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(A) The titration of the acceptor molecule against 200nM donor molecule. The concentration of the acceptor molecule was increased to 1120nM (5.6eq to the donor
molecules) by titration. (B) The titration of PDBu against the assay solution containing 200nM donor molecule and 1120nm acceptor molecule. The concentration of PDBu
was increased to 8 uM (40eq to the donor molecule) by titration. (C) The plots of percent decrease of fluorescence intensity versus the concentration of PDBu at 522nm.
(D) The fluorescent spectra of acceptor molecules (133, 267, 533, 800, 1067 nM). The fluorescence intensity was increased with increasing concentration. The excitation

wavelength was 380nm.

pressure, followed by purification by silica gel column chro-
matography (CHCI,/MeOH=20:1) to give the decanoate 6 (£
isomer, racemic, 14.7mg, 28% yield) as an orange oil: Rf 0.16
(CHCl,/MeOH=3 :1); 'H-NMR (400MHz, CDCl,) &: 7.30 (1H,
d, /=92Hz), 7.02 (I1H, s,), 6.57-6.54 (1H, m), 6.51 (1H, d,
J=2.8Hz), 597 (1H, s), 4.36—4.26 (2H, m), 3.77-3.75 (2H, m),
3.67 (2H, s), 3.41 (4H, dd, J=6.8, 7.2Hz), 2.28-2.23 (2H, m),
2.07-2.03 (1H, m), 1.26-1.19 (20H, m), 0.88 (3H, t, /=6.8Hz).
BC-NMR (125MHz, CDCl,) &: 173.40, 171.55, 161.85, 156.45,
151.60, 150.80, 149.13, 133.02, 125.31, 108.80, 108.71, 107.22,
97.74, 87.80, 63.45, 62.87, 4473, 33.82, 31.83, 29.37, 29.23,
27.63, 24.76, 22.64, 14.09, 12.41. ESI-MS m/z: 528.2952 (Calcd
for C,,H,,0,N [M+H]": 528.2961).
2-(6-Hydroxy-3-oxo0-3H-xanthen-9-yl)-5(6)-(prop-2-yn-
1-ylcarbamoyl)benzoic Acid®®  1-Hydroxybenzotriazole
monohydrate (HOBt-H,0) (150mg, 1.1mmol), Et;N (153mL,
1.lmmol) were added to a solution of propargylamine
hydrochloride (100mg, 1.1mmol) in CH,Cl, (10mL),
5(6)-carboxyfluorescein (376 mg, 1.0mmol) and I-ethyl-(3-
(3-dimethylamino)propyl)carbodiimide hydrochloride (EDCI)
(210mg, 1.1mmol) at —8°C, and the resulting mixture was
stirred at 0°C for 1h, and then at room temperature for 2h.
The reaction was quenched with H,O. The aqueous layer was
extracted three times with EtOAc. The combined organic
layer was washed with brine, dried over MgSO,, filtrated
and concentrated under reduced pressure to afford the crude
alkyne. Purification by HPLC (27-36% MeCN/H,0, 50min)

gave alkynyl fluorescein (mixture of 5-, 6-isomers) (120mg,
29%) as an orange powder. ESI-MS m/z: 414.0997 (Calcd for
C, H, NO, [M+H]": 414.0978).

Preparation of Fmoc-His(Trt)-Trt(2-CI)-Resin 2-Chlo-
rotrityl chloride resin (1.2mmol/g, 1.0g) (Novabiochem)
was treated with Fmoc-His(Trt)-OH (0.4mmol, 245mg) and
DIPEA (1.6mmol, 280xL) in dry N,N-dimethylformamide
(DMF) (6 mL) for 1h. After washing with dry DMF, CH,Cl,,
and Et,0, the resin was dried in a vacuum desiccator. The
loading was determined by measuring UV absorption at
301nm of the piperidine-treated Fmoc-His(Trt)-Trt(2-Cl)-resin
(0.26 mmol/g).

Peptide Synthesis All peptides were synthesized by
Fmoc-based solid-phase peptide synthesis (SPPS). The fol-
lowing amino acid side-chain protecting groups were used;
Boc for Lys, Pbf for Arg, O'Bu for Asp and Glu, Trt for
Asn, Cys, and His, ‘Bu for Ser, Thr, and Tyr. The coupling
reactions were performed by shaking for 1.5-2h a cou-
pling reaction mixture contained Fmoc-protected amino
acid and N,N'-diisopropylcarbodiimide (DIPCI)/HOBt-H,0
or O-benzotriazole-N,N,N',N'-tetramethyluronium hexafluo-
rophosphate (HBTU)/DIPEA/HOBt-H,0. A solution of 20%
piperidine in DMF was used for deprotection of Fmoc groups,
achieved by shaking the reaction mixture for 20min. The
0C1b(247-281) fragment was manually constructed on a TGR
resin (0.22mmol/g, 0.68g). Deprotection and cleavage from
the resin was performed by treatment with TFA (10mL),
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m-~cresol (0.25mL), thioanisole (0.75mL), 1,2-ethanedithiol
(0.75mL), H,0 (0.25mL), and TIS (0.10mL). Purification by
isocratic RP-HPLC (30% isocratic of MeCN containing 0.1%
TFA, vs. H,O containing 0.1% TFA) gave 120mg (21% yield)
of the 6C1b(247-281) fragment 11 as a white powder: ESI-
MS m/z: Found 3828.3 (Caled for CH,6iNg 0,58, [M+H]:
3828.8). Retention time: 12.3 min with MeCN (30% isocratic).

The JCIb(231-246) and JCIb(231-246)V235Nle(e-azide)
fragment was constructed on an Fmoc-His(Trt)-2-chlorotrithyl
resin 0.13mmol scale using Fmoc-Nle(e-azide)-OH.*) Cleav-
age from the resin was performed by stirring for 2h with
TFE/AcOH/CH,Cl, (1:1:3, v/v). The resulting protected
peptide and HOBt-H,O (10eq) were dissolved in DMF, and
ethyl 3-mercaptopropionate (20eq) was added. The mixture
was cooled to 0°C, and EDCI (10eq) was added. The mixture
was stirred for 5h then allowed to reach room temperature.
DMF was removed by evaporation, and the crude product
was washed with H,0. Deprotection was performed as in
the synthesis of dC1b(247-281) without the addition of EDT.
Preparative RP-HPLC (31% isocratic of MeCN) gave 8.8mg
(7% yield) of the JCl1b(231-246)V235Nle(¢-azide) thioester
8 as a white powder: ESI-MS m/z: Found 2259.1 (Caled for
CoH,4N330,,S, [M+H]": 2258.1). Retention time: 9.2min
with MeCN (27% isocratic).

Fluorescein Labeling by Click Reaction To a solution
of 5C1b(231-246)V235Nle(e~azide) (3mg, 1.1 umol) in DMF
(120 L) and H,O (120 uL) was added 0.2mm fluorescein al-
kyne in MeCN/H,O 1:1 (554L, 1.1 umol). After the addition
of 0.1muMm CuSO, in H,0 (130 4L, 13 zmol) and 0.1 mm sodium
ascorbate in H,O (130xL, 13 umol), followed by degassing,
the reaction mixture was stirred under an Ar atmosphere for
2h at room temperature. Purification by RP-HPLC (gradi-
ent; 26-36% of MeCN, 60min) gave 1.6mg (53% yield) of
the JC1b(231-246)V235Nle(e-F1) (F1-0C1b(231-281)) thioester
9 as a yellow powder. ESI-MS m/z: Found 2671.1 (Calcd for
C1y5H,56N005,8; [M+H]": 2671.1). Retention time: 14.2min
with MeCN (26-36%, 30 min).

Condensation of Peptide Fragments by Native Chemi-
cal Ligation The J&C1b(231-246)V235Nle(e-F1) containing
the peptide thioester 9 (1.8 mg, 0.66 umol) and dC1b(247-281)
(2.8mg, 0.60 umol) were dissolved in 230 uL of 0.1M phos-
phate buffer (pH 7.7) containing 6.0m guanidine hydro-
chloride (Gn-HCI), 2.0mm -ethylenediaminetetraacetic acid
(EDTA), TCEP-HCl (0.95mg, 3.3umol) and 4-mercapto-
phenylacetic acid (MPAA) (1.4mg, 8.3 umol). The reaction
mixture was adjusted to approximately pH 7.8 with 8m
NaOH in H,O. The ligation reaction was performed at 37°C
for 5h under an Ar atmosphere. Purification by RP-HPLC
(gradient; 33-38% of MeCN, 60min) gave 0.54mg (13%
yield) of dClb(231-281)V235Nle(e-Fl) (F1-6C1b(231-281)) 12
as a yellow powder. ESI-MS m/z: Found 6365.0 (Calcd for
CogHy13NggOs5Ss [MAH]™: 6363.9). Retention time: 19.0min
with MeCN (33-38%, 30min).

Degeneration of Peptides A buffer (pH 7.4) containing
6M Gn-HCl and 50mwM Tris-HCI, dithiothreitol (DTT) was
made up to 50mm, and then the peptide was dissolved in the
solution at a concentration of approximately 30 um. The pep-
tide solution was incubated for 15min at 30-37°C. The treated
peptide solution was dialyzed against 50mm Tris-HCI (pH 7.4)
containing 150mm NaCl, 1mm DTT and 0.1mm ZnCl, using
a Slide-A-Lyzer Dialysis Cassette 3500 MWCO (Thermo
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Scientific) at 4°C. The dialysis buffer was changed three
times. After dialysis the peptide solution was centrifuged at
15000rpm for 15min at 4°C, followed by the determination of
concentration by UV absorption at 280nm (g: Tyr; 1280, Trp;
5690) or at 490nm (g: fluorescein; 76900).%%3)

[PH|PDBu Binding Assay The dissociation constant (K,)
of synthetic 5Clb for [’H]PDBu binding and the inhibition
constant (K;) of fluorescent-labeled DAG-lactone for binding
of the JC1b domain were assessed by the poly(ethylene glycol)
precipitation assay as described previously.'®%2®

FRET Experiment A phosphatidylserine (PS) solu-
tion (500 ug/ml.) was prepared as described below: 50 uL of
10mg/mL PS in CHCI, was transferred to a 2mL micro tube
and dried under a stream of N, gas. One milliliter of 50 mm
Tris-HCI (pH 7.4) was added to the residue and the mixture
was sonicated with a probe-type sonicator (5s bursts X3).
The FRET assay solution (ImL) containing 200nM FRET
donor molecule, 100 zg/mL PS, and 50mm Tris-HCI (pH 7.4)
was prepared with 200 uL. of 0.5mg/mL PS solution, 2 ul. of
100 v FRET donor stock in dimethyl sulfoxide (DMSO) and
800 uL of 50mm Tris-HCI (pH 7.4). After addition of 13 uL. of
10.5 um FRET acceptor solution, the assay solution was mixed
by pipetting followed by 5min incubation in the dark. The
fluorescent spectra were measured by excitation at 380nm.
The concentration of the FRET acceptor started at 140nm and
increased to 1120nm. The FRET competitive assay was dem-
onstrated using PDBu as a positive ligand. The competitive
assay solution contains 200nm FRET donor, 1120nM FRET
acceptor, 100 ug/mL PS, and 50mm Tris-HCI (pH 7.4). The
concentration of PDBu started at 2 #Mm and increased to 8 um.
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Abstract In vertebrates, muscles of the pectoral girdle
connect the forelimbs with the thorax. During development,
the myogenic precursor cells migrate from the somites into
the limb buds. Whereas most of the myogenic precursors
remain in the limb bud to form the forelimb muscles, sev-
eral cells migrate back toward the trunk to give rise to the
superficial pectoral girdle muscles, such as the large pecto-
ral muscle, the latissimus dorsi and the deltoid. Recently,
this developing mode has been referred to as the “In-Out”
mechanism. The present study focuses on the mechanisms
of the “In—Out” migration during formation of the pecto-
ral girdle muscles. Combining in ovo electroporation, tis-
sue slice-cultures and confocal laser scanning microscopy,
we visualize live in detail the retrograde migration of
myogenic precursors from the forelimb bud into the trunk
region by live imaging. Furthermore, we present for the first
time evidence for the involvement of the chemokine recep-
tor CXCR4 and its ligand SDF-1 during these processes.
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After microsurgical implantations of CXCR4 inhibitor
beads in the proximal forelimb region of chicken embryos,
we demonstrate with the aid of in situ hybridization and
live-cell imaging that CXCR4/SDF-1 signaling is crucial
for the retrograde migration of pectoral girdle muscle pre-
cursors. Moreover, we analyzed the MyoD expression in
CXCR4-mutant mouse embryos and observed a consider-
able decrease in pectoral girdle musculature. We thus dem-
onstrate the importance of the CXCR4/SDF-1 axis for the
pectoral girdle muscle formation in avians and mammals.

Keywords Pectoral girdle muscles - CXCR4/SDF-1 -
Time-lapse imaging - Secondary trunk muscles - In ovo
electroporation

Introduction

In vertebrates, skeletal muscles of the body develop from
the somites. The dorsal epithelial part of the somite, the
dermomyotome, yields various derivates, such as skeletal
muscles (Huang and Christ 2000; Yusuf and Brand-Saberi
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2006), dermis (Mauger 1972a, b; Kalcheim et al. 1999; Oli-
vera-Martinez et al. 2000, 2002, 2004; Ben-Yair et al. 2003;
Ben-Yair and Kalcheim 2005), smooth muscles (Ben-Yair
and Kalcheim 2008) and angiogenic cells (Wilting et al.
1995, 2000, 2001). In terms of anatomical localization,
the dermomyotome can be divided into a dorsomedial and
a ventrolateral portion. The dorsomedial dermomyotome
gives rise to the intrinsic back muscles or epaxial mus-
cles, whereas the ventrolateral lip of the dermomyotome
(VLL) is the source of the hypaxial musculature (Christ
and Ordahl 1995; Huang and Christ 2000). At the occipital,
cervical and limb level, migrating premyogenic progenitors
delaminate from the ventrolateral dermomyotomal lip, de-
epithelize, undertake a long-range migration and generate
at their target locations hypaxial muscles of extremities,
tongue and diaphragm (Christ and Ordahl 1995; Cheval-
lier et al. 1977; Christ et al. 1977; Ordahl and Le Douarin
1992). Thus, the development of hypaxial limb muscula-
ture comprises several phases ranging from generation of
premyogenic progenitor cells in the VLL, their delamina-
tion, migration, proliferation and subsequent differentia-
tion into muscle fibers. Various genes have been identified
to regulate the processes responsible for the formation of
hypaxial limb musculature. Pax3 is required for the speci-
fication and establishment of a myogenic progenitor pool
in the ventrolateral dermomyotome (Franz et al. 1993;
Bober et al. 1994; Tajbakhsh et al. 1997). Another paired
box transcription factor called Pax7 is expressed in chicken
embryos by migrating myogenic precursors during the
entire migration process, whereas in mice, muscle precur-
sors start to express Pax7 when they have already entered
the limb (Marcelle et al. 1995; Mansouri et al. 1996). The
tyrosine kinase receptor c-Met is expressed by progeni-
tor cells, while its ligand scatter factor/hepatocyte growth
factor (SF/HGF) is secreted along the migration routes
in the limb bud mesenchyme. This receptor-ligand pair is
essential for the delamination of migrating progenitor cells
from the VLL (Bladt et al. 1995; Brand-Saberi et al. 1996;
Dietrich et al. 1999). Finally, at their terminal destinations,
the progenitor cells start to express myogenic regulatory
factors Myf5, Mrf4, MyoD and myogenin, which deter-
mine the myogenic differentiation program (Ott et al. 1991;
Pownall and Emerson 1992; Sassoon 1993).

In the forelimbs of higher vertebrates, two portions can
be distinguished, namely the portion located distal to the
shoulder joint (stylopod, zeugopod and autopod) and the
proximal portion (scapula and clavicle), referred to as pec-
toral girdle. The latter connects the distal forelimb part to
the trunk. Whereas the mechanisms of the forelimb muscle
development have been subject of many studies and publi-
cations, little is known about the development of the proxi-
mal pectoral girdle muscles. Most recently, Valasek and
colleagues reported that superficial pectoral girdle muscles

@ Springer

arise from subpopulations of forelimb muscle precursors,
which initially migrate into the limb bud and return to the
trunk thereafter. This mechanism is referred to as the “In—
Out” mechanism and the pectoral girdle muscles are there-
fore secondary trunk muscles (Valasek et al. 2011; Yusuf
and Brand-Saberi 2012). Characteristic superficial pec-
toral girdle muscles are the large pectoral muscle located
ventrally and the latissimus dorsi and the deltoid muscles
located dorsally.

Until now, the underlying molecular mechanisms gov-
erning the retrograde migration of pectoral girdle myogenic
precursors have been insufficiently studied. One potential
molecular signal playing a role in the retrograde migration
of pectoral girdle muscle precursors is the CXCR4/SDF-1
axis. The chemokine receptor CXCR4 and its only ligand
SDF-1 are known to be involved in numerous physiologi-
cal and pathological processes including hematopoiesis
(Bleul et al. 1996), neurogenesis (Lazarini et al. 2003,
Pujol et al. 2005), metastasis of cancer cells (Miiller et al.
2001; Balkwill 2004; Hiratsuka et al. 2011) and HIV
pathogenesis (Deng et al. 1996; Doranz et al. 1996; Feng
et al. 1996). Moreover, it has been demonstrated that these
molecules are implicated in several migration events dur-
ing embryogenesis, such as migration of primordial germ
cells in zebrafish, avians and mammals (Doitsidou et al.
2002; Knaut et al. 2003; Stebler et al. 2004). Beside this,
our and other groups have previously shown that CXCR4
and SDF-1 are required for the migration of myogenic pro-
genitors within the limb bud mesenchyme of developing
chicken embryos. Hereby, SDF-1 is expressed by the limb
mesenchyme and its gene product serves as a guidance cue
for CXCR4 expressing myogenic precursor cells (Vasyu-
tina et al. 2005; Yusuf and Brand-Saberi 2006).

By using sophisticated transplantation techniques, Val-
asek and coauthors convincingly provide evidence that the
superficial pectoral girdle muscles develop from precursor
cells initially residing in the forelimb. Based on this find-
ing, they postulate the “In~Out” mechanism as the devel-
oping mode for this muscle group. Furthermore, they show
the significance of one molecular player, Tbx5, not only for
the development of the forelimb, but also for the pectoral
girdle musculature in chicken and zebrafish (Valasek et al.
2011). However, until now, the molecular signals involved
in this migration of pectoral girdle muscle precursors dur-
ing the “In-Out” developing mode have not been eluci-
dated. Thus, the purpose of the present study was to further
investigate the mechanism of the pectoral girdle muscle
formation and the role of the CXCR4/SDF-1 axis during
this process. Most recently, by combining in ovo elec-
troporation and tissue slice-cultures with the state-of-the-
art imaging techniques of confocal laser scanning micros-
copy and spinning disc confocal microscopy, our group
has been able to visualize by live imaging the migration
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of myogenic precursors from the somite into the develop-
ing limb bud. Thus, in this technical work, we developed
a novel approach for dynamical analysis of cell migration
in embryonic tissues (Masyuk et al. 2014). Here, we dem-
onstrate live in detail the migration pattern of the pectoral
girdle myogenic precursors and, thus, verify the “In-Out”
mechanism consisting of migration into the developing
forelimb bud, followed by the retrograde migration in the
shoulder region with aid of time-lapse imaging. But most
importantly, we show the role of CXCR4 and SDF-1 in the
development of pectoral girdle musculature by modifying
this signaling during embryonic development of chicken
and mice. To this purpose, we blocked the CXCR4/SDF-1
signaling by a specific CXCR4 inhibitor in the shoulder
region of chicken embryos and show that the migration of
myogenic precursors toward the trunk is affected. Further-
more, our analysis of CXCR4-mutant mice demonstrates
considerable decrease of pectoral girdle muscle. Hence, in
the present study, we provide for the first time evidence that
the CXCR4/SDF-1 axis is crucial for the retrograde migra-
tion during formation of pectoral girdle musculature in
both avians and mammals.

Materials and methods
In ovo electroporation

Fertilized Lohmann Brown chicken eggs (Gallus domes-
ticus) obtained from a local breeder were incubated
at 37.5 °C and 80 % relative humidity until the stages
HH14-15 (Hamburger and Hamilton 1951) were reached.
To lower the embryo, 2-3 ml of albumen was withdrawn
with a sterile syringe at the blunt end. An oval window
about 2 cm in length was cut on the upper side of the egg.
For a better visualization of the embryo, black drawing ink
diluted 1:10 with Locke’s solution containing penicillin G
(Penicillin G sodium salt, PENNA, Sigma) was injected
into the yolk under the blastoderm. The vitelline mem-
brane and the amnion overlaying the embryo were care-
fully removed with a tungsten needle. The Tol2-EGFP vec-
tor system (Koga et al. 1996; Kawakami 2007; Kawakami
et al. 2000; Sato et al. 2007) kindly provided as a gift from
Koichi Kawakami (Division of Molecular and Develop-
mental Biology, National Institute of Genetics, Mishima,
Shizuoka 411-8540, Japan) was mixed with transposase.
The Tol2 construct inserted into cells together with trans-
posase enables the electroporated EGFP gene to be stably
integrated into chicken chromosomes and allows, thus, a
stable expression until embryonic day 12 in somite-derived
cells (Sato et al. 2007). As reported before, few crystals of
Fast Green FCF (F 7258, Sigma-Aldrich) were added to
the plasmid solution to detect the injection (Krull 2004).

In total, 2 pl of the DNA solution was aspired in a boro-
silicate glass capillary attached to a rubber aspirator tube
and injected into the somites 16-21 by mouth. To ensure
conductivity during electroporation, some drops of Locke’s
solution were added to the newly injected area. The nega-
tive electrode was placed left and the positive electrode
right of the embryo and five square pulses of 27.5V, 20 ms
pulse-width at 200 ms intervals between the pulses were
applied with the aid of the TSS20 Ovodyne electroporator
(Intracel, UK). The negatively charged DNA, thus, moved
in the electric field toward the somitic cells adjacent to the
anode. The eggs were sealed with medical tape and rein-
cubated until the required stages were reached. The EGFP
expression in transfected embryos was visualized with the
aid of a fluorescence stereo microscope (M 165 FC, Leica,
Germany). The oldest stage used in this study was HH30.
All embryos were killed at the end of the study by opening
the shell and tearing the allantois and amnion with forceps.
No permits were required for the described study, which
complied with all relevant regulations.

Implantation of CXCR4 inhibitor (TN14003) beads

Specific low molecular weight CXCR4 inhibitor
(TN14003) obtained as a gift from Hirokazu Tamamura’s
group (Institute of Biomaterials and Bioengineering, Tokyo
Medical and Dental University, Tokyo 101-0062, Japan)
was dissolved in PBS to a concentration of 15 mg/ml
Heparin-coated acrylic beads, approximately 50-80 pm in
diameter (H5263, Sigma, Germany), were rinsed in PBS
and soaked in the inhibitor solution overnight at 4 °C. Con-
trol beads were incubated under the same conditions in
PBS. To implant the beads in the dorsal proximal forelimb
region of HH23 chicken embryos, eggs were windowed as
previously described, and the extraembryonic membranes
overlaying the operation side were carefully removed with
a tungsten needle. A tunnel in the mesoderm of the dorsal
proximal forelimb region was created with a fine tungsten
needle. Using a blunt glass needle, the beads were inserted
into the tunnel. The operated eggs were sealed with medi-
cal tape and reincubated until the stage HH26-27. Finally,
the embryos were either sectioned for live imaging or fixed
in 4 % paraformaldehyde and used for in situ hybridization.

Preparation of slice cultures

Chicken embryos were electroporated as previously
described and reincubated until the stage HH26. To
show live the effects of CXCR4 inhibitors on the retro-
grade migration of pectoral girdle muscle precursors,
beads soaked in CXCR4 inhibitor or in PBS for controls
were implanted into electroporated embryos as described
above and reincubated until the stage HH26. The embryos
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were transferred into ice-cold Hank’s solution, where the
extraembryonic membranes were removed. Thereafter,
transverse slices through the limb region of the embryo
were prepared using Mcllwain™ Tissue Chopper and col-
lected in Hank’s solution. Sections were selected under
visual control with a binocular microscope, fixed on cus-
tom-made glass coverslips (@ 32 mm, Kindler, Freiburg,
Germany) with the aid of plasma (P3266, Sigma, Ger-
many) coagulated with thrombin (605157, Calbiochem)
and covered with nutrient medium preheated to 37 °C.
Nutrient medium consists of minimal essential medium
(MEM, M2279, Sigma-Aldrich, Germany), supplemented
with 10 % fetal horse serum (HS, S9135, Biochrom, Ger-
many), 1 % chicken embryonic extract, 0.6 % glucose, 1 %
penicillin (A321-42, Biochrom, Germany) and 1 % L-glu-
tamine (G7513, Sigma-Aldrich, Germany).

Live-cell imaging

The migration of the Tol2-EGFP-transfected premyogenic
progenitors within the slice culture was studied with the
aid of a confocal laser scanning microscope (CLSM, Zeiss
LSM 510) equipped with a laser module containing an Ar
laser (488 nm) and a HeNe laser (543 nm). For time-lapse
imaging, a Rose chamber was utilized, taking the advan-
tage of a closed system and minimal distance between
Zeiss 10x-Apochromate lens (Plan-Neofluar, NA 0.3)
and the specimen. To maintain the incubation settings at
37 °C and 5 % CO, on the microscope stage, a CTI con-
troller 3700 digital, O, controller, Tempcontrol 37-2 digital
and the Incubator S, .., together with the heating insert P
(Zeiss) are used. To reduce phototoxicity of the cells and
photobleaching of the FP-signal, the excitation intensity
was reduced to a minimum (488 nm, 2 %; 543 nm, 11 %)
and images were taken every 10 min for a period of up to
24 h. The EGFP-positive cells retained apparently normal
active motility and proliferation during the monitoring,
indicating the cells were viable.

In situ hybridization

Whole mount in situ hybridization was performed as
described previously (Nieto et al. 1996). Briefly, chicken
and mouse embryos were fixed in 4 % PFA/PBS, treated
with proteinase K, refixed and tested for MyoD, Pax7,
SDF-1 and CXCR4 expression using species-specific
probes. RNA probe for chicken MyoD was a 1,518-bp
probe kindly provided by Bruce Peterson. The probe for
mouse MyoD was a 1,833-bp probe obtained as a kind gift
from Ketan Patel. A 600-bp Pax7 probe, a 425-bp SDF-1
probe and a 693-bp probe specific for chicken was used.
The riboprobes were labeled with digoxigenin RNA labe-
ling kit (Roche diagnostics, Germany). The hybridization
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product was visualized with an antibody against digoxi-
genin conjugated to alkaline phosphatase. Hybridized
samples were photographed using a stereo microscope (M
165 FC, Leica, Germany) equipped with a digital cam-
era (DFC420 C, Leica, Germany). Subsequently, selected
chicken embryos were sectioned using a vibratome
(VT1000 S, Leica, Germany) at a thickness of 50 um and
embedded in Aquatex® (108562, Merck, Germany). Paraf-
fin or vibratome sections of mouse embryos were carried
out.

Immunohistochemistry

For immunohistochemistry, cryosections or slice cul-
tures of electroporated embryos were fixed in 4 % PFA/
PBS. The specimens were permeabilized with 1 % Triton-
X-100 in PBS for 10 min. Nonspecific-binding sites were
blocked with 2 % goat serum (G9023, Sigma-Aldrich) in
PBS for 30 min. Afterward, sections were incubated with
the primary antibody MF20 (Developmental Studies Hybri-
doma Bank; cryosections: 1:500 in PBS,; slice cultures 1:50
in PBS) overnight at 4 °C, followed by washing in PBS.
Visualization of the primary antibody was achieved by
incubating the sections with Tetramethyl Rhodamine Iso-
Thiocyanate (TRITC, T5393, Sigma, 1:1,000 in PBS) as
secondary antibody for at least 2 h. The nuclei were stained
using bisBenzimide H 33342 trihydrochloride (Hoechst,
B2261, Sigma-Aldrich, 1:100 in PBS). Finally, the samples
were intensively washed in PBS and embedded in Fluoro-
mount™ (K024, Biotrend, Germany) mounting medium.

Confocal laser scanning microscopy

Immunoreactivity was analyzed with the aid of a confocal
laser scanning microscope (CLSM; LSM 510 Meta, Zeiss,
Germany) in combination with Zeiss 40x oil immersion
lens (Plan-Neofluar, NA 1.3). To cover the whole extension
of the section, z-stack mode was used.

Apoptosis test

Apoptosis test was performed after implantation of
TN14003 beads in chicken embryos, using terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Gavrieli et al. 1992). Paraffin sections of chicken
embryos were incubated with 0.5 % pepsin in Aqua, HCI
at 39 °C for 15 min. For positive controls, bovine pancreas
DNase treatment was performed for 45 min at 39 °C. All
sections were quenched of endogenous peroxidase in 3 %
hydrogen peroxidase in methanol for 5 min. For TdT labe-
ling, the specimens were first incubated for 10 min in TdT
buffer and then in labeling mixture for 90 min at 39 °C.
Thereafter, the sections were treated with Streptavidin-HRP
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for 1 h at room temperature. For AEC (3-amino-9-ethylcar-
bazole) reaction, AEC staining kit (AEC101, Sigma, Ger-
many) was used. The slides were incubated with the AEC
substrate reagent for 20 min at room temperature.

Results
Lineage tracing of pectoral girdle muscles

To trace the myogenic precursors during formation of
superficial pectoral girdle muscles, we electroporated the
lateral dermomyotome of the somites 16-21 in HH14-15
chicken embryos using the Tol2-EGFP construct. These
somites are adjacent to the forelimb bud and were previ-
ously described to give rise to the brachial musculature
(Beresford et al. 1978; Beresford 1983). Chicken embryos
were reincubated until stage HH30 and observed in ovo at
regular intervals (Fig. 1). Initially restricted to the lateral
dermomyotome at stage HH18 (Fig. la), the Tol2-EGFP-
labeled premyogenic progenitor cells were detectable in the
developing limb bud at stage HH23 (Fig. 1b). From stage
HH26 onwards, muscle blastemas were not limited to the
forelimb, but extended to the shoulder region (Fig. Ic, d).
Subsequently, at stage HH30, EGFP-positive superficial
pectoral girdle muscles were identifiable, on the ventral
side the large pectoral muscle and on the dorsal side the
latissimus dorsi and deltoid (Fig. le, f, n = 25/28). Hence,
the brachial somites 16-21 do not only give rise to the
forelimb muscles, but also to the superficial pectoral girdle
muscles.

Live-cell imaging of migratory myogenic progenitors

In order to further examine the migration pattern of myo-
genic precursor cells, the ventrolateral dermomyotome of
HH14-15 chicken embryos was electroporated with the
Tol2-EGFP construct as described above and reincubated
for certain periods. Slice cultures of the forelimb region
of these embryos were captured with the aid of CLSM for
approximately 24 h (n = 15). This advanced imaging tech-
nique allowed us to track precisely the myogenic precursors
along their migration pathways. At stage HH23, the migra-
tion of the premyogenic cells from the ventrolateral der-
momyotome into the forelimb bud was already completed
and the myogenic precursors were situated dorsally and
ventrally in the limb bud (data not shown). At stage HH26,
the EGFP-labeled progenitor cells were no longer restricted
to the forelimb, but they were also detectable in the dorsal
and ventral trunk region (Fig. 2). Furthermore, with aid of
the time-lapse imaging data, an active retrograde migration
of individual muscle precursor cells from the forelimb bud
toward the pectoral girdle region was clearly visible (Fig. 2;

supplement movie 1). Thus, our results demonstrate live
the retrograde migration of the pectoral girdle muscle pre-
cursors from the forelimb bud to the pectoral girdle region.

Analysis of SDF-1, CXCR4, Pax7 and MyoD expression
pattern in the forelimb and pectoral girdle region
of chicken embryos

Using in situ hybridization with chicken-specific probes,
we analyzed the normal expression pattern of the
chemokine receptor CXCR4 and its ligand SDF-1 as well
as of Pax7, a gene expressed by migrating myogenic pre-
cursors and the myogenic regulatory factor MyoD in the
developing forelimb and pectoral girdle region of HH24
and HH26 chicken embryos. At stage HH24, transcripts
of SDF-1 are observable in the forelimb bud, whereas at
stage HH26, it is additionally expressed in the dorsal pec-
toral girdle region (Fig. 3a, b). Analogously, expression of
its receptor CXCR4 is visible in the forelimb mesenchyme
at stage HH24, while at stage HH26, CXCR4-positive
cells are also detectable being scattered in and around the
pectoral girdle region (Fig. 3¢, d). Pax7, a marker of the
migrating myogenic precursors, is strongly expressed in the
forelimb at both stages, whereby at stage HH26, its expres-
sion extends into the proximal forelimb bud (Fig. 3e, ).
The expression of the myogenic regulatory factor MyoD is
clearly visible in the forelimb bud at both stages. Never-
theless, at stage HH26, the band of MyoD-positive cells is
broader than at stage HH24 and is additionally detectable
in the dorsal pectoral girdle region (Fig. 3g, h).

Thus, our expression analysis of the myogenic markers
Pax7 and MyoD strengthens the hypothesis of the “In—Out”
migration during development of pectoral girdle muscles.
Furthermore, our results concerning the expression pattern
of the chemokine receptor CXCR4 and its ligand SDF-1
suggest a potential involvement of this signaling pathway
during the retrograde migration of pectoral girdle muscle
precursors.

CXCR4 inhibitor TN14003 affects the retrograde migration
of pectoral girdle myogenic precursors in chicken embryos

To investigate the functional significance of the chemokine
receptor CXCR4 during the retrograde migration of myo-
genic pectoral girdle muscle precursors, we implanted
acrylic beads soaked in the specific low molecular weight
CXCR4 inhibitor TN14003 (Tamamura et al. 1998, 2001)
in the dorsal proximal forelimb bud of chicken embryos
at stage HH23. Subsequently, at stage HH26, the MyoD
expression in the pectoral girdle region was significantly
reduced after implantation of CXCR4 inhibitor beads
as compared to the control side (Fig. 4a, b, n = 35/41).
In controls, PBS beads did not show any effect on the
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Fig. 1 Somitic origin of the pectoral girdle muscles. The ventrolat-
eral dermomyotomes of the somites 16-21 in HH14 chicken embryo
were electroporated using a Tol2-EGFP construct. Embryos were
reincubated and observed in ovo using a fluorescence microscope.
a-d The dotted line indicates the developing limb bud. a At stage
HH18, EGFP-labeled cells were detectable in the ventrolateral der-
momyotome and individual cells delaminated and migrated toward
the developing limb bud. b Numerous premyogenic precursors have
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already entered the limb bud at stage HH23. ¢ At stage HH26, a fur-
ther increase of the EGFP-positive cells in the limb was observable. d
Individual muscle blastemas could be distinguished at HH28, but at
that time, they were not limited to the forelimb, but extended to the
shoulder region. e, £ At stage HH30, EGFP-positive pectoral girdle
muscles were identifiable, such as () the large pectoral muscle, (2)
the deltoid and (3) the latissimus dorsi




Histochem Cell Biol (2014) 142:473-488

479

Fig. 2 Time-lapse imaging of the retrograde migration of pectoral
girdle muscle precursors. Premyogenic precursor cells were labeled
with the Tol2-EGFP construct by electroporation of the ventrolateral
dermomyotomes of HH14 chicken embryos. After reincubation up to
stage HH26, time-lapse imaging on transverse slice cultures of the
forelimb region was performed. The myogenic precursor cells (green)

MyoD expression in the pectoral girdle region (Fig. 4c,
d, n = 45/45). These results were confirmed by analyzing
transverse sections at the forelimb level of these embryos.
Given the fact that the CXCR4/SDF-1 axis is known to
be involved in numerous migration processes, these findings
suggest that the CXCR4 inhibitor affected the retrograde
migration of the pectoral girdle muscle precursor cells. To
confirm this hypothesis, we performed time-lapse imag-
ing in slice cultures of chicken embryos. To this purpose,
chicken embryos at stage HH14 were electroporated with
the Tol2-EGFP construct. After 2 days of reincubation, when
the embryos reached stage HH23, beads soaked in CXCR4
inhibitor solution or, for controls, in PBS were implanted
into the dorsal proximal forelimb region. After another day
of reincubation, time-lapse imaging was performed with
slice cultures of these embryos. At stage HH26, the EGFP-
labeled myogenic precursor cells were detectable in the dor-
sal and ventral premuscle mass of the forelimb bud (Figs. 5,
6; supplement movies 2, 3). In our time-lapse imaging

were detectable in the dorsal and ventral forelimb bud and trunk
region, respectively. Individual cells underwent an active retrograde
migration from the forelimb bud toward the thorax (white arrows),
representing the “Out”-phase of the “In—Out” mechanism required for
the pectoral girdle muscle formation. See also Movie 1 in supplemen-
tary material. Scale bar 100 pm

analysis in slice cultures of chicken embryos after implanta-
tion of CXCR4-inhibitor-soaked beads, we observed highly
active movements of EGFP-positive cells which, however,
did not succeed to penetrate the TN14003-soaked area in
order to reach the pectoral girdle region (Fig. 5; supplement
movie 2). By contrast, in slice cultures of chicken embryos
after implantation of PBS-soaked control beads, the EGFP-
labeled myogenic precursor cells migrated in the retrograde
direction toward the trunk passing the acrylic bead with ease
(Fig. 6; supplement movie 3).

Taken together, these results show that the CXCR4
inhibitor affects the retrograde migration of myogenic pre-
cursor cells required for the formation of pectoral girdle
muscles in chicken embryos.

CXCR4 inhibitor TN14003 does not cause cell death

To exclude the possibility that CXCR4 inhibitor affects
the retrograde migration of myogenic precursor cells by
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Fig. 3 Expression of SDF-1, CXCR4, Pax7 and MyoD in the pec-
toral girdle region of chicken embryos. The expression pattern of
the stated genes in HH24 and HH26 chicken embryos was ana-
lyzed using in situ hybridization. a, b At stages HH24 and HH26,
transcripts of SDF-1 are visible in the dorsal forelimb mesenchyme
(white arrowheads) as well as in the shoulder region (green arrows
in a, b). ¢, d At both stages, CXCR4 is prominently expressed in the
dorsal forelimb bud (white arrows). At stage HH26, few CXCR4-
positive cells are observable in and around the pectoral girdle region

inducing cell death, we additionally performed an apopto-
sis test after implantation of TN14003-soaked beads using
the TUNEL assay. Here, no increased apoptosis could be
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(green arrowhead in d). e, f Strong Pax7 expression is detectable in
the dorsal forelimb mesenchyme at stages HH24 and HH26, whereby
at stage HH26, Pax7 expression extends into the proximal forelimb
(green arrows in e, f). g, h At stage HH24, MyoD is expressed in
the dorsal forelimb bud (green arrow in g), whereas at stage HH26,
the MyoD expression domain is not restricted to the distal forelimb
(green arrows in h), but extends out into the shoulder region (green
arrowhead in h)

observed in the area around the CXCR4 inhibitor bead
(supplement Fig. S1 A,B). To prove the significance of
this result, in tissue sections treated with bovine pancreas
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Fig. 4 CXCR4 inhibitor TN14003 affects the formation of pectoral
girdle muscle blastemas. Acrylic beads soaked in specific CXCR4
inhibitor TN14003 or PBS, for controls, were implanted into the dor-
sal proximal forelimb region of HH23 chicken embryos. The embryos
were reincubated up to stage HH26 and muscle masses were analyzed
using in situ hybridization for MyoD expression. a, b The MyoD
expression in the dorsal shoulder region was considerably reduced

DNase I that cleaves the DNA and was used as positive
control, numerous apoptotic cells were detectable in the
entire specimen (supplement Fig. S1 C,D).

Tol2-EGFP-transfected cells are not affected
by electroporation and develop into muscle cells

Immunohistochemical stainings using MF20, an estab-
lished marker for muscle cells, demonstrated an over-
lap of EGFP and MF20 expression (Fig. 7), showing that
Tol2-EGFP-labeled cells are myogenic precursor cells and
develop into muscle fibers. In slice culture of a Tol2-EGFP-
electroporated chicken embryo, we observed contractile
and viable EGFP-positive fibers after seven days of rein-
cubation (supplement movie 4). We thus conclude that the

(green arrow in a, red arrow in b) after implantation of CXCR4
inhibitor beads (white arrowheads in a) as compared to the control
side (black arrow in b). ¢, d PBS beads (white arrowheads in b) did
not show any effect on the MyoD expression in the dorsal pectoral
girdle region (green arrow in ¢, black arrows in d). b, d are trans-
verse sections at forelimb level of the embryos showed in a, ¢)

electroporation technique does not affect the physiological
development of myogenic precursor cells.

Mice deficient in CXCR4 exhibit impaired pectoral girdle
muscle formation

Additionally, we examined the development of pectoral
girdle muscles in mice carrying a mutation in the CXCR4
gene (Ma et al. 1998; Zou et al. 1998). In situ hybridiza-
tion using a mouse-specific MyoD probe was used to vis-
ualize the muscle blastemas. First, we analyzed the MyoD
expression in wildtype mouse embryos (CXCR4™*) and
identified individual pectoral girdle muscles, such as
the latissimus dorsi, the acromiotrapezius, the spinotra-
pezius and the spinodeltoid muscle (Fig. 8e, n = 8/8).
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Fig. 5 CXCR4 inhibitor TN14003 affects the retrograde migration
of pectoral girdle muscle precursors. Premyogenic precursor cells
were labeled with the Tol2-EGFP construct by electroporation of the
ventrolateral dermomyotome of HH14 chicken embryos. After rein-
cubation up to stage HH23, acrylic beads soaked in specific CXCR4
inhibitor TN14003 were implanted into the dorsal proximal forelimb
region. At stage HH26, time-lapse imaging on transverse slice cul-
tures of the forelimb region was performed. The myogenic precur-

In the homozygous (CXCR4™/~, n = 6/6) E14.5 mouse
embryos, we could observe considerably less differenti-
ated pectoral girdle muscle blastemas and, therefore, a
decreased MyoD expression in the pectoral girdle region
as compared to the wildtype (CXCR4™/*) with a strong
MyoD expression in all four pectoral girdle muscles
stated above (Fig. 8f). In transverse sections at forelimb
level of the mouse embryos, we could confirm that the
pectoral girdle muscle masses were substantially reduced
in the homozygous (CXCR4 /") embryos (Fig. 8b, d) in
comparison with the wildtype (CXCR4**) mice (Fig. 8a,
c). In heterozygous littermates, the decrease in pecto-
ral girdle muscles was visible, but less pronounced (not
shown). Strikingly, there was no significant difference in
MyoD expression in distal forelimb muscles between the
homozygous (CXCR4™'7) and the wildtype (CXCR4+*)
mouse embryos.
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sor cells (green) were detectable in the dorsal and ventral forelimb
region. The dotted circle indicates the area containing the CXCR4
inhibitor solution. The myogenic cells showed highly active move-
ments and proliferation (white arrows), but did not succeed in pen-
etrating the CXCR4 inhibitor area and were thus inhibited in their ret-
rograde migration. See also Movie 2 in supplementary material. Scale
bar 100 pm

Discussion

The results of the present study show that the
CXCR4/SDF-1 signaling is required for the pectoral gir-
dle muscle formation in chicken and mice. Moreover, with
the aid of time-lapse imaging, we visualized live by time-
lapse imaging in detail the effects of CXCR4 inhibitor on
the retrograde migration of myogenic precursors from the
limb toward the trunk resulting in a failure to undergo ret-
rograde migration in the sense of the well-described “In—
Out” mechanism (Valasek et al. 2005, 2011).

Somitic origin of pectoral girdle muscles
More than 30 years ago, Beresford and colleagues per-

formed interspecific chimaera studies by grafting somites
from quail to chicken embryos and reported that all
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Fig. 6 The acrylic bead does not mechanically interfere with the
retrograde migration of pectoral girdle muscle precursors. Premyo-
genic precursor cells were labeled with the Tol2-EGFP construct by
electroporation of the ventrolateral dermomyotome of HH14 chicken
embryos. After reincubation up to stage HH23, PBS-soaked acrylic
beads were implanted into the dorsal proximal forelimb region. At
stage HH26, time-lapse imaging on transverse slice cultures of the
forelimb region was performed. a—e The myogenic precursor cells
(green) were detectable in the dorsal and ventral forelimb region. The

white arrowheads indicate the acrylic control bead soaked in PBS.
During the monitoring period, the myogenic cells revealed active
motility in the area of the implanted PBS bead. The labeled cell (red
arrow) actively moved in the retrograde direction toward the trunk
passing by the acrylic bead without difficulties. Thus, the retrograde
migration of the myogenic cells was not mechanically affected by the
bead. f The migration route of the myogenic cells is marked by the
dotted red arrow. See also Movie 3 in supplementary material. Scale
bar 100 pm

Fig. 7 Tol2-EGFP-transfected cells develop into muscle cells. The
ventrolateral dermomyotome of HH14 chicken embryo was trans-
fected with Tol2-EGFP construct using in ovo electroporation. After
reincubation, immunohistochemical staining using MF20 as marker

for muscle cells was performed and analyzed using CLSM. a The
Tol2-EGFP-labeled fibers (green) also express, b MF20 (red). ¢ In
the merged image, the overlap of the Tol2-EGFP and MF20 signal is
clearly visible
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CXCR4 +/+

Fig. 8 Mice deficient in CXCR4 exhibits impaired pectoral girdle
muscle formation. Muscle development in E13.5 and E14.5 wildtype
and CXCR4-mutant mouse embryos was analyzed using in situ
hybridization for MyoD. a—d In transverse sections through the fore-
limb region of E13.5 and E14.5 wildtype and CXCR4-mutant mouse
embryos, the pectoral girdle muscle blastemas were clearly decreased
in the homozygous (b, d) embryos in comparison to the wildtype
mice (a, ¢). e The normal MyoD expression pattern in E14.5 wildtype
mouse embryos is visible. The following pectoral girdle muscles were
identifiable: the spinodeltoid muscle (/), the acromiotrapezius (2), the
spinotrapezius (3) and the latissimus dorsi (4). f The muscle blastemas
in the pectoral girdle region of the homozygous E14.5 CXCR4-mutant
mouse embryo were considerably less developed (dotred line) as
compared to the wildtype mouse embryo (e), which led to a reduced
MyoD expression domain in this area. By contrast, the forelimb mus-
cle blastemas of the mutant mouse embryo were clearly visible and
unaffected, showing a strong MyoD expression and, thus, did not dif-
fer from the one in the forelimbs of wildtype mouse embryos (e)
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brachial muscles in the avian embryo derive from somites
16-21. This muscle group includes the wing-associated
muscles of the shoulder and thorax, and thus, also the del-
toid, the pectoral and the latissimus dorsi (Beresford et al.
1978; Beresford 1983). Our study confirmed those findings
by using the technique of in ovo electroporation, which
allowed us to target the specific somite compartment con-
taining migrating premyogenic progenitors, the ventrolat-
eral dermomyotome. Hence, we could stepwise observe
the muscle development in real time in the developing
embryo. The EGFP-tagged progenitor cells were detect-
able in the ventrolateral dermomyotome lip at stage HH18.
Moreover, we could observe some cells located outside of
the somite, which suggests the delamination of migrating
myogenic progenitors from the VLL. After another 24 h of
reincubation, at stage HH23, numerous myogenic precur-
sors were detectable in the forelimb bud, which implies that
migration had meanwhile proceeded from the VLL into the
limb. This is in line with previous studies concerning the
limb muscle development (Christ et al. 1977; Ordahl and
Le Douarin 1992; Christ and Brand-Saberi 2002). Finally,
at stage HH30, apart from forelimb muscles, we also iden-
tified EGFP-positive pectoral girdle muscles, namely the
deltoid, the pectoral and the latissimus dorsi. This impli-
cates that the pectoral girdle muscle precursors originate
from the same axial somitic levels 16-21 that give rise to
forelimb muscles.

Migration during formation of pectoral girdle muscles

Several groups have suggested that the pectoral girdle mus-
cles arise from premuscle masses in the developing limb
bud by mechanisms of secondary migration out from the
limb to the trunk (Beresford et al. 1978; Sullivan 1962;
Grim 1971; Lanser and Fallon 1987; Nagashima et al.
2009). Recently, by use of transplantation techniques,
Valasek and colleagues could show that the pectoral and
latissimus dorsi muscles, which belong to the superficial
pectoral girdle muscles, develop from a population of myo-
genic precursor cells that temporarily reside in the limb.
They termed this developing mode the “In-Out” mecha-
nism (Valasek et al. 2011). Our lineage tracing experi-
ments strengthen these results, as after electroporation of
brachial somites, myogenic cells were discernible in the
limb bud, before they formed pectoral girdle muscle blas-
temas. Furthermore, our expression analysis of Pax7, a
gene expressed by migrating myogenic precursors and the
myogenic regulatory MyoD in chicken embryos are also
in line with Valasek’s results. Additional to our morpho-
logical data, the present study visualizes live the migration
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pattern of pectoral girdle muscle precursors. In our recent
work, by combining the transfection method of in ovo elec-
troporation and the use of tissue slice-cultures with the
state-of-the-art imaging technique of confocal laser scan-
ning microscopy, we developed a novel approach to study
migrational events in embryonic tissues. The combination
of these techniques allowed us to observe migrating premy-
ogenic progenitors which delaminate from the ventrolateral
dermomyotome, enter the forelimb bud and migrate to the
ventral and dorsal side of the limb (Masyuk et al. 2013).
Here, we use this novel technique to visualize the retro-
grade migration during development of pectoral girdle
musculature. We could observe individual somite-derived
labeled cells from various locations within the limb moving
actively into the opposite direction from the forelimb bud
toward the trunk region, which clearly shows the retrograde
migration of myogenic precursors. This is required for the
formation of secondary trunk muscles. Thus, we could not
only verify, but also demonstrate live the “In-Out” mecha-
nisms during formation of pectoral girdle musculature.

Moreover, our time-lapse imaging data allowed us to
observe migrating myogenic cells on their pathways to
their target locations and analyze their behavior during this
process. The observation of numerous cell divisions that
occur during this development indicate the high prolifera-
tion rate of myogenic precursors during the entire migra-
tion period.

The classification of pectoral girdle musculature in deep
and superficial muscles proposed by Valasek et al. in the
study described before is not only based on their final ana-
tomical position, but also reflects the distinct development
modes of these muscle groups. Their grafting experiments
in avians showed that, contrary to the superficial pectoral
girdle muscles, the deep shoulder girdle muscles, such as
rhomboidei or avian serrati, do not deploy the “In-Out”
mechanism. They thus assumed that the deep shoulder gir-
dle muscles develop locally from the myotome by myo-
tomal extension (Valasek et al. 2011). Nevertheless, the
developing mode of this muscle group has not been visual-
ized in the stated study. Further work is therefore required
to demonstrate properly the development of deep pectoral
girdle muscles. To this purpose, the same methods as those
used in our present study to show the origin and develop-
ing mode of the superficial shoulder girdle muscles could
be applied to the deep shoulder girdle muscles by elec-
troporation of different somitic levels, different parts of the
somites and subsequent analysis of the derivatives (Masyuk
et al. 2014; Morosan-Puopolo et al. 2014; Pu et al. 2013).
In another study, Valasek and colleagues showed that a fur-
ther group of secondary trunk muscles, the cloacal muscles,
develops in a similar manner as the pectoral girdle muscles.
First, these cells also migrate forward into the hindlimb and
thereafter extend back toward the trunk. They describe this

retrograde migration as an elongation of the ventral mus-
cle mass of the hindlimb toward the cloaca (Valasek et al.
2005). Considering our live-cell imaging data, we assume
a distinct mechanism for the retrograde migration of pec-
toral girdle muscle precursors. Proximal extension or elon-
gation from a muscle mass inside the limb bud implies
simultaneous migration of a coherent group of cells. In the
present experimental setup, we could, however, observe
individual cells actively migrating from the forelimb back
toward the shoulder region. Yet further studies analyzing
the gene expression pattern of pectoral girdle muscle pre-
cursors in the course of their migration are necessary in
order to define the precise mode of pectoral girdle muscle
development.

CXCR4/SDF-1 axis and development of pectoral girdle
muscles

The wide-ranging involvement of the CXCR4/SDF-1
signaling in various migration processes led us to conjec-
ture that this receptor-ligand system could be a molecular
player in the formation of pectoral girdle muscles. We have
previously reported the significance of these molecules dur-
ing formation of another secondary trunk muscle group,
the cloacal muscles in avians (Rehimi et al. 2010). In the
present study, we unravel the role of CXCR4 and SDF-1
during formation of pectoral girdle muscles in two ani-
mal models, chicken and mice. In the context of forelimb
muscle precursors, our and other groups have shown that
the chemokine receptor CXCR4 is expressed by migrating
myogenic precursors, while its ligand SDF-1 is secreted
by the limb bud mesenchyme along the migration routes
(Vasyutina et al. 2005; Yusuf and Brand-Saberi 2006).
The expression patterns of CXCR4 and SDF-1 in chicken
embryo have been previously described by our group
(Yusuf et al. 2005; Rehimi et al. 2008). In the present study,
we explicitly analyze the expression of CXCR4 and SDF-1
in the pectoral girdle region at the relevant stages and our
results are highly suggestive for the role of this receptor-
ligand pair in migrating myogenic precursor cells during
development of pectoral girdle musculature. Furthermore,
we already reported that molecular inhibitors of CXCR4
affect the migration of myogenic precursor cells into the
limb bud (Yusuf and Brand-Saberi 2006). Here, we dem-
onstrate that CXCR4 inhibitors affect the retrograde migra-
tion of myogenic precursors in chicken embryos, which
is required for the formation of pectoral girdle muscles.
The MyoD expression was reduced in the shoulder region
after implantation of CXCR4-inhibitor-soaked beads.
With the aid of live-cell imaging, we could provide evi-
dence that this effect is due to a hindered retrograde migra-
tion of the myogenic precursors. The myogenic precursor
cells moved actively, but did not succeed in penetrating
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the CXCR4 inhibitor area, and thus, remained in the limb
during the monitoring period. Indeed, one possible fate of
these affected cells could be that they rest in the forelimb
bud and undergo their differentiation program into muscle
cells. There are indications for this as we could observe
an apparent accumulation of MyoD-positive cells distal to
the CXCR4 inhibitor bead. However, data of earlier stud-
ies argue against this hypothesis, as it was shown that pro-
genitor cells, which were prevented from migration into
the forelimb bud through CXCR4 inhibitors, underwent an
altered differentiation program and developed into endothe-
lial cells instead of muscle cells (Yusuf and Brand-Saberi
2006). Yet this issue has to be further investigated and
quantified at the cellular level. Moreover, in our live-cell
imaging data, we could observe that the myogenic precur-
sors inhibited in their retrograde migration retained a high
proliferation rate throughout the entire recording period.
Thus, the CXCR4 inhibitor affects the active cell migra-
tion, but not a passive movement that may result from cell
division. We thus conclude that the migration of the myo-
genic precursors back to the trunk occurs independently of
cell proliferation.

To further support our studies in the chicken model, we
show the importance of the CXCR4 signaling for the for-
mation of the mammalian pectoral girdle musculature by
additional use of a mouse model. In CXCR4—/— mouse
embryos, we demonstrate a significant decrease of the mus-
cle mass in specific pectoral girdle muscles as compared to
the wildtype mouse embryo. Thus, we revealed the crucial
role of CXCR4/SDE-1 axis for the pectoral girdle muscle
formation also in mice. Remarkably, the pectoral girdle
muscle blastemas in CXCR4-mutant mouse embryos are
decreased but never absent, pointing toward a probable
existence of CXCR4™ subpopulations among the pectoral
girdle muscle precursors. In the context of forelimb mus-
cle precursors in mice, such a subdivision into CXCR4"
and CXCR4™ cells has been previously described (Vasyu-
tina et al. 2005). Furthermore, we found in another study
indications for a CXCR4~ subpopulation during forma-
tion of cloacal muscles in chicken embryos (Rehimi et al.
2010). It is noteworthy that the formation of muscles of the
distal forelimb bud is not affected in the CXCR4-mutant
mouse embryos, as we could never observe a reduction of
MyoD expression in this muscle group compared with the
wildtype embryos. This is consistent with previous findings
of Vasyutina and colleagues, who could not observe any
appreciable changes in size of forelimb muscles in CXCR4-
mutant mice. However, they found a pronounced reduction
of forelimb muscle masses in CXCR4/Gab1 double-mutant
mice, suggesting that CXCR4 signaling converges with sig-
nal transduction effectors used by Gabl in mouse embryos
(Vasyutina et al. 2005; Vasyutina and Birchmeier 2006).
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Several cases of malformations of the pectoral girdle
musculature in humans have been described (Hegde and
Shokeir 1982; David and Winter 1985; Bergman et al.
1988; Paraskevas and Raikos 2010). The most common
congenital disease affecting the shoulder girdle is Poland
syndrome, with a prevalence of 1 in 20,000-30,000 live
births. First described by Alfred Poland in 1841, it is char-
acterized by unilateral absence or hypoplasia of pectoralis
major and pectoralis minor muscle associated with ipsilat-
eral skeletal, vascular and surface feature anomalies. Other
clinical features occurring as part of Poland syndrome
include malformations of the hand and narrowed sunken
rib cage (Poland 1841; Jones 1926; Mosconi and Kamath
2003; Baban et al. 2009). The prevailing hypothesis con-
cerning the etiology of Poland syndrome is a vascular per-
turbance during embryonic development affecting the sub-
clavian artery (Bavinck and Weaver 1986). However, the
pathogenesis of this disease remains completely unknown
until today. Results from the present study suggest that
interfering with the CXCR4/SDF-1 signaling in the shoul-
der region may account for defects reminiscent of human
pectoral girdle malformations. Therefore, in addition to
the vascular perturbance hypothesis, defects in migration
pattern of myogenic precursors during embryogenesis
have to be studied further. Investigation of the develop-
ment of the pectoral girdle muscles can help to understand
the underlying mechanisms of such congenital diseases as
Poland syndrome and thus might be of clinical relevance
in the future.

Conclusion

The present study demonstrates by live imaging the ret-
rograde migration of myogenic precursor cells from the
forelimb bud toward the trunk, visualized by in ovo elec-
troporation and state-of-the-art confocal laser scanning
microscopic time-lapse imaging. Hence, we verify the “In—
Out” mechanism required for the formation of secondary
trunk muscles of the pectoral girdle. Most importantly, we
show that the retrograde migration of myogenic precursors
is affected by blocking the CXCR4/SDF-1 axis in chicken
embryos and provide evidence that the CXCR4/SDF-1
signaling is involved in the formation of pectoral girdle
muscles in avians and mammals.
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A fluoride-responsive (FR) amino acid that induces amide bond cleavage upon the addition of a fluoride
was developed, and it was applied to an FR traceable linker. By the use of an alkyne-containing peptide as
a model of an alkynylated target protein of a bioactive compound, introduction of the FR traceable linker
onto the peptide was achieved. Subsequent fluoride-induced cleavage of the linker followed by labeling
of the released peptide derivative was also conducted to examine the potential applicability of the FR
traceable linker to the enrichment and labeling of alkynylated target molecules.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

A wide variety of molecules including natural products, pep-
tides, and synthetic small compounds exhibit their biological ac-
tivities through specific interactions with target
biomacromolecules. Proteins including enzymes, receptors, and ion
channels represent the major group of these targets. Identification
of unknown protein targets that interact with biologically active
ligands has become indispensable in the fields of chemical biology
and drug development; however, this research approach is time-
consuming and laborious. The target identification comprises a se-
quence of processes: (1) fishing a target using a biologically active
ligand as bait; (2) enrichment of the hooked target; and (3) se-
quence analysis of the target by Edman degradation or mass
spectrometry (MS).! For the first step, photo-affinity labeling,
which allows bait to be covalently bounded to the corresponding
target upon photo-irradiation has significant use, because of the
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potential applicability to low affinity ligand-target pairs.'*™ The
hooked target is then linked with a biotinylated linker molecule for
facile purification by streptavidin beads wusing the bio-
tin—streptavidin interaction."” The immobilized target is sub-
sequently released from the beads for sequence analysis by
attenuating the biotin—streptavidin interaction. The high affinity of
the biotin—streptavidin interaction (Kq=10"1 M) however,
hampers liberation of the target from the beads. An alternative to
liberate the target is the use of a cleavable linker between the bait
and biotin.” This approach enables efficient elution of the target
protein from the beads via the linker cleavage, but contamination
owing to the presence of non-target proteins sometimes hampers
identification of the target.’ The cleavage under mild conditions
and generation of an orthogonal functional group not seen in
proteins, therefore, has been desired in this procedure. The or-
thogonal functional group enables chemoselective labeling of the
target protein by an isotopic or fluorescent tag. That facilitates
discrimination of the target from contaminated proteins by MS
using isotopic tag or SDS-PAGE using fluorescent tag.

We previously developed a traceable linker as an advanced
cleavable linker that enables selective labeling of the target protein
after elution from the streptavidin beads via the linker cleavage



