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Abstract

The molecular mechanism that regulates epicardial development has yet to be understood. In this study, we explored the
function of CDX1, a Caudal-related family member, in epicardial epithelial-to-mesenchymal transition (EMT) and in the
migration and the differentiation of epicardium-derived progenitors into vascular smooth muscle cells. We detected a
transient expression of CDX1 in murine embryonic hearts at 11.5 days post coitum (dpc). Using a doxycycline-inducible
CDX1 mouse model, primary epicardium, and ex vivo heart culture, we further demonstrated that ectopic expression of
CDX1 promoted epicardial EMT. In addition, a low-dose CDX1 induction led to enhanced migration and differentiation of
epicardium-derived cells into a-SMA+ vascular smooth muscles. In contrast, either continued high-level induction of CDX1
or CDX1 deficiency attenuated the ability of epicardium-derived cells to migrate and to mature into smooth muscles
induced by TGF-B1. Further RNA-seq analyses showed that CDX1 induction altered the transcript levels of genes involved in
neuronal development, angiogenesis, and cell adhesions required for EMT. Our data have revealed a previously undefined
role of CDX1 during epicardial development, and suggest that transient expression of CDX1 promotes epicardial EMT,
whereas subsequent down-regulation of CDX1 after 11.5 dpc in mice is necessary for further subepicardial invasion of
EPDCs and contribution to coronary vascular endothelium or smooth muscle cells.
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Introduction

The formation of heart is a complicated morphogenetic process
that requires participation of cells from different embryonic origins
[1]. The epicardial cells which cover both the heart and the
intrapericardial part of the great arteries are originally derived
from the proepicardium with different developmental potentials
[2,3]. In mice around 11.5 days post coitum (dpc), epicardium
undergoes EMT to become developmentally plastic mesenchymal
cells [2,3]. These epicardium-derived cells (EPDCs) then invade
into subepicardial layers and further generate cardiac fibroblasts,
vascular smooth muscles, and a fraction of coronary endothelial
cells [2,3]. Disturbance of epicardial EMT may lead to congenital
heart diseases including non-compaction cardiomyopathy, defi-
cient annulus fibrosis, valve malformations and coronary vascular
abnormalities [2,3]. In addition, recent evidence suggests that
reactivation of cardiac epicardium contributes to the repair
processes in diseases such as myocardial infarction [2,3].
Therefore, research on epicardial EMT regulation may offer
novel therapeutic strategies to prevent or to treat heart diseases.
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During EMT, the cell-to-cell junctions of epicardium are
dissembled, and the expression of intercellular adhesion molecule
E-cadherin is downregulated with induction of Snail proteins
[2,3]. In addition, epicardial EMT is regulated by multiple
transcription factors including TCF21, Wilms’ Tumor 1 (WT1),
NFATCI1, and TBX18,as well as signaling molecules such as
TGF-B1, BMPs, retinoic acid (RA), FGF, and NOTCH [2,3].
Among them, WtI encodes a zinc-finger protein that is specifically
expressed in proepicardium and epicardium, but not in myocar-
dium, and thus has been used as a marker for epicardium [4]. To
date the molecular interplays among specific signaling pathways
and transcription factors that regulate epicardial EMT and EPDC
differentiation into particular cell lineages, including vascular
smooth muscles and coronary endothelial cells, have yet to be well
characterized.

The CDX family members (CDX1, CDX2, and CDX4) are
Caudal-related transcription factors and have been originally
implicated in anterior-posterior patterning during embryonic
development [5]. All Cdx genes can be detected in the posterior
primitive streak of mouse embryos around 7 dpc and display a
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posterior-to-anterior concentration gradient during late embryo-
genesis. Consistent with this expression pattern, it has been
demonstrated that CDX proteins played important roles in
defining the posterior identity of various tissues. For example, loss
of function analyses show that CDX family members function
redundantly as upstream regulators for HOX genes to participate
in axial elongation, blood formation, placenta vascular construc-
tion, intestinal specification, and neurological development
[6,7,8,9,10,11]. The defects caused by CDX null mutations
cannot, however, be entirely explained by their actions on HOX
genes. Several non-HOX targets of CDX family members have
been identified, including Sall4 (in hematopoietic specification)
[12], Wnt3a, Cyp26al and T (Brachyury, in posterior axis
formation) [13], and p21/Waf (in colon carcinogenesis) [14].
The identification of novel CDX targets may thus help us to
illuminate the physiological and pathological functions of CDX
family members in tissue development and organ formation.

Recently, Lengerke el al. demonstrated that CDX proteins
suppressed cardiac differentiation from mouse embryonic stem
cells (ESCs) and in zebrafish [15], but the underlying molecular
mechanism of this phenomenon has not been thoroughly
understood. In the current study, we find that CDX1 is transiently
expressed in embryonic hearts at 11.5 dpc. In addition, we
observed that high-level induction of CDX1 promoted epicardial
EMT, but blocked migration of EPDCs and impaired formation of
coronary vascular structure. Additionally, data from RNA-seq
analyses imply that high-level expression of CDX1 may disturb the
differentiation of EPDCs by upregulating genes in neuronal
development and by downregulating genes involved in vascular
endothelial growth,thereby providing novel insights into the
molecular mechanisms of CDXI1 in regulating cardiac develop-
ment.

Materials and Methods

Ethics statement

All animal experimental procedures were conducted in accor-
dance with the Animal Welfare Act and Public Health Service
Policy in China and consistent with the WMA Statement on
Animal Use in Biomedical Research. The protocol was approved
by the Committee on the Ethics of Animal Experiments at East
China Normal University. All animals were euthanized by carbon
dioxide inhalation followed by cervical dislocation before dissec-
tion of heart tissues.

Generation of doxycycline-inducible CDX1 ESC lines and
transgenic mice

The protocols for constructing doxycycline-inducible ESC line
and transgenic mice have been previously described [16,17].
Specifically, to establish doxycline inducible CDX1 ESC lines, a
fragment containing CdxI ¢cDNA was cloned into the EcoRI site of
pBS31RBGpA and was electroporated with plox-Fle into KH2
parental mouse ESCs (a kind gift from Dr. Rudolf Jaenisch).
Resistance of hygromycin by ESC colonies indicates a correct
insertion of Cdx1 ¢cDNA at downstream of the collagen 1a locus by
frt/Flpase-mediated site-specific integration. Individual colonies
were picked and confirmed for CDX1 induction by doxycycline. A
correctly targeted ESC line was maintained, expanded, and
injected into blastocysts derived from C57BL/6 female mice. We
designated mice with a M2 reverse tetracycline transactivator at
the ROSA26 locus from one allele as nTA™"* (nTAY* for
transactivator at both alleles), while mice with a doxycline
inducible CdxI transgene were named CdxI™. For CDXI
induction in embryos, pregnant mice were fed with 10 pg/ml
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doxycycline in the drinking water containing 10 mg/ml sucrose.
The age of embryo was defined as 0.5 dpc at noon on the day of
vaginal plug observation. Primers for genotyping were provided in
Table SI.

Karyotyping

To examine the chromosomal integrity of CDX1 targeted cells,
ESCs were incubated with 0.1 pg/ml colcemid for 2 h at 37°C,
washed twice with PBS, disaggregated with 0.25% trypsin, and
then resuspended in 75 mM KCI at room temperature for 15
minutes. The cells were fixed in ice-cold fixative (methanol:glacial
acetic acid, 3:1 freshly prepared) and spread onto a pre-cleaned
glass slide. The air-dried slides were examined under a microscope
after staining with 2% Giemsa. At least 15 cells at metaphase were
analyzed for the number and quality per chromosome spread.

Primary culture of epicardium and induction of a-SMA+
cells from EPDCs

Embryonic hearts at 11.5 dpc were harvested and placed onto
gelatin-coated tissue culture dishes containing pre-warmed medi-
um (DMEM with 10% fetal bovine serum, and 2 mM L-
Glutamine, all from Invitrogen) and incubated at 37°C. Heart
clumps were removed after 48 h. When growing confluence, the
remaining cobblestone-like epicardial cells were passed onto new
gelatin-coated plates for further assays.

Wound scratch/migration assay

For wound scratch/migration assay, the primary epicardial cells
at 80% confluence were serum-starved for 12 h and a straight line
or a cross was introduced with a pipette tip. Cells were gently
washed twice with medium and allowed to grow for 12 h or 24 h
before photography.

BrdU incorporation assay

For this assay, primary epicardial epithelial cells on coverslips
were incubated with 10 mM BrdU for 30 minutes at 37°C. Cells
were washed with PBS three times, fixed in 4% paraformaldehyde
for 15 minutes at room temperature, and permealized with 0.1%
Triton X-100. Incubation of FITC-labeled antibody against BrdU
overnight at 4°C was followed. Cells were finally washed with PBS
and stained with DAPI for photography with Leica Microsystems
(Model DM4000B, Wetzlar, Germany)

RNA interference and RT-PCR

Scrambled siRNAs or siRNAs against CDXI (Santa Cruz
Biotechnology) were transfected at a final concentration of 10 nM
using HiPerFect Transfection Reagent (Qiagen). Cells were
collected for RNA preparation or fixed in 4% paraformaldehyde
(PFA) for immunofluorescent analyses. Total RNA was extracted
using Trizol (Invitrogen) and quantitative PCR was performed on
Mx3005P (Stratagene). Transcript levels were normalized to
GAPDH. Primers for RT-PCR are listed in Table S1. All real-
time PCR data are presented as average of 4-6 replicates *1
standard error of the mean (s.eem.) from 2-3 independent
experiments.

RNA-seq assays and data analysis

Total RNAs were collected from epicardium of Cdx1T8rtTA™*
embryos at 11.5 dpc treated with or without 1 ug/ml doxycycline
for two days. 2 pug of DNA-free total RNA was then applied for
two rounds of polyA+ RNA selection. The resulting RNA was
subjected for dUTP mediated RNA-seq library construction. We
performed 14 cycles of PCR using Phusion Hot Start High-
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Figure 1. Transient expression of CDX1 in embryonic hearts at 11.5 dpc. (A) Transcript levels of CDX1 measured by real-time RT-PCR in
hearts collected at different time points during embryonic development. (B) IF of CDX1 and ¢-TNNT in hearts collected at 11.5 dpc.

doi:10.1371/journal.pone.0103271.9001

Fidelity DNA Polymerase (Finnzymes) to generate the final library.
Strand-specific RNA-seq library was constructed according to
published protocols [18]. For each sample more than 200 million
paired 50mer reads were obtained using Illumina Hiseq2000
platform. The raw reads were mapped to the reference mouse
genome (mml0) by Tophat (v2.0.8b) (http://tophat.cbchb.umd.
edu/index.shtml). Reads that aligned equally well to two or more
locations in the reference genome were discarded. The read count
and RPKM (Reads Per Kilobase per Million) of mRNA transcripts
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level were calculated using RSeQC (http://rseqc.sourceforge.net/)
based on mml0 RefSeq gene model. The transcripts with read
count less than 10 in both samples were filtered out. Differentially
expressed transcripts were selected between two conditions. The
original RNA-seq raw data were uploaded to Sequence Reads
Archive (SRA) under an accession # as SRP041744 (http://www.
ncbinlm.nih.gov/sra/?term = SRP041744).
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Figure 2. Ectopic expression of CDX1 affects embryonic heart development. (A) Strategy to establish doxycycline-inducible CDX1
transgenic ESCs and mice. ESCs contains a M2 reverse tetracycline transactivator at the ROSA26 locus, and a CDX1 cDNA driven by doxycycline-
responsible element was integrated at downstream of the collagen 1a locus by frt/FIpase-mediated site-specific integration. (B) The expression of
CDX1 among various adult tissues from mice upon 0.5 mg/ml doxycycline treatment in drinking water for two days. (C) Morphology of embryos
collected at 14.5 dpc. n=10. (D) WIHF with an antibody against PECAM on hearts isolated at 14.5 dpc. n>5. (C-D) Embryos were collected from
pregnant mice treated with 10 pg/ml doxycycline in drinking water from 11.5 dpc to 14.5 dpc. n>10.

doi:10.1371/journal.pone.0103271.g002

Heart explants and CMFDA labeling assay

For ex-vivo culture, hearts at 11.5 dpc were dissected and
cultured at 37°C on a shaker. For CMFDA labeling assay, the
explanted hearts were treated with doxycycline for 6 h and
incubated with 10 uM CMFDA (Invitrogen) at 37°C for 15 min.
Hearts were washed twice, and incubated in DMEM containing
10% FBS with different dose of doxycycline for 48 h before
histological analyses.
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Immunofluorescence (IF), Histology and
Immunobhistofluorescence (IHF)

IF and hematoxylin/eosin histological analyses were performed
following a published protocol [19]. All IHF was performed on
4 um frozen sections. Primary antibodies used in these assays:
CDXI1 (1: 400, Novus), WT'1 (1:50, Santa Cruz Biotechnology),
and c-TNNT?2 (1:50, Hybridoma), B-catenin (1:500, Epitomics), or
a-SMA (1:400, Abcam). Cardiac sections or cells were incubated
with anti-mouse and anti-rabbit secondary antibodies conjugated
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Figure 3. Ectopic expression of CDX1 promotes epicardial EMT. (A) IHF with antibodies against CDX1, c-TNNT2 or WT1 on cardiac sections
from embryos at 14.5 dpc. Lower panels show images with higher magnification. Scale bars: 120 um. Embryos were collected from pregnant mice
treated with 10 pg/ml doxycycline in drinking water starting from 11.5 dpc. n>5. (B) Morphology of control epicardium or epicardium upon CDX1
induction by doxycycline treatment. (C) Staining of B-catenin by IF on control epicardium or epicardium upon CDX1 induction in the presence of
doxycycline. (B-C): Scale bars: 400 um. (D) IF with antibodies against CDX1 and WT1 on primary epicardium collected from embryos at 11.5 dpc in the
presence of 1 ug/ml doxycycline for 48 h. Scale bars: 90 um. (E) Real-time RT-PCR on CDX1 and genes involved EMT on samples described in (D).
Doxycycline at 1 pg/ml was used in both non-inducible controls and inducible hearts or epicardium in all experiments to exclude the bias caused by

the any effects of doxycycline on cardiac development.
doi:10.1371/journal.pone.0103271.g003

to FITC or TRITC (1:500 dilution, Jackson lab) for photography
with Leica Microsystems (Model DM4000B,. Wetzlar, Germany).

Whole-mount immunohistochemistry (WIHC)

WIHC was performed on hearts at 14.5 dpc according to
standard protocols [4]. Briefly, after fixation, dehydration, bleach,
and rehydration, hearts were incubated with an antibody against
PECAM (1:50, BD Biosciences) at 4°C. DAB detection kit was
used for color development and photographed with an Olympus
Dissecting Microscope.

Statistical analysis
All data were presented as mean *1 s.e.m. p values were
calculated from Student’s t-test for comparisons when indicated.

Results

CDX1 is highly expressed in hearts at 11.5 dpc

It was recently reported that ectopic CDX1 expression inhibited
cardiomyocyte formation from mESCs and zebrafish, suggesting
its role in cardiac development [15]. To understand its potential
function in vivo, we isolated hearts at different time points during
embryonic development and measured the transcript levels of
Cdx1. Interestingly, we observed a transient peak expression of
Cdx1 in hearts at 11.5 dpc (Figure 1A). We further dissected
embryonic hearts at 11.5 dpc and examined CDX1 expression by
immunofluorescence assays. CDX1 proteins were indeed detected
in the cardiomyocytes co-stained with c¢-TNNT2 (Figure 1B).
More importantly, CDXI1 expression was also observed in
epicardium covering the heart (Figure 1B). These data suggest
that CDX1 may play a role during embryonic cardiac develop-
ment.

Enforced expression of CDX1 leads to coronary vascular
abnormalities

To explore the role of CDXI1 in cardiac development during
embryogenesis, we examined the effects of ectopic expression of
CDX1. We utilized an ESC line expressing the M2 reverse
tetracycline transactivator (M2-rtTA) from ROSA26 locus [16]. A
Cdx1 cDNA driven by a doxycycline responsive element was
targeted downstream of collagen la by frt/Flpase-mediated site
specific integration (Figure 2A). In this way, ESC lines were
established in which CDXI1 expression could be induced upon
doxycycline treatment (Figure S1A). We further obtained a CdxI
transgenic mouse model with correctly targeted ESCs by blastocyst
injection. Exposing these mice to doxycycline in drinking water led
to a strong upregulation of CdxI in almost all tissues except brain
(Figure 2B), probably due to the inability of doxycycline to cross
the brain-blood barrier. In further experiments, Cdxl"értTA™*
male mice were crossed with wild-type C57BL/6 female mice to
get 1TA”" (non-inducible ones without CdxI transgene as
littermate controls) and CdxI"é1TA”* (inducible CDX1 upon
doxycycline treatment) embryos, orgnas, or epicardial cells.
Doxycycline was used in both non-inducible controls and
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inducible hearts or epicardium in all experiments to exclude the
bias caused by the any effects of doxycycline on cardiac
development.

As peak expression of CDX1 was detected in embryonic hearts,
we induced CDX1 by adding 10 pg/ml doxycycline to the
drinking water for pregnant mice at 11.5 dpc and collected
embryos after 72 h. Embryos at 14.5 dpc under CDX1 induction
were slightly smaller compared to their littermate controls, and
displayed accumulation of blood in systemic veins (Figure 2C). We
further dissected hearts, lungs, kidneys/gonads, and liver from
these embryos, and found that the gross morphology and size of
these organs were normal (Figure S2A). However, using whole-
mount immunohistochemistry of PECAM, a marker for vascular
endothelial cells, we found that the coronary arteries failed to form
properly in CDXIl-induced embryos (Figure 2D). These findings
are reminiscent of the W¢I knockout mouse model that displays a
defect in epicardial EMT [4], and thus implicate a role of CDX1
in epicardial development during embryogenesis. By contrast, no
obvious difference was detected in the gross morphology or
PECAM staining between 1TA " and CdxI"é1T~"* embryos
without treatment of doxycycline (Figure S2B-D), suggesting that
the phenotype we observed was not due to low-dose leakage of

CDXI.

Ectopic expression of CDX1 promotes epicardial EMT and
EPDC formation

As CDX1 is highly expressed in epicardium at 11.5 dpc, a time
window during which epicardial EMT occurs [2,3,20], and the
defects of transgenic embryos upon CDX1 induction mimics Wil
null mutants [4], we next investigated whether CDX1 participated
in epicardial function. We performed whole heart ex vivo culture
from transgenic embryos at 11.5 dpc and induced CDXI
overexpression with doxycycline treatment. After CDX1 induction
for 48 h by 1 ug/ml doxycycline, we observed that the epicardial
outlayers (the c-TNNT2 negative population) covering heart
became thicker as manifested by co-staining with ¢c-TNNT?2 and
DAPI (Figure 3A). In addition, these cells lost the expression of the
epicardium marker WT1 upon ectopic CDXI induction (Fig-
ure 3A), suggesting CDX1 indeed affects epicardial development.

To further define the role of CDXI1 in epicardium, we
established primary epicardial culture isolated from embryos at
11.5 dpc. The non-inducible 774~ cells displayed a cornerstone
epithelial morphology with intense staining of B-catenin, especially
at sites of cell-to-cell contact (Figure 3B—C), and WT'1 (Figure 3D,
left bottom panel), proving that we had successfully established
primary culture for epicardium. When subjected to CDXI
induction by doxycycline, these inducible CdxITgrtTAY ™ cells
adapted a spread mesenchymal morphology and lost the positivity
for B-catenin and WT1 (Figure 3B-D). By contrast, no obvious
changes in epicardial outlayers or WT'1 staining were observed in
hearts or epicardium which were collected from ntTA™" and
Cdx1™$7tTA "embryos and cultured in the absence of doxycy-
cline (Figure S4A & S4D), indicating that low-dose leakage of
CDX1 did not affect epicardial development. Additionally,
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Figure 4. Ectopic expression of CDX1 affects the migration and the differentiation of EPDCs. (A) Invasion of CFMDA-labeled EPDCs into
subepicardial layer of explanted hearts collected at 11.5 dpc was monitored at 0 or 48 h post labeling in the presence of doxycycline. Scale bars:
33 um. (B-C) Wound scratch assays were performed on primary control epicardium or epicardium upon CDX1 induction following the different work
regimens above the panel. (D) Real-time RT-PCR on primary cultured control epicardium or epicardium upon CDX1 induction with 0.2 ug/ml
doxycycline for 48 h. (E) Immunofluorescence assays with an antibody against a-SMA on primary control EPDCs or EPDCs upon CDX1 induction with

0.2 ug/ml doxycycline. Scale bars: 400 um.
doi:10.1371/journal.pone.0103271.g004

quantitative gene expression analyses by real-time RT-PCR
demonstrated that the CDXI1 induction led to reduced transcript
level of E-cadherin, and upregulated expression of Slug, Twi-
stl,and Vimentin, genes that are important for EMT (Figure 3E).
Taken together, data from both in vitro assays and the explanted
hearts support a role of CDX1 in promoting EMT of epicardium
into WT'1 and B-catenin negative EPDCis.

CDX1 affects the migration and the differentiation of
EPDCs into vascular smooth muscles

Previous studies demonstrated that EPDCs could further
migrate into subepicardial regions and contribute to various types
of cells [2,3,20]. As CDXI1 appeared to promote epicardial EMT
and EPDC formation from epicardium @ wvitro and from
explanted hearts, we next investigated the role of CDXI1 in
migration of EPDC by selective dye-labeling of epicardium. The
explanted hearts collected at 11.5 dpc were pre-treated with
different doses of doxycycline for 6 h, followed by a brief
incubation of CMFDA in culture media, and then placed into
dye-free media in the presence of doxycycline for 48 h. Consistent
with published results, CMFDA only labeled epicardium under
this condition as showed by heart dissection immediately after the
withdrawal of CMFDA treatment (Figure 4A). Upon CDXI
induction with 0.2 ug/ml doxycycline, more labeled epicardium-
derived population invaded into subepicardial regions, whereas
high-dose induction of CDX1 by 1 pg/ml doxycycline resulted in
accumulation of CFMDA-labeled EPDCs at the outlayers of
hearts (Figure 4A & Figure S4E). Taken together, these data
suggest that EPDC migration is promoted by low-level CDX1
expression but is inhibited by high-level CDX1 induction.

We next used wound scratching assays to determine the
migration efficiency of the primary epicardium isolated at 11.5
dpc upon different regimens of CDX1 induction. In these assays,
gaps with same space were introduced in control and doxycycline-
inducible cells after serum starvation, whereupon migration was
monitored. We clearly observed that in the group with CDXI
induction by doxycycline at 0.2 ug/ml, more EPDCi filled the gap
where cells were previously removed (Figure 4B & Figure S5C). By
contrast, high-dose CDXI1 induction by doxycycline at 1 pg/ml
significantly inhibited the migration of EPDCs (Figure 4C &
Figure S5C). In addition, we confirmed that Cdx! induction is
dose-dependent on doxycycline concentration (Figure S5F). These
data are thus in agreement with our observation from explanted
hearts that the CDX1 affects the migration of EPDCs in a dose-
dependent manner. Furthermore, we found that low-dose
treatment of doxycycline at 0.2 ug/ml caused similar changes in
expression of genes in EMT as occurred upon high-level
doxycycline induction (Figure 3E & Figure 4D). Therefore, it is
unlikely that the difference of migration efficiency in EPDCs is
caused by distinct EMT levels.

Ectopic CDXI1 expression in vivo affected the formation of
coronary arteries (Figure 2D), so we next explored the potential
roles of CDX1 in the differentiation of EPDCs into vascular
smooth muscles. In our system, only a small fraction of primarily
cultured epicardium could spontanecously differentiate into o-
SMA+ smooth muscles after culture for more than four days.
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Interestingly, the percentage of these a-SMA+ vascular smooth
muscle cells increased significantly upon CDXI1 induction with
0.2 ug/ml doxycycline (Figure 4E & Figure S5D), implicating a
role of CDX1 in the formation of coronary arteries from EPDCs.

Depletion of CDX1 blocked the migration and the
differentiation of EPDCs

To ascertain the physiological function of CDXI in cardiac
development, we knocked down CDXI1 in primarily cultured
epicardium (Figure 5A). We found that the expression of E-
cadherin was significantly increased, whereas Slug level was
modestly downregulated (Figure 5A), suggesting that EMT was
blocked upon CDX1 depletion. Subsequently, we observed that
CDX1 knockdown also led to reduced migration of EPDCs in
wound scratching assays (Figure 5B & Figure S5C).

It was previously reported that TGF-B1 could induce the
differentiation of EPDCs into coronary smooth muscle cells [21].
We thus examined if CDX1 played a role in this process. Primary
epicardium isolated at 11.5 dpc was treated with 5 ng/ml of TGF-
B1 in the presence of scrambled control siRNAs or siRNAs against
CDXI1, and was cultured for four more days to allow the
differentiation of EPDCs. Compared to scrambled siRNA control,
CDX1 depletion markedly blocked the maturation of EPDCs into
a-SMA+ vascular smooth muscle cells induced by TGF-B1
(Figure 5C). These data thus implicate that CDXI1 not only
affects epicardial EMT, but also plays a role in the migration and
the differentiation of EPDCs induced by TGF-B1 signaling.

Ectopic CDX1 expression affects genes in neuronal
development, vascular endothelial growth, and cell
adhesion

In order to elucidate the molecular mechanism by which CDX1
affects epicardial function, we performed genome-wide expression
analyses by RNA-seq on mouse primary epicardium isolated at
11.5 dpc. Compared to non-induced control cells, the expression
level of 704 genes was altered by more than a 16-fold change upon
ectopic CDXI1 induction at 1 pg/ml for two days (Figure 6A,
Table S2). We confirmed these results with real-time RT-PCR
(Figure 6B), and further projected the functions and pathways of
these genes using the Ingenuity Pathway Analysis (IPA). These
genes were associated with more than 20 categories of biological
functions above the threshold including neurological develop-
ment/diseases, cardiovascular development, cell-to-cell signaling,
skeletal disorder, and cell morphology (Figure 6C).

Of particular importance was that CDX1 induction caused up-
regulation of several genes involved neuronal development
including Ntf3, Ednro/f, Proml and Negrl (Figure 6A-B &
Table S2). In contrast, the expression levels of Figf (a gene
important for vascular endothelial growth [22]), ¢-Tnnt2, and
Fgf8 (a cardiogenic regulator [23]), were markedly reduced
(Figure 6A-B). In addition, consistent with our findings that CDX1
participated in epicardial EMT, the expression of cell adhesion
molecules and genes involved in EMT (e.g., Tcf21, Thx18, Snail,
Dsc2, Cldn3/11/15, Chll), as well as cadherin precursors was also
altered upon CDX1 induction (Figure 6A-B & Table S2). We also
identified the conserved binding sites of CDXI at promoters of
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Figure 5. CDX1 depletion blocks the migration and the differentiation of EPDCs. (A) Wound scratch assay performed on primary control
epicardium (SCR; with scrambled siRNA) or epicardium upon depletion of CDX1 (CDX1 KD). (B) Real-time RT-PCR analyses on samples described in (A).
* p<0.05. (C) Immunofluorescence assays with an antibody against a-SMA on control EPDCs or EPDCs upon CDX1 depletion in the presence of 5 ng/

ml TGF-B1. Scale bars: 400 um.
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Figure 6. Ectopic expression of CDX1 affects the transcript levels of genes that are important for neuronal development, vascular
endothelial growth, and cell adhesions. (A) Differentially expressed genes identified by RNA-seq upon ectopic induction of CDX1 with 1 pg/ml
of doxycycline for two days. For each annotated transcript, the expression fold change (y-axis) between the two conditions (control vs CDX1 induced)
was plotted against the geometric mean of their expression level (x-axis). A subset of transcripts involved in neuronal regulation and cell adhesion are
highlighted. (B) Real-time RT-PCR analyses on primary cultured control epicardium or epicardium upon CDX1 induction with 1 pg/ml doxycycline for
48 h. (C) Genes affected upon CDX1 induction in epicardium were analyzed by IPA according to their functional categories. (D) Luciferase reporter
activity was measured in 293T cells co-transfected with a luciferase/renilla dual reporters and a control empty vector (MSCV) or a CDX1 expressing
plasmid (MSCV-CDX1). Luciferase expression was driven by various promoters containing CDX1 binding sites (in closed ovals). Data were presented as
the average of triplicates in luciferase activity (relative to renilla) = one s.e.m from a representative experiment. Data were reproducible from two
other independent experiments. *: p<<0.05; **: p<<0.01. (E) Model of function for CDX1 during embryonic epicardial development. Peak expression of
CDX1 in hearts occurs at 11.5 dpc and promotes EMT of epicardium. Reduced level of CDX1 after 11.5 dpc allows further migration and the
differentiation of EPDCs into vascular components.

doi:10.1371/journal.pone.0103271.g006

Proml and Figf (Figure 6D). Luciferase reporter assays further lineage development of EPDCs (2,3,20]. Among them, WT'1 and
revealed that CDX1 specifically activated Prom1, but significantly TBX18 act as epicardial reporters [4,27], whereas the inhibition of

repressed transcript activity from the Figf promoter (Figure 6D). TCF21 leads to increased differentiation of EPDCs into vascular
Although CDX1 was previously reported as an upstream regulator smooth muscles [28]. Additionally, the expression of SLUG is
for HOX genes [5,10], we did not observe significant alterations in usually increased during EMT process with downregulation of E-

transcript levels for most HOX family members (Figure S6A-C). cadherin. In our study, CDX1 induction, the expression of Wtl,
These data thus supported the presence and function of non-HOX Tcf21, Tbx18, and E-cadherin was reduced, whereas the levels of

targets for CDX1 in epicardium. Slug were increased. Furthermore, Figf, a vascular endothelial
growth factor, appeared to be directly downregulated upon ectopic
Discussion expression of CDXI1. These expression data thus support our
findings that high-level CDX1 promotes epicardial EMT, but
Accumulating evidence suggests that epicardium and EPDCs inhibits the formation of coronary arteries and the differentiation
play crucial roles in cardiac development [2,3,20]. Impairment of of EPDCs.
epicardial EMT or the migration and the maturation of EPDCs The typical epithelium consists of interconnected sheets with
leads to a broad spectrum of cardiac disorders including coronary tight junctions and adherens, whereas mesenchymal cells lack
vascular abnormalities [2,3,20]. In this study, we demonstrated these connections and adapt a stellate morphology that facilitates
that CDX1 was temporarily expressed in hearts at 11.5 dpc, a time their movement and differentiation into a number of distinct cell
period that coincides with epicardial development. Our data types. Alterations of tight junctions and adherens are often
further revealed that ectopic CDX1 expression enhanced epicar- associated with EMT processes in diverse developmental settings
dial EMT, whereas the high-dose induction or depletion of CDX1 and in human diseases including carcinogenesis. We observed
blocked the migration and the differentiation of epicardium into pronounced alteration in expression of many adhesion molecules
vascular smooth muscle cells. Although induction of CDX1 in vivo such as Dsc2, Cldn2/3/6/15/11, and Chil with RNA-seq analyses.
in our transgenic mouse model might alter the function of different Notably, in this regard, a number of studies report that CDX
tissues (Figure S3), our observations on explanted hearts or family members are involved in regulating tight junctions in
epicardium isolated from embryos support the notion that the intestinal epithelium and colorectal tumors [29,30,31], suggesting
CDXI acts cell autonomously, at least in part, during epicardial a functional conservation of CDXI1 in EMT from various tissues.
development. CDXI refines the positional identity of vertebrate hindbrain by
CDX family members appear to function redundantly in repressing MAFB expression [32]. In addition, Cdx genes are
development of a number of organs. For instance, we previously transiently expressed in the caudal region of the neural plate, and
demonstrated that a more severe hematopoietic defect exists with act as important determinants for the rostrocaudal identity of
compound Cdx deﬁciency than loss of function of any single Cdx neural progenitors [33] In our RNA-geq analyses) we revealed
gene causes [11]. Further, offsprings of double CdxI and Cdx2 that CDX1 induction upregulated the expression of genes in
knockout mice exhibit more pronounced vertebral homeosis than neuronal development including Negrl, Nif3, Nefm, and Ednro/
seen in either of the single mutant background [24,25]. Although f. By contrast, the expression levels of genes important for cardiac
previous studies demonstrated that CdxI and Cdx4 double mutant development (e.g., Fgf8 and C-Tnnt2) were significantly decreased
mice were viable without notable cardiac defects reported [26], as well as Figf, a gene that plays a key role in angiogenesis. We

due to the embryonic lethality of trophectodermal defects in Cdx2 thus propose a working model of CDX1 in epicardial function
deficiency [7], potential cardiac dysfunction has not been (Figure 6E). Transient high expression of CDXI1 at 11.5 dpc
investigated with compound Cdx mutant background. We did promotes epicardial EMT. CDXI1 does, however, need to be

not detect any Cdx4 transcripts in epicardium, but the mRNA downregulated later in embryonic development to allow proper
levels of Cdx2 were higher than Cdx! in epicardium (data not migration and maturation of EPDCs. According to our expression
shown). Our data suggest that CDX1 affects the migration and the analyses, it is plausible that a high-level expression of CDX1 for a
differentiation of EPDCs into vascular smooth muscles. Neverthe- prolonged period may disrupt the differentiation of EPDCs by
less, ectopic expression of CDX1 appeared to result in more severe promoting expression of genes in neuronal lineages.
phenotype than CDXI1 knockdown. It is conceivable that the The use of EPDCs for cell therapy has displayed their positive
transient deficiency of CDXI in epicardium can be masked by effects in heart repair in combination with cardiac progenitors
compensation of other CDX family members, or alternatively, by [2,3,20]. Research into various cell-autonomous capacities of adult
some undefined mechanisms i vivo during embryonic develop- epicardium may eventually lead to novel therapeutic applications.
ment. Therefore, it will be of great interest to explore whether CDX1
Multiple transcription factors such as SLUG, E-cadherin, promotes the growth of vascular smooth muscle and enhances re-

TCF21, WT1, and TBXI18 have been implicated in EMT and vascularization during the repair process of damaged hearts in the
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adult mice. Nevertheless, our current findings clearly illuminate a
previously undefined role of CDXI1 in epicardial development,
and also improved our understanding of transcriptional network in
the differentiation of EPDCs during embryogenesis.

Supporting Information

Figure S1 Establishing doxycycline-inducible CDX1 transgenic
ESCs and mouse model. (A) Real-time RT-PCR of CDXI1
expression on two representative doxycycline-inducible CDX1
ESC lines with or without doxycycline treatment. (B) Karyotyping
on a doxycycline-inducible CDX1 ESC line used for establishing
transgenic mouse model. Fourteen out of sixteen randomly
checked cells contains normal number of chromosomes as 40,
with two other cells harboring 39 chromosomes. (C) Genotyping of
embryos collected from pregnant C57BL/6 female mice crossed
with Cdx"8rtTA™* male mice. CDXI primers were designed to
cross introns and to detect CDX1 transgene at 265 bp. Wildtype
(WT) ROSA26 locus was amplified at 350 bp and a fragment of
250 bp could be amplified when rtTA was inserted at this locus.

(PDF)

Figure S2 Low-dose leakage of CDXI1 did not affect embryonic
development. (A) Gross morphology of different organs isolated
from rtTA™~ and CdxI1"81tTAY~ collected from embryos treated
with 10 pg/ml doxycycline in drinking water starting from 11.5
dpc to 14.5 dpc. (B-C) WIHF with an antibody against PECAM
on hearts isolated at 14.5 dpc from #TAY ™ and Cdxl™8rtTA™~
embryos in the absence or presence of 10 ug/ml doxycycline for
three days. (D) Gross morphology of 7TA* ™ and Cdx1"$rtTAY~
embryos collected at 14.5 dpc without doxycycline treatment.
Photo of PCR results below shows the genotypes of the embryos.
Cdx1 transgene was amplified only in Cdx1 R embryos (eg.
1 set: 2, 3 & 4; 2" set: 1, 2&6).

(PDF)

Figure S3 Continuous CDX1 induction in adult mice led to
damage of small intestine and liver. (A) Body weight was measured
over time on 1#TA” ™ and CdxI™értTAY™ mice in the absence or
presence with 500 pg/ml doxycycline in drinking water. CDX1
induction resulted in a rapid drop of body weight in Cdx1"8rtTA™
"~ mice, which were died within two weeks. (B-F) H&E staining of
tissue sections collected from intestine (B), liver (C), heart (D), lung
(E), and kidney (F). Upon induction of CDX1 in CdxI™$rtTAY~
mice, blebbing in submucosa and accumulation of red blood cells
m villi lamina propria at small intestine were observed (as
indicated by red arrows). (C) Gross morphology of liver in CDX1
induced mice demonstrated a overall pale appearance. Condensed
nuclei were observed in the liver sections, indicating apoptosis of
hepatocytes upon continuous CDXI1 expression. Scale bars:
120 pm.

(PDF)

Figure S84 Ectopic expression of CDXI1 affected epicardial
development during embryogenesis. (A) IHF with antibodies
against c-TNNT2 or WT1 on cardiac sections from 1TA™ ™ and
Cdx1"81TAY~ embryos at 14.5 dpc without any doxycycline
treatment. (B) Establishing primary epicardial culture from
embryonic heart at 11.5 dpc. (C) Confirmation of the epicardial
origin of cultured cells with WT'1, an epicardium-specific marker.
(D) DAPI and WT1 staining on primary epicardium collected
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