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1. Introduction

Congenital heart disease (CHD) is the most common genetic birth defect, which has considerable morbidity and mortality. We
focused on deciphering key regulators that govern cardiac progenitors and cardiogenesis. FOXK1 is a forkhead/winged helix tran-
scription factor known to regulate cell cycle kinetics and is restricted to mesodermal progenitors, somites, and heart. In the present
study, we define an essential role for FOXK1 during cardiovascular development.

We used the mouse embryoid body system to differentiate control and Foxk1 KO embryonic stem cells into mesodermal, cardiac
progenitor cells and mature cardiac cells. Using flow cytometry, immunohistochemistry, cardiac beating, transcriptional and chro-
matin immunoprecipitation quantitative polymerase chain reaction assays, bulk RNA sequencing (RNAseq) and assay for transpo-
sase-accessible chromatin using sequencing (ATACseq) analyses, FOXK1 was observed to be an important regulator of
cardiogenesis. Flow cytometry analyses revealed perturbed cardiogenesis in Foxk1 KO embryoid bodies (EBs). Bulk RNAseq ana-
lysis at two developmental stages showed a significant reduction of the cardiac molecular program in Foxk1 KO EBs compared to
the control EBs. ATACseq analysis during EB differentiation demonstrated that the chromatin landscape nearby known important
regulators of cardiogenesis was significantly relaxed in control EBs compared to Foxk1 KO EBs. Furthermore, we demonstrated
that in the absence of FOXK1, cardiac differentiation was markedly impaired by assaying for cardiac Troponin T expression
and cardiac contractility. We demonstrate that FOXK1 is an important regulator of cardiogenesis by repressing the Wnt/p-catenin
signalling pathway and thereby promoting differentiation.

These results identify FOXK1 as an essential transcriptional and epigenetic regulator of cardiovascular development.
Mechanistically, FOXK1 represses Wnt signalling to promote the development of cardiac progenitor cells.

Forkhead factors ® Foxk1 e Cardiovascular development ® Wnt signalling

transcriptional regulators and signalling pathways that govern the develop-
ment of these lineages are incompletely defined and warrant further

Congenital heart disease is the most common genetic birth defect affecting
approximately 1% of live births and having considerable morbidity and
mor‘cality.1'2 Therefore, intense interest has focused on deciphering the
regulatory pathways that govern the specification and differentiation of
mesodermal progenitors and to use this information to develop therapies
for congenital cardiovascular diseases. The cardiovascular system consists
of multiple cell lineages including: the haematopoietic, vascular, and cardi-
omyocyte lineages.” > The genesis of each of these lineages from a
common germ layer requires precise and co-ordinated regulatory signals
to modulate progenitors during embryonic development.? The

investigation.

Forkhead box (FOX) proteins are a family of evolutionarily conserved
transcription factors that share a DNA-binding domain known as the fork-
head/winged helix domain.® Members of this family have been shown to
have essential roles during embryogenesis in lineage fate decisions, cell cy-
cle kinetics, aging, metabolism, stem cell regulation, and chromatin remod-
elling (pioneer factors).® Furthermore, many of these FOX factors have
been shown to have important roles in cancer proliferation and tumorigen-
esis.” The Foxk family consists of two members, FOXK1 and FOXK2,
which have a shared structure.'® FOXK1 was discovered to be a
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transcription factor restricted to striated muscle (cardiac and skeletal mus-
cles) during development in somites and the heart.!! Previous studies have
characterized the role of FOXK1 as an important regulator of myogenic
stem cell (satellite cell) proliferation following injury."*~'® While the role
of FOXK1 has been extensively studied in skeletal muscle, the role for
FOXK1 in cardiac muscle and cardiogenesis is unknown and warrants fur-
ther investigation.

The Wt signalling pathway has been shown to play essential roles in the
development of the brain, limb, blood, endothelium, and heart." The Wnt/
B-catenin signalling pathway has been shown to have positive and negative
modulatory effects on the specification and the differentiation of mesoder-
mal lineages.”** This biphasic role for Wnt/B-catenin signalling has been
demonstrated in zebrafish, mouse embryos, and differentiating mouse em-
bryonic stem cells. In this fashion, Wnt signalling has been shown to be pro-
cardiogenic in early pre-cardiac mesoderm and inhibitory to cardiogenesis
during the later stages of cardiac differentiation.* Moreover, B-catenin has
been reported to be an upstream activator of Is/T gene expression in the
heart.”* While the Wnt/-catenin signalling pathway has a binary role dur-
ing cardiogenesis, the overexpression of the Whnt signalling cascade is asso-
ciated with an expansion of the haematopoietic and endothelial lineages.”*
Therefore, the activity and functional role of the Whnt signalling pathway
are context dependent and, in part, modulated through protein—protein
interactions. For example, bone morphogenic proteins, transforming
growth factor betas, and others have been shown to interact with Whnt sig-
nalling and have a combinatorial role during development and
regenera‘cion.20

In the present study, we characterized the role of FOXK1 during meso-
dermal development. Using Foxk1 KO embryonic stem cell/fembryoid bod-
ies (ESC/EBs), we identify FOXK1 as an important transcriptional and
epigenetic regulator of cardiogenesis. Mechanistically, our findings demon-
strate that FOXK1 promotes cardiogenesis by repressing the Wnt/
B-catenin signalling pathway. This study identifies a novel role for
FOXK1 in the regulation and specification of mesodermal lineages during
development and the interaction and regulation of distinct signalling path-
ways during cardiogenesis. These results identify FOXK1 as an important
transcriptional and epigenetic regulator of cardiovascular development.

2. Methods

All animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Minnesota. All methods were
performed in accordance with the relevant guidelines and regulations,
and followed the procedures outlined in the Guide for the Care and Use
of 9 Laboratory Animals (National Institutes of Health publication number.
85-23, revised 1996).

2.1 Mouse embryonic stem cell lines

iHA-Foxk1 embryonic stem cells (ESCs) (control) harbouring a tetracycline
responsive element upstream of HA tagged FOXK1 was generated as pre-
viously described.” Foxk1 KO ESCs were isolated using standard techni-
ques by harvesting blastocysts from Foxk! heterozygous female mice
bred with Foxk! heterozygous males and sacrificed using cervical disloca-
tion.'>?® iHA-Foxk 1 and Foxk1 KO ESCs were cultured in media containing
15% foetal bovine serum (FBS), 2 mM GlutaMAX, 1 X penicillin/strepto-
mycin, 0.1 mM B-mercaptoethanol, and 1000 U/mL of leukemia inhibitory
factor (LIF), at 37°C in 5% CO, together with irradiated mouse embryonic
fibroblasts as a feeder layer. We differentiated control and Foxk1 KO ESCs
into EBs using mesodermal differentiation conditions as previously de-
scribed.”” Briefly, ESCs were separated into single cells using 0.25% trypsin
and plated for 50 min to remove fibroblast cells from the feeder layer
(de-MEF (mouse embryonic fibroblasts) step). Following de-MEF, ESCs
were differentiated in mesodermal media using the shaking method in
media containing 15% FBS (Foundation GeminiBio), 1 X penicillin/strepto-
mycin, 1 X GlutaMAX;, 50 pg/mL Fe-saturated transferrin, 450 mM mono-
thioglycerol, and 50 pg/mL ascorbic acid in IMDM media (Thermo).
iHA-Foxk1 EBs were treated with doxycycline (0.5 ug/mL) in the

differentiation media to overexpress FOXK1. D10 EBs harvested for im-
munohistochemistry were fixed for 10 min at 4°C in 4% paraformalde-
hyde, washed twice in phosphate buffered saline (PBS), and embedded in
optimal cutting temperature solution before cryosectioning.

2.2 Flow cytometry analysis

Harvesting and staining of control and Foxk1 KO EBs were performed as
previously described?® and analysed using a FACSAria®® machine. The anti-
bodies used for FACS include: Flk1-APC (1:200, Cat# 560070, Lot# 8298981),
platelet-derived growth factor alpha receptor-alpha (PDGFRa)-PE (1:1000,
Cat# 4315814, Lot# 2049418), cardiac Troponin T (cTnT) (1:100, Cat#
MS-295-P1, Lot# 295P16048), and anti-mouse AlexaFluor 488 (1:400,
Cat# 715-485-151, Lot# 94650). Propidium iodide (1:1000, Cat# 1423090,
Lot# 1325708) was used to gate for live cells during flow cytometry analysis.

2.3 RNA isolation and quantitative

polymerase chain reaction (qQPCR) analysis
Total RNA was isolated from control and Foxk1 KO EBs using the RNeasy
kit (Qiagen, Cat# 74104) following the manufacturer’s protocol. Briefly,
EBs were lysed in RLT-lysis buffer, followed by a column-based purification
process and on-column DNA digestion. Complementary DNA (cDNA)
was synthesized using the SuperScript IV VILO kit (Thermo Fisher Scientific,
Cat# 11756050) following the manufacturer’s protocol. qPCR was per-
formed using ABl Tagman probe sets. Tagman probes used in this study
include VIC-labelled GAPDH:4352339E, FAM-labelled Foxk1:Mm01195488_m1,
Whnit3a:Mm0437337_m1, and Wnt6:Mm00437353_m1.

2.4 Western blot

Western blots were performed as previously described.*® Briefly, embry-
oid body lysates were obtained from control and Foxk1 KO EBs at various
time points (Days 3, 5, and 7). These were lysed using ice-cold lysis buffer
for 30 min and centrifuged at 9300xg for 10 min at 4°C. Equal amounts of
protein were loaded on 10% sodium dodecy! sulfate-polyacrylamide gels.
Polyvinylidene fluoride membranes were blocked with 5% milk protein
and incubated with a rabbit-FOXK1 antibody (1:1000, Cat# sc134550,
Lot# D1911) and rabbit-GAPDH antibody (1:1000, Cat# D16H11,
Lot# 7) overnight at 4°C. The membrane was subsequently incubated
with a goat-anti-rabbit (1:2000, Cat#SC-2004; Lot# G247) horseradish
peroxidase-conjugated secondary antibody and visualized using the Pico lu-
minescence kit (Invitrogen) following the manufacturer’s instructions. The
protein bands were visualized and imaged using the Image Lab software.

2.5 Analysis of bulk RNAseq

The sequencing reads of the bulk RNAseq data were mapped to the mouse
genome (mm10) using Kallisto (0.46.2)31 with default parameters. The read
counts data were normalized by DESeq?, followed by differential expres-
sion analysis.*>

2.6 Generation of ATACseq libraries,

sequencing, and analysis

Control and Foxk1 KO EBs were collected at different time periods during
differentiation and disaggregated in 0.25% trypsin at 37°C for 3 min incu-
bation with gentle agitation followed by inactivation with culture medium
containing 10% FBS. Cells were collected by centrifugation at 500 g for
5 min at 4°C and washed once with ice-cold PBS. ATAC reaction was
performed with 50000 cells as previously described® using the Tn5
transposase (lllumina) and libraries were created at the University of
Minnesota Genome Center. Libraries were then sequenced on a
NextSeq lllumina platform (2 x 50 bp) aiming for 25 million reads per
sample. The sequencing reads where mapped to the mouse genome
(mm10) using Bowtie2 (v2.2.4)** and ATACseq peaks were called using
MACS?2 (v2.1.1).% The ATACseq laying within the blacklisted genomic
regions for functional genomics analysis were excluded.*® ChromVAR
(v1.10) was used for transcription factor-based chromatin accessibility
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analysis. We used NucleoATAC (v0.3.4)*” to estimate the nucleosome
signals at the Foxk1 motif-binding positions.

2.7 Cardiobeating assays

ESC/EBs were differentiated as described above using mesodermal condi-
tions. At D8, EBs were transferred to a 96-well gelatin-coated flat bottom
plate containing EB media at a concentration of 1 EB/well. Individual beating

potential (presence or absence of beating) was assessed and quantified at
D10.

2.8 Transcriptional assays

Transcriptional assays were performed as previously described.*® Briefly,
HEK 293T cells were cultured in 35 mm dishes containing Dulbecco’s
modified Eagle’s medium supplemented with 10% foetal bovine serum
and penicillin/streptomycin. 100-200 k cells were seeded and transfected
using the lipofectamine reagent and assayed for activity. Reporter assay
was performed using the Promega Luciferase Assay System following the
manufacturer’s instructions. Luciferase activity was analysed with dual-
luciferase reporter assay system (Promega), and normalized with the
Renilla luciferase. All transfection experiments were performed in triplicate
and replicated three times.

2.9 Immunohistochemistry

Cryosectioning and immunohistochemical analyses were performed as
previously reported®” using the following antibodies: cTnT (1:100, Cat#
MS-295-P1, Lot# 295P16048), anti-chicken AlexaFluor 488 (1:400,
Cat# 703545155, Lot# 136424), anti-mouse AlexaFluor 594 (1:400,
Cat# 715585150, Lot# 134514), and anti-mouse AlexaFluor 488 (1:400,
Cat# 715-485-151, Lot# 94650). The total number of EBs positive for
cTnT fluorescence was divided over the total number of EBs in each field
of view. The percentage of cTnT+ EBs was plotted (cTnT+ EBs %) and
compared between different groups.

2.10 Data analysis

No data were excluded from these studies, and all attempts at replication
for standard assays (flow cytometry, qPCR, cardiogenic beating assays, and
immunohistochemistry) were successful. Data collection and analysis were
not performed in blind to the conditions of the experiments.

3. Results

3.1 FOXK1 regulates mesodermal

progenitor cell development
While previous studies have demonstrated that FOXK1 expression during
development is restricted to striated muscle (skeletal and cardiac
lineages),"" the role for FOXK1 in the development of the cardiac lineage
has yet to be characterized. We hypothesized that FOXK1 is an important
regulator for mesodermal and cardiac progenitor cells. To test this hypoth-
esis, we engineered Foxk1 KO mouse ESCs to examine the role of FOXK1
during mesoderm and the cardiac lineage development in vitro.
Lineage-tracing studies using the ESC/EB system support the existence
of cardiovascular multipotent progenitors that can give rise to endothelial,
myocardial, smooth muscle, and haematopoietic lineages.**~** Using a pre-
viously published mesodermal and cardiac differentiation protocol for
shaking ESC/EBs,*® we first differentiated control and Foxk! KO mESCs
to examine the expression of FOXK1 (Figure 1A and B and Supplemental
material online, Figure S7). Both gPCR and western blot assays demon-
strated that FOXK1 expression peaks at approximately Day 5 (D5) of dif-
ferentiation (Figure 1B and see Supplementary material online, Figure ST7), a
time period where mesoderm is formed in these EBs and progenitors start
differentiating towards the cardiac, haematoendothelial, and skeletal mus-
cle lineages.** To determine whether FOXK1 plays an important role in
the development of mesoderm, we analysed the lineage commitment of

control and Foxk? KO EBs at Day 3 (D3) by staining for FLK1 and
PDGFRa using flow cytometry (Figure 1C and see Supplementary
material online, Figure S2). We observed that in the absence of FOXK1,
skeletal myogenic (FLK1 —PDGFRa+) and cardiac (FLK1 + PDGFRa+),
but not haematoendothelial (FLK1 + PDGFRa—) progenitors were absent
on D3 compared to the control EBs (Figure 1C). To further characterize
this phenotype, we examined later time periods of differentiation
(Figure 1D and E). Similar to D3, flow cytometry analysis of D5 and D7
EBs demonstrated a significant reduction in cardiac and skeletal muscle
progenitors in the Foxk? KO EBs compared to their respective controls
(Figure 1D and E). However, unlike D3, D5, and D7, Foxk1 KO EBs demon-
strated a significant increase in blood and vascular progenitor cells (FLK1 +
PDGFRo—), suggesting a cell fate change in the cardiac/skeletal muscle pro-
genitor cells that can no longer form due to the absence of FOXK1. Based
on these results, we hypothesized that FOXK1 was an important mesoder-
mal regulator of cardiac and skeletal muscle progenitor cell development.

3.2 FOXK1 regulates cardiac developmental

transcriptional networks

Having established a role for FOXK1 in mesodermal progenitor cell devel-
opment, we isolated RNA and performed bulk RNA sequencing (RNAseq)
from D3 and D5 differentiating control and Foxk? KO EBs to define the
transcriptional networks of these cells before and after mesoderm forma-
tion. We identified 644 and 951 up-regulated genes in the control D3 and
D5 groups compared to the Foxk? KO groups, respectively. Pathway ana-
lysis of D3 differentiating EBs identified mesodermal and cardiovascular de-
velopmental networks in the top five signalling pathways enriched in the
control but not the Foxk! KO EBs (Figure 2A and see Supplementary
material online, Figure S3A). Among the top up-regulated genes in the con-
trol EBs, we identified important regulators of early cardiovascular devel-
opment such as Mesp?, Mesp2, Isl1, and Hand2 (Figure 2B and see
Supplementary material online, Figure S3B). These are known master reg-
ulators of cardiovascular development that are responsible for regulating
commitment and differentiation of early progenitors towards the lineage.*’
Furthermore, pathway analysis of D5 EBs highlighted cardiac developmen-
tal networks in the top five enriched pathways in the control EBs compared
to the Foxk1 KO EBs, with the top genes enriched in the control group in-
cluding important regulators of cardiovascular development such as
Hand1, Hand2, and Tbx5 (Figure 2C and D and see Supplementary
material online, Figure S3C and D). The transcriptional signature that is sig-
nificantly affected in the absence of FOXK1 is known to regulate heart
morphogenesis in the developing embryo. For example, Hand1 and
Hand2 are important regulators of left and right ventricular morphogen-
esis.*” Therefore, we would hypothesize that loss of FOXK1 would signifi-
cantly affect cardiovascular morphogenesis. When we examined the Foxk1
KO group, we identified 703 and 1164 up-regulated genes in the D3 and
D5 Foxk1 KO groups, respectively (see Supplementary material online,
Figure S3). Pathway analysis of the genes up-regulated in the KO group de-
monstrated that vasculature development was significantly enriched in
both the D3 and D5 Foxk1 KO EBs (see Supplementary material online,
Figure S3E and F). These results further supported the notion that in the
absence of FOXK1, cardiac and myogenic progenitor cells were redirected
to a haematoendothelial fate as we observed a significant increase FLK1+
cells in the D5 and D7 Foxk1 KO groups (Figure 1D and E). While previous
studies have characterized the role of FOXK1 as a regulator of myogenic
stem cell development,®?® these RNAseq analyses identified a functional
role for FOXK1 as an important regulator of other lineages within the
mesodermal germ layer such as the cardiac and vascular lineages.

3.3 FOXK1 modulates dynamic chromatin

accessibility of cardiac genes

Forkhead transcription factors have been shown to have important epigen-
etic regulatory roles during development, reprogramming (pioneer fac-
tors), and tumorigenesis.”® Additionally, previous work has
demonstrated that FOXK1 can interact with histone deacetylase 3 to
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Figure 1 FOXK1 regulates mesodermal progenitor cell development. (A) Schematic of embryoid body in vitro differentiation and cardiac milestones. (B)
Foxk1 transcript expression during EB differentiation from Day 2 (D2) to Day 8 (D8). Note that the expression of Foxk? peaks at Day 5 (D5). (C-E)
Representative flow cytometry profile of control and Foxk1 KO EBs at D3, D5, and D7 of mesodermal differentiation protocol with quantitation of the results.
Note that throughout differentiation, there is a significant defect in the ability of Foxk null EBs to form mesodermal progenitors, particularly cardiac and skel-
etal myogenic (n = 3, *P < 0.05). Statistical test: Student’s t-test. Data are presented as mean + SEM.

. S 48,49
regulate skeletal muscle regeneration and antiviral immune responses.™

Therefore, we hypothesized that FOXK1 regulates cardiovascular devel-
opment by modulating chromatin accessibility in differentiating EBs.
Using the assay for transposase-accessible chromatin using sequencing
(ATACseq),*® we profiled chromatin changes that occurred during meso-
dermal and cardiac differentiation in the absence of FOXK1 during EB dif-
ferentiation (D3 and D5 EBs). We extracted FOXK1 motif-binding
positions using motifmatchr and the ATACseq peaks, and based on the nu-
cleosome signal obtained from NucleoATAC within the centre 200 bp re-
gion, we divided the ATACseq analysis into four regions (all containing

FOXK1 motifs)—nucleosome free regions (NFR) in both control and
Foxk1 KO, (2) NFR in control and nucleosome occupied regions
(NORs)*° in Foxk1 KO,”" NOR in control and NFR in Foxk1 KO, and
NFR in both (Figure 3A and B). More than 43% of the chromatin surround-
ing regions containing a FOXK1 motif were significantly affected (open or
closed) by the absence of FOXK1 at D3 (2693/6196) and D5 (3004/6196)
(Figure 3A and B). Our analysis demonstrated reduced chromatin accessi-
bility in 1527 regions at D3 and 2062 regions at D5 in the Foxk1 KO group
compared to control (Figure 3A and B). Additionally, the absence of FOXK1
led to an increase in chromatin accessibility in 1166 regions at D3 and 942
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trol EBs vs. the Foxk1 KO EBs at D3 and D5, respectively. The heatmap colour scheme key is provided, with red representing up-regulated and blue represent-

ing down-regulated genes.

regions at D5 in the Foxk1 KO group compared to control (Figure 3A and
B). These results suggested that FOXK1 has an important role as an epigen-
etic regulator in promoting both chromatin relaxation and compaction
during differentiation, just like other forkhead transcription factors.
However, its role as a promoter of chromatin relaxation is more significant
based on the number of regions affected (Figure 3A and B).

We performed pathway analysis of genes whose transcription start site
is located within 3000 bp within the putative FOXK1-binding sites that
have altered chromatin accessibility between control and Foxk1 KO EBs
at both D3 and D5. We identified the top 10 pathways that are enriched
in nearby regions to FOXK1 DNA-binding sites that are open in D3 con-
trol (red group in Figure 3A), open in D3 Foxk? KO (green group in
Figure 3A), open at D5 control (red group in Figure 3B) and open at D5
Foxk1 KO (green group in Figure 3B), respectively. Heart development re-
lated pathways were enriched in genes within nearby regions to FOXK1
DNA-binding sites which became closed in the absence of FOXK1
(Foxk1 KO), supporting the hypothesis that FOXK1 plays a functional
role in regulating cardiac genes (see Supplementary material online,
Figure S4).

Integration of the RNAseq and ATACseq datasets from D3 and D5 EBs
enabled the identification of transcription factors whose expression and
chromatin accessibility were significantly affected (Figure 3C—F). Analysis
of this integration further identified important cardiac regulatory transcrip-
tion factors whose expression and chromatin accessibility were significant-
ly reduced due to the absence of FOXK1 (Figure 3C—F and see
Supplementary material online, Figures S5-S6). Eight transcription factors
(TF) were identified whose expression levels and TF-associated chromatin
accessibility were both significantly up-regulated in D3 control (see
Supplementary material online, Figure S6A), one up-regulated in D3
Foxk1 KO (see Supplemental material online, Figure S6C), seven up-
regulated in D5 control (see Supplemental material online, Figure S6B),
and one up-regulated in D5 Foxk! KO (see Supplemental material
online, Figure S6D), respectively. The expression levels and TF-associated
chromatin accessibility of heart development transcription factors

Smad2, Hand1, Hand2, Sox17, Foxcl, Mixl1, Rxrg, Gata4, Foxp1, Rxra,
Gata, Tbx5, and Gli2 were significantly up-regulated in control compared
with Foxk1 KO, suggesting that FOXK1 may play an important role of regu-
lating these TFs (see Supplemental material online, Figure S6E and F). These
results further supported our hypothesis that FOXK1 has an important
role during cardiovascular development and identified a role for FOXK1
as an epigenetic regulator of cardiovascular development by regulating
chromatin dynamics.

3.4 FOXK1 regulates cardiogenesis in

differentiating EBs

After establishing that FOXK1 regulated cardiac transcriptional and epi-
genetic networks in mesodermal and cardiac progenitors, we hypothesized
that the absence of FOXK1 would affect the differentiation and maturation
of early progenitors (Figure 4A). Therefore, we characterized D10 control
and Foxk1 KO EBs for the expression of cTnT and their beating potential.
Foxk1 KO EBs demonstrated a significant reduction in the number of cTnT
+ and beating EBs compared to control EBs (Figure 4B-D). Bulk RNAseq of
Foxk1 KO EBs demonstrated a failure to activate gene expression, which
was important for cardiac muscle development compared to control
EBs based on pathway analysis (Figure 4E). Among the genes affected in
the Foxk! KO group, important cardiac transcription factors (Nkx2-5
and Tbx5) and mature structural/functional cardiac genes (Myhé, Myh7,
Ttn, and Ryr2) were significantly down-regulated compared to control
EBs (Figure 4F), further demonstrating the important role of FOXK1 during
the differentiation and maturation of cardiac progenitor cells. Similar to D3
and D5 EBs, ATACseq analysis of D10 EBs also demonstrated a significant
reduction in the chromatin accessibility of transcription factors important
for the regulation of later stages of cardiac development such as Mef2c,
Kif2, KiIf3, and KIf13 (Figure 4G). Pathway analysis of the genes up-regulated
in the D10 Foxk1 KO group demonstrated an enrichment of other cellular
lineages including limb, bone, cartilage, and vasculature development.
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These results suggested that the progenitor cells in the Foxk1 KO group progenitor cell population observed in the absence of FOXK1 (Figure 1)
were redirected to other lineages and formed terminally differentiated led to an increase in the expression of vascular progenitor cell markers
cells (see Supplementary material online, Figure S7). To further validate that would explain the enriched vascular developmental pathways ob-
these observations, we hypothesized that the excess FLK1 + PDGFRo— served in the D10 Foxk1 KO group (see Supplemental material online,
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Figure 4 FOXK1 regulates cardiogenesis in differentiating EBs. (A) Schematic of embryoid bodies® during in vitro differentiation with notation of cardiac
milestones. (B) Representative flow cytometry profile of control and Foxk? KO D10 EBs with quantification of the results. Note the significant decrease in
cTnT+ cells in the Foxk? KO group compared to the control (n =3, *P < 0.05). (C) Immunohistochemical analysis of D10 EBs demonstrates that Foxk1
KO EBs have perturbed cardiogenesis compared to the control group as assayed by cTnT staining. Quantification of the immunohistochemical results demon-
strates normal cardiac differentiation in Day 10 EBs in control group that is significantly reduced in the absence of FOXK1 (n = 3, *P < 0.05). (D) Schematic of
control and Foxk1 KO EBs, cardiogenic beating assay, and quantification of results. Note the significant decrease in the number of beating EBs at D10 of dif-
ferentiation in the Foxk 1 KO EB group compared to control (n = 3, ¥P < 0.05). Statistical test: Student’s t-test. Data are presented as mean + SEM. (E) Pathway
analysis highlights GO pathways and development related terms in D10 control EBs, the x-axis represents the counts of genes in each GO term. The colour
scale shows the increased significance of the biological processes using the over-representation test with an adjusted P < 0.05. (F) The heatmap shows signifi-
cantly (adjusted P < 0.05) differentially expressed transcripts up-regulated and down-regulated with a two-fold between control EBs vs. Foxk1 null EBs at D10.
Red represents up-regulation of transcripts and blue represents down-regulation of transcripts. (G) The heatmap represents a significant (adjusted P < 1e™%%

change in chromatin accessibility at D10 for control and Foxk1 KO. Red represents an increase in accessibility and blue represents reduced accessibility for the
transcription factor.

Figure S7). Flow cytometry analysis of D5 EBs demonstrated a significant Figure S7). These results demonstrate that FOXK1 regulates not only the
increase in the expression of CD31 and TIE2 markers in the Foxk1 KO early development of cardiac progenitor cells but also their differentiation
compared to the control group (see Supplemental material online, and maturation at later stages.
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3.5 FOXK1 regulates Wnt signalling in

cardiac progenitor cells

Wht is an essential signalling pathway for cardiogenesis,”*** and previous
studies have demonstrated that forkhead/winged helix factors can modulate
Wt signalling.>**° For example, FOXG1 has been shown to repress
Whnt5a during brain development while FOXK1 has been reported to
modulate Wnt signalling by translocating disheveled proteins to the nu-
cleus.>**® Therefore, we hypothesized that FOXK1 represses Wnt signal-
ling in cardiac progenitor cells. To test this hypothesis, we first evaluated
the temporal expression of Whnit signalling in the EB differentiation system.
Our EB differentiation system recapitulated the biphasic role of Whnt signal-
ling observed during cardiogenesis where it was expressed early (D3-D4)
and repressed later (D5-D6) during development to allow for cardiogen-
esis to proceed (see Supplementary material online, Figure S8). These re-
sults supported the hypothesis that FOXK1 represses Whnt signalling at
D5 (peak expression of Wnt signalling) of differentiation. To examine
this hypothesis, we queried our D5 bulk RNA sequencing dataset and de-
termined that in the absence of FOXK1, Wnt signalling pathways were en-
riched in the Foxk1 KO over the control group (Figure 5A), suggesting that
FOXK1 repressed Wht signalling at distinct stages of cardiogenesis.

If FOXK?1 acts as a repressor of Whnt signalling during cardiogenesis, then
we hypothesized that inhibition of the Whnt signalling pathway in the Foxk1
KO EBs would rescue the perturbation of cardiogenesis (Figure 4B-D). To
this end, we added a defined Wht signalling inhibitor (IWR1) to our differ-
entiation conditions at D4 and characterized the EBs at D10 (Figure 5B).
The addition of IWR1 to our differentiation conditions rescued both the
cTnT+ cell percentage and beating potential of the Foxk1 KO EBs as no sig-
nificant differences were observed between control and Foxk1 KO groups
(Figure 5C and D). RNAseq analysis of D10 EBs demonstrated a significant
overlap in the principal component analysis (PC2) between control®® and
Foxk1 KO +IWR1 (KO +IWR1) but not the Foxk? KO (KO) alone (no
IWR1) group (Figure 5E). We further examined this overlap by identifying
the commonly up-regulated genes between control and Foxk1 KO + IWR1
groups that were not up-regulated in the Foxk1 KO group to identify im-
portant regulators of cardiogenesis that were responsible for this rescue
(Figure 5F). We identified 320 commonly up-regulated genes unique to
these two groups (Figure 5F). Muscle tissue development as well as import-
ant regulators of cardiovascular development such as Nkx2-5, Shh, and Ttn
were enriched between these two groups (Figure 5G and H).

3.6 FOXK1 is a transcriptional repressor of
Wnt signalling

To further characterize the mechanism whereby FOXK1 represses Wnt
signalling, we evaluated the role of FOXK1 as a transcriptional regulator
of Wht signalling. To this end, we first identified target genes that were dys-
regulated at D5 in the absence of FOXK1. Analysis of our D5 bulk RNAseq
dataset identified Whnt related genes that were dysregulated during meso-
dermal and cardiac differentiation in the absence of FOXK1 (Figure 6A).
Whté was the top hit of the dysregulated genes, which we validated using
gPCR to demonstrate that it was overexpressed not only at D5 but also at
later stages of differentiation compared to control EBs (Figure 6A and B).
WNT6 is an important regulator of cardiovascular development, and its
overexpression results in a hypomorphic heart in Xenopus, suggesting
that down-regulation of Whnt6 is essential during cardiogenesis.”” To deter-
mine whether FOXK1 is a transcriptional regulator of Wnté, we examined
the upstream region of the Wnté gene to identify any potential FOXK1
DNA-binding motifs. FOXK1 DNA-binding motifs were identified and
when combined with the ATACseq datasets, we confirmed that the chro-
matin surrounding this DNA motif was significantly more relaxed in the ab-
sence of FOXK1 (Figure 6C). Additionally, this region had a B-catenin
DNA-binding site,*® suggesting that in the absence of FOXK1, the chroma-
tin upstream of the Wnté gene cannot be closed to other factors such as
B-catenin that promote Wnté expression. To validate the capacity of
FOXK1 to bind to the upstream region of the Wnté gene, we performed
chromatin immunoprecipitation (ChIP) with a FOXK1 antibody followed

by qPCR of the selected region in D5 EBs. ChlP gqPCR analysis using
FOXK1 demonstrated a 3.6-fold enrichment for FOXK1 in the
Whté6-binding site over the non-specific Gapdh site (Figure 6D). Because
of the identified B-catenin DNA-binding site upstream of Wnt6, we also hy-
pothesized that both FOXK1 and B-catenin could compete for binding to
repress or activate Wnt signalling pathways, respectively. To this end, we
used the TOP/FOP-flash reporter system to evaluate the role of FOXK1 as
a transcriptional repressor of Whnt signalling in the presence of B-catenin
(Figure 6E). Analysis of this luciferase reporter demonstrated that
FOXK1 significantly repressed B-catenin activity in a dose dependent fash-
ion (Figure 6E), further confirming the role of FOXK1 as a transcriptional
regulator of Whnt signalling. Collectively, these data demonstrate that
mechanistically, FOXK1 acts as a transcriptional and epigenetic repressor
of Wht signalling to regulate cardiovascular development.

4. Discussion

The heart is the first organ to form and function during development, and
its proper formation is crucial for mammals to develop without any con-
genital anomalies or congenital heart disease.**”*? Several transcription
factors and signalling cascades have been identified and have an important
role during cardiovascular development; however, the mechanisms that
govern this process are still unclear. Forkhead/winged helix transcription fac-
tors have been shown to regulate key cellular processes such as cell
proliferation, differentiation, chromatin remodelling, metabolism, and
others.>® We and others have shown that FOXK1 expression is restricted
to striated muscle (skeletal and cardiac muscles) during development and
that it is essential during skeletal muscle development and regeneration.
In the present study, we have used gene disruption strategies, computa-
tional genomics, and cellular and molecular techniques to make several fun-
damental discoveries to decipher an important role for FOXK1 as a
regulator of cardiovascular development.

First, we identified an important role for FOXK?1 in the regulation of
mesodermal progenitor cell development. Transcriptional analysis of these
developing progenitors further demonstrated a significant decrease in the
expression of cardiovascular developmental pathways and key regulatory
transcription factors such as Isl1, Hand1, Hand2, and Tbx5 in the absence
of FOXK1. These data identified FOXKT1 as a key regulator of cardiovascu-
lar development, particularly of first and second heart field (SHF) struc-
tures by regulating the expression of these transcription factors.*’ While
deletion of other forkhead factors can lead to cardiac developmental de-
fects, they appear to be due to secondary effects as their expression is
not restricted to developing striated muscle, unlike FOXK1 >?

Interestingly, in the absence of FOXK1, progenitor cells that could not
form cardiac and skeletal muscle progenitors, instead formed vascular pro-
genitor cells. This observation was further validated with the RNAseq ana-
lysis that showed an enrichment of vascular developmental pathways in the
cells lacking FOXK1. Similar fate changes in the absence of a transcription
factor during mesodermal development has been observed with the pion-
eer factor ETV2,%° where Etv2 KO mesodermal progenitors preferentially
generated cardiac instead of vascular and blood progenitor cells.>? These
data suggested that one of the mechanisms by which FOXK1 promoted
cardiovascular development was by repressing other lineages such as the
vascular lineage.

Our next discovery identified FOXK1 as an epigenetic regulator of car-
diovascular development. More than 40% of the chromatin surrounding
regions with a FOXK1 DNA-binding motif demonstrated a significant im-
pact in the chromatin dynamics in the absence of FOXK1. More important-
ly, the absence of FOXK1 led to a decrease in the chromatin accessibility of
the same key regulatory cardiovascular development genes identified in
our RNAseq analysis (Is|1, Hand1/2, and Tbx5), along with other important
regulators (Gata4 and Tbx20). Forkhead factors are known epigenetic reg-
ulators that can function by interacting with a chromatin remodeller or
through their unique protein structure (resembling that of linker histones)
that allows them to interact with heterochromatin and relax the chromatin
landscape by displacing linker histones.”®*’ FOXK1 has been shown to
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Figure 5 FOXK1 regulates Wnt signalling to promote cardiogenesis. (A) RNAseq pathway analysis of Wnit signalling in D5 EBs comparing control and Foxk
KO groups. Wnt signalling is significantly up-regulated in the Foxk1 KO group over the control group, and expression persists (in the absence of Foxk1) during
differentiation. (B) Schematic of EB in vitro differentiation with the Whnt signalling inhibitor (IWR1) and cardiac milestones noted. (C) Representative flow cy-
tometry profile of control + IWR1 and Foxk? KO +IWR1 D10 EBs with quantification of the results. Note that no significant differences were observed be-
tween the two groups (n = 3). (D) Schematic of the beating assay of control + IWR1 and Foxk1 KO +IWR1 D10 EBs with quantification of the results. Note
that no significant differences were observed between the two groups (n = 3). Statistical test: Student’s t-test. Data presented as mean + SEM. (E) The principal
component analysis (PCA) of RNAseq of EB differentiation at D10 shows samples with similar gene expression cluster together. The second principal com-
ponents (PC2) show similarities between control and Foxk1 KO + IWR1 (Ct, control; KO, Foxk1 KO; KO + IWR1, Foxk1 KO + IWR1). (F) Venn diagram shows
320 genes up-regulated in both Ct and KO + IWR1 samples when compared to Foxk1 KO samples. (G) Top 10 GO pathways and development terms signifi-
cantly enriched using the genes commonly up-regulated in control and Foxk1 KO + IWR1 conditions. The x-axis represents the counts of genes in each GO
term. The colour scale shows the increased significance of the biological processes using the over-representation test with an adjusted P < 0.05. (H) The heat-
map shows top 20 genes from two GO terms (muscle tissue development and striated muscle tissue development) commonly up-regulated in control and
Foxk1 KO + IWR1 samples. Red represents up-regulation of genes and blue represents down-regulation of genes.
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play a role as an epigenetic regulator in skeletal muscle through interactions
with histone deacetylases, however, the exact mechanism whereby
FOXK1 regulates the chromatin landscape near cardiac genes remains to
be elucidated. The SWI/SNF complex has been recently shown to play
an important role in cardiac development by assisting in the chromatin re-
modelling process of different important cardiac regulators.*>#¢¢!
Whether this complex assists FOXK1 or whether FOXK1 remodels chro-
matin by itself like other forkhead/winged helix factors such as FOXA1® re-
mains to be elucidated.

Another major finding from this work is that mechanistically, we have
identified that FOXK1 regulates cardiovascular development by tran-
scriptionally and epigenetically repressing Wnt signalling in cardiac pro-
genitor cells, and we identified Wnt6 as a major downstream target of
FOXK1. Absence of FOXK1 during mesodermal and cardiac differenti-
ation led to a significant increase in the expression of Wnté that persisted
until later stages of differentiation compared to the control group.
WNT6 is a known regulator of cardiovascular development whose ex-
pression is tightly regulated as continuous overexpression of Wnté has
been shown to be detrimental for cardiac development.®” The Wnt sig-
nalling pathway has been shown to regulate the development of SHF
structures such as the outflow tract and right ventricle by regulating
the expansion of Isl1 progenitors.®? IsI1 expression, along with that of

other SHF regulatory genes such as Hand2, was significantly down-
regulated in the bulk RNAseq data from early differentiating EBs (D3
and D5, Figure 2). Whether FOXK1 regulates Isl1 signalling and progeni-
tor cell expansion in the SHF in vivo remains to be elucidated.
Additionally, while these current studies identified FOXK1 as a repressor
of Whnt signalling, others have shown that FOXK1 positively regulates
Wht signalling (in a tumorigenic setting), suggesting that the function of
FOXK1 can be context dependent.>® Therefore, it will be important to
identify upstream regulators of FOXK1 during cardiovascular develop-
ment that might regulate this apparent context dependent expression
and function.

While these studies provide the first evidence for a role of FOXK1 in
cardiovascular development, future studies will focus on the role of
FOXK1 and its impact on cardiac development during murine embryogen-
esis. While FOXK1 has already been shown to be expressed in the devel-
oping heart, the characterization of the global Foxk1 KO embryos and the
conditional deletion of Foxk T will be instrumental to dissect the precise me-
chanisms of action during cardiogenesis.

In summary, we have identified an important role for FOXK1 in the
regulation of cardiovascular development and showed that FOXK1 is a dir-
ect transcriptional and epigenetic repressor of Wnt signalling, particularly
Whté.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Congenital heart disease is the most common birth defect. Deciphering the networks that govern cardiomyocyte specification, proliferation, and dif-
ferentiation will provide insights regarding therapeutic interventions for cardiovascular disease. The winged helix/forkhead family of transcription factors
has been shown to have critical roles in epigenetics, organogenesis, cellular proliferation, and differentiation. FOXK1 is an important transcription fac-
tor that regulates cardiovascular development through the Whnt signalling pathway. This FOXK1-Wnt pathway defines a network that may be thera-

peutically targeted to promote cardiogenesis.
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