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Figure 5. The Mesp1/RasGRP3/ERK signaling axis controls the speed of cell migration. (A) p-ERK immunostaining at the migrating front after induced
expression of Mesp1 or Mesp2 and in the presence of ERK inhibitor (PD0325901). (B) Western blot analysis of p-ERK in WT and Mesp1-KO embryos at
E7.5. Western blots were scanned and quantified as described in Materials and methods. Results are represented as mean + SEM of three biologically
independent experiments. (C) Schematic representation of Dox-inducible constructs under the control of a TRE element, allowing the overexpression of
RasGRP3 alone or combined with Mesp2. (D) gPCR analysis of the mRNA expression of the different transgenes, 24 h after Dox induction. (E) p-ERK
immunostaining at the migrating front after induced expression of the different constructs and in the presence of PD0325901. Note the increase of p-ERK
staining in Mesp 1-overexpressing (A) and Mesp2/RasGRP3-overexpressing (E) cells that are abolished in the presence of ERK inhibitor. (F) Cell migration
assessed by time-lapse microscopy in response to scratch wound. The migration distances were measured after 4, 7, and 10 h in the different experimental
conditions. Data represent mean + SEM of three biologically independent experiments. (G) Cells were tracked as described earlier, and all their paths
were overlaid. The cell tracks shown are representative of three biologically independent experiments. (H) Cell polarity assessed by the orientation of the
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transcription factors that promote cardiovascular development
(such as Gata4, Hand2, or Myocardin) or EMT (such as Snaill,
Twistl, Zebl, Foxcl, or Foxc2; Bondue et al., 2008; Lindsley
et al., 2008; Lescroart et al., 2014; Shi et al., 2015). This mo-
lecular profiling also identified several differentially regulated
genes by Mespl and Mesp2, such as RasGRP3 and Pricklel,
that could potentially explain the increased migratory proper-
ties induced by Mespl compared with Mesp2.

We identified RasGRP3 as preferentially induced by
Mespl compared with Mesp2 and showed that RasGRP3 regu-
lates the speed of cell migration induced by Mespl. RasGRP3
was previously shown to be expressed in the nascent mesoderm
(Costello et al., 2011) in Mespl-H2B-GFP—expressing cells at
E6.5 in vivo (Lescroart et al., 2014). Here, using ChiP-Seq con-
firmed by ChiP-qPCR, we showed that Mesp1 directly bound
to a single site in the regulatory region of RasGRP3 in vitro
and that RasGRP3 expression decreased in Mesp-null mice in
vivo, consistent with the notion that Mespl directly regulates
RasGRP3 expression in early CPs in vitro and in vivo. Mesp2
was also able to bind to the same RasGRP3 enhancer region,
although Mesp2 is much less potent than Mespl in promoting
RasGRP3 up-regulation, suggesting that other mechanisms be-
side their binding to the DNA control the different capacity of
Mespl and Mesp2 to promote RasGRP3 expression. RasGRP3
was initially identified as a Ras exchange factor promoting
ERK signaling (Yamashita et al., 2000; Lorenzo et al., 2001).
Overexpression of RasGRP3 alone minimally activated ERK
phosphorylation but synergized with Mesp1 in promoting ERK
signaling, suggesting that RasGRP3 is necessary but not suf-
ficient to promote ERK signaling downstream of Mespl, and
other factors such as PDGFRa or KDR/FIk1 act downstream
of Mesp1 together with RasGRP3 to promote ERK signaling at
the leading edge of migrating cells. Furthermore, specific inhi-
bition of ERK signaling abolishes the promigratory function of
Mespl; coexpression of RasGRP3 together with Mesp2 rescues
ERK signaling and the speed of migration of Mesp2-overex-
pressing cells, to a level similar to that of Mespl; and finally,
deletion of RasGRP3 decreases the promigratory function of
Mespl, showing the importance of the Mesp1/RasGRP3/ERK
axis in the regulation of the speed of CP migration. Because dif-
ferent ligands, such as FGFs, VEGFs, and PDGFs, activate ERK
signaling (Beh et al., 2007), the up-regulation of RasGRP3 by
Mespl may accelerate the speed of CP migration in response to
extracellular signals. Whereas RasGRP3 promotes cell migra-
tion downstream of Mespl in vitro, Rasgrp3-null mice can un-
dergo gastrulation (Coughlin et al., 2005), suggesting that other
compensatory mechanisms can substitute for Rasgrp3 function
during mouse embryonic development.

PCP describes the collective alignment of cell polarity
across a tissue, which by integrating global directional cues
regulates individual cell polarity (Zallen, 2007). During gastru-
lation, PCP pathways regulate movements of convergence and
extension, which narrow the mediolateral axis and elongate the

anteroposterior axis (Yin et al., 2009). We found that only Me-
spl-overexpressing cells, and not Mesp2-overexpressing cells,
are strongly polarized during migration, as revealed by the shape
of the cells, the direction of actin stress fibers, and the position
of the Golgi, which are all polarized toward the migration front.
We identified Pricklel, a member of the PCP pathway (Jenny
et al., 2005; Seifert and Mlodzik, 2007), as being up-regulated
specifically by Mespl and not by Mesp2, and which controls
cell polarity and oriented cell migration downstream of Mespl.
Pricklel, which regulates the asymmetrical distribution of PCP
proteins (Zallen, 2007), is expressed in the PS concomitant with
Mespl (Saga et al., 2000; Crompton et al., 2007), and Pricklel
deletion induces defects in PS formation during mouse gastrula-
tion (Tao et al., 2009). ChiP-qPCR showed that only Mesp1 but
not Mesp2 bound the regulatory regions of Pricklel, explaining
the inability of Mesp2 to regulate Pricklel expression and the
decreased expression of Pricklel in MespI-null mice. Consis-
tent with the importance of Pricklel in regulating cell polar-
ity in migrating cells downstream of Mespl, overexpressing
Pricklel together with Mesp2 rescues the defect in cell polarity
to a level comparable to that of Mesp1-expressing cells, and de-
letion of Pricklel abolishes the promigratory function of Mesp1
in vitro. Future studies will be needed to further understand the
molecular mechanisms by which Mespl and Pricklel control
cell polarity and migration during embryonic development.

In conclusion, our study shows the important functional
redundancy between Mespl and Mesp2 in promoting CP spec-
ification, EMT, and cardiac differentiation and identifies a
unique promigratory function of Mesp1 in regulating the speed
and orientation of cell migration by regulating Pricklel and
Ras-GRP3 expression (Fig. 7). Future studies are important
to delineate further the role of Mespl and the mechanisms by
which it promotes the migration of CP in vivo during embry-
onic development. These results have important implications
for better understanding the mechanisms underlying congeni-
tal heart defects and other organ malformations associated with
defective cell migration.

Materials and methods

Tetracycline-inducible ESC lines

Mesp2, RasGRP3, and Prickle]l ORFs were amplified by PCR, cloned
into the p2Lox vector (Bondue et al., 2008), and validated by Sanger
sequencing. For the double constructs such as RasGRP3 or Pricklel
with Mesp2 in A2Lox cells, each ORF contained its own TRE elements
(Bondue et al., 2011). For the Mesp1-triple-HA and Flag-tagged con-
struct, the triple HA or Flag-tag was cloned downstream of Mesp! and
Mesp2 OREF in the same p2Lox vector. These constructs were electro-
porated with the pSalCre vector in A2Lox cells, and stable knock-in
cell lines were selected as previously described (Bondue et al., 2008).
For the functional characterization of the different genes, three differ-
ent clones for each inducible ESC line were tested.

Golgi (stained with anti-GM130) with respect to the migrating front. Histogram showing the percentage of cells with different polarization in the different
experimental conditions. Data represent mean = SEM of three biologically independent experiments. At least 180 cells were counted for each condition.
Control represents Mesp2/RasGRP3 in the absence of Dox cells. No difference was observed between the different cell lines in the absence of Dox.
(I) Migration distance after Mesp1 overexpression in WT and RasGRP3-null cells at 4, 7, and 10 h after Dox administration. Data represent mean + SEM
of three biologically independent experiments. (J) Cells were tracked by time-lapse microscopy, and all their paths were overlaid. The cell tracks shown
are representative of three biologically independent experiments. (K) Histogram showing the percentage of cells with different polarization in control,
Mesp1-overexpressing, and Mesp 1-overexpressing RasGRP3-deficient cells. Data represent mean + SEM of three biologically independent experiments
(minimum 150 cells counted). Bars: (A and E) 50 pm. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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CRISPR/Cas9 knockout ESCs

Target sites in Pricklel and RasGRP3 for Cas9 were designed using
the CRISPR online tool (http://crispr.mit.edu/), and the vectors pX330-
U6-Chimeric_BB-CBh-hSpCas9 (PX330) and pSpCas9n (BB)-2A-
GFP (PX461) were obtained from Addgene (plasmids #42230 and
#48140). The oligo pairs encoding the guide sequence were cloned
into a modified short version of PX330 in which the Cas9 cassette
was removed. The plasmids containing guide sequence together with
PX461 (nickase Cas9) were transfected into the relevant ESC line
using Lipofectamine 2000 (Invitrogen). 48 h after transfection, cells
were dissociated into single-cell suspensions and diluted in 2i medium
to a final concentration of 0.5—-1 cell per 100 pl. The diluted cells were
plated into at least two 96-well plates (100 ul medium per well). After
culture in 2i medium for 10-14 d, single-cell clones were screened
through genotyping using the PCR primers that flanked the deleted

polarization in control, Mesp1 overexpression
in WT cells, and Mesp1 overexpression in
Prickle 1-deficient cells. Data represent mean =
SEM of three biologically independent experi-
ments (minimum 150 cells counted). ***, P <
0.001; **, P < 0.01; ns, not significant.

-200 -100 100 200

region mediated by Cas9. Pricklel and Rasgrp3 homozygous null
ESCs were selected for further functional study.

ESC culture and differentiation

ESCs were cultured on irradiated mouse embryonic fibroblasts in
DMEM (Invitrogen) supplemented with 15% ESC-qualified FBS
(Invitrogen), 0.1 mM nonessential amino acids (Invitrogen), 1 mM
sodium-pyruvate (Invitrogen), 0.1 mM p-mercaptoethanol (Sigma-
Aldrich), 100 U/ml penicillin (Invitrogen), 100 pg/ml streptomycin
(Invitrogen), and 1,000 U/ml leukemia inhibitory factor (ESGRO).
ESCs were replated on gelatin-coated plates without fibroblasts 2 d
before differentiation, and differentiation was performed by hanging
drops of 1,000 cells in 25 ul differentiation medium (the same medium
without leukemia inhibitory factor but containing 0.5 mM ascorbic
acid [Sigma-Aldrich]), as previously described (Bondue et al., 2008).
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Dox (Sigma-Aldrich) was added to hanging drops at day 2, at the indi-
cated concentration for Mespl- and Mesp2-inducible ESCs (0.08 and
1 pg/ml, respectively) and at 1 ug/ml for Pricklel-, Pricklel/Mesp2-,
RasGRP3-, and RasGRP3/Mesp2-inducible ESCs. After 4 d in hanging
drops, EBs were replated on gelatin-coated dishes for further differen-
tiation. For chimeric EB experiments, Mesp1- or GFP-inducible ESC
lines were mixed with the control DsRed-inducible ESC line in equal
proportions. To inhibit specifically the ERK signaling pathway during
ESC differentiation, PD0325901 (Stem Gent) was added to the differ-
entiation medium at a final concentration of 1 uM.

Mice

MespI"+ (Mespl KO; Saga et al., 1999) mice were obtained from
the Riken Institute. Mice colonies were maintained in a certified
animal facility in accordance with European guidelines. These ex-
periments were approved by the local ethics committee under the refer-
ence #L.A1230332 (CEBEA).

Western blot

10 pg protein was loaded and separated according to size by electropho-
resis on a 10% SDS-PAGE gel, transferred on a polyvinylidene difluoride
membrane, blocked for 1 h with TBS + 0.1 Tween + 3% BSA (TBST), in-
cubated with a specific primary antibody overnight at 4°C, washed three

JCB » VOLUME 213 « NUMBER 4 « 2016
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Figure 7. Model of Mesp1 functions during
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oriented cell migration. During CP specifica-
tion, Mesp1 directly controls cardiovascular
progenitor cell fate decision, EMT, and ori-
ented cell migration through the regulation of
different sets of target genes, allowing the co-
ordination of CP specification and migration.
Whereas Mesp?2 efficiently promotes the same
Mesp1 target genes that control cardiovascu-
lar progenitor specification, EMT, and cardio-
vascular differentiation, only Mesp1 (and not
Mesp2) controls the speed and orientation of
progenitor cell migration.

T = F-Actin stress fiber
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times with TBST, incubated with hypoxanthine-guanine phosphoribosyl-
transferase (HPRT)-coupled corresponding secondary antibody, washed
three times with TBST, and revealed with a Western Lighting Plus-ECL
kit (PerkinElmer). M5-flagged transgene was quantified using M5 anti-
body (1:1,000; Sigma-Aldrich) as primary antibody, and HPRT-coupled
anti-mouse secondary antibody (1:3,000; GE Healthcare). The amount of
loaded protein was normalized using an anti—f-actin antibody (1:3,000;
Abcam). Phosphorylated ERK was quantified in whole WT and Me-
spl-KO embryos at E7.25 using Phospho-p44-42 MAPK rabbit poly-
clonal antibody (1:500; Cell Signaling Technology) and HPRT-coupled
anti-rabbit secondary antibody (1:30,000; GE Healthcare). At least three
WT and Mesp1-KO embryos were pooled after genotyping using extra-
embryonic tissue. The amount of loaded protein was normalized using an
antibody against total ERK p44-42 MAPK rabbit monoclonal antibody
(1:1,000; Cell Signaling Technology). For quantification of Western
blot, ECL signals in the linear range were scanned and quantified using
ImageJ 1.48s. Images in Figs. 1 B and 5 B are representative of three
biologically independent experiments.

RNA isolation, reverse transcription, and qPCR

RNA extractions were performed using an Absolutely RNA Microprep
kit (Agilent Technologies), according to the manufacturer’s recommen-
dations. For each experiment, the same amount of RNA (mean 1 pg)
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was used to synthesize cDNA in a 50-pl final volume using Super-
script II (Invitrogen) and random hexamers (Roche). Genomic DNA
contaminations were avoided by treatment with DNasel (Absolutely
RNA Microprep), and control of genomic contamination was measured
by performing the same procedure without reverse transcription. gPCR
experiments were performed with 5 ng cDNA per reaction, using a
KAPA SYBR FAST reagent (Kapabiosystems) on an Agilent Mx3005P
gPCR System. The relative expressions of each gene were normalized
to their expression in the respective control condition. All primers were
designed using Lasergene 7.2 software (DNAStar) and are presented
in Tables S1 and S2. Analyses of the results were performed using Mx
Pro-Mx3005P v4.10 and GraphPad Prism software.

Immunofluorescence analysis

For immunofluorescence experiments, cells were plated on coverslips
coated with gelatin (for EBs) or fibronectin (for in vitro scratch assays),
fixed with 4% paraformaldehyde for 10 min (EBs) or 5 min (cell mono-
layers) at 4°C, washed three times in PBS, and incubated for 1 h at RT
with a blocking solution containing 1% BSA, 0.2% Triton X-100, and
5% horse serum in PBS, before overnight incubation at 4°C with the
primary antibodies. Antibodies used were as follows: anti-cTnT (clone
13-11, mouse monoclonal, 1:100; NeoMarkers), anti-Mlc2v (mouse
monoclonal, 1:25; Alexis Corp.), anti-Mlc2a (mouse monoclonal,
1:200; Synaptic Systems), anti-VE-cadherin (clone 11D4.1, rat mono-
clonal, 1:100; BD), anti-Gm130 (clone EP892Y, rabbit monoclonal,
1:500; Abcam), and anti—p-ERK (Phospho-p44-42 MAPK rabbit poly-
clonal antibody, 1:500; Cell Signaling Technology). For p-ERK stain-
ing, cells were incubated for 10 min in 100% methanol at —20°C and
washed three times with PBS before blocking and staining. Primary
antibodies were revealed with appropriate RRX-coupled secondary
antibody from Jackson ImmunoResearch Laboratories, Inc. (1:400).
F-actin was stained with Alexa Fluor 488—phalloidin (A12379, 1:40;
Thermo Fisher Scientific). Counterstaining of nuclei was performed
with Hoechst (1:2,000). All immunostainings were mounted using
DABCO (Sigma-Aldrich) as mounting medium. Single images and
mosaics were acquired on an Axio Imager with an Axiocam MRn cam-
era and using Axiovision Rel. v4.8.2.0 software (ZEISS). Acquisitions
were performed at RT using 10x and 20x EC Plan Neofluar objectives
(10%x-0.3 numerical aperture and 20x-0.4 numerical aperture; ZEISS).
Mosaics were generated using a 10% overlap between each single ac-
quisition. Each representative image has been reproduced in at least
three independent experiments.

Flow cytometry

For intracellular staining, EBs were dissociated by trypsinization and
permeabilized with BD Cytofix-Cytoperm kit according to the manu-
facturer’s recommendations. For staining of the different cell-surface
markers, EBs were dissociated in 3 mM EDTA. Anti-cTnT staining
(NeoMarkers) was performed for 30 min in Perm-Wash buffer (BD
Cytofix-Cytoperm kit) at a final concentration of 1:100 and revealed
with an anti-mouse phosphatidylethanolamine (PE) secondary anti-
body (BD) at a final concentration of 1:400. For staining of cell-surface
markers, all antibodies were diluted in PBS-BSA 1%. Flk1 (VEGFR2)
was stained using a biotinylated antibody at 1:100 (clone Avasl2al;
eBioscience) revealed by a streptavidin-PE-Cy7 secondary antibody
at 1:400 (BD). PDGFRa was directly coupled to PE and used at 1:75
(clone APAS; eBioscience). CXCR4 antibody was directly coupled
to A647 and used at 1:100 (clone 2B11; eBioscience). CD31 ex-
pression was directly coupled to PE and used at 1:100 (clone MEC
13.3; BD). Living cells were gated by propidium iodide dye exclu-
sion (1 pg/ml). FACS analyses were performed on a FACSFortessa
or FACSCalibur (BD) using BD FACS Diva v6.2 and CellQuest Pro

software, respectively. Each FACS result is representative of at least

three independent experiments.

In vitro scratch wound assay

Uniform wounds were made using Culture-Insert (#80209; ibidi) on fi-
bronectin-coated plates. This approach provides two cell culture cham-
bers separated by a physical barrier 500 pm thick. EBs were dissociated

with Accutase (Invitrogen), and after neutralization and resuspension,

70-ul cell suspensions containing 80,000 cells were seeded on each
chamber of the culture insert. The physical barrier separating the two
cell fields (creating the wound) was removed after cell adhesion, 2 h
after replating, and the wound closure was analyzed by time-lapse mi-
croscopy during a period of at least 12 h. All images in Fig. 2 C are

representative of three independent experiments.

Live-sample imaging and analysis

Time-lapse imaging was performed using a Leica DMI6000B micro-
scope mounted with a cell culture chamber, which allowed maintenance

of optimal cell culture conditions (95% relative humidity, 37°C, 5%

CO,) during the acquisition process. Acquisitions were taken every 5 min

during at least 12 husing a DFC365FX camera and LAS AF v2.6.0.7235

software. The different migration manual cell tracks were realized using

ImagelJ software. All representative cell tracks illustrated in Figs. 3 C,
5 E, and 6 D were replicated in at least three independent experiments.

Microarray analysis

For microarray analysis, Mesp2-induced cells were harvested 24 h
after Dox induction, and total RNA extraction and DNase treatment
were performed using an Absolutely RNA Microprep kit as described
earlier. RNA isolation and microarray analysis were performed in two
biologically independent replicates as previously described (Bondue
et al., 2008) using mouse genome 430 2.0 arrays (Affymetrix) at
Nucleomics Core, VIB facility, Flanders, Belgium. To compare
Mesp2 with Mespl microarrays, we considered all regulated genes
(fold change >1.5) in both arrays. Gene Set Enrichment Analysis
(GSEA; Subramanian et al., 2005) was downloaded from the Broad
We used
the GSEA preranked option with standard parameters of weighted
enrichment score calculation to run the GSEA against a user-supplied
fold-change—ranked list of genes. Results of the enrichment analysis
were plotted using R software. A functional annotation chart of genes
enriched in Mesp1- or Mesp2-induced cells was performed on DAVID

Institute website (http://www.broadinstitute.org/gsea/).

bioinformatic resources v6.7 (http://david.abcc.ncifcrf.gov/).

In situ hybridization

Embryos were extracted at E7.5, fixed overnight in 4% paraformalde-
hyde, and processed as previously described (Lescroart et al., 2014).
The hybridization signal was revealed using BM purple (Roche) for all

antisense probes. Chromogenic substrate and embryos were acquired

in PBST (0.1% Tween 20) with a V16 stereomicroscope (ZEISS). Ac-

quisition data were treated with Zen blue software and exported in TIF

image format. All in situ hybridizations were performed on at least three
different litters in three independent experiments. Antisense riboprobes
for RasGRP3 (Costello et al., 2011) and Pricklel (Crompton et al.,
2007) were synthesized from vectors provided by S. Arnold (Univer-
sity Medical Center, Freiburg, Germany) and T.A. Rodriguez (Medical
Research Council Clinical Sciences Centre, London, UK), respectively.

Mesp1 and Mesp2 ChIP-qPCR analysis

ChIP-gPCR was performed on Mespl-3HA—-flagged and Mesp2-3HA-

flagged Dox-inducible ESC lines. Approximately 1,000 EBs were
collected 20 h after induction of Dox (0.1 pg/ml Dox for Mespl and
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1 pg/ml for Mesp2), fixed directly with 1% formaldehyde for 7 min
at RT, and quenched with 0.125 M glycine for 5 min. EBs were lysed
according to the manufacturer’s instructions (ChIP-IT express kit; Ac-
tive Motif), and cross-linked DNAs were sonicated for 10-15 cycles
(30 s on/30 s off) by a Bioruptor Sonicator (Diagenode). Sheared DNAs
have a mean range of ~300 bp. ChIP was performed using Chip grade
anti-3HA antibody (ab9110; Abcam) according to the manufacturer’s
instructions (ChIP-IT express kit).

Statistical analysis
Statistical significance was calculated using Student’s 7 test.

Online supplemental material
Tables S1 and S2 show qPCR primers. Online supplemental material
is available at http://www.jcb.org/cgi/content/full/jcb.201505082/DC1.
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