did observe

changes in calcium recycling and expression of myofila-

ment genes in space-flown hiPSC-CMs. These findings

parallel the aforementioned organ-level observations and

suggest that, even at the cellular level, human CMs can

functionally respond to changes in apparent gravity.

Gene-expression pathways related to mitochondrial

function were upregulated in space-flown hiPSC-CMs.

Binding motifs for transcription factors known to regulate

cardiac metabolism were enriched in space-flown hiPSC-

CMs. These results align with previous studies showing

that the rat heart undergoes mitochondrial adaptations

via gene upregulation after short-term exposure to micro-

gravity (Connor and Hood, 1998). The NASA Twin Study

also noted mitochondrial-related gene-expression changes

(Garrett-Bakelman et al., 2019). Although their analysis

was performed in PBMCs, the presence of mitochondrial

gene-expression changes in their study and ours indicates

that a cellular-level response to spaceflight may not be

cell-type specific. Annotation of genes upregulated in

post-flight compared with ground indicated that mito-

chondrial pathways were still enriched, demonstrating

that a return to normal gravity does not completely restore

normal mitochondrial gene expression, at least not within

the first 10 days after return. Motif enrichment analysis

also demonstrated that motifs enriched in genes upregu-

lated in space-flown hiPSC-CMs were associated with tran-

scription factors known to regulate hypertrophic pathways.

While we identified mitochondria- and hypertrophy-

related pathways as those of interest, our conclusions are

limited by time scale and available methods for this study.

Longer exposure to microgravity or a longer readjustment

period to normal gravity may change the extent of irrevers-

ible and reversed gene-expression changes, respectively.

Additionally, the flight RNA samples were preserved at a

different time points than the post-flight and ground sam-

ples, which may have contributed to the observed differ-

ences in gene expression. Finally, while we matched media

change timing and environmental conditions for ground

and flight samples as closely as possible, we note additional

variables. For example, radiation levels are higher aboard

the ISS than on Earth. Also, flight samples experienced

launch and re-entry, whereas ground samples did not.
ology or Sarcomere Structure after Return from Spaceflight
om each cell line 3 days after sample return from the ISS, prior to

ch cell line showing sarcomeric proteins cardiac troponin T (cTnT)

(E) power of cTnT and a-actinin signals along sarcomere lines for
es per line, with 8–15 sarcomeres analyzed per image.



Figure 3. hiPSC-CM Contraction and Calcium Handling Are Altered by Spaceflight
(A–C) Beat rate in beats per minute (bpm) (A), contraction velocity (B), and relaxation velocity (C) for ground control and flight hiPSC-CMs
after 1.5 and 2.5 weeks of culture on the ISS. N = 3 lines, n = 1–2 biological replicates per line, with 1–4 videos per sample.
(D) Representative calcium transients for ground and flight conditions, measured 3 days after live return from the ISS.
(E and F) Transient decay tau (E) and standard deviation of beating intervals (F) from calcium transients. N = 103 and 34 cells in ground
and flight groups, respectively. **p < 0.01 and ***p < 0.001 versus ground control.
Error bars represent SEM. See also Figure S1; Videos S1 and S2.
The forces that cells experienced during transit may have

affected their phenotype and gene expression. In future

studies, including a 1G centrifuge control on the ISS or a

simulated microgravity control on the ground may help

disaggregate these effects.

There are also well-established caveats to using hiPSC-

CMs. We noted the presence of non-cardiomyocyte,
fibroblast-like cells in each hiPSC-CM line, likely due to

incomplete metabolic selection of hiPSC-CMs prior to

spaceflight. Perfect purification of hiPSC-CMs remains an

issue during differentiation, and long-termmetabolic selec-

tion using a low-glucose medium is often unable to

completely eliminate fibroblasts. Residual fibroblasts may

have proliferated during this month-long experiment.
Stem Cell Reports j Vol. 13 j 960–969 j December 10, 2019 965
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Additionally, hiPSC-CMs typically exhibit an immature

human cardiac phenotype that is reflected in the contrac-

tility, force output, electrophysiology, and overall structure

of these cells, all of which differ from true adult human

CMs (Oikonomopoulos et al., 2018). However, we still

believe that hiPSC-CMs represent the best model currently

available for studying cell-level human cardiac function in

response to environmental stimuli such as microgravity.

Further investigations into cardiac response to space-

flight are necessary to confirm these results and elucidate

the mechanism of response to microgravity. Studies of

functional changes in mitochondria of CMs exposed to

microgravity would complement the gene-expression

changes we observed. Using three-dimensional, tissue-like

structures, such as engineered heart tissues or cardiac orga-

noids, would provide a more physiologically accurate

model and allow study of interactions between multiple

cell types (Wnorowski et al., 2019). Eventually, these plat-

forms may enable prevention or treatment strategies to

be developed for spaceflight-induced cardiac remodeling.

Our study demonstrated for the first time that hiPSC-

CMs can model the effects of spaceflight and microgravity.

Human heart muscle cells, like the whole heart, change

their functional properties in spaceflight and compensate

for the apparent loss of gravity by altering their gene-

expression patterns at the cellular level. As humans spend

more time in space, we must better understand the effects

of spaceflight on human physiology at the cellular level.

Here, we demonstrated that long-term cell culture of

advanced, highly specialized cell types such as human

CMs is possible aboard the ISS and that such studies can

provide informative data. We also laid the groundwork

for future studies that will employ next-generation tech-

nologies, such as three-dimensional organoids, organ or

body-on-a-chip systems, and high-throughput screening

platforms, to more accurately model cardiac and human

physiology in spaceflight.
EXPERIMENTAL PROCEDURES

Full details are provided in Supplemental Experimental

Procedures.
Figure 4. hiPSC-CM RNA Expression Profiles Are Altered by Space
RNA-sequencing data comparing flight samples preserved in RNAlate
10 days post return after �5.5 weeks in microgravity, and ground co
(A) Heatmap displaying 2,635 genes differentially expressed among
(B–D) Expression of genes related to (B) calcium handling and contr
(E) Group enrichment scores for top functional annotation clusters (e
Database for Annotation, Visualization, and Integrated Discovery (DAV
with p % 0.05 based on a two-tailed Student’s t test.
(F) Venn diagram demonstrating differentially expressed genes for eac
See also Figure S2 and Tables S1, S2, and S3.
hiPSC-CM Differentiation and Culture
All hiPSCs were derived with approval from the Institutional

Review Board at Stanford University. hiPSCs were cultured on Ma-

trigel-coated plates and differentiated into hiPSC-CMs using two-

dimensional monolayer differentiation (Burridge et al., 2014).
Custom Spaceflight Hardware (BioServe Space

Technologies)

Plate Habitat
The Plate Habitat (PHAB) is an aluminumbox that can be sealed or

vented. When transporting live mammalian cells to the ISS, the

PHAB is charged with 5% CO2. Vents are then sealed with a cover

made of aluminum and Kapton tape. The PHAB, in this configura-

tion, can maintain 4.5%–5% CO2 for up to 9 days once charged

and sealed. On board the ISS, the vent cover is removed and the

PHAB is placed in an on-board incubator (SABL) that provides

37�C and active 5%CO2 control. The PHAB provides containment

for liquids as per NASA safety protocol.

BioCell

The BioCell is a fully contained cell culture vessel for ISS use. The

6-well BioCell has an aluminum frame and a polysulfone center

with 6 individual wells, eachwith its own access port. A gas-perme-

able membrane covers both sides of the well. The membrane also

provides the growth surface for cells being cultured within each

well. Eachwell has amaximumvolume of 2.5mL. Fluid exchanges

are completed by attaching a syringe to each access port and then

exchanging the fluid in the well with the fluid in the syringe.

Space Automated Bioproduct Laboratory

TheSABL is a ‘‘smart’’ incubator currently aboard the ISS that canhold

temperatures between �5�C and 43�C. For mammalian cell culture,

BioServe’s Atmosphere Control Module (ACM) is inserted into SABL

and provides 5% CO2. For this hiPSC-CM experiment, the SABL

with ACM installed was used to house three PHABs, each with a 6-

well BioCell. Temperature set points for SABL are controlled from

the ground via BioServe’s PayloadOperations andCommandCenter.
ACCESSION NUMBERS

RNA-sequencing data for this article are available on the Gene

Expression Omnibus with accession number GEO: GSE137081.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
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flight
r after �4.5 weeks in microgravity, post-flight samples preserved
ntrol samples preserved at the same time as post-flight samples.
the three groups with p % 0.05.
action, (C) hypertrophy, and (D) metabolism, with *p % 0.05.
nrichment score R2 for at least one group) determined using the
ID) for genes differentially expressed between the indicated groups

h comparison with p% 0.05 based on a two-tailed Student’s t test.
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Heider, F., Walsh, S., Zupicich, J., Alkass, K., Buchholz, B.A., Druid,

H., et al. (2009). Evidence for cardiomyocyte renewal in humans.

Science 324, 98–102.

Burridge, P.W., Matsa, E., Shukla, P., Lin, Z.C., Churko, J.M., Ebert,

A.D., Lan, F., Diecke, S., Huber, B., Mordwinkin, N.M., et al. (2014).

Chemically defined generation of human cardiomyocytes. Nat.

Methods 11, 855–860.

Camberos, V., Baio, J., Bailey, L., Hasaniya, N., Lopez, L.V., and

Kearns-Jonker, M. (2019). Effects of spaceflight and simulated

microgravity on YAP1 expression in cardiovascular progenitors:

implications for cell-based repair. Int. J. Mol. Sci. 20, 2742.

Connor, M.K., and Hood, D.A. (1998). Effect of microgravity on

the expression of mitochondrial enzymes in rat cardiac and skel-

etal muscles. J. Appl. Physiol. 84, 593–598.

Drosatos, K., Pollak, N.M., Pol, C.J., Ntziachristos, P., Willecke, F.,

Valenti, M.-C., Trent, C.M., Hu, Y., Guo, S., Aifantis, I., et al.

(2016). Cardiac myocyte KLF5 regulates Ppara expression and car-

diac function. Circ. Res. 118, 241–253.

Fermini, B., Wang, Z., Duan, D., and Nattel, S. (1992). Differences

in rate dependence of transient outward current in rabbit and hu-

man atrium. Am. J. Physiol. 263, H1747–H1754.

Fritsch-Yelle, J.M., Charles, J.B., Jones, M.M., and Wood, M.L.

(1996). Microgravity decreases heart rate and arterial pressure in

humans. J. Appl. Physiol. 80, 910–914.

Garrett-Bakelman, F.E., Darshi, M., Green, S.J., Gur, R.C., Lin, L.,

Macias, B.R., McKenna, M.J., Meydan, C., Mishra, T., Nasrini, J.,

et al. (2019). The NASA Twins Study: a multidimensional analysis

of a year-long human spaceflight. Science 364. https://doi.org/

10.1126/science.aau8650.

Gauthier, C., Tavernier, G., Trochu, J.N., Leblais, V., Laurent, K.,

Langin, D., Escande, D., and Le Marec, H. (1999). Interspecies dif-

ferences in the cardiac negative inotropic effects of b3-adrenocep-

tor agonists. J. Pharmacol. Exp. Ther. 290, 687–693.

Huebsch, N., Loskill, P., Mandegar, M.A., Marks, N.C., Sheehan,

A.S., Ma, Z., Mathur, A., Nguyen, T.N., Yoo, J.C., Judge, L.M.,

et al. (2015). Automated video-based analysis of contractility and

calcium flux in human-induced pluripotent stem cell-derived car-

diomyocytes cultured over different spatial scales. Tissue Eng. Part

C Methods 21, 467–479.

Hughson, R.L., Helm, A., and Durante, M. (2017). Heart in space:

effect of the extraterrestrial environment on the cardiovascular

system. Nat. Rev. Cardiol. 15, 167–180.

Jha, R.,Wu, Q., Singh,M., Preininger, M.K., Han, P., Ding, G., Cho,

H.C., Jo, H., Maher, K.O., Wagner, M.B., et al. (2016). Simulated

microgravity and 3D culture enhance induction, viability, prolifer-

ation and differentiation of cardiac progenitors from human

pluripotent stem cells. Sci. Rep. 6, 30956.

Kim, Y., Phan, D., van Rooij, E., Wang, D., McAnally, J., Qi, X., Ri-

chardson, J.A., Hill, J.A., Bassel-Duby, R., and Olson, E.N. (2008).

TheMEF2D transcription factor mediates stress-dependent cardiac

remodeling in mice. J. Clin. Invest. 118, 124–132.

Kwon, O., Tranter, M., Jones, W.K., Sankovic, J.M., and Banerjee,

R.K. (2009). Differential translocation of nuclear factor-kappaB in

http://refhub.elsevier.com/S2213-6711(19)30367-4/sref1
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref1
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref1
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref2
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref2
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref2
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref2
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref3
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref3
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref3
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref3
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref3
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref4
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref4
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref4
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref5
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref5
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref5
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref5
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref6
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref6
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref6
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref6
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref7
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref7
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref7
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref7
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref8
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref8
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref8
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref9
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref9
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref9
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref9
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref10
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref10
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref10
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref11
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref11
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref11
https://doi.org/10.1126/science.aau8650
https://doi.org/10.1126/science.aau8650
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref13
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref13
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref13
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref13
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref14
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref14
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref14
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref14
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref14
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref14
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref15
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref15
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref15
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref16
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref16
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref16
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref16
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref16
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref17
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref17
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref17
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref17
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref18
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref18


a cardiac muscle cell line under gravitational changes. J. Biomech.

Eng. 131, 064503.

Oikonomopoulos, A., Kitani, T., and Wu, J.C. (2018). Pluripotent

stem cell-derived cardiomyocytes as a platform for cell therapy ap-

plications: progress and hurdles for clinical translation. Mol. Ther.

26, 1624–1634.

Perhonen, M.A., Franco, F., Lane, L.D., Buckey, J.C., Blomqvist,

C.G., Zerwekh, J.E., Peshock, R.M., Weatherall, P.T., and Levine,

B.D. (2001). Cardiac atrophy after bed rest and spaceflight.

J. Appl. Physiol. 91, 645–653.

Rogers, T.F. (2001). ‘‘Space tourism’’—its importance, its history,

and a recent extraordinary development. Acta Astronaut 49,

537–549.

Sharma, A., Wu, J.C., and Wu, S.M. (2013). Induced pluripotent

stem cell-derived cardiomyocytes for cardiovascular disease

modeling and drug screening. Stem Cell Res. Ther. 4, 150.

Sharma, A., Burridge, P.W., McKeithan, W.L., Serrano, R., Shukla,

P., Sayed, N., Churko, J.M., Kitani, T., Wu, H., Holmström, A.,

et al. (2017). High-throughput screening of tyrosine kinase inhib-

itor cardiotoxicity with human induced pluripotent stem cells. Sci.

Transl. Med. 9, eaaf2584.

Sharma, A., Toepfer, C.N., Ward, T., Wasson, L., Agarwal, R., Con-

ner, D.A., Hu, J.H., and Seidman, C.E. (2018). CRISPR/Cas9-medi-

ated fluorescent tagging of endogenous proteins in human

pluripotent stem cells. Curr. Protoc. Hum. Genet. 96, 21.11.1–

21.11.20.

Sides, M.B., Vernikos, J., Convertino, V.A., Stepanek, J., Tripp, L.D.,

Draeger, J., Hargens, A.R., Kourtidou-Papadeli, C., Pavy-LeTraon,
A., Russomano, T., et al. (2005). The Bellagio report: cardiovascular

risks of spaceflight: implications for the future of space travel.

Aviat. Space Environ. Med. 76, 877–895.

Spotnitz,W.D., Clark,M.B., Rosenblum, H.M., Lazar, H.L., Haasler,

G.B., Collins, R.H., Spotnitz, A.J., Wong, C.Y., and Spotnitz, H.M.

(1984). Effect of cardiopulmonary bypass and global ischemia on

human and canine left ventricular mass: evidence for interspecies

differences. Surgery 96, 230–239.

Sun, N., Yazawa, M., Liu, J., Han, L., Sanchez-Freire, V., Abilez, O.J.,

Navarrete, E.G., Hu, S., Wang, L., Lee, A., et al. (2012). Patient-spe-

cific induced pluripotent stem cells as a model for familial dilated

cardiomyopathy. Sci. Transl. Med. 4, 130ra47.

Thomason, D.B., Morrison, P.R., Oganov, V., Ilyina-Kakueva, E.,

Booth, F.W., and Baldwin, K.M. (1992). Altered actin and myosin

expression in muscle during exposure to microgravity. J. Appl.

Physiol. 73, S90–S93.

Wnorowski, A., Yang, H., and Wu, J.C. (2019). Progress, obstacles,

and limitations in the use of stem cells in organ-on-a-chip models.

Adv. Drug Deliv. Rev. 140, 3–11.

Wu, S.-P., Kao, C.-Y.,Wang, L., Creighton, C.J., Yang, J., Donti, T.R.,

Harmancey, R., Vasquez, H.G., Graham, B.H., Bellen, H.J., et al.

(2015). Increased COUP-TFII expression in adult hearts induces

mitochondrial dysfunction resulting in heart failure. Nat. Com-

mun. 6, 8245.

Yu, Z.-B., Zhang, L.-F., and Jin, J.-P. (2001). A proteolytic NH2-ter-

minal truncation of cardiac troponin I that is up-regulated in simu-

lated microgravity. J. Biol. Chem. 276, 15753–15760.
Stem Cell Reports j Vol. 13 j 960–969 j December 10, 2019 969

http://refhub.elsevier.com/S2213-6711(19)30367-4/sref18
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref18
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref19
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref19
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref19
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref19
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref20
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref20
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref20
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref20
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref21
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref21
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref21
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref21
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref21
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref22
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref22
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref22
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref23
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref23
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref23
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref23
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref23
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref24
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref24
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref24
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref24
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref24
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref25
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref25
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref25
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref25
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref25
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref26
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref26
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref26
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref26
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref26
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref27
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref27
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref27
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref27
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref28
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref28
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref28
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref28
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref29
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref29
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref29
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref30
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref30
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref30
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref30
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref30
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref31
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref31
http://refhub.elsevier.com/S2213-6711(19)30367-4/sref31

	Effects of Spaceflight on Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Structure and Function
	Introduction
	Results
	Microgravity Cell Culture and Maintenance of hiPSC-CMs in Space
	Functional Analyses of hiPSC-CMs in Microgravity Conditions and Post Spaceflight
	Gene Expression of hiPSC-CMs in Microgravity and Post Spaceflight

	Discussion
	Experimental Procedures
	hiPSC-CM Differentiation and Culture
	Custom Spaceflight Hardware (BioServe Space Technologies)
	Plate Habitat
	BioCell
	Space Automated Bioproduct Laboratory


	Accession Numbers
	Supplemental Information
	Author Contributions
	Acknowledgments
	References


