CELL CYCLE
2016, VOL. 15, NO. 23, 3306-3317
http://dx.doi.org/10.1080/15384101.2016.1245246

Taylor & Francis
Taylor & Francis Group

REPORT

Zrf1 controls mesoderm lineage genes and cardiomyocyte differentiation
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ABSTRACT

In the present study we addressed the function of the transcriptional activator Zrf1 in the generation of the 3
germ layers during in vitro development. Currently, Zrf1 is rather regarded as a factor that drives the expression
of neuronal genes. Here, we have employed mouse embryonic stem cells and P19 cells to understand the role
of Zrf1 in the generation of mesoderm-derived tissues like adipocytes, cartilage and heart. Our data shows that
Zrf1 is essential for the transcriptional activation of genes that give rise to mesoderm and in particular heart
development. In both, the mESC and P19 systems, we provide evidence that Zrf1 contributes to the generation
of functional cardiomyocytes. We further demonstrate that Zrf1 binds to the transcription start sites (TSSs) of
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heart tissue-specific genes from the first and second heart field where it drives their temporal expression
during differentiation. Taken together, we have identified Zrf1 as a novel regulator of the mesodermal lineage

that might facilitate spatiotemporal expression of genes.

Introduction

Mouse embryonic stem cells (mESCs) derived from embryonic
blastocysts at day 3.5 (E3.5) are self-renewing, pluripotent cells
capable of generating all cell types of the embryo." After removal
of the factors that maintain pluripotency ES cells differentiate into
derivatives of the 3 embryonic germ layers: ectoderm, mesoderm
and endoderm.” The mesoderm derived heart is the first organ to
develop in the growing embryo. During early gastrulation, cardiac
progenitor cells arising from the anterior lateral mesoderm form
the cardiac crescent at the midline of the embryo. Later they
migrate in anterior-posterior direction from the primitive streak
to generate 2 heart fields on both sides of the midline.”” Whereas
the first heart field is responsible for the formation of the atria, left
ventricle and the nodal conduction system, the second heart field
is responsible for the formation of the right ventricle, outflow tract
and part of the atria® The proper development of heart tissue
involves complex network of signaling pathways and cardiogenic
transcription factors, most of which are evolutionarily conserved.
Due to the close proximity to the underlying endoderm, cardiac
crescent is exposed to different signaling pathways during cardio-
myogenesis.” Nodal induced mesoderm formation is maintained
by BMP signaling, which triggers Wnt signaling in the proximal
epiblast” Wnt induces the expression of mesoendodermal
markers, Brachyury and Eomes, which function upstream of
Mesp1.”® Mespl represents one of the earliest transcription factors
for cardiac progenitor specification. It is transiently expressed in
the mesoderm and is required for the anterior-posterior move-
ment of the embryo.”'® Downstream of Mespl distinct cardio-
genic transcription factors operate to facilitate the development of

both heart fields. Nkx2.5, the mammalian homolog of the Dro-
sophila gene Tinman'"'? is expressed in the early heart progenitor
cells.* Although Nkx2.5 knockout mice are still able to commit to
the cardiac lineage Nkx2.5 plays a dominant role for the hierarchi-
cal cascade of cardiac transcription factors."*'*> While Hand1,'®"”
Tbx5"®" and Gata4*™*" are related to the formation of first heart
field derived structures, Isl1,”>* Hand2,'®'7**  Mef2c,>*¢
MyocD”?® are related to the formation of second heart field
derived structures. In cardiac differentiation the spatiotemporal
control of both pluripotency and differentiation genes is the key
for proper development. In this regard, epigenetic regulation plays
a fundamental role. Polycomb group repressor complexes (PRCs)
were demonstrated to be regulators of gene expression as they par-
take in the establishment and maintenance of embryonic stem cell
fates.””" Polycomb repressive complexes come in at least 2 fla-
vors.”>” PRC2 catalyzes the tri-methylation of histone H3 at
lysine 27 (H3K27me3), which constitutes a hallmark of transcrip-
tional repression.”* PRCI establishes a mono-ubiquitylation of
histone H2A at lysine 119 (H2AK119ub) by the action of the E3
ubiquitin ligase subunit Ring1 A or RinglB, respectively.” PRCI is
thought to repress transcription through direct interaction with
the general transcription machinery’® and likely independent of
the H2AK119ub mark by chromatin condensation.””* H2A-
ubiquitylation seems to be involved in the derepression of Poly-
comb target genes as it provides a recruitment platform for the
chromatin component Zrfl.*' During differentiation of human
teratocarcinoma cells Zrfl is recruited to promoters of Polycomb
target genes where it replaces PRC1.*" Further, it was shown that
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Zrfl is required to establish neural progenitor cells (NPCs) from
mESCs and to maintain NPC self-renewal.** Neuronal differentia-
tion triggered by Zrfl is partially regulated by Id1, which interacts
with Zrfl and blocks its recruitment to chromatin.*’ Furthermore,
the Zrfl C. elegans ortholog dnjl1 is involved in asymmetric cell
division of neurosecretory motoneuron neuroblasts.** Taken
together, Zrfl describes a regulator of neuronal differentiation and
contributes to the generation of ectoderm-derived lineages. How-
ever, not much is known about its involvement in the regulation
of the other germ layers (endoderm and mesoderm). Given the
high abundance of H2A-ubiquitylation and the genome-wide dis-
tribution of PRC1 complexes at genes of all 3 germ layers,”" we
reasoned that Zrfl might control the differentiation of the other
germ layers. Previous studies pointed at a potential role of Zrfl in
the mesoderm-derived haematopoietic lineage as elevated Zrfl
expression was found in leukemic blasts.*’

In the present study we analyzed the function of Zrfl during
differentiation to mesoderm-derived lineages including carti-
lage, adipocyte and cardiac lineages. To this end we examined
the expression of marker genes of all germ layers in differentiat-
ing Zrfl mESC knockdown cells. We observed a significant
impact of Zrfl at mesodermal marker genes during embryoid
body (EB) formation, which is reflected in the deformation of
the adipocyte, cartilage and cardiomyocyte lineages at later
stages of in vitro development. Re-establishing Zrfl expression
in Zrfl knockdown cell lines indicates that it is directly
involved in the formation of these tissues. In particular, Zrfl is
essential for proper development of cardiac tissue as experi-
ments with mESCs and P19 cells*** indicate. Mechanistically,
Zrfl binds to the transcriptional start sites (TSSs) of heart tis-
sue-specific genes where it drives their temporal expression
during differentiation. Taken together, we have identified Zrfl
as a novel regulator of the mesodermal lineage.

Results

Knockdown of Zrf1 in mESC provokes deformation of the
mesoderm

To assess a potential function for Zrfl during the generation of the
3 germ layers we generated mESCs either expressing a non-spe-
cific shRNA (Control) or shRNA targeting Zrfl (shZrfl) by viral
infection (Fig. 1A). We next used both cell lines for the generation
of embryoid bodies (EBs) and analyzed the mRNA levels of
selected marker genes of all germ layers during the first 6 days of
EB formation (Fig. S1A). We observed that depletion of Zrfl had
an impact on the expression of ectodermal and endodermal genes
but a more pronounced effect on mesodermal marker genes.
Remarkably, we noted that the expression of mesodermal marker
genes, such as Runxl, MixIl and Flkl was affected drastically by
Zrfl knockdown. These data suggest that Zrfl might play a role in
the regulation of genes from all germ layers but that early during
development it is particularly important to facilitate the generation
of mesoderm. We next examined EBs derived from control and
Zrfl knockdown mESCs at later stages of development (Fig. 1B).
After 16 days, control cells differentiated into EBs with structures
including cystic cavities similar to the yolk-sac and an outer endo-
dermal layer analogous to primitive endoderm (white arrows). In
contrast, Zrfl depleted cells failed to develop these structures. To
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gain a better understanding of the structural impairments
observed in shZrfl cells, we performed hematoxylin and eosin
(H&E) staining of EBs derived from control and Zrfl knockdown
cells (Fig. 1C). Notably, whereas control cells readily formed
important features of the 3 germ layers (black arrows indicate
neural rosette, fibrous connective tissue and gut like epithelium,
respectively), Zrfl knockdown cells failed to form these tissues. In
particular, we noticed that the generation of connective tissue,
which is indicative of mesoderm development, was impaired in
Zrfl depleted cells. In agreement with these findings, we observed
a drastic reduction of nuclear Brachyury consistent with its dimin-
ished protein levels in Zrfl knockdown cells (Figs. 1D and S1B).
Taken together, our data point at a critical function for Zrfl in
mesoderm development during EB formation.

Re-establishing Zrf1 expression in Zrf1 knockdown mESCs
rescues the mesoderm phenotype

To ensure that the observed phenotype was due to the knock-
down of Zrfl we conducted functional rescue experiments. We
restored Zrfl expression in shZrfl cells by transfecting plasmids
encoding for human FLAG-tagged Zrfl. After antibiotic selection
we established mESCs stably expressing FLAG-Zrfl (Rescue)
(Fig. 2A). We generated EBs from the 3 cell lines (control, shZrfl
and rescue) and monitored their phenotypes during 8 days
(Fig. 2B). Starting from day 4, rescue cells exhibited a proper
spherical structure similar to control cells and constituted a
homogenous population as judged by their respective diameters
throughout in vitro development (Fig. S2A). In comparison to
Zrfl knockdown cells the rescue cells continued to outgrow
forming cystic cavities (Fig. 2B, white arrows). Next, we analyzed
whether the previously observed mesoderm phenotypes were res-
cued by re-expression of Zrfl. To this end we generated histolog-
ical sections of control, shZrfl and rescue EBs and performed
specific stainings for chondrogenesis and adipogenesis (Fig. 2C).
To visualize mesodermal tissues such as cartilage (blue) and
bone marrow (dark blue) we performed alcian blue stainings.
Our data indicate that restoring Zrfl levels caused a partial re-
establishment of chondrogenic cells in agreement with our previ-
ous findings (Fig. 2C; upper panel). To further support a specific
function for Zrfl in mesoderm formation we analyzed its impact
on the generation of adipocytes by performing oil-red-O stain-
ings (Fig. 2C; lower panel). Whereas control cells have intense
big red lipid droplets, as a marker of differentiated adipocytes,
Zrfl knockdown cells have significantly less lipid droplets with a
comparably smaller size. Rescue cells, on the other hand, par-
tially restore this defect exhibiting a more pronounced oil-red-O
staining. These data indicate that Zrfl is important during adipo-
cyte differentiation and hence during mesoderm formation. Fur-
ther, we assessed the generation of cardiomyocytes by their
spontaneous beating activity (Fig. 2D and Supplemental Videos 1-
3). In agreement with our previous findings we observed a dras-
tic reduction of beating cell clusters upon Zrfl knockdown,
which was partially restored in rescue cell lines. Moreover FACS
analysis of contraction-associated protein ¢TnT (cardiac troponin
T) (Fig. S2B) performed with control, Zrfl knockdown and res-
cue cells confirmed the beating phenotype. Taken together, our
data implies that Zrfl fulfills an essential function during meso-
derm development.
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Figure 1. Embryoid bodies (EBs) derived from Zrf1 depleted cells show abnormal differentiation. (A) Western blot for Zrf1 after transfection of E14 cells with control and
shRNA. Alpha tubulin was used as a loading control. (B) Brightfield images of control and shZrf1 derived EBs were taken at 10x (left panel) and 20x (right panel) magnifica-
tion after 16 days of differentiation. White arrows indicate the presence or absence of structures similar to yolk-sac and external primitive endoderm in control EBs or Zrf1
depleted EBs, respectively. Scale bars: 200 m (left panel) and 100 wm (right panel). (C) Representative images of hematoxylin and eosin stainings of control and Zrf1
knockdown EBs were taken at 40X magnification after 16 days of differentiation. Black arrows in the upper panel indicate the neural rosette, fibrous connective tissue
and gut like epithelium, respectively. Scale bar, 50 ;«m. (D) Representative immunofluorescence images and analyses of control and Zrf1 knockdown EBs using Brachyury
antibody (mesoderm marker) after 4 days of differentiation. Data represent the mean Brachyury (green) intensity of 3 independent experiments. “*p < 0.001 as calcu-

lated by 2-tailed unpaired t test. Scale bars, 50 pm.

Zrf1 controls the temporal expression of cardiomyogenesis
specific genes

Based on our data and a previously published report showing
the importance of PRCI in cardiac mesoderm differentiation*®
we decided to focus on the role of Zrfl in cardiac differentia-
tion. First we analyzed specific signaling genes important for

cardiogenic mesoderm induction, which represents the first
step of cardiomyogenesis (Fig. 3A). We observed that the
expression of Nodal and BMP4 were slightly decreased in Zrf1
knockdown cells. In contrast, Wnt3a expression levels were not
drastically affected. Next we analyzed 2 mesoendodermal
markers, Brachyury and Eomes, together with one of the earliest
cardiac transcription factors, Mespl. We observed a dramatic
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Figure 2. Restoration of Zrf1 expression in Zrf1 knockdown ES cells rescues the mesoderm phenotype. (A) Western blot analyzing Zrf1 levels in control, shZrf1 and rescue
cells. Alpha tubulin was used as a loading control. (B) Brightfield images of control, shZrf1 and rescue cells derived EBs were taken at 4x magnification at days 0, 4, 6 and
8. White arrows indicate the cystic cavities in control and rescue cell derived EBs. Scale bars, 500 m. (C) Representative images of alcian blue (upper panel) and oil-red-
O (lower panel) stainings of control, Zrf1 knockdown and rescue EBs were taken at either 40x or 20x magnification after 16 days of differentiation. Black arrows indicate
mesoderm derived tissues in alcian blue staining. Cartilage: blue, purple. Bone marrow: dark blue. Black arrows indicate mesoderm derived lipid droplets in oil-red-O
staining. Scale bars, upper panel 50 «m, lower panel 100 xm. (D) The numbers of spontaneously beating EBs were counted under an inverted-light microscope on Day
10, 12, 14 and 16 of the culture. Data represent the average of 3 experiments, +/— SEM “p < 0.5, *“p < 0.01, as calculated by 2-tailed unpaired t test.

and specific reduction of Brachyury and Mespl expression
upon Zrfl depletion, whereas Eomes levels did not significantly
change. When examining the expression levels of important
transcription factors of both heart fields we noticed that almost
all were affected by Zrfl depletion (Fig. 3A and B). To further
explore the effect of Zrfl depletion in adult cardiomyocytes we
analyzed specific gene groups for atrium, ventricle and the
nodal conduction system.**>* We observed that the expression
of nearly all the genes tested were affected in Zrfl knockdown
cells (Fig. S3A). These data suggest that Zrfl is essential for the
proper expression of genes that drive cardiomyogenesis but
that it has no bias toward cardiac subtypes.

To further demonstrate a specific role for Zrfl during cardiac
development we assessed the expression of selected cardiomyo-
genesis genes in the rescue cell lines (Fig. 4A). We noticed a par-
tial or complete restoration of the expression of first and second
heart field related genes. However, genes involved in the signal-
ing pathways, Brachyury or Mespl (data not shown) were either
not affected by Zrfl depletion or showed enhanced expression in
rescue cells. Collectively, these data show that re-expression of
Zrfl is not sufficient to rescue the expression of signaling genes
(Fig. 3A), yet it plays a direct role in the transcriptional activa-
tion of genes essential for the formation of the heart fields. To
investigate the direct relationship between Zrfl and heart field
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Figure 3. Zrf1 controls the temporal expression of the genes related to cardiomyogenesis. (A) Schematic illustration of cardiomyogenesis.® Cardiomyogenesis begins with
mesoderm induction which is triggered by Nodal signaling in the proximal epiblast. Nodal signaling maintains BMP4 expression in the extraembryonic ectoderm. BMP4
acts by inducing Wnt3 expression in the proximal epiblast. Nodal and Wnt signaling are restricted to the posterior epiblast by specific antagonists (Lefty? and Cer1; Dkk,
respectively). Wnt induces the expression of mesoendodermal markers Brachyury and Eomes. Then Brachyury and Eomes together induce the expression of Mesp1. Down-
stream of Mesp1, a complex network of transcription factors, which belong to first and second heart fields, tightly control the proper development of cardiac tissues. (B)
Real-time gPCR of signaling pathway, mesoendoderm, Mesp1, first and second heart field related genes at days 0, 4 and 6 of EB differentiation. Expression was normalized
to the housekeeping gene S18. Data represent the average of 5 experiments, +/— SEM "p < 0.5, *"p < 0.01, ***p < 0.001 as calculated by 2-tailed unpaired t test.

related genes, we carried out ChIP experiments at days 2, 4 and tagged Zrfl fusion protein. We observed that Zrfl is highly
6 after EB generation utilizing a mESC line expressing a FLAG-  enriched at the TSSs of selected genes at day 4, which seems to
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FLAG-tagged Zrf1 cells derived EBs after 2 and 4 days of differentiation. Values are expressed as percentage of input. Data represent the average of 3 experiments, +/—

SEM **p < 0.01, as calculated by 2-tailed unpaired t test.

be a critical time point in Zrfl mediated gene expression
(Fig. S4A). Likewise, in ChIP experiments employing Zrfl anti-
bodies we found Zrfl specifically occupying the TSSs of Nkx2.5,
Tbx5, Handl and Hand 2 pointing at a function in activating
these genes, similar to the Zrfl dependent activation of neuronal
lineage genes as previously reported*' (Fig. 4B).

Collectively these data suggest that Zrfl binds the promoters
of cardiomyogenesis specific genes early during development.
Zrfl dependent activation of its target genes causes the tempo-
ral expression of genes and thereby contributes to faithful car-
diomyocyte formation.

Zrf1 is essential for cardiomyocyte differentiation in P19
cells

During murine embryonic development Zrfl plays a role in regu-
lating genes that contribute to the generation of the first and second

heart fields. To further emphasize our findings we next investigated
a potential Zrfl function in P19 cells. P19 cells are a pluripotent cell
line derived from a teratocarcinoma induced in C3H/HeHa
mice,***”*! which are able to differentiate into a variety of cell types
representative of all 3 germ layers when induced by chemical
agents.”” In particular, P19 cells provide an excellent cell differenti-
ation model system that mimics the events of early cardio-embryo-
genesis.”” Thus, we generated P19 cell lines by stably integrating
plasmids encoding short hairpin RNAs targeting Zrf1 (shZrfl) or a
non-specific sequence (shControl). After verifying the knockdown
levels in 2 Zrfl knockdown clones (Fig. 5A), we next assessed the
Zrfl protein levels after supplementing the cells with 1% DMSO,
which causes spontaneous differentiation.> In line with our previ-
ous data, we observed that Zrfl expression was increasing until day
4 after DMSO treatment (Fig. S5A). Beyond this time point Zrfl
expression was decreasing stepwise suggesting a function early dur-
ing P19 differentiation comparable to the Zrfl function during
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Scale bars, 100 pm.

stem cell differentiation. To further investigate the effect of Zrfl
depletion in adult cardiomyocytes, we analyzed the expression of
genes, which are present in functional cardiomyocytes such as car-
diac troponins (¢ITnT and cTnl), myosin heavy chains (¢-MHC
and B-MHC) and myosin light chains (MLC2a and MLC2v).
Moreover, we assessed the expression levels of genes encoding for
gap junction proteins (Cx40 and Cx43) and genes that are responsi-
ble for the pacemaker activity of the heart (HCN4 and ANP)
(Fig. 5B). We observed that Zrfl had an impact on the expression
of all of the genes tested. Particularly the expression of genes, which
are essential for cardiac muscle formation (cTnT, cTnl, a-MHC,
B-MHC, MLC2a), showed a strong dependence on Zrfl. Moreover,

we performed cardiac troponin I staining to confirm the presence
of contractile units in control cells (Fig. S5B). These data suggest
that Zrf1 plays a role in the generation of the murine heart. To fur-
ther support this hypothesis we assessed the beating rate of control
and Zrfl knockdown cell lines at days 12 and 15 of cardiac differen-
tiation. When analyzing areas of both monolayer cultures we
observed in control conditions about 14% (Day 12) and 26 % (Day
15) beating activity (Fig. 5C and Supplemental Videos 4 and 5). In
contrast, when analyzing comparable monolayer regions of Zrfl
knockdown cells we nearly did not detect any beating activity. Col-
lectively, these data show that Zrfl is essential for the proper devel-
opment of cardiac tissue.



Discussion

Cardiovascular diseases (CVDs) are the leading cause of death
worldwide. Whether caused by congenital defects or acquired
injuries, CVDs usually result in loss of terminally differentiated
cardiomyocytes. Adult human cardiomyocytes have limited
self-renewal capacity. For this reason, stem cell-based regenera-
tive therapy emerges as one of the most promising approaches
to fight CVDs. Regenerative therapy aims at the replacement of
injured or defective cardiac tissues by healthy ones making use
of various cell sources.” Still, faithful cardiac regenerative ther-
apy will rely on understanding the underlying molecular mech-
anisms of cardiac development.®® The transcriptional
regulation of cardiac development requires precise spatiotem-
poral control of gene expression. Hence, epigenetic regulators
play an essential role by establishing a cell-type specific chro-
matin pattern which is essential for cell commitment and dif-
ferentiation.”> Among many epigenetic players, Trithorax and
Polycomb group proteins have attracted particular attention
for their ability to activate and repress transcription. Recently,
Mell8, a subunit of PRC1 was shown to impact on mesoderm
differentiation by directly controlling the expression of tran-
scription factors essential for early cardiac mesoderm cell speci-
fication.*® Still, many open questions remain as to how PRCs
regulate transcription during cardiomyogenesis.

In the present study, we elucidated a specific function of
Zrfl during the early stages of mesoderm development. The
H2A-ubiquitin binding Zrfl protein replaces PRC1 from pro-
moters of its targets genes thereby contributing to transcrip-
tional activation.*>* So far, Zrfl was shown to primarily
operate during differentiation into the neuronal lineage.*'**
Notably, PRC1 silences a wide range of genes generating the 3
germ layers during development.”* Hence, taking into account
the broad spectrum of PRCI target genes and the high abun-
dance of H2A-ubiquitylation, we speculated that Zrfl played
additional roles in the formation of other germ layers. The phe-
notype of Zrfl depleted EBs and the deregulation of key genes
from the 3 germ layers during in vitro development suggest a
broader role of Zrfl during development. We observed a partic-
ularly pronounced effect during the generation of mesoderm as
the expression of one of the key factors, Brachyury, was drasti-
cally impaired in Zrfl knockdown cells. Moreover, we noticed
a significant reduction of the expression of Flkl, Runxl and
Mixll genes, which are important mesodermal markers for
hematopoiesis. In agreement with these data it was previously
shown that expression of Zrfl is upregulated in acute and
chronic myeloid leukemia.*> Analyzing Zrfl knockdown
derived EBs we observed malformation of 3 different meso-
derm derived tissues (adipocytes, cartilage and cardiac tissue).
Importantly, re-establishing Zrfl expression in the knockdown
cells led to a significant rescue of the phenotypes. Taken
together, these results point at an essential regulatory role for
Zrfl in the generation of mesoderm derived tissues.

Focusing on differentiation of mESC and P19 cells we found
that Zrfl plays a prominent role in cardiomyocyte differentia-
tion. Analyzing the transcription of selected cardiac-specific
genes in control and Zrfl depleted EBs, we provide evidence
that Zrfl affects the expression of almost every tested gene. How-
ever, rescue experiments indicated a specific involvement of Zrfl
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only in the transcriptional activation of first and second heart
field related genes (Fig. 4A). Handl, Hand2, Tbx5 are essential
transcription factors for left-right patterning of the heart. Their
expression is influenced by the transcription factor Nkx2.5,
which represents a critical regulator of cardiomyogenesis.'®"®
Notably, Zrfl shows the strongest enrichment at the TSS of
Nkx2.5 thereby controlling the main transcriptional regulator
driving the development of both heart fields (Figs. 4B and S4A).
Hence, the restoration of gene expression of other target genes
(Handl, Hand2 and Tbx5) in the rescue cell line could partially
be a consequence of Zrfl dependent Nkx2.5 expression.

At the physiological level we observed a marked decrease of
the beating activity in E14 derived Zrfl knockdown cells, which
was partially rescued by re-establishing Zrfl expression. Since
differentiation of E14 cells establishes a mixed population of
differentiated cells we used a well-characterized model system
of cardiac differentiation. Employing P19 cells we confirmed
that Zrfl is essential for the proper development of cardiomyo-
cytes, which exhibit contractile units of reminiscent of heart
muscles and rhythmic beating activities as judged by RT-PCR,
microscopy and beating assay results of control and Zrfl
knockdown cells (Figs. 5B, C and S5B).

In conclusion, Zrfl contributes to the generation of the
mesoderm layer but in particular it promotes the generation of
the cardiac lineage during in vitro development. Hence, the
function of Zrfl needs to be considered when addressing
molecular mechanisms of cardiovascular diseases.

Materials and methods
Plasmids used in this study

The lentiviral shRNA#1/2 and pCBA-3xFlag plasmids were
kind gifts from Dr. Luciano di Croce. The sequences of lentivi-
ral shRNA #1/2 are listed in Supplemental Table S1. Non-
Mammalian shControl was purchased from Sigma.

Generation of stable mESC and P19 knockdown cultures

For the production of lentiviruses containing shRNA,
HEK293T cells were grown overnight in 10 cm dishes and the
next day the medium was replaced with OPTIMEM low serum
medium (Gibco), 2 hours prior to transfection. For the trans-
fection, 15 pug shRNA, 5 ug pMDLg/pRRe (Addgene), 5 g
pRSV-Rev (Addgene) and 5 g pMD2.G (Addgene) plasmids
were mixed with 500 ul OPTIMEM and 43 ug Lipofectamine
2000 (Life Technologies) with OPTIMEM. 5 min later, plas-
mids were mixed with Lipofectamine and 10 min later the mix-
ture was added to the HEK293T cells. 9 hours post-
transfection, the OPTIMEM was replaced with 6 ml complete
stem cell medium and the following day the medium contain-
ing the viral particles was collected and passed through a
0.45 pm filter (Millipore). 2 ml of filtered medium containing
the viral particles was added for transduction of 2 x 10° stem
cells in a 6-well plate (pre-incubated with 8 ug/ml polybrene
(Sigma) for 2 hours) and the plates were centrifuged for 90 min
at 1200 rpm at room temperature. 2ml fresh medium was
added per well and cells were incubated overnight. The same
procedure was repeated 3 more times. Subsequently the cells
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were left to recover for 48 hours. Knockdown cells were
selected with 2 pg/ml puromycin (Sigma) for 3 days and then
frozen or analyzed for RNA or protein expression. For rescue
experiments, the pCBA-3xFlag vector was transfected into
shZrfl cells using Lipofectamine 2000 according to the manu-
facturer’s protocol. shRNA #1/2 and non-mammalian control
plasmids were transfected into P19 cells with Lipofectamine
2000 as well. A total of 3 x 10 cells were transfected with 5 ug
plasmid. 5 hours later, cells were split in 2 10 cm plate and left
to recover overnight. Next day, the medium was changed and
cells were selected with 4 ;1g/ml puromycin for 4 days.

Cell culture and differentiation

Embryonic stem cells (E14Tg2A) were cultured in feeder-free
plates, coated for at least 30 min with 0.1% Gelatin, ready to use
(Millipore) or in powder form (Sigma), dissolved in MQ water
after overnight stirring at 75°C. Cells were cultured in Glasgow
Minimum Essential Medium (Sigma) supplemented with 15%
PanSera ES Bovine Serum (PAN-Biotech), Non-Essential Amino
Acids (Gibco), Sodium Pyruvate (Gibco), L-Glutamine (Gibco),
Penicillin/Streptomycin (Gibco), B-mercaptoethanol (Sigma) and
Leukemia Inhibitory Factor (LIF). E14Tg2A embryoid bodies
(EBs) were formed with the hanging-drop method, starting with
10° mESCs / 30 L drop, in medium without LIF. 48 hours after
the drop formation, EBs were collected and cultured from that
point on in petri dishes. The medium was replaced every second
day. Images were acquired with a Leica DM-IL microscope. EB
size distributions were quantified with Image] analysis by mea-
suring the Feret’s diameter of each EB. Murine P19 ECCs were
kind gift from Dr. Vijay Tiwari. The P19 cells were cultured in
DMEM (Gibco) supplemented with 10% fetal bovine serum
(Gibco), L-Glutamine (Gibco) and Penicillin/Streptomycin
(Gibco). To induce cardiac differentiation, a total of 3 x 10°> P19
cells were aggregated to form embryoid bodies in the presence of
1 % DMSO (Sigma) for 4 days. The formed EBs were then
transferred to gelatin coated 6-well culture plates and cultured in
complete medium free of DMSO for an additional 11 days. The
medium was replenished every 48 hours.

Histological stainings

EBs were collected after 16 days of differentiation and fixed with
4% PFA at room temperature for 30 min. Fixed EBs were treated
with 10% and 20% sucrose for 30 min each and stored in 30%
sucrose overnight at 4 °C. The next day EBs were embedded in
OCT (VWR) and frozen at —80°C. Frozen blocks were sectioned
at an 8 yum thickness and H&E staining was performed according
to standard protocols. For alcian blue staining, sections were
stained with alcian and hematoxylin dyes together for 10 minutes.
Afterwards they were counterstained with eosin. For oil red O
staining, sections were firstly stained with oil red O dye for 20
minutes, then counterstained with hematoxylin. Pictures were
acquired with a Leica DM2500 microscope.

Western blot analysis

Cell pellets and EB samples referring to the aferomentioned
time points were collected and washed with PBS. They were

resuspended in 2x Laemmli buffer according to the pellet size,
sonicated for 15 cycles (30 sec on/30 sec off) at high setting
using a Diagenode Bioruptor plus. After boiling for 20 min at
95°C, samples were centrifuged for 15 at RT maximum speed
and separated on 12% SDS-PAGE for Western Blot analysis.
Zrfl (Novus), Brachyury (Santa Cruz), Gata4 (Sigma) and H2A
(Abcam) antibodies were used to detect the proteins.

Chromatin immunoprecipitations

ChIPs were carried out as previously described”” with the following
modifications: A) Differentiated EBs were collected, washed with
PBS and then dissociated with Accutase (Gibco) enzyme for 3
minutes. After spin down, single-cell suspension were fixed in fixa-
tion buffer (11% freshly added formaldehyde / 0.IM NaCl/1lmM
EDTA/50mM HEPES-KOH pH 7.6) containing 1% formaldehyde
for 15 min at room temperature and quenched with 0.125 M Gly-
cine for additional 5 min at room temperature. B) Nuclear extracts
were sonicated for 30 cycles (30 sec on/30 sec off) in a Bioruptor
Plus. C) Sonicated chromatin was incubated for 16 hours at 4°C
with either 5 ug Zrfl (Novus) or Flag (Sigma) antibody together
with magnetic beads (Milipore). 1 pg rabbit or mouse IgG was
used as negative control.

RNA extraction and cDNA synthesis

RNA used for qPCR was extracted with Trizol Reagent. 1 ug of
total RNA was used for cDNA, using the First Strand cDNA
Synthesis Kit (Fermentas). The primers used in the reverse
transcription qPCR assays are listed in the Supplemental
Table S1.

Immunofiluorescence stainings and analysis

After differentiation in hanging drops, E14 cells derived EBs were
fixed in 4% PFA for 30 minutes, treated with sucrose, embedded in
OCT and frozen at —80°C. The next day frozen blocks were sec-
tioned at an 8um thickness. Differentiated P19 cells, which were
grown on gelatin coated coverslips, were fixed in 4% PFA for 20
minutes. Both tissue sections and cells on coverslips were permea-
bilized with 0.5% Triton X-100 for 10 min, washed 3 times with 1x
PBS, blocked with 5% fetal bovine serum in PBS for one hour. Sec-
tions were incubated either with Brachyury (Santa Cruz) or Car-
diac Troponin I (Abcam) antibodies overnight at 4°C. The
following day the sections were washed 3 times with PBS contain-
ing 0.2% Triton X-100 (wash buffer) for 3 times and incubated
with secondary antibodies (Alexa Fluor 488) for 1.5 hours. Subse-
quently they were washed 3 times with wash buffer and mounted
with Vectashield with DAPI. Fluorescence images were acquired
on a Leica SP5 microscope. Quantification of Brachyury stainings
in EBs is performed like this: As it was not possible to discern the
individual nuclei to quantify the Brachyury staining per nucleus,
the mean Brachyury staining intensity (intensity per area) in the
entire EB nuclear area was measured instead. The DAPI staining
image was smoothed with a Gaussian filter and the Nilblack local
threshold was applied to segment the nuclei. The holes in the seg-
mented image were filled, the outlines were smoothed with the
binary open operation and objects smaller than 20 um were



excluded. The mean Brachyury staining intensity was measured
inside the segmented nuclei.

Beating assays

The numbers of spontaneously beating EBs were counted
under an inverted-light microscope at the respective time
points. For each experiment, at least 100 EBs from each cell
type were counted. The spontaneous beating areas in P19 cells
were recorded with either a Leica DM-IL or Leica AF7000
microscope. To quantify the beating areas in P19 cells, differen-
ces between the consecutive frames in each movie were calcu-
lated. The differences between images were smoothed with a
Gaussian filter and the triangle method threshold was applied
to segment into beating and not-beating parts. A maximum
projection image was calculated to account for the beating areas
from the entire movie. The resulting image was smoothed with
a minimum filter and beating and not-beating areas were mea-
sured. The analysis was performed with Image]J software.

Flow cytometry

After 13 days of differentiation, EBs from control, Zrfl knockdown
and rescue mESCs were collected and washed twice with PBS. Fol-
lowing the washes, EBs were incubated in %0.25 Trypsin-EDTA
for 5 minutes at 37°C. Enzymatic activity was stopped using 50%
FBS in PBS and dissociation was completed employing mechanical
force using a 20G needle. Dissociated EBs were fixed and permeabi-
lized 20 minutes on ice using a BD Cytofix/Cytoperm kit. Prior to
cInT-PE (BD-Pharmingen) staining, cells were blocked with
1%BSA for 15 minutes. Staining was performed on ice for 2 hours
in the dark. During each step, cells were washed twice with wash
buffer contained in the aforementioned kit. After the last wash, cells
were resuspended in staining buffer (1% FBS in PBS) and analyzed
with an LSRFortessa cell analyzer (BD Biosciences). The cTnT pos-
itive cells (cTnT™) sorted from the 3 cell lines (control, Zrfl knock-
down and rescue) are represented as a relative ratio (Fig. S2b).
cTnT™ cells from Zrfl knockdown and rescue cells are normalized
to ¢TnT™ cells in control cells and the values were calculated as
fold change.
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