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Abstract

Mesendodermal specification and cardiac differentiation are key issues for developmental biology and heart regeneration medicine. Previously,
we demonstrated that FAM122A, a highly conserved housekeeping gene, is an endogenous inhibitor of protein phosphatase 2A (PP2A) and
participates in multifaceted physiological and pathological processes. However, the in vivo function of FAM122A is largely unknown. In this
study, we observed that Fam 122 deletion resulted in embryonic lethality with severe defects of cardiovascular developments and significantly
attenuated cardiac functions in conditional cardiac-specific knockout mice. More importantly, Fam722a deficiency impaired mesendodermal
specification and cardiac differentiation from mouse embryonic stem cells but showed no influence on pluripotent identity. Mechanical investi-
gation revealed that the impaired differentiation potential was caused by the dysregulation of histone modification and Wnt and Hippo signaling
pathways through modulation of PP2A activity. These findings suggest that FAM122A is a novel and critical regulator in mesendodermal speci-
fication and cardiac differentiation. This research not only significantly extends our understanding of the regulatory network of mesendodermal/
cardiac differentiation but also proposes the potential significance of FAM122A in cardiac regeneration.
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This study discusses the emerging role of FAMI22A in mesendodermal
specification and cardiac differentiation, as well as mouse embryonic
development. Fami22a deletion results in impaired mesendodermal and cardiac
differentiation. The impaired differentiation is caused by the dysregulation of
histone modification and Wnt and Hippo signaling pathways, which are important
for normal mesendodermal/cardiac differentiation.

Received: 20 August 2022; Accepted: 16 December 2022.

© The Author(s) 2023. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com.


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:huangying@shsmu.edu.cn?subject=
mailto:chengq@shsmu.edu.cn?subject=

Stem Cells, 2023, Vol. 41, No. 4

355

Significance Statement

Mesendodermal specification and cardiac differentiation are key issues for developmental biology and heart regeneration medicine. This
study demonstrated for the first time that FAM122A, which was previously identified as a protein phosphatase 2A (PP2A) inhibitor, is a
novel and critical regulator in mesendodermal/cardiac differentiation and early cardiac development. Impaired differentiation of Fam122a
deletion was associated with the dysregulation of histone modification and Wnt and Hippo signaling pathways. These results reveal the
essential role of FAM122A in cardiac differentiation and the possible potential significance in cardiac regeneration and linkage of PP2A and
3-germ layer development, which have not been characterized previously.

Introduction

Heart is the first and functional organ during embryonic devel-
opment dedicated to the transportation of oxygen, nutrients,
and wastes to and from the embryos, and it is vital to em-
bryo survival. Cardiogenesis is a very complicated process
involving cardiomyocyte (CM) differentiation, non-CM lin-
eage specification, and a series of morphogenetic events.!?
Briefly, it comprises pluripotent epiblast from inner cell mass,
3-germ layer cells or gastrulation stage (endoderm, meso-
derm, and ectoderm), and subsequent differentiation along
with cardiac mesoderm and cardiac progenitor specification,
which includes myocardial and endocardial cells and smooth
muscle cells. The cardiac precursor cells (CPCs) further mi-
grate and fuse at the embryonic midline to form the linear pri-
mary heart tube and develop into functionally matured cells,
finally transforming into a looped, multichambered, valved
pump organ in a proper morphogenetic patterning.'3
Mesendoderm (ME), referring to the primitive streak
during gastrulation, has the potential to differentiate into
mesoderm and endoderm, which further develop into a series
of mesoderm and endoderm tissues, respectively, and organs,
such as embryonic heart, vasculature, hematological system,
muscle, lung, and liver.* Thus, ME specification is an impor-
tant and intermediate phase for heart development from plu-
ripotent epiblast or embryonic stem (ES) cells during early
embryonic development. ME formation is highly organized
and spatiotemporally controlled via coordinated networks,
including a number of essential transcription factors (TFs)
specific for ME, epigenetic regulators, chromatin remodeling
factors, and signaling pathways.*” However, the dynamic reg-
ulation and precise mechanism of ME specification are not
well understood.” Eomesodermin (Eomes) and brachyury
(T), which are T-box TFs, are essential for ME specification
between embryonic day (E) 6.5 and 7.5 in the mouse, and
disruption of either one results in defects in cardiac meso-
derm differentiation and embryonic lethality due to gas-
trulation defects.>!® Eomes expression marks the earliest
cardiac mesoderm and dictates the formation of cardiac
precursors through regulating the master TF mesoderm pos-
terior 1 (Mesp1)."" These critical TF expressions in ME are
dependent on the activation of several important signaling
pathways, including Wnt and transforming growth factor-f§
(TGF-B) signaling pathways.*!* Wnt ligands bind to Frizzled
receptors to activate -catenin, which directly binds the up-
stream regulatory regions in most ME genes, including T,
Eomes, and Mix[1.'>'3 Besides Wnt signaling, TGF-f3 family
member Nodal binds activin receptor to drive ME specifica-
tion by Smad TF family members.!'*!S -catenin and Smad2/3
TFs collaboratively activate ME genes.>!¢ In addition, Hippo
signaling has recently been found to be involved in the mod-
ulation of this transcriptional program as a negative reg-
ulator.'”” Upstream signals phosphorylate Yes-associated
protein (YAP)/transcriptional co-activator with PDZ(PSD-95/

Dlg/Z0-1)-binding motif (TAZ), leading to its restriction in
cytoplasm by 14-3-3 binding and further proteasomal deg-
radation. Non-phosphorylated YAP/TAZ translocates to the
nucleus and binds with TEA domain transcription factors,
which triggers the transcriptional activation of target genes.'®
YAP exerts transcriptional repression in the regulation of ME
gene by suppressing Wnt3.'” These signaling pathways and
TFs have a crosstalk with histone modifications and chro-
matin remodeling to coordinately regulate ME specification
and myocardial differentiation.>*

Family with sequence similarity 122A (FAM122A) was
first identified as an endogenous inhibitor of protein phospha-
tase 2A (PP2A),"?° and its inhibitory effect in the regulation
of replication stress was further confirmed by Li et al.?! Later,
FAM122A was renamed as PP2A-Aa (PPP2R1A) and -B55A
(PPP2R2A) interacting phosphatase regulator 1 (PABIR1) in
human. FAM122A, a highly conserved housekeeping gene,
localizes on chromosome 9g21.1 within the first intron of
phosphatidylinositol 4-phosphate 5-kinase (PIPSK1B) gene
and encodes 287 amino acids. FAM122A knockout (KO)
suppresses the growth of hepatocellular carcinoma cells and
acute myeloid leukemia cells in vitro and in vivo, with in-
dependence or dependence of PP2A inhibitory activity.?3
In addition, FAM122A is essential for maintaining the self-
renewal capability of hematological stem cells** and required
for the differentiation of erythroid cells;*® FAM122A also
contributes to the maintenance of DNA stability in malig-
nant tumor cells.?® These studies suggest that FAM122A has
multifaceted functions under physiological or pathological
circumstances. However, the in vivo function of FAM122A
remains unknown.

In this study, we used Fam122a KO mice, conditional
cardiac-specific Fam122a KO mice, and mouse ES cells
(mESCs) to address the role of FAM122A in embryonic de-
velopment and CM differentiation. We showed that Fam122a
deficiency led to early embryonic lethality with severe
defects of heart development, and impaired cardiac func-
tion was found in conditional KO mice. More importantly,
we observed that FAM122A KO significantly disrupted ME
specification and myocardial differentiation, which is coop-
eratively dysregulated by histone modifications and Wnt and
Hippo signaling pathways.

Materials and Methods

Mouse Use and Maintenance

Fam122a KO mice were produced by East China Normal
University (C57BL/6 and 129/Sv] mixed background).
Fam122a gene was inactivated by targeting the unique exon.
Supplementary Fig. S1A shows the schematics of targeted dis-
ruption of Fam122a. Fam122a floxed mice were produced by
Shanghai Renyuan Biotechnology as described previously.?*
Myh6-Cre mice were purchased from Shanghai Model
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Organisms Center, Inc., and Nkx2-5-Cre mice were bought
from Jiangsu Gempharmatech Biotechnology. Fam122a con-
ditional KO mice were on a C57BL/6 background. All animal
experiments were carried out as approved by the Laboratory
Animal Resource Center of Shanghai JiaoTong University
School of Medicine.

Embryo Collection and Whole-Mount In Situ
Hybridization

Whole-mount in situ hybridization assay was performed
as described previously.?” For embryo collection, mice were
maintained on a 12/12 h light/dark cycle. After mating, the
morning of appearance of a vaginal plug was designated as
embryonic day 0.5 (E0.5). At the determined embryonic day,
mouse embryos were dissected in cold diethyl pyrocarbonate-
treated phosphate-buffered saline + 0.1% Tween 20 (PBST).
Then, the embryos were fixed with 4% paraformaldehyde
(PFA) in PBST at 4 °C and dehydrated stepwise through a
methanol/PBST series (25%, 50%, 75%, and 100% meth-
anol). Embryos can be stored at -20 °C in 100% methanol.
RNA probes were generated by in vitro transcription from
linearized plasmids using a DIG RNA Labelling Kit (SP6/T7).
Rehydrated embryos were incubated in 4:1 PBST:30% H,O,
for 1 h on ice and digested with 1 mL 10 pg mL-! proteinase
K in PBST in a 25 °C water bath. Digested embryos were
fixed for 20 minutes at room temperature in 4% PFA/PBST
and 0.2% glutaraldehyde and hybridized overnight at 65 °C.
Embryos were pre-blocked in 0.5 mL Tris-buffered saline
with 0.1% Tween 20 (TBST) + 10% heat-treated sheep serum
and incubated with 1:2500 dilution of anti-DIG-alkaline
phosphatase (AP) antibody at 4 °C overnight.

Then, the embryos were stained with BM Purple AP sub-
strate, and the reaction was stopped by washing with 5 mm
ethylenediaminetetraacetic acid (EDTA) in PBST. Embryos
can be re-fixed and stored in 4% PFA/PBST.

Hematoxylin and Eosin Staining

Embryos were fixed in Bouin’s solution, and hearts from
Fam122a conditional KO mice were fixed in 4% PFA and
then processed for paraffin embedding. Sections (3.5 pm
thick) were cut, dewaxed, rehydrated, and stained with hema-
toxylin and eosin (HE) solutions.

Genotyping

Mice were genotyped using a 2 mm piece of the toe or tail tip.
The tissues were incubated overnight at 55 °C in 200 pL lysis
buffer (50 mm NaCl, 10 mm Tris-HCI [pH 8.0], 5 mm EDTA,
and 0.1% sodium dodecyl sulphate [SDS]) containing 75 pg
proteinase K. The lysate can be used for polymerase chain
reaction (PCR) directly or precipitated with isopropanol and
dissolved in Tris-EDTA (TE) buffer. For a single embryo or
yolk sac, DNA was extracted by KAPA Express Extract Kit
following the manufacturer’s instruction. PCR primers are
listed in Supplementary Table S1.

ESC Culture

R1/E (purchased from Cell Bank of Chinese Academy of
Sciences) and TC1 (a gift from J. Kang)?® cells were maintained
in Dulbecco’s Modified Eagle Medium (Basal Media)
supplemented with 15% fetal bovine serum (Gibco), 1 x non-
essential amino acids (Gibco), 1 x GlutaMAX (Gibco), 1 x so-
dium pyruvate (Gibco), 0.1 mm B-mercaptoethanol (Sigma),
1000 U mL-! leukemia inhibitory factor (LIF) (Millipore),
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100 U mL™' penicillin, and 100 pg mL™' streptomycin on
mitomycin C (Selleck) inactivated mouse embryonic fibro-
blast feeder cells under 5% CO, at 37 °C. ESCs were passaged
every other day using 0.25% Trypsin at a split ratio of 1:5.

Generation of Fam122a KO mESCs

The sgRNAs targeted to the exon of Fam122a were inserted
into the pX330 vector and are listed in Supplementary Table
S1. The plasmids were electroporated into mESCs at 250 V
and 500 pF in a 0.4 cm Gene Pulser cuvette (Bio-Rad). Then,
mESCs were replated on feeder cells, and individual colonies
were picked and expanded. The deletion of FAM122A was
validated by Western blot.

AP Staining

ESC colonies were cultured on 12-well plates for 5 days,
and AP staining was performed with the AP detection kit
(Millipore) following the manufacturer’s instructions. Briefly,
the cells were fixed with 4% PFA at room temperature for 2
minutes and rinsed with TBST. Then, the cells were stained
with naphthol/Fast Red Violet solution (Fast Red Violet,
naphthol AS-BI phosphate solution and water at a 2:1:1
ratio) in the dark at room temperature for 15 minutes, rinsed
with TBST, covered with PBS, and imaged using a scanner.

Embryonic Body Formation and Cardiac
Differentiation

The cardiac muscle cell differentiation protocol was
performed as described previously.?’ Briefly, mESCs were dis-
sociated, and 300 cells in 30 pL culture medium without LIF
were aggregated to form embryonic body (EB) by hanging
drop for 2 days or 2.5 x 10° cell cultured with 5 mL medium
in 60 mm bacterial culture dish in suspension for mass cul-
ture. EBs were harvested and transferred to 60 mm bacterial
culture dish with 5 mL medium for 3 days. Then, a single
EB was plated onto each well of 0.1% gelatin (Sigma)-coated
24-well microwell, and the medium was changed every other
day. The beating EBs were counted, shot for videos, and used
further analysis.

Immunostaining

For immunostaining, cells were fixed with 4% PFA at room
temperature for 20 minutes and permeabilized with 0.1%
Triton X-100 for 10 minutes. Then, the cells were blocked with
5% bovine serum albumin for 1 h and incubated with primary
antibodies (anti-TNNT2, Abcam#ab8295; anti-SRY-box
transcription factor 2 [SOX2], Abclonal#A0561) overnight at
4 °C and Alexa Fluor 488- or 594-conjugated secondary an-
tibody (Abcam#ab150077, ab150116) at room temperature
for 1 h. Finally, the slides were mounted in antifade mounting
medium with 4’,6-diamidino-2-phenylindole (Vectorshield)
and imaged using a fluorescent or confocal microscope.

For D4 EBs, cells were permeabilized with 0.5% Triton
X-100 for 15 minutes and incubated with primary antibody
(T, Abcam#ab209665) overnight at 4 °C.

Quantitative Reverse Transcription (qRT)-PCR

Total RNA was extracted from cells using RNAiso (Takara).
A total of 2 ng RNA was removed of genomic DNA and re-
verse transcribed into ¢cDNA with FastKing-RT SuperMix
(Tiangen). Diluted cDNA was used in qRT-PCR reaction with
PowerUp SYBR Master Mix (ABI) on an Applied Biosystems
QuantStudio 5. The relative expression level was calculated
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using the 2-22¢ method, and glyceraldehyde 3-phosphate de-
hydrogenase (Gapdh) gene served as the internal reference.
Each experiment was performed in triplicate and repeated
thrice. Supplementary Table S1 lists the primer sequences
used in this study.

Western Blot

Proteins were extracted using 1 x SDS lysis buffer (50 mM
Tris-HCI [pH 6.8], 100 mM DTT, 2% SDS, and 10% glyc-
erol) and separated by SDS-polyacrylamide gel electropho-
resis. Then the proteins were transferred to a nitrocellulose
(NC) membrane (Millipore) and blocked with 5% skim
milk in TBST at room temperature for 1 h. The membranes
were incubated with primary antibody overnight at 4 °C and
horseradish peroxidase (HRP)-linked secondary antibody
(CST, 7074) at room temperature for 1 h. The signals were
detected by reacting with chemiluminescent HRP substrate
(Millipore) and visualized using a chemiluminescent detector
(FUJIFILM). The primary antibodies included the following:
anti-FAM122A (customized by Abclonal), anti-PIP5K1B
(Abnova, H00008395-A01), HRP—conjugated anti-a-tubulin
(Proteintech, HRP-66031), HRP-conjugated anti-GAPDH
(Proteintech, HRP-60004), anti-octamer binding tran-
scription factor 4 (OCT4; Abcam, ab181557), anti-SOX2
(Abcam, ab92494; Abclonal, A0561), anti-Homeobox pro-
tein NANOG (NANOG; Abcam, ab214549), anti-H3K4me3
(Abcam, ab8580), anti-H3K27me3 (Millipore, 07-449),
anti-H3K27ac (Abcam, ab4729), anti-histone H3 (Abcam,
ab1791), anti-p-YAP (CST, 13008), and anti-YAP (CST,
14074).

RNA-Seq Library Generation

Total RNA was isolated from mESCs at the indicated days
using Trizol reagent (Thermo Fisher Scientific, 15596018)
in accordance with the manufacturer’s protocol. Libraries
were generated using NEBNext Ultra RNA Library Prep
Kit (NEB, E7490) following the manual and purified using
isopycnic Ampure XP beads (Beckman Coulter, A63881).
Then, the libraries were sequenced using an Illumina
Novaseq 6000 instrument with 150 bp reads and paired-
end parameter.

RNA-Seq Data Processing

Sequencing reads were mapped to mm10 reference ge-
nome using STAR (v.2.5.2b).3° The transcription levels of
annotated genes (FPKM, fragments per kilobase of tran-
script per million mapped reads) were quantified using
HTSeq-count (v.0.6.0).3! Differentially expressed gene
(DEG) analysis was performed using DESeq2% and filtered
by adjusted P < .05 and fold-change >2. The overlapping
DEGs between Fam122a KO-1 and Fam122a KO-3 were
used for Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway, and gene set enrich-
ment analysis (GSEA).

Flow Cytometry Analysis

D4 EBs were disassociated with Accutase (Biolegend) and
washed with PBS. Then 1 x 10° cells were incubated with
anti-FLK-1-PE (Biolegend, 121905) and anti-PDGFR-a-
APC (Biolegend, 135907) at 4 °C for 30 minutes and washed
with PBS. Cells were sorted using a Beckman CytoFlex Sand
analyzed with Flow]Jo software (v.7.6).
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Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays of mESCs
and EBs were performed using a ChIP-IT Express Kit (Active
Motif, 53008) following the manufacturer’s instructions.
Briefly, the cells were cross-linked with 1% formalde-
hyde at room temperature for 10 minutes and quenched
with 0.25 M glycine for 5 minutes. The cell pellet was
incubated in lysis buffer on ice for 30 minutes and stroked
to release nuclei. Chromatin was sheared to 150-500 bp
fragments with a sonicator (Qsonica Q700) in Shearing
Buffer. Immunoprecipitation was performed with Protein
G Magnetic Beads and primary antibodies (anti-H3K4me3,
Abcam#ab8580; anti-H3K27me3, Millipore#07-449; anti-
H3K27Ac, Abcam#ab4729) by rotation at 4 °C overnight.
Beads were washed thrice with ChIP Buffer 1 and twice with
ChIP Buffer 2. Chromatin was eluted by rotation at room
temperature for 15 minutes and reversed cross-linked at 65 °C
for 4 h with Reverse Cross-linking Buffer. Then, the samples
were incubated with RNase A at 37 °C for 15 minutes and
Proteinase K at 42 °C for 1.5 h. DNA was purified using
NucleoSpin Extract II Kit (MN, 740609).

ChlIP-Seq Library Generation

Libraries were generated using NEBNext Ultra DNA
Library Prep Kit for Illumina (NEB, E7370L) following
the manufacturer’s protocol. Libraries were quantified by
Qubit2.0, and the qualities were determined using Agilent
2100. Then, the libraries were sequenced using an Illumina
Novaseq 6000 instrument with 150 bp reads and paired-end
parameter.

ChlIP-Seq Data Processing

Reads were removed with poor quality calls and mapped to
the mouse mm10 reference genome using Bowtie2 (v.2.4.2).3
Multiple mapped reads and PCR duplicates were further
removed using Sambamba (v.0.6.8)3* with the parameter: —F
“[XS] == null and not unmapped and not duplicate”. Genome
coverage bigwig files were generated by deepTools (v.3.5.0)%
bamCoverage with the parameters “--normalizeUsing
RPKM --binSize 20” and visualized using IGV (v.2.9.4).3¢
Heatmaps were created by deepTools computeMatrix and
plot Heatmap.

Echocardiography

Echocardiography was performed using a digital small-animal
ultrasound system (VisualSonics, Vevo 2100 or Vevo 3100).
Male mice (12-16 weeks old) were constantly anesthetized
with 2% isoflurane and placed in the supine position on a
heated platform. The mouse chest skin was depilated with
hair removal cream and applied with acoustic gel. Two-
dimensional long- or short-axis B-Mode and M-Mode views
were obtained. Ejection fraction (EF), fractional shortening
(FS), cardiac output (CO), left ventricular internal diameter
in systole (LVIDs), and interventricular septum (IVS) were
calculated.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 6.
All data in this study are presented as means = SD from 3 in-
dependent experiments. The P values were calculated using
unpaired 2-tailed Student’s # test.
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Data Availability

All RNA-seq and ChIP-seq data in this study have been
deposited to the Gene Expression Omnibus with the acces-
sion number GSE211341.

Results

Fam122a Deletion Results in Embryonic Lethality
and Defects of Cardiovascular Development

To investigate the potential function of FAM122A in vivo, we
applied CRISPR/Cas9 technique to generate Faml22a gene
KO mice (Supplementary Fig. S1A, Materials and Methods).
Heterozygous Fam122a*- mice with 29 bp deletion were
intercrossed to produce Fam122a deletion homozygous mice
(Fam122a™-). Among a cohort of 210 progenies, 69 (32.86%)
were wild-type (WT) for Fam122a**, and 141 (67.14%) were
heterozygous for Fam122a*-. These data are consistent with
the predicted 1:2 Mendelian ratios (Supplementary Fig. S1B)
for WT over heterozygous mice. No viable homozygous
Fam122a™- mouse was obtained, which suggests that the de-
letion of Fam122a gene led to embryonic lethality.

To determine the time of embryonic lethality in Fam122a-
mice, we extracted genomic DNA from embryos harvested
at different stages in pregnant Fam122a*~ mice. PCR-based
analysis was used to determine the genotype of these embryos
(Supplementary Fig. S1C). Western blot further confirmed that
FAM122A protein decreased in Fam122a*- and was absent in
Fam122a”~ embryos, whereas no difference was observed in
the PIPSK1B protein level (Supplementary Fig. S1D), which
suggests that Fam122a gene was successfully and specifically
ablated. Fam122a-null embryos decreased gradually from
E9.5 to 11.5 but were absent on E12.5 due to reabsorption
(Supplementary Fig. S1E). Fam122a-null embryos on E9.5
were easily distinguished from their WT littermates by severe
growth retardation and multiple structural malformations,
including smaller size, open anterior neural folds, defects of
somatic formation and turning, enlarged pericardial cavity or
pericardial effusion, together with the absence of large vessel
formation in yolk sac, the latter being signs of cardiovas-
cular defects (Supplementary Fig. S1G). Fam122a-deficient
embryos on E8.5 also showed partial developmental delays,
such as smaller head folds and reduced extra-embryonic
tissues, compared with the WT ones (Supplementary Fig.
S1F). Histological analysis further confirmed the morpholog-
ical findings in E9.5 Fam122a-deficient embryos, particular
the profound cardiac abnormalities, including defects of atrial
and ventricular chambers with thinner myocardial walls
(Supplementary Fig. S1H). Heterozygous FAM122A*- mice
were normal and fertile. These results strongly suggest that
the loss of Fam122a leads to embryonic lethality with severe
defects of cardiovascular development. Thus, in this study, we
mainly focused on whether FAM122A has a role in cardiac
differentiation and development.

Fam122a Deletion Impairs CM Differentiation in
mESCs

In situ hybridization analysis showed that Fam122a was
expressed broadly without tissue specification and upregulated
from E7.5 to E9.5 (Supplementary Fig. S2A). To evaluate
the possible role of FAM122A in cardiac differentiation, we
induced mESC differentiation by hanging drop EBs in LIF-
free medium, which allowed the stepwise differentiation of
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mESCs toward the cardiogenic lineage, generating ME pre-
cursor cells (MEPCs), CPC, and ultimately differentiated
CMs (Fig. 1A).5 We found that Fam122a gene and protein
levels declined mildly at the initial 4 days and rose rapidly
after 6 days of differentiation with the upregulation of Tnnt2
(a tropomyosin-binding subunit of cardiac troponin com-
plex, an indicator of CMs*; Fig. 1B, 1C), which suggests
that FAM122A may participate in the differentiation process.
CRISPR/Cas9-mediated Fam122a KO mESCs were generated
by 2 sgRNAs, designated as Fam122a KO-1 and Fam122a
KO-3. Deletion of FAM122A in mESCs R1/E, which was con-
firmed by Western blot (Supplementary Fig. S2B), significantly
reduced the percentages of beating EBs and the expressions
of CPC (Nkx2-5, Gata4, Tbx5, and Isl1°%) and CM (Myl2,
Myh6, Tnnt2, and a-SMA?®) marker genes and TNNT2
protein on day 7 (D7) and D10 of EB differentiation (Fig.
1D-1G; Supplementary Fig. S2G; videos S1-S3), although
FAM122A KO did not evidently change the morphology of
ESC colonies (Supplementary Fig. S2C). Similar differentia-
tion defects were found in another Fam122a deletion mESC
TC1 (Supplementary Fig. S3D-S3F). Fam122a deletion did
not affect the expression levels of stem cell-correlated genes
(Oct4, Sox2, and Nanog; Supplementary Figs. S2D, S2E,
S3A-S3C) and the activity of AP* (Supplementary Fig. S2F).
Thus, FAM122A may be essential for CM differentiation, but
it shows no influence on stem cell identity.

FAM122A Regulates a Core Network of Genes that
Drive Cardiac Differentiation

To further explore the mechanism of FAM122A on CM dif-
ferentiation, we performed RNA sequencing for global gene
expressions in WT and 2 Fam122a KO mESCs during dif-
ferent differentiation stages. The overlapping DEGs (2-fold
cutoff) in Fam122a KO-1 and Fam122a KO-3 vs. WT totaled
1023 on D7 of differentiation, and most of them were
downregulated (Fig. 2A). GO and pathway analysis showed
that Fam122a deletion-modulated genes were mainly enriched
in multicellular organismal and developmental process and
different cardiomyopathies and heart functions, including
dilated cardiomyopathy, hypertrophic cardiomyopathy, car-
diac muscle contraction, arrhythmogenic right ventricular
cardiomyopathy, and adrenergic signaling in CMs (Fig. 2B,
2C). The downregulation of multiple CPC-related genes, in-
cluding several TFs, and cardiac muscle- and iron channel-
related genes were observed in Fam122a-deleted mESCs on
D7 of differentiation (Fig. 2D). Consistently, the RNA-seq
result on D10 differentiation also showed that Fam122a de-
letion suppressed the terminal CM differentiation genes (Fig.
2E-2H).

In vitro cardiac differentiation, EBs in suspension formed
by pluripotent ESCs may recapitulate the signaling and
transcriptional events for the specification of 3-germ layers,
which is mirrored in the gastrulation process in vivo.'?
Eomes, T, Mesp1, and Mixl1 are critical TFs, and depletion
of these factors individually can significantly impair ME
specification and cardiac differentiation.'®'*" Intriguingly,
RNA-seq result on D4 EBs showed the reduced expression
of 122 genes in Fam122a KO vs. WT, whereas 120 genes
were upregulated (Fig. 3A). GO analysis further revealed
that Fam122a deletion led to the significant downregulation
of ME genes, including T, Eomes, MixIl1, Wnt3, Gsc, and
Foxa2 (Fig. 3B; Supplementary Fig. S3G), which was fur-
ther confirmed by qPCR (Fig. 3C) and time course analysis
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Figure 1. Cardiac differentiation defect in Fam722a knockout mESCs. (A) Schematic of mESCs differentiation assay. The mESCs are trypsinized,
aggregated to EBs by hanging drop and subsequently plated to differentiation. (B) gRT-PCR analysis of Thnt2, Fam122a, Sox2, and Oct4 expression.

(C) Western blot analysis of FAM122A expression during mESCs differentiation (left), and quantification of 3 experiments (right). (D) Percentages of
contracting EBs determined from D8 to D12 of mESCs differentiation. (E) TNNT2 immunostaining on D10 of mESCs differentiation. Scale bar = 100 um.
(F) gRT-PCR analysis of cardiac progenitor marker genes on D7 of mESCs differentiation. (G) Expression analysis of cardiomyocyte marker genes on D10
of mESCs differentiation. In (D), (F) and (G), data represent means + SD from n = 3 independent experiments, and P values were calculated by 2-tailed
unpaired ttest (* P< .05, ** P< .01, and *** P < .001).
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Figure 2. RNA-seq analysis of D7 and D10 Fam122a knockout differentiated mESCs. (A) Venn diagram showing the overlapped DEGs in D7 KO mESCs.
(B) Gene ontology analysis of the D7 downregulated DEGs. (C) KEGG pathway analysis of the D7 DEGs. (D) Heatmap showing the representative D7
downregulated cardiac genes. (E) Venn diagram showing the overlapped DEGs in D10 KO mESCs. (F) Gene ontology analysis of the D10 downregulated
DEGs. (G) KEGG pathway analysis of the D10 DEGs. (H) Heatmap showing the representative D10 downregulated cardiac genes. Numbers in bars
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Figure 3. Mesendodermal differentiation defect in D4 Fam122a knockout EBs. (A) Venn diagram showing the overlapped RNA-seq DEGs in D4 KO
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(Fig. 3D). Fam122a deletion also reduced the immunofluo-
rescence staining for T protein (Fig. 3F) and the percentages
of Flk1+*/Pdgfra* cardiac MEPCs (Fig. 3E).*' These results
strongly suggest that ME differentiation was blocked in
Fam122a KO mESCs. In addition, Fam122a-deleted mESCs
demonstrated smaller sizes of EBs on D4 of differentiation
(Fig. 3G). Fam122a deletion also reduced the expression
of partial ectoderm-related genes Nes and Fgf5 (Fig. 3C).
Collectively, FAM122A is critical for ME specification of
mESCs.

Fam122a Deletion Reduces the Binding Activities of
H3K4me3 and H3K27ac on Mesendodermal Genes

Substantial ME genes were suppressed in Fam122a depleted
mESC-formed EBs on D4, which suggests that FAM122A
may directly or indirectly regulate gene expression as a TF,
by modulating transcriptional activity as a cofactor or by
changing the chromatin structure as a modifier. GSEA of
Fam122a KO and WT mESCs showed that DEGs were sig-
nificantly enriched in H3K4me2 and H3K27me3 datasets
(Fig. 4A), which indicates that FAM122A may modulate
histone post-translational modifications. Therefore, we
performed ChIP-seqs of H3K4me3 and H3K27ac (tran-
scriptional activation markers) and H3K27me3 (a tran-
scriptional repression marker).>*> We also compared their
protein levels in Fam122a KO and WT ESCs on D0 and D4
EBs. Heatmaps showed that the enrichments of H3K4me3
and H3K27ac were significantly enhanced in D4 EBs
compared with DO (Supplementary Fig. S4A-S4C), which
paralleled the shift of transcriptional repression to acti-
vation following differentiation induction. Fam122a de-
letion decreased H3K4me3 binding on DO and increased
H3K27me3 binding on D4 EBs, whereas H3K27ac showed
no remarkable change. The changes in binding capacity
were accompanied by the increase in H3K27me3 protein
in D4 EBs compared with DO, but no significant alteration
was observed in H3K4me3 and H3K27ac proteins (Fig.
4B). More importantly, Fam122a depletion significantly
decreased the occupancy of H3K4me3 and H3K27ac in the
promoters of T and Eomes genes in D4 EBs but did not
change the binding of H3K27me3 in these genes on DO and
D4 ESCs (Fig. 4C). The reduced H3K4me3 and H3K27ac
binding on ME genes were consistent with our observation
that Fam122a depletion disrupted ME gene expression and
specification. In addition, decreased expression of ecto-
derm gene FgfS upon Fam122a deletion was accompanied
by reduced H3K27ac binding on its promoter in D4 EBs,
whereas enhanced expression of Sox1 was paralleled by the
increased binding activity within H3K4me3 and H3K27ac
loci (Supplementary Fig. S4D). These results implied that
Fam122a deletion induces the suppression of ME genes
through histone modification.

To test whether FAM122A modulates the transcrip-
tional activity of ME genes by interacting with any es-
sential enzymes for histone modification, we performed
immunoprecipitation and mass spectrometry (IP-MS)
to screen interacting protein profiles in Flag-FAM122A-
overexpressing mESCs and 293T cells. However, we found
no interaction of FAM122A with histone modifiers, such
as methyltransferase, acetyltransferase, demethylase, or
deacetylase (data not shown), which suggests that FAM122A
regulating ME genes and histone modification is not directly
modulated by histone modifiers.
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Fam122a Deletion Aberrantly Regulates Wnt and
Hippo Signaling Pathways

To further determine the underlined causes of Fam122a de-
letion impairing the ME genes and differentiation, we closely
analyzed the DEGs in D4 differentiated EBs with or without
Fam122a depletion. KEGG analysis showed that these DEGs
were mainly enriched in the regulation of pluripotent stem
cell fate and Wnt and Hippo signaling pathways (Fig. 4D),
with both signaling pathways having an effect on histone
modification.**¢ Wnt signaling activation is critical for ME
gene expression and specification,'®* whereas the effector
of Hippo signaling YAP directly antagonizes ME gene ac-
tivation as a co-repressor.'”* Considering that FAM122A
has been identified originally as an endogenous inhibitor
of PP2A, we examined the phosphorylation levels of PP2A
substrates in Wnt (B-catenin and GSK-3f) and Hippo (YAP)
signaling.*-** The results showed that the phosphorylations of
YAP, B-catenin, and GSK-3[3 were significantly reduced in DO
Fam122a KO mESCs compared with those of WT cells (Fig.
4E). However, these effects were not significant in D4 EBs.
The addition of okadaic acid (OA, a PP2A inhibitor) not only
eliminated the reduced phosphorylation of YAP, (3-catenin,
and GSK-3f by Fam122a deletion but also partially rescued
Fam122a deletion-induced decrease in the expression of ME
genes (Fig. 4F, 4G).

Fam122a Depletion Impairs Cardiac Development
and Function in Conditional Cardiac KO Mice

To strengthen the critical role of FAM122A in cardiac de-
velopment and function, we crossed Fam122a™ mice
(Supplementary Fig. SSA, S5B) with Myh6-Cre trans-
genic mice® to generate mice where Fam122a is genetically
and specifically inactivated in CMs of the heart tube on
E8.5. Western blot confirmed the KO effect of FAM122A
(Supplementary Fig. SSC), and echocardiography analysis
showed that Fami122a deletion significantly impaired car-
diac functions, as determined by the decreases in heart weight
ratio, percentages of EF and FS, and stroke volume (SV) in
Myh6-Cre Fam122a™ mice compared with Fam122a"" ones
(Fig. SA, 5B). Moreover, we observed that LVIDs increased,
whereas IVS thickness in diastole (IVSd) and in systole (IVSs)
reduced in Myh6-Cre Fam122a"" mice (Fig. 5C, 5D). Similar
effects of Fam122a deletion on cardiac dysfunction were
found in other conditional cardiac-specific Fami122a KO
mice (Nkx2-5-Cre Fam122a") by using Nkx2-5-Cre mice,
with Nkx2-5-Cre-mediated recombination occurring on E7.5
cardiac progenitor cells during cardiac crescent,’® which can
elucidate the function of FAM122A during the earliest stages
of cardiogenesis (Supplementary Fig. SSD-S5H). Notably,
Fam122a deletion can significantly decrease the body and
heart weights of Nkx2-5-Cre Fam122a"" mice but not Myh6-
Cre Fam122a™" mice. Thus, Fam122a deletion at earlier car-
diac development may result in more severe effects on heart
development and function.

Discussion

ME is an important event in early embryonic development.
In-depth understanding of the regulatory networks of ME
specification from ESCs in vitro or pluripotent epiblast in
vivo may provide important insights into early embryonic
patterning and a possible guidance for ES applications in re-
generative medicine, especially in heart regeneration field.’”-
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Figure 4. \Wnt and Hippo signalings as well as histone modification dysregulated in Fam122a knockout mESCs. (A) GSEA of DO Fam122a KO-1 DEGs.

Gene sets changed in both KO mESCs are colored in red background (for color figure refer to online version). (B) Western blot analysis of histone

modification proteins in DO and D4 control and Fam122a knockout mESCs. (C) Genome browser views of H3K4me3, H3K27me3, and H3K27ac ChIP-

seq signals as well as RNA expression in DO and D4 indicated mESCs at mesendodermal genes T and Eomes. (D) KEGG pathway analysis of D4 DEGs.
Numbers in bars show the gene numbers of the corresponding pathway categories. (E) Western blot analysis of p-YAP, p-B-catenin, and p-GSK-3f3 in DO
and D4 mESCs. (F) Western blot analysis of p-YAPR, p-B-catenin, and p-GSK-3p in DO indicated mESCs treated with or without 50 nm OA for 6 h. (G) gRT-
PCR analysis of mesendodermal genes in D4 control and Fam122a KO EBs treated with or without 20 nm OA for the first 2 days. Data represent means

+ SD from n = 3 independent experiments, and P values were calculated by 2-tailed unpaired ttest (* P < .05, ** P< .01, and *** P < .001).
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Figure 5. Cardiac function attenuated in Myh6-Cre Fam122a CKO mice. (A) Heart weight ratio analysis in Fam122a"/"x (n = 17) and Fam122a CKO (n =
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of heart in Fam1224"¥"* and Fam122a CKO mice. Scale bar = 1 mm. In (A), (B), and (C), data represent means + SD and P values were calculated by

2-tailed unpaired ttest (* P< .05, ** P< .01, and *** P < .001).

Therefore, studies should find new target molecules in the reg-
ulation or manipulation of ES cells differentiating into ME,
followed stepwise by differentiation into CMs. In our study,
we have shown that FAM122A is critical for ME specification
and CM differentiation from mESC in vitro culture system,
as demonstrated by Fam122a deletion not only significantly
impairing the expressions of MEPC-, CPC-, and CM-related
genes but also reducing the percentages of spontaneously
contracting EBs and Flk1*/Pdgfra* cardiac progenitors and
TNNT2 protein. However, Fam122a deletion does not influ-
ence the stem cell identity.

The role of FAM122A in vivo study showed that Fam122a
deletion led to early embryonic lethality with significantly se-
vere defects in the cardiovascular system, including the defi-
ciency in the normal structure of 4-chamber embryonic heart
on E9.5 shown by HE staining and pericardial bulge revealed
by anatomic microscopy. This finding supports the essen-
tial role of FAM122A in early embryonic and heart devel-
opment. Two-conditional cardiac-specific Fam122a KO mice
also displayed abnormal heart development and functions, as
demonstrated by the decrease in cardiac functional indexes
(EE, FS, and SV) and heart/weight ratio and altered structural



Stem Cells, 2023, Vol. 41, No. 4

parameters (LVIDs, IVSd, and IVSs). However, these condi-
tional Fam122a KO mice did not reproduce severe defects of
heart development and embryonic lethality, which occurred
in total Fam122a KO mice. Noticeably, the specific depletion
of Fam122a in cardiac progenitors by Nkx2-5-Cre on E7.5
did not reveal striking cardiac defects, which suggests that
FAM122A may affect considerably earlier developmental
stages, such as ME, the dysfunction of which may further dis-
rupt cardiac development and cardiomyocytic differentiation.
Therefore, ME-specific Cre mice, such as Mesp1-Cre, or other
ME drivers (Brachyury or MixI1) may be used to further in-
vestigate the in vivo effect of Fam122a deletion on ME spec-
ification and confirm whether the in vivo effect is similar to
the in vitro effect in mESCs (loss of ME gene expression upon
Fam122a depletion). Considering that nascent mesoderm to-
ward cardiac fates also relies on the signaling from proper en-
doderm development,* the effect of endodermal Cre (Foxa2
or Gsc)—driven deletion of Faml122a must be examined to
exclude the possibility of cardiac defects upon Fam122a de-
letion resulting from impaired signaling from the overlaying
foregut endoderm. These animal model should be analyzed in
the future to confirm whether ME specification is disrupted
upon Fam122aq KO in vivo.

Currently, the understanding of the regulation networks
of ME specification is limited, and its dynamic alteration
is largely unclear. ME formation is highly organized and
spatiotemporally controlled via the integrated interactions
of TFs, epigenetic regulators, chromatin remodeling
factors, and signaling pathways.>” Substantial ME genes
are suppressed upon Fam122a deletion, which includes
the essential T-box TFs (Eomes and T) for ME differenti-
ation. The GSEA dataset from DEGs in D4 EBs suggests
that Fam122a deletion may affect histone modification of
H3K4me2 and H3K27me3, which are closely related to ME
specification.®®®! ChIP-seq data regarding several histone
modifications showed that Fam122a deletion decreased
H3K4me3 binding on DO and increased H3K27me3
binding in D4 EBs in a genome-wide manner, whereas no
significant alteration was observed in H3K27ac. The al-
tered histone modification pattern was accompanied by
the upregulation of H3K27me3 protein in D4 EBs, which
implies that FAM122A may regulate histone modification
markers with different patterns before and after ME. More
importantly, Fam122a depletion significantly decreased the
association of H3K4me3 and H3K27ac with the promoters
of T and Eomes genes in D4 EBs, which is consistent with
the inhibitory effect of ME differentiation upon Fam122a
depletion. However, IP-MS results depicted that no his-
tone post-translational modifier interacted with FAM122A,
which suggests that FAM122A may indirectly modulate
histone modification by other unidentified mechanism or
signaling pathway. In general, a default path of ectoderm
differentiation exists when ME differentiation is absent!?;
however, our results suggest that Fam122a deletion may
upregulate or downregulate ectoderm genes, and therefore,
FAM122A participates in the regulation of ectoderm genes
with a complexed mechanism.

FAM122A has no classical DNA binding motif and did
not directly bind to the promoters of Eomes or T examined
by ChIP-seq with Flag-FAM122A mESCs (data not shown),
which suggests that FAM122A may modulate the expres-
sion of ME genes as a co-regulator or by influencing the
chromatin structure. To address this question, scientists may
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apply ATAC-seq® to elucidate the effect of FAM122A mod-
ulation on chromatin architecture directly. Previously, we
observed that FAM122A acts as a co-repressor of GATA-1
(an essential TF for erythroid differentiation) to suppress the
terminal differentiation of erythroids?’; therefore, FAM122A
possibly interacts with essential ME-related TFs to partici-
pate in the regulation of ME gene activation, which needs to
be checked dynamically in different stages of differentiation
with IP-MS.

Mounting pieces of evidence show that TGF-f and Wnt
signaling are critical for ME specification, and Wnt/Hippo
signals are involved in the regulation of histone modification.
Our results showed that DEGs between Fam122a KO and
WT in D4 EBs are enriched in Wnt and Hippo signaling. YAP,
an essential effector in Hippo signaling, has been recently re-
ported to act as a negative regulator of ME differentiation.
We observed that Fam122a deletion significantly decreased
the phosphorylation levels of GSK-3f, B-catenin, and YAP,
which suggests that Fam122a silencing dysregulates Wnt and
YAP signaling pathways, thus affecting histone modification
and impairing ME specification. OA can eliminate Fam122a
KO-reduced phosphorylation of GSK-3f, B-Catenin, and
YAP proteins, but it partially reverses the decreased ef-
fect of ME gene expression by Faml122a deletion, which
strongly suggests that FAM122A regulates ME differentia-
tion as a PP2A inhibitor. Zheng et al have identified a new
dual-enzyme complex called INTAC for transcription regu-
lation, and it is composed of PP2A core enzyme and multi-
subunit RNA endonuclease integrator.®® In their model, PP2A
dephosphorylates the C-terminal domain of RNA polymerase
II to attenuate transcription. Therefore, whether FAM122A
modulates ME gene expression through PP2A and/or INTAC
warrants investigation.

Conclusion

Collectively, the results reveal that FAM122A, as pos-
sible PP2A inhibitor, is a critical regulator for ME spec-
ification and CM differentiation from mESCs through the
dysregulation of histone modification and Wnt and Hippo
signaling pathways. Moreover, Fam122a deletion leads to
embryonic lethality with severe cardiovascular develop-
mental defects and impairs cardiac function. The potential
effects of FAM122A on stem cell differentiation into CMs
not only provide new insights into its role in the develop-
ment of 3-germ layers but can also contribute to clinical/
therapeutic advancement in cardiac regenerative medicine in
the future.
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