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Abstract

Long noncoding RNAs (IncRNAs) are crucial in many cellular processes, yet relative few have
been shown to regulate human cardiomyocyte differentiation. Here, we demonstrate an essential
role of GATAG antisense RNA 1 (GATA6-AS1) in cardiomyocyte differentiation from human
pluripotent stem cells (hPSCs). GATA6-AS1 is adjacent to cardiac transcription factor GATA6. We
found that GATA6-ASI was nuclear-localized and transiently upregulated along with GATA6
during the early stage of cardiomyocyte differentiation. Knockdown of GA7A6-AS1 did not affect
undifferentiated cell pluripotency but inhibited cardiomyocyte differentiation, as indicated by no
or few beating cardiomyocytes and reduced expression of cardiomyocyte-specific proteins. Upon
cardiac induction, knockdown of GATA6-AS1 decreased GATAG expression, altered Wnt-
signaling gene expression and reduced mesoderm development. Further characterization of the
intergenic region between genomic regions of GATA6-AS1 and GATAG6 indicated that the
expression of GATA6-AS1 and GATA6 were regulated by a bidirectional promoter within the
intergenic region. Consistently, GATA6-AS1 and GATA6 were co-expressed in several human
tissues including the heart, similar to the mirror expression pattern of GATA6-AS1 and GATA6
during cardiomyocyte differentiation. Overall, these findings reveal a previously unrecognized and
functional role of INcCRNA GATA6-ASI in controlling human cardiomyocyte differentiation.
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INTRODUCTION

Human pluripotent stem cells (hPSCs) can give rise to spontaneously beating
cardiomyocytes /n vitro, a process that mirrors cardiogenesis. Similar to in vivo
cardiogenesis, /in vitro cardiomyocyte differentiation is a dynamic process, which is tightly
regulated by signaling proteins and transcription factors (1). The improved understanding of
molecular mechanisms controlling the differentiation of hPSCs to cardiomyocytes has made
it possible to differentiate with encouraging efficiency, which is potentially a promising
approach for regenerative therapy, disease modeling and other applications (2-5). Moreover,
due to limited access to human embryonic tissues, studies on lineage commitment of hPSCs
into cardiomyocytes present an alternative approach to study the molecular regulation of
human-specific cardiogenesis events. In this regard, hPSCs provide a powerful and attractive
tool to study the role of long non-coding RNAs (IncRNAS) in differentiation and
development. Given that InNcRNAs are less conserved among species compared with protein-
coding genes, INcRNAs may have a species-specific role in many biological processes.

LncRNAs are transcripts longer than 200 nucleotides, which constitute a large part of the
human genome with limited coding potential (6). LncRNAs are involved in various cellular
processes such as genomic distribution, genomic imprinting, expression pattern, subcellular
localization, chromatin modification, protein transport, and RNA alternative splicing (7-10).
For example, co-expression of tissue-specific INCRNAs and protein-coding genes suggests a
novel role of IncRNA-mediated gene regulation. In the brain, transient expression profiles of
IncRNAs have been identified and functionally characterized for their involvement in the
regulation of nearby protein-coding genes of neurological importance (11, 12). Similarly, a
subset of INcRNAs in the lung play an important role in the regulation of adjacent
transcription factors via Wnt/p-catenin signaling for lung endoderm morphogenesis (13).
Moreover, INCRNA expression regulates many developmental genes during differentiation of
human and mouse embryonic stem cells (nESCs/mESCs) (14, 15). However, despite these
advancements, relatively few IncRNAs have been identified for their roles in cardiovascular
development (16, 17).

Here, we report a functional role for a InCRNA, GATAG6 antisense RNA 1 (GATA6-AS1), in
hPSC cardiomyocyte differentiation. GATA family genes are known for their involvement in
embryonic development and differentiation of germ layers. In particular, GATAG is a direct
target of cardiac transcription factor NKX2-5 during cardiogenesis (18). GATAG expression
is required for the cardiovascular development, and GATA6 mutations are associated with
congenital heart diseases (19). Since GATA6-ASI resides adjacent to GATAG6 on the genome
and since INcCRNAs are known to have similar temporal expression to as well as regulatory
roles on the neighboring genes, we first compared the expression patterns of GATA6 and
GATAG6-ASI during hiPSC cardiomyocyte differentiation. As we found out that they
displayed a similar temporal expression profile, we further asked whether GATA6-AS1
could affect the expression of GATA6 and thereby hPSC cardiomyocyte differentiation.
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MATERIALS AND METHODS

Cell culture and cardiomyocyte differentiation

Undifferentiated IMR90 human induced pluripotent stem cells (hiPSCs) (WiCell, Madison,
WI1) (20), NKX2-5-eGFP (enhanced green fluorescent protein; eGFP) hESCs (21) and SCVI
273 hiPSCs (Stanford Cardiovascular Institute Biobank) were maintained in 6-well culture
plates in a feeder-free condition (22) in mouse embryonic fibroblast-conditioned medium
(MEF-CM) supplemented with basic fibroblast growth factor (b0FGF) (8 ng/mL) or mTeSR1
(StemCell Technologies). When colonies occupied approximately 75-80% of the well
surface area, cells were passaged to set up for cardiac differentiation. Cells were seeded at
the density of 2x10° cells/cm? into 12-well plates coated with Matrigel (BD Biosciences,
San Jose, CA) and fed daily until compact colonies covered the wells. For growth factor-
guided differentiation (3, 23), cells were treated with 100 ng/mL recombinant human activin
A (R&D Systems, Minneapolis, MN) at the day of induction (day 0) in RPMI 1640 with 2%
B27 minus insulin (Thermo Fisher Scientific, Waltham, MA). After 24 h (day 1), activin A
was replaced with 10 ng/mL bone morphogenetic protein 4 (BMP-4) (R&D Systems,
Minneapolis, MN) in RPMI 1640 with 2% B27 minus insulin. Then, induced cultures were
incubated for an additional 4 days without any medium change. From day 5 onwards, the
BMP-4-containing medium was replaced with 1 mL warm RPMI 1640 with 2% B27 with
insulin (Thermo Fisher Scientific, Waltham, MA) and medium was replaced on alternate
days. For differentiation using small molecules (4), dissociated single cells were seeded into
Matrigel-coated plates in mTeSR1 medium and cultured until reaching ~85% confluence.
On day 0, cultures were treated with 6 uM CHIR99021 (Selleckchem, Houston, TX) in
RPMI 1640 supplemented with 2% B27 minus insulin for 48 h followed by removal of
CHIR99021 with medium change. At day 3, cultures were treated with 5 pM IWR1 (Sigma-
Aldrich, St. Louis, MO) in RPMI 1640 with 2% B27 minus insulin and incubated for
another 2 days. At day 5, medium was replaced with RPMI 1640 medium supplemented
with 2% B27 plus insulin and changed on alternate days afterward. Cells were monitored
daily under the microscope for beating activity, which typically emerged after day 8.

Flow cytometry

Differentiation of hPSCs to cardiac cells was confirmed by intracellular staining of
cardiomyocyte markers using flow cytometry. Differentiated culture at day 14 was harvested
in 0.25% Trypsin/EDTA (Thermo Fisher Scientific, Waltham, MA) at 37° C for 10 min and
subsequently neutralized by 10% FBS in DMEM. Cells were counted and 108 cells were
first stained with ethidium monoazide (EMA, Thermo Fisher Scientific, Cat#E1374) to
distinguish live/dead cells and further stained with either PE-conjugated mouse anti-cTnT
(BD Bioscience, Cat#564767, Clone 13-11) or mouse monoclonal anti-a.-actinin (Sigma-
Aldrich, A7811) followed by secondary antibody against a-actinin. BD FACS Canto Il was
used for data acquisition by adjusting voltage and compensation using appropriate excitation
and detection channels, i.e. FITC, PE and PerCP Cy5.5 for a-actinin, cTnT and EMA
stained cells respectively. Forward versus side scatter quadrants were defined and at least
10,000 EMA negative (live) events were acquired. Finally, dot plots were generated upon
data analysis using FlowJo software to show the purity of differentiated cardiomyocytes.
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Quantitative reverse transcription polymerase chain reaction (qQRT-PCR) analysis

Total RNA was extracted from cells at several time-points during the course of
differentiation according to the recommendations of the manufacturer using Aurum total
RNA mini kit (Bio-Rad Laboratories, Inc., Hercules, CA). Individual RNA sample (1 pg)
was reverse-transcribed by adding 100U of Superscript I11 enzyme and random primers in 20
uL reaction mixture containing Vilo reaction buffer as per manufacturer’s instruction in
SuperScript® VILO™ cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA).
Further, the reaction mixture was diluted 15 times to 300 uL and 2 pL cDNA was used for
real-time PCR. Human specific PCR primers (Supplementary Table 1) were retrieved from
the open access websites (http://primerdepot.nci.nih.gov/ or http://pga.mgh.harvard.edu/
primerbank/). A unique primer sequence pair for the amplification spanning exon-intron
junction of GATA6-ASI was designed using Integrated DNA Technology (IDT) RT-PCR
SciTools (https://www.idtdna.com/scitools/Applications/Real TimePCR/) and all primers
were synthesized from IDT at 25 nmoles scales. RT-PCR reaction was performed, and the
mMRNA level in each sample was normalized to the GAPDH mRNA level.

gRT-PCR detection of cellular localization of GATA6-AS1

For cellular localization, cells were harvested and centrifuged at 200 g for 5 min, and cell
pellets were washed once with PBS. Cellular fractionation was performed according to the
manufacturer’s instruction using Paris kit (Ambion). RNA was extracted and then
concentrated with LiCl and ethanol precipitation to remove carbohydrates and gross DNA
contamination. LiCl also quantitatively precipitates RNA larger than 300 nucleotides. The
precipitated pellet of each fraction was air-dried and dissolved in an equal volume of
nuclease-free water. Further, an aliquot of RNA (10 pL) was converted to cDNA, and qRT-
PCR was performed to compare the relative expression of GATA6-AS1 and GATAG in the
cytoplasmic and nuclear fractions.

Fluorescence in situ hybridization

Sterile glass coverslips were placed into each well of a 24-well tissue-culture plate and
dispensed with 1 mL/well of diluted Matrigel and incubated for overnight at 4°C. Then,
cardiomyocyte differentiation was set up using the standard protocol and at day 5, cells were
fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO) at room temperature
for 10 min followed by washing two times with PBS and permeabilization with 70% ethanol
4°C for at least an hour. Cells were washed for 2-5 min with 1 mL of wash buffer and then
incubated in 100 pL of nucleic acid probes diluted in the hybridization solution containing
1% (w/v) dextran sulfate, 2X saline-sodium citrate (SSC) and 1% formamide. The
incubation was done in a dark humidified chamber at 37°C for 4 h. Cells were then washed
and counterstained with DAPI (5 ng/mL) in wash buffer (2X SSC, 10% formamide). Cells
were re-suspended in 2X SSC and GLOX buffer without enzymes was added for
equilibration and incubation for 1-2 min. Cells were again re-suspended in the 100 uL
GLOX buffer with enzymes (glucose oxidase and catalase) and imaging was performed.
Note that the dried oligonucleotide probe was dissolved in 200 pL of probe buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 8.0) to create a probe stock at a total oligo concentration of 25
UM. All reagents were prepared in RNAse free water.
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Gene knockdown of GATA6-AS1

HIV-based lentiviral vectors expressing the target-specific ShRNA sequences against human
GATAG6-ASI and a scrambled control were obtained from The RNAI Consortium (TRC,
MISSION® TRC shRNA library, Sigma-Aldrich). The ShRNA sequences against GATA6-
ASIwere custom designed as following: ShRNA1, CCTGGAGAGTTTCTGATATTT,; and
shRNA2, CCCAGGTAAATCCAAGTAAAT. These shRNAs did not target any other known
genes in the bioinformatic validation by Sigma Aldrich.

Undifferentiated hPSCs were dissociated with \ersene/EDTA (Thermo Fisher Scientific,
Waltham, MA) and 5x105 cells were infected with concentrated lentivirus expressing either
the control ShRNA or GATA6-AS1 shRNA (pool of GATA6-AS1 shRNAL and shRNA?2) at
1 multiplicity of infection (MOI) and seeded into a Matrigel-coated 6-well plate in 1 mL
MEF-CM or mTeSR1 medium containing 6 pg/mL polybrene (Sigma-Aldrich, St. Louis,
MO) and 10 uM Rock inhibitor Y-27632 (Stemgent, Cambridge, MA). The next day, cells
were replaced with fresh MEF-CM and allowed to expand for 3 days. Cells were then
treated with 0.5 pg/mL puromycin in MEF-CM or mTeSR1 medium for an additional 7 days
and antibiotics-selected hPSC pooled colonies were expanded to set up for cardiomyocyte
differentiation.

Germ layer differentiation of hPSCs

Germ layer differentiation was performed as per the manufacturer’s instruction using Human
Pluripotent Stem Cell Functional Identification Kit (R&D Systems, Minneapolis, MN).
Control shRNA and GATA6-ASI shRNA undifferentiated cultures were dissociated using
Versene/EDTA (Thermo Fisher Scientific, Waltham, MA), and ~1x10° cells in 500 pL of
MEF-CM supplemented with 10 ng/mL bFGF were seeded in 48-well Cultrex® Reduced
Growth Factor Basement Membrane Extract, PathClear® (RGF/BME) overnight-coated
culture plates. Cells were incubated overnight at 37°C and 5% CO, to reach approximately
50% confluency. For ectoderm differentiation, cells were fed daily with 500 pL warm
ectoderm differentiation base medium and on day 4 cells were fixed for
immunocytochemistry (ICC) analysis. For mesoderm differentiation, cells were fed with 500
uL warm mesoderm differentiation base medium and incubated overnight. The
differentiation medium was again replaced after 12 h and on day 3 cells were fixed for ICC
analysis. For endoderm differentiation, cells were fed with 500 pL warm endoderm
differentiation base medium I and incubated overnight. The differentiation medium was
again replaced with differentiation base medium Il on day 2 and day 3. Cells were fixed on
day 4 for ICC analysis.

For ICC analysis, cells were washed twice with 500 UL PBS and fixed with 4% PFA in PBS
for 20 min at room temperature. Next, the cells were washed 3 times with 1% BSA in PBS
for 5 min. Further, the cells were permeabilized and blocked with 0.3% Triton X-100, 1%
BSA, and 10% normal donkey serum in 500 uL PBS at room temperature for 45 min. Then,
the cells were incubated overnight at 4°C in respective reconstituted primary antibody
(OTX2, TBXT, and SOX17) in 300 pL PBS containing 0.3% Triton X-100, 1% BSA, and
10% normal donkey serum to a final concentration of 10 ug/mL. The cells were washed 3
times with 500 uL BSA (1% in PBS) for 5 min and incubated with 300 puL Alexa fluor 488
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or Alexa fluor 594 conjugated donkey anti-goat secondary antibody at 1:1000 in PBS
containing 1% BSA and incubated in the dark for 60 min at room temperature. The cells
were then washed 3 times with 500 uL BSA (1% in PBS) for 5 min. Finally, nuclear staining
was performed using Hoechst dye for 5 min in 300 UL PBS, washed 3 times with PBS, and
visualized with a fluorescence microscope.

High-content imaging analysis by ArrayScan

High-content imaging analysis was performed to determine cardiomyocyte purity in the
control ShRNA and GATA6-AS1 shRNA cultures at differentiation day 14. Cells were
dissociated using 0.25% Trypsin-EDTA and plated onto a Matrigel-coated 96-well culture
plate at a density of 2x10* cells/well for the detection of NKX2-5 and a-actinin. The cells
were maintained in the cardiomyocyte culture medium for 24 h to allow them to recover
spontaneous beating. Cardiomyocyte culture medium was aspirated the next day and the
cells were washed with PBS, fixed in 4% PFA and permeabilized with 0.1% Triton-X 100.
The cells were then blocked with 5% normal goat serum in PBS at room temperature for 1 h
and incubated overnight at 4°C with the primary antibodies against NKX2-5 (Cell
Signaling; 1:1600) and a-actinin (Sigma-Aldrich; 1:500) diluted in 0.25% BSA/PBS for the
purity assay. After incubation with the primary antibodies, the cells were washed twice with
PBS and incubated with secondary antibodies Alexa Fluor 488 conjugated goat anti-mouse
IgG1 (a-actinin; Life Technologies) and Alexa Fluor 594 conjugated goat anti-rabbit 1gG
(NKX2-5; Life Technologies), which were diluted at 1:500 in 0.25% BSA/PBS. The nuclei
were counterstained with Hoechst in PBS and imaged using an ArrayScan™ XTI Live High
Content Platform (Thermo Fisher Scientific).

High-content imaging analysis was also performed to determine the GATAG protein level in
the control ShRNA and GATA6-AS1 shRNA cultures at differentiation days 0, 2, and 5. The
immunostaining protocol used for GATA6 was the same as described for NKX2-5 and a.-
actinin. A GATAG specific primary antibody (Cell Signaling, 5851T; 1:300) was used prior
to the incubation with the secondary antibody Alexa Fluor 594 conjugated goat anti-rabbit
IgG (Life Technologies; 1:500).

Images of immunocytochemistry were acquired and quantitatively analyzed using
ArrayScan™ XTI Live High Content Platform. Twenty fields/well were imaged using a 10x
objective. The Acquisition software Cellomics Scan (Thermo Fisher Scientific) was used to
capture images and data analysis was performed using Cellomics View Software (Thermo
Fisher Scientific). For the quantitation of NKX2-5 or GATAG, images were analyzed with a
mask modifier for Hoechst and NKX2-5 or GATAG positive cells restricted to the nucleus.
The percentage of NKX2-5 positive cells per well in each treatment was used as a readout.
For the quantitation of a-actinin, images were analyzed with a mask modifier for Hoechst
restricted to the nucleus. a-actinin was quantified with a spot mask that extended 7 units
from the nucleus. Spot threshold was set to 10 units and the detection limit was set at 25
units. The percentage of a-actinin-positive cells per well was used as a readout. For GATAS,
the mean fluorescence intensity of GATA6-positive cells per well in each treatment was used
as a readout.
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RNA-seq analysis
RNA was isolated from the control ShRNA and GATAG6-ASI shRNA cultures at
differentiation day 2 and day 5 (n=3/group, total 12 samples) using Aurum total RNA mini
kit (Bio-Rad) as per manufacturer’s instructions. At the High-throughput DNA Sequencing
Core, Parker H. Petit Institute for Bioengineering and Bioscience of Georgia Tech, total
RNA quality was tested using a 2100 Bioanalyzer, and RNA 6000 Nano Chip (Agilent
Technologies). The Illumina TruSeq technology was then used to prepare RNA-Seq
libraries, and next-generation sequencing was performed through an Illumina HiSeq 2500,
75bp paired-end sequencing. Total RNA reads were aligned to the reference human genome
using gencode v28. Read counts per sample ranged from 20,008,004 to 2,804,638. Data
analyses were carried out in R v3.4.0 (24) and DESeq2 R package was used for
normalization and detection of differentially expressed genes (25, 26). The upregulated and
downregulated genes were identified following Benjamini-Hochberg corrected p-value at a
significance threshold of the -log10(p-value) >2.173 for samples at day 2 and >1.891 for
samples at day 5 (27). Functional analysis of the up-/down-regulated differentially expressed
genes was performed using the ToppFun software package (28).

gRT-PCR analysis of GATA6-AS1 and GATAG expression in human tissues

Ambion’s FirstChoice® Human Total RNA Survey Panel consisting of pooled total RNA
from 20 different normal human tissues was used to determine the expression of GATAG6-
AS1and GATAG6 in human tissues. Each RNA pool was comprised of at least 3 tissue donors
and 1 pg RNA was used for cDNA synthesis followed by gRT-PCR analysis to determine the
distribution of GATA6-AS1 and GATAG transcripts in human tissues.

In vitro characterization of GATA6-AS1 and GATAG6 promoter

Five pairs of primers with their restriction endonuclease (Bg/// or Miul) sites at 5’-end were
designed for the PCR amplification of the intergenic region between GATA6-ASI and
GATAG6 and the intergenic region containing part of the exonl of GATA6-ASI and/or
GATAG6 (Supplementary Table 2). These amplified fragments were subsequently cloned into
the pLightSwitch promoter vector in both forward and reverse orientations. The presence of
the PCR product in the cloned plasmids was confirmed by colony PCR followed by mini-
preparations of plasmid DNA. The plasmid DNA thus obtained was restriction enzyme
digested with Bg/l// and M/ul and checked on agarose gel to confirm the right size of the
insert.

For promoter reporter assay, HeLa cells were plated into 96-well tissue culture plates at
25,000 cells per well in 100 pL to obtain ~70-90% confluency on the following day.
Subsequently, they were transfected in triplicate with a mixture of 100 ng plasmid and 0.5
uL Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA) in the Opti-MEM™
medium (Thermo Fisher Scientific, Waltham, MA). After 24 h, the cells were incubated with
100 pL of luciferase substrate (SwitchGear Genomics) for 30 min and luciferase activities
were assayed in a black 96-well plate luminometer according to the manufacturer’s protocol.
The promoter strength of each DNA fragment was determined by calculating the relative
luciferase signal as compared with the empty vector.

FASEB J. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jhaetal. Page 8

Statistical Analysis

Unpaired t-test was used to compare the control ShRNA group with the GATA6-ASI shRNA
group from at least 3 biological samples for each group. Data were presented as mean +
standard deviation.

RESULTS

GATAG6-AS1 expression is transiently upregulated during the early stage of cardiomyocyte
differentiation

GATAG6-AS1 is a previously characterized 1788 nucleotide long sequence (accession no.
NR_102763.1) on chromosome 18 located next to GATAG, an important regulator of
cardiovascular development (Fig. 1A). It is not conservative with the mouse counterpart
(29), doesn’t contain any tandem repeats and has little protein-coding capacity (coding
potential score: 1.43409) although it has the potential of being adenylated (Supplementary
Results).

We first analyzed the gene expression profile during cardiomyocyte differentiation using
IMR90-hiPSCs starting induction at day 0 with Activin A and BMP 4 at day 1 in RPMI-B27
without insulin medium. The induction medium was replaced with RPMI-B27 at day 5 and
the cells were harvested at day 14 (Fig. 1B). Time-point qRT-PCR analysis of differentiated
cells showed the decreased expression of the stem cell marker OC74 from day 0 to 12,
whereas mesendodermal markers 7 (brachyury) and MESP1 showed maximum expression
at day 2 and day 5 respectively. The expression of other cardiac genes, NKX2-5and cTnT,
kept on increasing and reached their highest level at day 12. Both GATA6-AS1and GATA6
reached their maximum at day 5 during differentiation (Fig. 1C).

In this differentiation culture, the cardiomyocyte positivity based on a-actinin staining was
73.4 % at day 14 (Fig. 1D). When we repeated time-point gene expression analysis in
another cell line (NKX2-5-eGFP hESC), we observed similar expression profiles for these
genes. Both GATA6-AS1 and GATAG peaked at day 5 and day 6, and expressions of
GATA6-ASI and GATAG6 were >9,000- and >20,000- fold higher respectively as compared
to day O (Supplementary Fig. 1A). Expression of cardiac genes NKX2-5and c7nT reached
to the maximum at day 14; this differentiation culture contained ~80% (a-actinin* cells)
cardiomyocytes (Supplementary Fig. 1A, B).

Next, we examined the localization of GATA6-AS1 in cells at differentiation day 5 by RNA
FISH. Following labeling with a mixture of 45 probes against GATA6-ASI (Supplementary
Table 3), fluorescence signals of the probes were detected in the DAPI-positive nuclear area
(Fig. 1E). In contrast, the fluorescence signal of GAPDH was detected mostly in the
cytoplasm area (Fig. 1E). The nuclear localization of GATA6-ASI was further confirmed by
a cell fractionation assay. Transcript levels of GATA6-ASI and GATAG6 at days 0, 5 and 14
were analyzed in nuclear and cytoplasmic fractions. Similar to the levels of 47S rRNA (a
control for nuclear RNA), the expression of GATA6-AS1 was much higher in the nuclear
fraction than in the cytoplasmic fraction, whereas the RNA levels of GAPDHand GATA6
were several folds higher in the cytoplasmic fraction than in the nuclear fraction (Fig. 1F).
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These results indicate that GATA6-AS could be a crucial IncRNA for controlling
cardiomyocyte differentiation from hPSCs.

Knockdown of GATA6-AS1 inhibits cardiomyocyte differentiation from hPSCs

We next investigated the functional role of GATA6-ASI during the differentiation of
cardiomyocytes from hESCs with NKX2-5 promoter-driven eGFP by knockdown of
GATAG6-AS1 using short hairpin RNA (shRNA). Cells were transfected with a lentivirus
expressing the GATA6-ASI shRNA or a scrambled control shRNA. Stable clones were
expanded after puromycin antibiotic selection and subjected to growth factor-guided
cardiomyocyte differentiation. The relative RNA levels of GATA6-ASI were significantly
lower in the GATA6-AS1 shRNA cultures than in the control ShRNA cultures at day 0 and
day 5 (Fig. 2A). Interestingly, the relative RNA level of GATA6 was also lower in the
GATAG6-ASI shRNA cultures than in the control sShRNA cultures at day 0 and day 5 (Fig.
2B). Similar to the control ShRNA cultures, the GATA6-ASI shRNA cultures at day 0 and
day 5 showed typical morphologies with tightly packed stem cells at day 0 and differentiated
cells at day 5 (Fig. 2C). However, the control shRNA cultures differentiated into eGFP*
contractile areas by day 8 but no such eGFP* contractile area was observed in the GATA6-
ASIshRNA cultures. Similarly, tightly packed beating cardiomyocytes with eGFP+
fluorescence were observed from the control ShRNA cultures but not from the GATA6-AS1
shRNA cultures at day 14 (Fig. 2D). Based on the flow cytometry analysis of cardiomyocyte
marker ¢TnT, only ~4% cTnT* cells were detected in GATA6-ASI shRNA cultures
compared with ~84% in the control shRNA cultures (Fig. 2E, F). Viability detected by Far-
Red-negative cells at day 14 in GATA6-AS1 cultures were significantly lower compared
with the control shRNA cultures (Fig. 2G). These results suggest that knockdown of
GATAG6-AS1 in hESCs inhibits cardiomyocyte differentiation.

To further confirm the role of GATA6-ASI in cardiomyocyte differentiation, we repeated
GATA6-AS1 knockdown in IMR90 hiPSCs and examined cardiomyocyte differentiation by
growth factor induction. Similar to the findings in hESCs, expression of both GATA6-AS1
and GATAG6 was significantly downregulated in the GATA6-ASI shRNA hiPSC culture
compared with the control ShRNA culture at both day 2 and day 5 (Supplementary Fig. 2A,
B). The levels of GATA6-ASI and GATAG in the GATA6-ASI knockdown cultures at day 5
was lower than the basal levels at day 2 (Supplementary Fig. 2A, B). The morphology of
cells at the early stage of differentiation was similar between the GATA6-ASI shRNA
culture and the control sShRNA culture. However, robust beating cardiomyocytes appeared in
the control shRNA culture at day 10 but no or only few cardiomyocyte patches were seen in
the GATA6-AS1 shRNA culture (Supplementary Fig. 2C, D). The defect of cardiomyocyte
differentiation in the GATA6-ASI shRNA culture was further confirmed by the quantitative
analysis of cardiomyocyte purity by flow cytometry of cTnT. High purity of cardiomyocytes
(~70% cTnT™ cells) was detected in the control shRNA culture whereas the GATA6-AS1
SshRNA culture generated only ~10% cTnT* cells (Supplementary Fig. 2E, F). These results
show knockdown of GATA6-ASI inhibits differentiation of cardiomyocyte from hiPSCs.

To examine if the effect of GATA6-ASI knockdown in cardiomyocyte differentiation is
differentiation method-independent. We generated GATA6-ASI knockdown stable cells in
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SCVI 273 hiPSCs and examined cardiomyocyte differentiation using small molecules
targeting Wnt signaling (4). The GATA6-AS1 knockdown culture had significantly reduced
expression of GATA6-ASI and GATAG at differentiation days 0, 2 and 5 (Fig. 3A). High-
content ArrayScan imaging analysis showed that GATAG protein was detectable at days 2
and 5 (Supplementary Fig. 3A). There was no significant difference in GATA6 between the
control ShRNA culture and the GATA6-AS1 shRNA culture at day 2; however, the level of
GTATG significantly decreased in the GATA6-AS1 shRNA culture compared with the
control shRNA culture at day 5 (Supplementary Fig. 3B).

Similar to growth factor-guided differentiation, the morphology of the GATA6-AS1
knockdown culture was indistinguishable from the control sShRNA culture at the early stage
of differentiation (Fig. 3B). Cellular proliferation of the control sShRNA culture and the
GATAG6-ASI shRNA culture based on cell counting showed no significant difference at
differentiation day 0, 2 and 5 (Supplementary Fig. 3C). At the late stage of differentiation,
beating cardiomyocytes in the control ShRNA culture were more abundant than in the
GATAG6-ASI shRNA culture (Supplementary Movies S1 and S2). These beating
cardiomyocytes were positive for cardiomyocyte-associated proteins NKX2-5 and a.-actinin
(Fig. 3C). The control shRNA culture generated ~37% NKX2-5* cells and ~34% a-actinin*
cells while the GATA6-AS1 knockdown culture contained only ~6% NKX2-5* cells and
~5% a-actinin® cells as analyzed by high-content imaging using ArrayScan (Fig. 3C).
Furthermore, the expression of cardiomyocyte-associated genes, including NKX2-5,
TNNT2, MYLZ MYL7, MYH6and MYH?7, was reduced in the GATA6-ASI shRNA
culture compared with the control ShRNA culture (Fig. 3D). These findings suggest that
GATAG6-AS1 is essential for cardiomyocyte differentiation and this defect as a result of
GATAG6-ASI knockdown is differentiation method-independent.

Taken together, these results indicate that INcRNA GATA6-ASI plays a functional role in
controlling cardiomyocyte differentiation.

of GATA6-AS1 does not affect the pluripotency of hPSCs

To confirm that GATA6-ASI knockdown did not influence the basic properties of hPSCs,
we compared the control shRNA culture and the GATA6-ASI shRNA culture and verified if
they were truly pluripotent stem cells that can differentiate into cells of the three germ
layers. Upon differentiation induction using the Human Pluripotent Stem Cell Functional
Identification Kit (R&D Systems) which contains three medium formations designed for
specific differentiation of hPSCs into cells of three germ layers respectively, the control
shRNA culture and the GATA6-AS1 shRNA culture differentiated efficiently into cells of all
three germ layers as indicated by the expression of markers associated with ectoderm
(OTX2), mesoderm (TBXT), and endoderm (SOX17) in differentiation cultures
(Supplementary Fig. 4A). Further, mRNA levels of pluripotent stem cell markers OCT4,
SOX2, NANOG and LIN28were detected at similar levels in both the undifferentiated
control ShRNA culture and the undifferentiated GATA6-AS1 shRNA cultures
(Supplementary Fig. 4B). These results indicate that both the control ShRNA culture and the
GATAG6-ASI shRNA culture have comparable ability to differentiate into cells of all three
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germ layers and knockdown of GATA6-AS1 does not compromise the pluripotency of
hPSCs.

Knockdown of GATA6-AS1 downregulates the expression of mesoderm markers and alters
the expression of canonical and non-canonical Wnt signaling-related genes

Cardiomyocyte differentiation from hPSCs is regulated by the temporal expression of many
genes associated with mesodermal patterning and Wnt signaling (30). The typical peak
expression of mesendodermal markers (7 and M/XLI) at day 2 was reduced in the GATA6-
ASI shRNA culture compared with the control shRNA culture (Fig. 4A). Similarly, the
GATAG6-ASI shRNA culture had lower levels of mesodermal markers (MESP1 and MESP2)
at day 2 than the control shRNA culture (Fig. 4B). Further, GATA6-AS1 knockdown also
altered the expression of the Wnt signaling genes that are known to drive the differentiation
and development of hPSCs into cardiomyocytes. Wnt target genes AX/NZ2at day 2 and
LEFI at days 2 and 5 were significantly downregulated in the GATA6-AS1 shRNA culture
compared with the control shRNA culture (Fig. 4C). Expression of the canonical Wnt
signaling-related genes (WNT73A and WINT8A) peaked at day 2 in the control ShRNA
culture but significantly downregulated in the GATA6-ASI shRNA culture (Fig. 4D). The
expression of the non-canonical Wnt signaling genes, WNT5A (days 2, 5 and 8) and
WNT11 (day 8), was significantly changed in the GATA6-ASI shRNA culture compared
with the control shRNA culture (Fig. 4E). Overall, these results suggest that the
downregulation of GATA6-ASI abrogates mesoderm patterning and alters the expression of
the Wnt signaling genes at the early stage of cardiomyocyte differentiation, providing a
possible mechanism on how GATA6-ASI knockdown affects cardiomyocyte differentiation
from hPSCs.

To further examine the effect of GATA6-ASI knockdown during cardiomyocyte
differentiation, we compared the genome-wide gene expression profile of the GATA6-ASI
knockdown culture with that of the control shRNA culture at cardiomyocyte differentiation
days 2 and 5 by RNA-seq (n=3 for each sample type). As expected, the principal
components analysis showed that the gene expression profiles of three replicates of each
sample type were similar to one another, and that the gene expression profiles of GATA6-
ASIknockdown were different from those of the control ShRNA culture at the same time
points (Supplementary Fig. 5). In addition, the difference between day 2 and day 5 showed
the highest level of separation in the dataset (Supplementary Fig. 5). At day 2, GATA6-AS1
knockdown resulted in 499 down-regulated and 1086 up-regulated differentially expressed
genes (set at -log10 p-value = 1.996; log2 changes <—1 or >1) (Fig. 5A). At day 5, GATA6-
AS1 knockdown resulted in 1457 down-regulated and 1166 up-regulated genes (Fig. 5B).
The differential expression of the top 100 variable genes across all samples indicated that the
gene expression profiles of the GATA6-ASI shRNA culture at day 5 were similar to from
those of the control shRNA culture and the GATA6-ASI shRNA culture at day 2 (Fig. 5C),
suggesting a developmental defect and delay in the GATA6-ASI shRNA culture.

Among the top downregulated genes at day 2, many of them were associated with mesoderm
induction and development, such as 7, MESPI and ME/S1 (Supplementary Table 4). In
addition, GATA6-ASI knockdown also dramatically reduced the expression of the Wnt
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singling molecules such as LEF1, RSPO3and WNT5A at day 2 (Supplementary Table 4).
GATAG6-ASI knockdown however increased the expression of genes associated with neuron
differentiation, including MAP6, GDNF, PDGFB, FOXA1and PAX7 at day 2. At day 5,
GATA6-ASI knockdown resulted in a dramatic decrease in the expression of genes
associated with cardiac development including cardiac transcription factors (MVKX2-5and
MEF2C), a transcriptional repressor (SMYDI), cardiac structural proteins (MYL4, TNNTZ,
and 7TN), calcium handling proteins (SLC8A1 and RYR2), as well as proteins that are
highly expressed in muscle (LMODI1, MYBPC3and UNC45B) (Supplementary Table 5).
However, GATA6-ASI knockdown increased the expression of genes associated with
endoderm differentiation including SOX17, HNF1Band HNF4A at day 5 (Supplementary
Table 5). These results are consistent with the observed defects in mesoderm induction and
cardiomyocyte differentiation from the GATA6-ASI knockdown hPSCs.

Pathway analysis based on two subsets of up and down-regulated genes for each timepoint
were then analyzed through toppFun gene enrichment analysis program that identifies
pathways over-represented in the list of differentially expressed genes. At day 2, the top
significantly down-regulated gene ontology families by GATA6-AS1 knockdown included
genes involved in tissue morphogenesis, tube development, somite development, heart
development, circulatory system development, mesoderm development and endoderm
development (Fig. 5D and Supplementary Table 6). GATA6-AS1 knockdown significantly
increased gene ontology families of generation of neurons, neurogenesis, neuron
differentiation, neuron development, neuron projection development and cell-cell junction
organization (Fig. 5D and Supplementary Table 6). At day 5, GATA6-ASI knockdown
significantly inhibited gene ontology families including the biological processes of muscle
structure development, muscle system process, heart development, muscle contraction,
muscle tissue development, and circulatory system development (Fig. 5E and Supplementary
Table 7). The ontology families of the biological processes that were up-regulated in the
GATAG6-ASI knockdown culture at day 5 included tube development, epithelium
development, tissue morphogenesis, embryo development, neurogenesis and vasculature
development (Fig. 5E and Supplementary Table 7).

We next examined whether the expression of GATAG target genes (http://
amp.pharm.mssm.edu/Harmonizome/gene_set/GATA6/TRANSFAC+Curated+Transcription
+Factor+Targets) was affected by GATA6-AS1 knockdown. Among the 258 known GATAG
target genes, 73 and 101 genes were affected at differentiation day 2 and day 5, respectively.
Many of these differentially expressed GATAG target genes are known to be associated with
cardiogenesis. For example, cardiac mesoderm marker PDGFRA was downregulated in the
GATA6-ASI shRNA culture at both day 2 and day 5 (Supplementary Table 8). Cardiac
markers 7BX5, MEF2C and M'YBPC3 were also downregulated in the GATA6-ASI shRNA
culture at day 5 (Supplementary Table 9).

Many differentially expressed genes affected by GATA6-AS1 knockdown overlapped
between day 2 and day 5 (Supplementary Tables 10 and 11). The overlapped upregulated
genes included genes associated with neuronal and endoderm differentiation, such as
SOX17, HNF1Band NRCAM (Supplementary Table 10), and the overlapped downregulated
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genes included genes associated with cardiac development, such as WNT5A, PDGFRA,
MEIS1, NKX2.5, IRX5, CACNAIC and KCNAS (Supplementary Table 11).

These results are consistent with the observation that GA7A6-ASI knockdown inhibits
mesoderm induction and cardiomyocyte differentiation in hPSCs.

Expression of GATA6-AS1 and GATAG is regulated by bidirectional promoter

Since knockdown of GATA6-ASI impairs the expression of GATA6, mesoderm induction
and cardiomyocyte differentiation, we further investigated the relationship of GA7TA6-AS1
and GATAG6. LncRNAs typically exhibit tissue-specific expression patterns (31). Given the
genomic loci of GATA6-ASI and GATAG, we speculated that GATA6-ASI and GATA6 may
be co-expressed in a tissue-specific manner. We investigated tissue expression patterns of
GATA6-AS1 and GATAG6 using Ambion’s FirstChoice® Human Total RNA Survey Panel
consisting of pooled total RNA from 20 different normal human tissues. Each pool was
comprised of at least 3 tissue donors and 1 pg RNA was used for cDNA synthesis followed
by RT-PCR analyses to determine the distribution of GATA6-AS1 and GATAG transcripts in
human tissues. The transcripts of both GATA6-ASI and GATAG appeared to be co-
expressing in all tissues including at a level similar in the heart; and the tissue-specific
expression pattern of GATA6-AS1 almost mirrored the expression pattern of GATAG (Fig.
6A). Like GATA6, GATA6-AS1 was expressed at relatively high levels in colon, ovary,
small intestine, and spleen, moderate levels in heart, lung, placenta and prostrate, and little
or no expression in adipose, brain, cervix, esophagus, kidney, liver, skeletal muscle, testis,
thymus, thyroid and trachea. These expression patterns suggest co-expression of GATAG-
ASIand GATAGin various tissues including the heart.

The co-expression of INcRNA along with the transcription of its neighboring protein-coding
genes can be initiated in both directions by a promotor located between the InNcRNA and the
protein-coding gene (32). Such expression of IncRNA influences the expression of its
neighboring protein-coding genes, revealing a new layer of transcriptional regulation (33).
We tested the possible bidirectional promoter activity regulating the transcription of GATA6-
ASIand GATAG N the intergenic region between genomic regions of GATA6-ASI and
GATAG6. We cloned the intergenic region into pLightSwitch promoter vector in forward and
reverse directions. Since possible enhancers or other regulatory sequences may reside near
the intergenic region, we also constructed vectors containing the intergenic region with extra
adjacent sequences of GATA6-ASI and GATA6. We then evaluated the activity of the
promoter based on luciferase activity after the transfection of the vectors into HelL a cells.
The relative luciferase activity in cells transfected with vectors containing intergenic region
in both directions was higher when compared with cells transfected with empty LightSwith
promoter vector without the insertion (Fig. 6B). These results suggest that the intergenic
regions have bidirectional promoter activity that may control the co-expression of GATAG-
ASIand GATAG.

DISCUSSION

Taken together, our results indicate a role of INCRNA GATA6-ASI in the differentiation of
cardiomyocytes from hPSCs. Similar to its adjacent gene that encodes cardiac transcription
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factor GATA6, GATA6-AS1 is actively transcribed and transiently upregulated with peak
expression at the early stage (days 4-6) during cardiomyocyte differentiation from hPSCs.
The expression of GATA6-ASI and GATAG appears to be controlled by a bidirectional
promoter within the intergenic region between the genomic loci of GATA6-AS1 and
GATAG. Consistently, the expression of GATA6-AS1 is correlated with that of GATAG in
several human tissues including the heart. Furthermore, knockdown of GATA6-AS1 in
hPSCs down-regulated the expression of GATA6, GATA6-target genes and genes associated
with mesendoderm, mesoderm and Whnt signaling, resulting in significantly lower levels of
cardiomyocyte differentiation.

Our observation that knockdown of GATA6-ASI impairs the expression of GATA6 and
GATAB-target genes are consistent with the roles of INcRNAs in gene regulation. GATA6-
AS1 epigenetically regulates endothelial gene expression and cellular function; however
silencing of GATA6-AS1 did not affect GATAG expression suggesting a non-functional role
of cis-regulatory element in HUVECS in hypoxic condition (29). Down-regulation of a
number of other INcRNAs have been reported to result in the downregulation of protein-
coding genes adjacent to these INcRNAs (34). Specifically, these INCRNAs are coordinately
transcribed from a unique locus together with their genomically adjacent protein-coding
genes in the opposite direction (34, 35). These InNcRNASs often exhibit expression profiles
similar to their protein-coding partners, which could be controlled by bidirectional
promoters which initiate the expression of two transcripts in close proximity but in opposite
directions (32, 36). Such a coordinated expression pattern is observed in our study for
GATA6-ASIand GATAG in human tissues and cardiomyocyte differentiation of hPSCs.
However, the expression pattern of GATA6 and adjacent InNcRNAs is different between mice
and human. In mice, INcRNA LL33resides next to the GATAG locus exhibits a distinct
expression pattern compared with GATAG in the developing heart (13). LncRNA LL33is
expressed late in the developing heart after E18.5 whereas GATAG is expressed in the heart
at all stages of cardiac development (13). The difference between human GA7A6-AS1 and
mouse L/ 33 may reflect the species-specific role and regulation of IncRNAs, highlighting
the need to investigate INcCRNASs in a human system. Given that species differences are
prominent for IncRNAs, studies on hPSC differentiation are useful to discover the
expression and function of human-specific INcCRNAs. Such studies are particularly
significant since INcRNAs are involved in not only cardiac development but also
pathophysiology of human heart diseases (37, 38).

The regulation of GATA6by GATAG6-AS1 as observed in our study also provides a rationale
for the defect of cardiomyocyte differentiation in the GATA6-AS1 knockdown cells. In
mice, GATAG is both necessary and sufficient for regulating the cardiac differentiated gene
expression (39-41). In humans, GATA6 mutations have also been identified in patients with
congenital heart defects (19). In addition, our findings on the alteration in the expression of
genes associated with the Wnt signaling caused by GA7TA6-AS1 knockdown are in line with
the link of GATA transcription factors with the Wnt signaling. During heart development,
GATA transcription factors integrate canonical and non-canonical Wnt signaling in
regulating cardiogenesis (42). In mice, Wnt acts in a feedforward transcriptional loop with
GATAG6 to drive the expansion and differentiation of posterior cardiac progenitors (43). In
hPSCs, cardiac induction can be accomplished through temporal activation and inhibition of
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the Wnt signaling (4), and the expression of the Wnt target and signaling genes is temporally
regulated during the cardiovascular lineage commitment of hPSCs (44). Our study indicates
that knockdown of GATA6-AS1 affects the expression of not only GATA6 but also the Wnt
target and signaling genes, suggesting an important link between GATA6-AS1 with GATA6
and the Wnt signaling.

Our findings support that IncRNAs can be indispensable players for cardiac specification
and differentiation (reviewed in (45)). In mice, a IncRNA, /inc1405 mediates cardiac
mesoderm specification and promotes cardiogenesis (46). Knockdown of /nc1405
significantly inhibited cardiac differentiation of mouse PSCs (46). A mouse lateral
mesoderm-specific INCRNA Fendlrris essential for proper heart development and plays an
essential role in fine-tuning the regulatory networks which control the fate of lateral
mesoderm derivatives (47). Similarly, a mouse heart-specific INcRNA Braveheartis essential
for the activation of cardiac transcription factors and further commitment of mouse PSCs to
cardiomyocytes (17). In contrast, a human INCRNA Heartbrake is a negative regulator of
cardiomyocyte differentiation and the overexpression of Heartbrake represses cardiomyocyte
differentiation from hiPSCs by counteracting M/R1 (48).

In summary, our findings provide evidence for the involvement of InNcCRNA GATA6-ASI in
cardiomyocyte differentiation as well as potential insights in the molecular regulation of
cardiogenesis by linking the expression of GATA6-ASI with GATAG and the Whnt signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
GATAG6-ASL GATAG antisense RNA 1
eGFP enhanced green fluorescent protein
INcRNA long noncoding RNA
hiPSC human induced pluripotent stem cell
hPSC human pluripotent stem cell
MOI multiplicity of infection
PFA paraformaldehyde
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gRT-PCR quantitative RT-PCR
RNA-seq RNA-sequencing
shRNA short hairpin RNA
SSC saline-sodium citrate
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Figure 1. Expression of INCcRNA GATA6-ASL during differentiation from hPSCs.
(A) The schematic diagram of the genomic organization of GATA6-ASI and GATA6

represented by lines and exons are shown as vertical bars. Red and black arrows indicate the
direction of transcription of GATA6-AS1 and GATAG6 respectively. (B) Cardiomyocyte
differentiation procedure. Undifferentiated cells were induced to differentiate by the

treatment with activin A at day 0 followed by BMP4 at day 1 in RPMI/B27 insulin-free
medium and maintained in RPMI/B27 after day 5. Cells were collected at several time-
points for the analysis of gene expression and harvested at day 14 for the assessment of
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cardiomyocyte purity. (C) Quantitative reverse transcriptase PCR (qRT-PCR) analysis of
genes in differentiation cultures. The expression of genes associated with pluripotent stem
cells (OCT4), mesoderm ( 7 and MESPI) and cardiac (VKX2-5and ¢7nT) along with genes
of interest (GATA6and INcCRNA GATA6-ASI) for time-points covering day 0 to day 12.
Gene expression was normalized to the level of undifferentiated cells at day 0. The mean
fold difference and standard deviation in expression for each time-point were calculated
using three replicates. (D) Flow cytometry analysis of differentiated cells at day 14 showing
73.4 % a-actinin positivity. (E) RNA FISH was performed at day 5 and GATA6-AS1 signal
(red dot) was localized in the nucleus; DAPI (blue) was used as nuclear stain. Blank as
negative control and GAPDH was used as cytoplasmic localization control. Scale bar = 5
um. (F) hPSCs at days 0, 5 and 14 were fractionated into nuclear and cytoplasmic fractions
followed by RNA extraction and qRT-PCR of GATA6-ASI and GATA6 along with GAPDH
and 47STrRNA as cytoplasmic and nuclear fraction controls, respectively. Gene expression
of GAPDH and GATAG6 was normalized to the level of nuclear fraction whereas RNA level
of GATA6-AS1 and 475 RNA was normalized to cytoplasmic fraction. The mean fold
difference and standard deviation in gene expression for each fraction were calculated by
using three replicates. N, nuclear; C, cytoplasmic. ***, P<0.001; ****, P<0.0001.
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Figure 2. Knockdown of GATA6-ASL inhibitsthe differentiation of cardiomyocytesinduced by
growth factors.

Control shRNA or GATA6-AS1 shRNA NKX2-5-eGFP hESCs were induced for
cardiomyocyte differentiation using growth factors activin A and BMP4. (A, B) gRT-PCR
analysis of GATA6-AS1 and GATAG expression at day 0 and day 5. Data are normalized
with amount of GAPDH mRNA relative to the corresponding value for cells transduced with
the control shRNA. The mean fold difference and standard deviation in expression were
calculated using three replicates. (C) Cell morphology of the control shRNA culture and the
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GATA6-ASI shRNA culture during cardiomyocyte differentiation at day 0 and day 5. Scale
bars = 200 um. (D) Cell morphology and expression of NKX2-5-eGFP in the control
shRNA culture and the GATA6-ASI shRNA culture during cardiomyocyte differentiation at
day 8 and day 14. Scale bars = 200 pm. (E) Flow cytometry analysis of differentiation
cultures detected by a-actinin at day 14 in the control shRNA culture and the GATA6-AS1
shRNA culture. (F) Summary of the purity of cardiomyocytes from triplicate wells of the
control ShRNA culture and the GATA6-ASI shRNA culture. (G) Summary of the viability
of cardiomyocytes from triplicate wells of the control sShRNA culture and the GATA6-AS1
shRNA culture. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure 3. Knockdown of GATA6-ASL inhibitsthe differentiation of cardiomyocytesinduced by
small molecules.

The control shRNA or GATA6-AS1 shRNA SCVI1273 hiPSCs were induced for
cardiomyocyte differentiation using small molecules CHIR990021 and IWR1. (A) gRT-PCR
analysis of of GATAG6-AS1and GATAG expression at differentiation days 0, 2 and 5. The
mean fold difference and standard deviation in gene expression were calculated using three
replicates. (B) Cell morphology of the control ShRNA culture and the GATA6-ASI shRNA
culture during cardiomyocyte differentiation at days 0, 2, 5 and 14. Scale bars = 200 um. (C)
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High-content imaging analysis of the differentiated cells detected by NNX2-5 and a-actinin
at day 14 in the control shRNA culture and the GATA6-ASI shRNA culture. Summary of
the purity of cardiomyocytes from 12 wells of the control shRNA culture and the GATAG6-
AS1shRNA culture. Scale bars =50 um. (D) The expression of genes associated with
cardiomyocytes was analyzed by qRT-PCR in the control ShRNA culture and the GATA6-
ASIshRNA culture at day 14. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure 4. Knockdown of GATA6-ASL inhibits mesendoderm and mesoder m induction and alters

the expression of Wnt signaling genes.

The expression of cardiac mesodermal and Whnt signaling markers was analyzed by gRT-
PCR in the control sShRNA and GATA6-AS1 shRNA NKX2-5-eGFP hESC cultures at
differentiation days 0, 2, 5, 8 and 14: (A) mesendodermal markers 7and M/XLI; (B)
mesodermal markers MESP1 and MESPZ, (C) Wnt target genes AX/N2and LEFI; (D)
canonical Wnt-signaling genes WNT3A and WINT8A; and (E) non-canonical Wnt signaling
genes WNT5A and WINT11. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure5. Differential gene expression in day 2 and day 5 samples from the GATA6-AS1
knockdown culture compared with those from the control shRNA culture.

(A, B) Volcano plot portrays log2 fold change of the GATA6-AS1 knockdown samples vs.
the control ShRNA samples on day 2 and day 5. The grey dots signify genes that were above
the -logyo(p-value) calculated using a False Discovery Rate [-logig(p-value)>2.173 on day 2
and -logyg(p-value)>1.891 on day 5] with log, fold changes of >1 or <-1. (C) Heatmap
showing the expression of the top 100 differentially expressed genes across all 12 samples.
(D, E) Pathway plots of significantly downregulated and upregulated pathways for the
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GATA6-ASI knockdown culture on day 2 and day 5. The color keys show the log2 fold
changes in gene expression. Pathways upregulated and downregulated in the GATA6-AS1
knockdown culture are shown in red and blue, respectively. Pathways were determined by
entering all of the differentially expressed genes found in Panels A and B and inputted into
ToppFun. Genes shown in Panel D were selected on their significant p-value to represent the
overall log differential of all the genes in the pathway. The average of the log differential of
the ten genes represented in Panel D is equal to the average of the log differential of all the
genes contributing to the pathway. Genes in Panel E were similarly selected
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Figure 6. Characterization of GATAG and GATAG6-AS1 expression.
(A) Expression of GATA6and GATA6-ASI in multiple human tissues detected by gRT-PCR

and normalized by GAPDH expression. The relative mRNA expression levels were
normalized to that in adipose tissue. The mean fold difference and standard deviation in gene
expression in each tissue were calculated by using three replicates. (B) Detection of
promoter activity of the intergenic region. HeLa cells were transiently transfected with
vectors with luciferase reporter driven by an inserted sequence containing different
combinations of intergenic region with part of the GATA6 and GATA6-ASI genomic
sequence upstream of GATAG6 cloned in either the forward or reverse upstream orientation
of. The y-axis of the graph represents the relative luciferase activity (RLU), with the
transfected constructs shown on the x-axis. The empty pLight switch prom vector represents
the luciferase vector lacking a promoter. Arrows indicate the direction of RenSP luciferase
reporter gene.
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