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During early avian development, primordial germ cells (PG@re highly migratory, moving
from the central area pellucida of the blastoderm to the antéor extra-embryonic germinal
crescent. The PGCs soon move into the forming blood vesselsyintravasation and travel
in the circulatory system to the genital ridges where they pécipate in the organogenesis
of the gonads. This complex cellular migration takes placeniclose association with a
nascent extracellular matrix that matures in a precise spat-temporal pattern. We rst

compiled a list of quail matrisome genes by bioinformatic seening of human matrisome
orthologs. Next, we used single cell RNA-seq analysis (ScRAseq) to determine that
PGCs express numerous ECM and ECM-associated genes in earlgmbryos. The

expression of select ECM transcripts and proteins in PGCs we veri ed by uorescent

in situ hybridization (FISH) and immuno uorescence (IF). Live igiamg of transgenic qualil
embryos injected with uorescent antibodies against brorectin and laminin, showed
that germinal crescent PGCs display rapid shape changes anthorphological properties
such as blebbing and lopodia while surrounded by, or in clog contact with, an ECM bril

meshwork that is itself in constant motion. Injection of aibl integrin CSAT antibodies
resulted in a reduction of mature bronectin and laminin bil meshwork in the germinal
crescent at HH4-5 but did not alter the active motility of thePGCs or their ability
to populate the germinal crescent. These results suggest @t integrin bl receptors

are important, but not required, for PGCs to successfully ngrate during embryonic
development, but instead play a vital role in ECM brillogessis and assembly.

Keywords: primordial germ cells, extracellular matrix, tran scriptome, germinal crescent, quail, matrisome

INTRODUCTION

The extracellular matrix (ECM) plays a vital role in the timirgpeed and direction of embryonic
cell movementsQufour et al., 1988; Loganathan et al., 201 addition to its importance in
cell migration, the ECM also provides signaling cues thatlieg cell behaviors and coordinate cell
functions in tissue formation and homeostasis. The ECM ign to impart structure and sti ness
to the developing embryo, and maintain proper tissue tensiat( et al., 20)7The ECM helps
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establish and maintain stem cell niches and serves as alligaanlage. The migration of PGCs in relation to the spatio-
for soluble growth factors and a system for communicationtemporal expression pattern of particular ECM glycoproteins
between cells and tissuesiy(nes, 2009; Watt and Huck, has been investigated using xed tissue histochemical and
2013; Ahmed and Ffrench-Constant, 2016; de Almeida et aimmuno uorescent approaches in mic&¢to-Suazo et al., 1999,
2016. The composition of the ECM, its three-dimensional 2009. The location and role of bronectin along the PGC
organization and proteolytic renovations are critical fastinthe  migratory route, in particular, has been examined in detalil
microenvironmental signaling that regulates cell shapetilihg ~ (Heasman et al., 1981; Fujimoto et al., 1985; Ffrench-Cohstan
growth, survival, and di erentiation. At the tissue levehet et al., 199). In avians, Urven et al. (1989)described the
ECM is known to play a dynamic role in shaping large-scal@listribution of bronectin, laminin, chondroitin sulfateand
movements during early morphogenesis in XenopBsicaut collagen IV along the PGC migratory pathway during the rst
et al., 1990; Davidson et al., 200gebra sh (atimer and Jessen, 5 days of development. PGCs may shift their adhesiveness
2010, chick (Sanders, 1984 and quail Zamir et al., 2006  to the di erent ECM substrate molecules that they encounter
The integrin receptors are a key component in a cell's abibty t during their migration Garcia-Castro et al., 19p7Loss-of-
interact with the ECM during embryogenesis and cell migrati function assays have been used to identify the roles played by
(Beauvais-Jouneau and Thiery, 1997; Darribere et al.,)2000 individual components of the complex PGC/ECM relationship.
addition to changing cell behavior, the binding of integgito  For example, the elimination of the integribl receptors in
the ECM has a profound e ect upon the ECM itself by changingnull mouse lines led to poor colonization of the gonad by
the rate and timing of brillogenesis, assembly and breakdo migratory PGCs Anderson et al., 1999Knockout mouse lines
(Darribere et al., 1990; Danen et al., 2002; Leiss et al.).2008  lacking the Msx1/2 transcription factors showed abnormal PGC

Primordial germ cells (PGCs) represent the founder cells afnigration along with increased amounts of bronectirSiin
the germline lineage. During amniote embryonic developmentt al., 2015 These previous studies have led to an increasing
the PGCs undergo a long and complex migration that movesinderstanding of PGC-ECM interactions particularly duritige
through embryonic and extra-embryonic tissues. For exampldater migratory period; however, the early migratory stalgaee
avian PGCs are initially detected in the epiblast layer in theeceived less study.
center of the blastoderm at the freshly laid developmental Direct visualization of PGC/ECM interactions in real time
stage EGK-X Kyal-Giladi et al., 1991 Avian PGCs then in vivomay provide new insights into the early migratory phase
delaminate from the dorsal epiblast and move ventrally wheref PGCs. Unfortunately, imaging PGC migration in early mouse
they associate with hypoblast cells. They move with the hygsbbl embryos is technically challengingyi¢lyneaux et al., 2001We
during gastrulation toward the anterior extra-embryoniade have previously demonstrated the utility of uorescentlyéédd
of the embryo to the germinal crescengwift, 191). The transgenic quail for imaging early developmental processes(
germinal crescent is a semi-circular shaped extra-embgyoniet al., 2010; Huss et al., 2015a; Benazeraf et al.).ZRédently,
region that lies roughly along the area opaca/area pellucidae have developed a novel transgenic quail line that is a useful
(AO/AP) border anterior to the embryolawson and Domm, model system for studying early cell motility and migration.
1969; Fujimoto et al., 19y6After 2 days of incubation, A shared characteristic of all of the ubiquitously expregsin
the PGCs enter the newly formed vascular plexus and moueansgenic quail lines is that slowly dividing cells, such GEB,
via the circulatory system throughout the embryonic andshow a higher level of uorescence compared to rapidly dividin
extra-embryonic regions. PGCs leave the blood vesselsxdroucells. This unique feature allows us to follow the movemdnt o
day 3 and travel along the gut mesentery to colonize th&GCsin vivo (Huss et al., 201)aThe injection of uorescently
developing gonadal anlagélgdkamura et al., 2007; De Melo labeled anti-glycoprotein antibodies into live embryos msk
Bernardo et al., 20)2 While there are dierences between following the highly dynamic ECM possibléi{tle and Drake,
species in the routes, timing, and guidance mechanismswedpl 2000; Filla et al., 2004By combining these approaches, we can
the ability of PGCs to eventually colonize the genital ri&lge now visualize the interactions of PGCs with their surroumgli
and produce functional sex cells is critical to reproductiveECM in real time.
successHichardson and Lehmann, 2010; Tarbashevich and Raz, Interpreting these PGC-ECM interactions will require a
2010; Barton et al., 2016; Cant and Laird, 2017 thorough understanding of the molecular pro le of these un@

Several studies have shown that migrating PGCs intimatelstem cells. The previously published PGC mRNA abundance data
interact with the emerging ECM as they migrate to the gonadahave primarily been obtained from stem cell cultukézcdonald

et al., 2010; Jean et al., 2D1knowing which ECM genes are
expressed in avian PGCs and their surrounding somatic cells at

Abbreviations: AF, auto- uorescence; AO, area opaca; AP, area pellucida; CSA‘Eil erent Sta_ge_s a!ong their m|g_ratory p_athway will be vital in
cell substrate attachment antibody; ECM, extra-cellular matrix; EB}al-Giladi understandingn vivo PGC/ECM interactions.

and Kochav stage; EMB, embryo; FISH, uoresceincsitu hybridization; FN, Numerous “matrisomes” have recently been compiled that list
bronectin; FP, uorescent protein; GC, germinal crescent; H2Btdnie 2B;  all of the genes that code for the structural ECM components
HH Hambyrggr Hamilton stage;. HCR, hybridization chain. reac.tiori'JHC, in a particular species. Using domain-based organizationege
human ubiquitin C promoter; IF, immuno uorescence; ITG, integrin reter; . . . B

LAM, laminin; NA, numerical aperture; NSA, non-speci c ampli cationGZ, that code for protemg that directly interact with or remOdel
primordial germ cell; PGK, phosphoglycerate kinase promoter; scRNAsefg sin the ECM have been InC|Uded\16ba et al., 20])6 These lists
cell RNA sequencing; Tg, transgene. also include genes that have the potential to interact with

Frontiers in Cell and Developmental Biology | www.frontisin.org 2 March 2019 | Volume 7 | Article 35


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Huss et al. Migrating PGCs and ECM

the structural ECM Klaba et al., 2092 To account for these Quail Matrisome
broad categoriesHynes and Naba (2012de ned the Core We screened the human matrisome genes againsCthternix
Matrisome to include all of the ECM glycoproteins, collagensjaponica genome to identify gene orthologs that could be
proteoglycans and a second category as matrisome associatemsidered as the Quail matrisome. The matching quail genes
genes that includes ECM-a liated proteins, ECM regulators,were divided into (1) “Core matrisome” and (2) “Matrisome-
and secreted factors. Extensive transcriptome and proteatee d associated” genes similar to the human matrisomdel(a et al.,
have been included within the searchable human and mousz016. Categories within groups—(1) Core matrisome: ECM,
matrisomes. To dateD. rerig C. elegansand D. melanogaster Collagens, and Proteoglycans; (2) Matrisome-associated: ECM-
matrisomes have also been compiled, but avian matrisomes amdated, Regulators, and Secreted Factors.
lacking (http://matrisome.org/).
Here, we Il the gaps in knowledge concerning certain aspect§ranscriptome Analysis of Individual PGCs
of PGC-ECM interactions by using several methodologiestFi [Tg(PGK1:H2B-mCherry)] quail embryos were incubated unti
we compiled a quail matrisome and used it to analyze th&lH3, HH6, or HH12 and harvested on paper rings into PBS.
transcriptome from individual PGCs manually isolated fromTissue areas containing PGCs were excised using ne iris
early embryonic stage transgenic quail. The single cell RNAscissorsKigure S). The tissues were dissociated at@7sing
seq (scRNA-seq) data shows that PGCs express a complewpLE Express (ThermoFisher), pipet triturated and diluted
mixture of ECM and ECM-a liated genes including bronectin in PBS. A drop of diluted cell suspension was placed on a
and numerous members of the collagen, laminin, and integrirplastic petri dish on the stage of an Olympus MVX10 epi-
gene families. To conrm the scRNA-seq results, wholeuorescent stereomicroscope. Using a micro manipulator and
mount mMRNA uorescentin situ hybridization (FISH) and alternating between bottom white light illumination and GY
immuno uorescence (IF) of selected genes were combineld wit Itered uorescence, single cells were visually aspirated gi&ss
confocal imaging to localize these transcripts and protems tneedles with a tip opening of 40mm. Once aspirated, the glass
the PGCs and the surrounding cells of the germinal crescenpipet was quickly withdrawn from the suspension. The tip of
Live imaging of transgenic quail injected with anti- brooén or  the glass pipet containing the single cell was crushed into the
laminin antibodies showed rapid cell shape changes of PGCs bottom of a 1.5 ml RNase/DNase free microfuge tube. Twenty
the germinal crescent and their active interplay with a dyimam cells from each developmental stage were collected based on
ECM. Perturbation of thé1 integrin receptor/ECM interaction their H2B-mCherry brightness and overall size. Ampli cation
had no discernable e ect on PGC cell motility, but resultedof the mRNA population was then carried out according to the
in a dramatic reduction in the abundance of the matrix bril protocol outlined inMorris et al. (2011)Deep sequencing of the
meshwork in the germinal crescent. prepared single cell libraries was performed at the University of
Pennsylvania Genomics Center. Bioinformatics processiag w
carried out in the laboratory of Dr. Junhyong Kim using their
MATERIALS AND METHODS software platform Interactive Data Visualization [KimL&h,
Transgenic Quail :/1.(:]3, nO]\!V PIV?(':I']Zhu.et aI.(,jZ((s)lﬁ RNAseq reads were aligpezd
Three separate transgenic Japanese quzokturnix japonica 0 the re eollrencd Otlfrglx an2 a uﬁgenomesfusmg Bowktle
lines were utilized in this study. We previously reported the(:sar;gmea lan salz el_rg, gn"m the Starl software pac age”
[Tg(PGK1:H2B-cherryFP)] or [PGK1] line that uorescently I( obin et al., 2015 OUt.Ie.r cells were excluded based on ce
. : . ibrary read depth<€ 50 million reads/cell) and overall percentage
labels all cell nuclei and allows cell proliferation rates ® b

deermind (s e 1, 2013aThe To(ULC H2Bcerepah et SITert Lrsubenised chseno soaiels o e
Dendra2)] or [UbC.CerD2] quail line ubiquitously co-express d P

histone 2B-ceruleanFP (H2B-cerFP) and Dendra2. Dendra2 gﬁm and Eberwmel, ZOJ)OCellg were cat.egorlzed using prmuple
. . component analysis and assigned unique molecular identi ers
a photoconvertible green uorophore that e ciently converts

to red after exposure to near-UV lighGurskaya et al., 2006 (UMI). Dr?xg an_de,gZL I\l/vefre used 2SdPGC|: markerlgenes t\c;v
Details on the molecular cloning, lentivirus production and ;cregnt e 20 pic fe cens romo cach deve ofpmenta stag(()a. €
EGK-X blastoderm injections have been reportedug¢s and identi ed 12 PGCs from HH3 (60%), 13 PGCs from HH6 (65%),

0 .

Lansford, 201% The [Tg(hUbC:Membrane-eGFP)] quail line 219 8 PGCs from HHI2 (40%). Quail gene orthologs to the
. ; . . mouse and human core matrisome genigslia et al., 20)avere

was a kind gift from Dr. Jerome Gros (Pasteur Institute, Raris.

France) Gaadaoui et al., 201.8nd labels the plasma membrane'dent' ed and used to assign scRNAseq regds tq particulargiene
. . - Gene sets were analyzed and graphed using Microsoft Excel.
of all cells. All animal procedures were carried out in aceorce

with approved guidelines from the Children's Hospital Los
Angeles and the University of Southern California Instiautal
Animal Care and Use Committees.

Immuno uorescence and Static Imaging

Anti- bronectin ~ (B3/D6), anti-laminin ~ (31-2), anti-
bronectin/laminin receptor (JG-22), anti-integrirbl subunit
(CSAT), anti- brillin 2 (JB-3), anti-collagen type IV (M3F7)

Japanese Quail Genome and anti-chondroitin sulfate (9BA12) monoclonal antibedi
For these studies we used t@eturnix japonicagenome (https:// were purchased from the Developmental Studies Hybridoma
www.ncbi.nlm.nih.gov/genome/?term=coturnix). Bank at the University of lowa (DSHB, lowa City, IA). Directly
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conjugated B3/D6 (AlexaFluor 594) and 31-2 (AlexaFluor)555to judge whether they were contributing to non-speci ¢ siina

were kind gifts from Dr. Charles Little (University of Kansasproduction. All HCR-treated embryos were imaged similartie t

Medical School, Kansas City, MO). Anti-CVH polyclonal aforementioned IF-treated embryos.

antibody (also known as VASA or DDX4) was a kind gift of . ] o ]

Dr. Toshiaki Noce, Keio University School of Medicine, Tokyo, Time-Lapse Imaging and Microinjection

Japan). The anti-DAZL rabbit monoclonal antibody (ab215718Fertilized Tg[hUbC:H2B-Cerulean-2A-Dendra2] quail eggsev

was purchased from Abcam (Cambridge, MA). Before use, thiacubated on their sides until HH3 then windowed. Inject®n

CSAT antibody serum was concentrated from 20 to igdnl  of directly conjugated anti- bronectin (abB3/D6) or ankikminin

by centrifugation through a 30,000 mw cuto Amicon Ultra-15 (ab31-2) antibodies [1 mg/ml] were made into 3 locationsiard

cellulose Iter column (Millipore) at 4,000 gfor1hat4C. the anterior area opaca/area pellucida boundaryitle and
Eggs were grown in a forced air humidi ed incubator at 8 Drake, 2000} The window was then sealed with para Im and the

until the proper age. Quail embryos were staged according tegg incubated 2 h until being harvested on a paper ring. Embryos

Eyal-Giladi and Kochav (197@amburger and Hamilton (1951) were cultured dorsal side down on No. 0 glass bottom 35mm

andAinsworth et al. (2010Wwith additional detailed descriptions petri dishes that had been covered by a thin layer of agarfaibu

of primitive streak morphology and staging frogireit and Stern  (Sato and Lansford, 20).3A ring of moist Kimwipe (Kimtech

(2008) Embryos were harvested from the yolk using a Iter paperScience) was wrapped around the inside perimeter of the dish and

ring (Chapman et al., 200 washed in PBS (phosphate bu ered the top sealed with a thin strip of para Im. The cultured embry

saline) and xed in 4% formaldehyde/PBS made from a 36%vas allowed to settle for 1 h in the microscope stage mounted

stock solution (Sigma, F8775). Embryos were dissectedofree incubator at 37C before imaging. Confocal Z stacks were taken

the paper ring, washed in PBST (0.1% Triton X-100), blockedt 1.5min time intervals in order to capture short-term cell

in PBST containing 1% bovine serum albumin and 5% normaimorphology changes. In the CSAT live imaging experiments,

donkey serum and incubated in primary antibodies in blockingthe embryos were rst imaged as above then were removed

solution overnight at 4C. DSHB antibodies were diluted to from the microscope incubator, injected with CSAT [1ivig/ml]

5mg/ml. Anti-CVH and DAZL were diluted to 1:500. After antibodies just under the epiblast, lateral to the primitiveeak

washing, the embryos were blocked in PBSTW (0.1% Tweeat the level of Hensen's node and returned to the heated stage

20) and incubated in 1:1,000 dilutions of appropriate donkeyl—2 h before additional imaging.

secondary antibodies conjugated to AlexaFluor uorophores

(Thermo-Fisher) overnight at 4£. After washing in PBST, RESULTS

embryos were incubated in PBET0.05mg/ml DAPI for 1 h at ) .

4 C, washed again and cleared in ScaLe U2 solutiam(a etal., Quail Matrisome

2017. Controls in which the primary antibody was eliminated To generate a Quail MatrisomeTdble S}, we used a

failed to show speci c labeling. Embryos were stored in thekda bioinformatic approach to screen tf@oturnixgenome for ECM

at 4 C until imaging. Static imaging was conducted with theand ECM-associated genes modeled after the human matrisome

cleared embryos placed dorsal side down on No. 0 glass bottothiaba et al., 2096 Approximately 706 quail matrisome genes

petri dishes (Mattek, Ashland, MA) and covered with a thin laye were identi ed compared to 1,026 in the humaRigure 1). The

of ScalLe U2. Imaging was performed on a Zeiss 780 invertgtiail Core matrisome category contains 167 ECM glycoprotein,

confocal microscope with 5x/0.16NA, 10x/0.45NA, 20x/0.8NA31 proteoglycan, and 40 collagen genes. The quail Matrisome-

63x/1.4NA oil Plan-Apochromat objectives or a 40x/1.1NAevat associated category consists of 99 ECM-a liated proteins, 155

LD C-Apochromat water immersion objective. Images werd=CM regulators and 214 secreted factors. Full bioinfornsatic

processed using the Zeiss Zen software along with NIH Imag&formation for the quail matrisome genes can be found

J (PMID 22743772). Slight adjustments to the contrast anin Table S1

brightness of the entire image were occasionally made. . .
ECM and ECM-Associated Transcripts Are
Hybridization Chain Reaction Expressed by PGCs

In situ hybridization was carried out on whole-mount quail Since avian PGCs undergo a long and complex migratory
embryos using the hybridization chain reaction (HCR) tecjue  pathway across the rst three days of post-laying development,
(Choi et al., 2014, 2016; Huss et al., 201%dligonucleotide we hoped to understand how their ECM transcriptome
antisense probes (30 or 50 nt) against quail or chicken targehanged during this time. The inherent brightness of PGC
sequences were commercially synthesized (IDT or ThernheFis nuclei in the Tg(PGK1:H2B-mCherry) quail line along with
seeVideo S4 for the exact sequences). Probes sets containgtdeir unique morphology (large diameter, globular shape with
between 4 and 11 probes and included unique initiator seqegncinternal glycogen vesicles) allowed us to pick single celi® fro
to allow for simultaneous multiplex hybridizations. Prohgsre  enzymatically dissociated tissue. PGCs from HH3, HH6, and
hybridized to the embryonic mRNA target sequences overraght HH12 embryos were collected at distinct morphological region
37 C. After washing, uorescently conjugated hairpin ampli ers of the embryos that included the germinal crescefig(re SJ.
were hybridized to the probes overnight at RT. Controls inéldd Ampli cation of the mRNA was performed according to the
the elimination of both probes and hairpins to test the inheren protocol described byMorris et al. (2011) Next generation
uorescence of the embryonic tissue and the use of only hagpi sequencing produced a transcriptome that was analyzed based o
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compared to ITGA2, ITGA4, and ITGABHgure S5A. ITGB2,
ITGB3, ITGB4, ITGB5, and ITGB6 subunit transcripts were
amplied at the highest relative numbers at HH6 although,

Japanese Quail Matrisome Genes (706 Total)

OECM Glycoproteins overall, these subunits were at lower levels than ITGB1
BCollagens (Figure S5B. Note the change in the y-axis scale between
@ Proteoglycans Figure 3BandFigure S5B

B ECM-affiliated Proteins . . h . .
BECM Regulators While integrin receptors, especially those containing the

OSecreted Factors ITGB1 subunit, are highly abundant at the mRNA transcript
level in PGCs, non-integrin receptors may also play important
roles in celllECM interactions. Transcript levels for non-
integrin receptors are shown iRigure S5C Syndecan (SDC2),
hyaluronan mediated motility receptor (HMMR) and CD47 were
present in levels comparable to the most common integrin
receptors. Dystroglycan (DAG1) was particularly abundant in
PGCs at HH6 Figure S50.

FIGURE 1 | Quail matrisome categorized according to the human matrisme PGCs Associate C|Ose|y With Fibronectin
results of Naba et al. (2016) Q D Quail genes (706 total). HD Human genes

(1,026 total). ECM Glycoproteins, Collagens and Proteogtans make up the an_d_ Laminin
Core Matrisome. ECM-af liated Proteins, ECM Regulators an&ecreted Individual PGCs strongly express FN1, LAMAl, LAMBL1,
Factors are Matrisome Associated genes. and LAMCL1 transcripts at developmental stages HH3, HHG6,

and HH12. To investigate the intimate associations between
nascent, migrating PGCs and these ECM components, we used
the newly generated quail matrisome. The scRNAseq raw data fonmuno uorescence (IF) to detect extracellular bronectising
the quail matrisome genes are providedlable S2 the B3/D6 antibody on whole-mount quail embryos ranging
While not strictly quantitative, the number of sequencingfrom stage HH3 to HH6 Figure 4A). Confocal 3D (x, y, z)
reads, likely provides a rough indication of overall mRNAimaging across the entire embryo revealed that bronectin
abundance. The genes DAZL (deleted in azoospermia like) amrotein expression was most highly concentrated at the border
DDX4 (DEAD-box helicase 4, also referred to as chicken vas# the area opaca (AO) and area pellucida (AP) in all four
homolog or CVH) were used as markers for PGCs. The numbestages shown. Expression at the anterior (rostral) end of the
of reads for matrix glycoproteins, collagens and integriceqgtor ~ AO/AP border in the germinal crescent where PGCs congregate
subunits was compared for PGCs across three developmentaintained a dense meshwork of FN bril§igures 4A 5A). In
time points (Table S2and Figures 2 3). PGCs express many agreement with earlier studies, the expression pattern of FN in
of the core matrisome glycoproteins with bronectin 1 (FN1), the embryonic tissue layers was less dense than at the AO/AP
laminin al subunit (LAMAL), lamininbl subunit (LAMB1), border, consisting of short, scattered brils and punciaupand
and laminingl subunit (LAMC1) showing the highest averageand Thiery, 1982; Raddatz et al., 1R91
number of reads per PGC. With the exception of FN1 at Anti-FN IF revealed an intricate mesh of FN brils in the HH6
HH6, the abundance of these glycoprotein transcripts does ngerminal crescentHigure 5A). IF using an antibody against the
change markedly across developmental time poiRigure 24).  cytoplasmic PGC marker chick vasa homolog (CVH) shows that
Additional matrix mRNA transcripts (shown irFigure S50  a large number of PGCs had migrated into the same region. In
such as the bulin (FBN) and brillin (FBLN) families and addition to IF, PGCs were also localized by the bright cell @ucl
heparan sulfate glycoprotein (HSPG) are clearly present buif [PGK1] transgenic embryos. Within the germinal cresceht
appear at much reduced levels compared to bronectin andsome embryos, bulges, or folds, of the tissue layers cregtu
laminin. Many types of collagen mRNA transcripts werespaces devoid of most cellSgnders, 1992An area such as this
also detected in PGCsFigure 2B). COL4A1, COL4A5, and is shown inFigure 5B. Interestingly, PGCs were often found in
COL26A1 were elevated slightly in expression while COL18Athese spaces while neither bronectin nor laminin was present
showed an increased number of reads at HAg(re 2B). Antibodies against brillin-2 (JB-3), collagen type IV (M3F7)
The integrin ITGA2, ITGA4, and ITGA6 alpha subunits and chondroitin sulfate (9BA12) also failed to label theseepa
are detected at high levels in PGCs across the three tin{data not shown), yet PGCs can be seen migrating throughout
points examined Eigure 3A). ITGA2 shows a distinct increase these germinal crescent spaces. The ECM component within
in abundance between HH3 and HH6. Among the integrinthese spaces remains to be determined. CVH IF showed a high
b subunits, ITGB1subunit transcripts appear most numerousproportion of PGCs, whether inside of these spaces or not, as
with the ITGB7 and ITGB8 subunit showing lower, but having morphological characteristics consistent with actie#
consistent expression at the three developmental stagesre@gm motility such as blebs (yellow arrow) and long cellular proesss
(Figure 3B). The integrin receptor subunits that showed lower (white arrow, Figure 5C See alsd/ideo SJ). At stage HH12,
relative levels of expression are shownHigure S5 ITGA1 PGCs in the germinal crescent continue to be in close contact
and ITGAV subunits were present, but at much reduced levelwith the FN bril meshwork (Figures S2.
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FIGURE 2 | Quail PGCs express mRNA for a diverse set of matrix glycoprein and collagen genes. scRNAseq of select ECM transcript®iPGCs at HH3, HH6, and
HH12. (A) Matrix genes along with PGC markers DAZL and DDX4. DAZD Deleted in azoospermia-like. DDX4€ (Dead-box helices 4 or chicken vasa homolog
(CVH). AGRN, Agrin; FN, Fibronectin; LAMA1, Laminin alphalsunit 1; LAMB1, Laminin beta subunit 1; LAMBC1, Laminin gama subunit 1. (B) Collagen genes. Y
axis scaling has been adjusted separately ifA,B). Bars represent the meanC s.e.m. The number of single cells in each group are shown in thlegend.

The pattern of laminin glycoprotein expression was assayed white arrows). PGCs were seen clustered together in clumps or
HH3-HH6 whole-mount quail embryos using the 31-2 antibody individually, many with smooth, globular morphology.
(Figure 4B). Like FN, laminin expression was most abundantat = | )
the AO/AP border and within the germinal crescefigure 48.  Validation of PGC Transcriptome Results
Laminin was also detected in the basal lamina, or basemeM/ith IF and FISH in Embryos
membrane, on the ventral surface of the epiblast layer Iatera We used whole-mount immuno uorescence anth situ
the primitive streak at HH5, which agrees with previous reportsybridization to validate the scRNAseq expression data efsel
(Bortier et al., 1989; Zagris et al., 2).0Dhe majority of PGCsin  ECM genes in migratory stage PGCs. JG-22 is an antibody
the germinal crescent closely associated with the areaes$tign  speci ¢ for the integrinbl subunit that makes up part of the
laminin bril density (Figure 6, Merge). Much like bronectin, heterodimeric cell surface receptors that bind laminin and
laminin brils formed a tight meshwork in the HH5 germinal bronectin (Greve and Gottlieb, 19$2This antibody showed
crescent and surrounded or enclosed, some PG&igu(e 6C  ubiquitous expression across all embryonic and extra-eicy
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FIGURE 3 | Migratory quail PGCs express multiple integrin alpha and It subunits. sScRNAseq of integrin receptor subunit mMRNA tmascripts from PGCs across 3
developmental time points.(A) Integrin alpha subunits (ITGA2, 4, and 6)B) Integrin beta subunits (ITGB1, 7, and 8). Bars represent the na@ C s.e.m. The number
of single cells in each group are shown in the legend.

tissues in primitive streak stage embrydsgure 70Q). DazlC  embryonic tissues, likely due to its abundance in the bas¢me

PGCs in HH4 [Tg(hUbC:Membrane-eGFP)] quail embryosmembrane on the ventral surface of the epiblast lafFegre 8A;

showed strong co-localization of integrinl with their GFRC ~ Zagris et al., 2000 Stage HH4-5 germinal crescent PGCs, and

cell membranes (white arrowsrigures 7A,B,D,B. Somatic the nearby somatic cells, showed co-localized punctatdingbe

cells in close proximity to the PGCs in the germinal crescendf FN1 with LAMB1 and LAMAL Figures 8B-E.

were also strongly positive for integribl subunit protein Likewise, FN1 mRNA was co-expressed along with ITGB1

(Figures 7A,B,D,B. transcripts in germinal crescent PGCEBidures 9A-D. Cells
The uorescentin situ hybridization chain reaction (HCR) surrounding the PGCs also showed strong expression of

technique allows for multiple target mRNA transcripts to be bronectin and integrinbl mRNA transcripts. Control embryos

detected simultaneously in whole-mount embry@fi et al., incubated without probes and amplifying hairpirsigure 9E) or

2019. The anti-sense probe set sequences for quail FN1, LAMAbairpins alone Eigure 9F failed to show the expression pattern

LAMB1, ITGB1, and DAZL can be found ifrigure S3 FN1 of the experimental embryos.

mRNA was widely detected across the embryo but showed .

particularly high expression in the anterior embryonic/axtr |ime-Lapse Imaging of PGC-ECM

embryonic border areaFjgure 8A). DAZL labeling localized Interactions

a large concentration of PGCs in this region as well. LAMBFluorescently  conjugated  anti-glycoprotein  antibodies

was also ubiquitously expressed but was most prominent in th@ere injected into the anterior AO/AP boundary of HH3
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Fibronectin

HH3 HH4

HH5 HH6

FIGURE 4 | Fibronectin and Laminin protein is highly expressed at the@/AP border and germinal crescent at stages HH3-6. Wholemounimmuno uorescence for
bronectin (abB3/D6) and laminin (ab31-2) in 4 developmentadtages. (A) Fibronectin (red),(B) Laminin (red). Images are maximum intensity projections oDx tiled
confocal Z stacks taken from the dorsal aspect. Anterior (1stral) to top. Scale barsD 500 um.

[Tg(hUbC:H2B-Cerulean-2A-Dendra?2)] quail embryos in erd in a relaxed, smooth wave-like con guration. The brils the
to dynamically image PGC/ECM interactions in real timétle = seem to undergo a compression which forces the smooth wave
and Drake, 2000 Figure 10shows 9 captured time points (90s into a sharp peak (minute 57). Next, the ECM and tissue seem
intervals) from the germinal crescent of an HH5 transgenido expand, bringing the laminin brils back into a smooth wave
embryo injected with anti- bronectin (abB3/D6, AlexaFluo appearance by minute 71. All along, the PGCs move with the
594). The bronectin matrix appears as bright red puncta andissue ow but continue their independent, seemingly random
brils, cells are displayed with blue nuclei (H2B-Cerulean)shape changes.
and green cytoplasm (Dendra2 uorescent protein). While the Video S3was taken from the lateral germinal crescent region
overall tissue and bronectin brils move smoothly to thed@r of a single HH4 embryo injected with anti- bronectin uoresat
left, toward the embryo, the PGCs (large bright cells inttida antibodies. In this short example, the bronectin brils careb
with a white arrow, 0min) show a rapid, constantly shifting seen as forming a loose band running roughly in the anterio-
cellular morphology (se¥ideo SJ). Blebs can be seen in most posterior direction (the embryo is toward the lower right,taf
time points. Fibronectin brils surround the outside of the view). The PGCs, which are clustered to the medial side of the
PGC cell closely, with the PGC cell body moving around and®N, move with the overall tissue/ECM ow laterally with only
between brils. a few PGCs interacting closely with the ECM. A yellow arrow
Injected anti-laminin antibodies (ab31-2, AlexaFluor 555 highlights a rapidly moving PGC that moves around the end of a
show a similar pattern when injected into the germinalFN bril and comes to a stop along a second FN baktleo S4
crescent region of an HH4 transgenic embryéigure 11 and  begins a short time later at the same locatiorVafeo S5 Here,
Video S2. The PGCs are mostly clustered and show the samie impression is one of the FN forming a structural boundany,
fast morphology changes seen kigure 10 and Video S1  demarcation line, across which the PGCs are not readilysimgs
The laminin ECM matrix can be seen shifting, expandingat least in the time frame imaged (about 60 min tot&dideo S5
and contracting along with the large-scale tissue motiohe T shows a digitally zoomed view of a region frovideo S4 The
bounding boxes, starting at minute 47 (yellow arrow in Movjg 2 constant and sometimes erratic movements of individual BGC
highlight a small region of condensed laminin brils thatdi@ can be seen, all occurring against the large-scale tisshEGM
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Fibronectin

H2B-
mCherry

Merge

FIGURE 5 | PGCs are closely associated with the complex bronectin brilmeshwork in the germinal crescent. Wholemount immuno uoresence for bronectin
(abB3/D6) and CVH across the germinal crescent of HH5 and HHE'j(PGK1:H2B-mCherry)] quail embryos(A) Fibronectin red, CVH (PGC marker, green),
H2B-mCherry (blue) and merged maximum intensity projectits of 10x tiled confocal Z stacks taken from the dorsal aspecbf an HH6 embryo germinal crescent.
Anterior (rostral) to top. HFD head fold. (A) Scale barD 250 nm. Images in(B) are maximum intensity projections of 20x tiled confocal Z sicks taken from the dorsal
aspect at the location of the bounding box in(A). (B) Scale barD 50 mm. (C) Images are maximum intensity projections of 4 2.1 mm optical sections from 63x
confocal Z stacks taken in an HH5 embryo. Yellow arrow in the €H image highlights a bleb on a PGC. White arrow indicates amg cellular process. Scale baiD
25mm.

ow. Lastly, Video S6shows a dynamically moving meshwork anti-FN (abB3/D6) or laminin (ab31-2) antibodies revealed
of FN brils and puncta in the germinal crescent of an HH4 that CSAT injection had noticeably decreased the expression
embryo demonstrating the uid-like capacity ofthe ECMto&hi of both FN and laminin brils in the AO/AP boundary,
expand and contract with the large-scale tissue movemertkeof particularly in the germinal crescentigures 12A,B yellow

growing embryo. arrows in CSAT embryos, white arrows in control embryos).
. . . In addition, the pattern of FN expression was altered in the

Perturbation of PGC Migration and ECM CSAT injected embryos themselves. The bronectin-freeezon

Expression by CSAT that typically surrounds the primitive streak was signi cnt

To elucidate the functional roles that integrin receptorsypla wider in the CSAT treated embryosFigures 12A,0 white

in PGC movements, we introduced the CSAT (cell substraténe. P > 0.001, paired StudentB-Test). This result suggests
attachment) antibody, which blocks the ability of integriri  that the mesodermal cells migrating laterally away from the
containing receptors to bind their ECM components including primitive streak had not assembled mature FN brils as
laminin and bronectin (Drake and Little, 1991; Drake et al., normal. Surprisingly, in both control and CSAT embryos,
199]). CSAT antibodies, or control medium, was injected undePGCs similarly moved from the embryonic regions to the
the epiblast of HH3 embryos, incubated for 6 h until HH5 and extra-embryonic germinal crescent as in normal development
xed. Detection of the CSAT antibody with uorescently laeel (data not shown).

secondary antibodies showed that the integbf blocking To rule out the possibility that these observed changes
immunoglobulins had spread across the entire embryonic anéh ECM distribution were simply the result of overall
extra-embryonic areaRigures 12A,B. Control embryos, which delayed development caused by the CSAT antibody injection
lacked CSAT antibodies, showed no uorescent signal. IRgisi procedure, we made a series of measurements from bright- eld
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FIGURE 6 | PGCs in the germinal crescent are intimately associated vitthe laminin bril meshwork. Whole-mount immuno uorescencefor laminin (ab31-2) and
CVH from two locations in the lateral germinal crescent of aRiH5 [Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quail embryo. Inges in (A) are single optical sections
(3.2mm Z depth) taken at a lateral region of the germinal crescentsing a 20x 0.8NA objective. Scale baiD 50 um. The bounding box in the merge indicates the
region shown in(B) at increased magni cation. Scale barD 25 nm. (C) Images are maximum intensity projections of 3 optical sectits (2.3mm each) from 40x
confocal Z stacks taken from the dorsal aspect of the embryo &the lateral germinal crescent. White arrows iC) highlight regions of laminin that appear completely
displaced by a PGC. Scale baD 25 nm.

stereomicroscope images of both the experimental and contraintibodies could a ect the cell motility and rapid cell morphoiog
embryos Figure 12Q. Both the overall area of the area pellucidachanges of PGCs, which were evident in our initial time-lapse
(AP) and the width of the AP taken at Hensen's node werémages Yideos S4S8, we conducted a second CSAT injection
signi cantly smaller in the CSAT embryo$(> 0.001, paired experiment. Five HH3 [UbC.CerD2] quail embryos were rst
Student's T-Test. Figure 125. Overall AP length was also injected with uorescent anti-FN antibodies along the arde
reduced in the CSAT embryos, as was primitive streak (PSYP/AO border and allowed to develom ovo for 3h. The
length (Figure S9. However, a careful staging of the embryosembryos were then mounted on paper rings, cultured dorsal
using the morphological landmarks described Byreit and side down on a thin bed of agar-albumin and dynamically
Stern (2008)showed that all embryos, from both groups,imaged to record the pre-CSAT PGC movemerfsg(re 12F
had reached between HH4- and HHS5Figures S4A,B. The and Video S7). CSAT antibodies were then injected into the
ratio between AP length/PS length were also not di erentmesodermal space at three locations along the germinalemésc
Therefore, it appears that the CSAT treated embryos were né small amount of fast green mixed with the serum allowed
simply developmentally younger and hence, smaller. Adhesiatihe visualization of the antibodies as they spread. The embry
between tissue layers was compromised, as evidenced by thas allowed to recover for 2 h before imaging agé&igyre 12G
frequent areas of tissue layer separation in CSAT treatedymab andVideo S§. A qualitative assessment of the PGC cell motility
(magenta arrowirigure 12B). movements determined that the rapid shape changes and the
Interestingly, the overall distribution of PGCs, as de¢elchy  appearances and disappearances of putative blebs, lopodia etc.,
anti-DAZL antibodies, was not altered by CSAT when comparethad not been altered by the CSAT antibody (compare the movies
to serum-injected controls. To further test whether the OSA in Videos S7S8.
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FIGURE 7 | PGCs and their surrounding cells in the germinal crescent gxess integrin beta 1 subunit protein on their cell surfacesVhole-mount

immuno uorescence for bronectin and laminin receptors (inégrin beta 1 subunit, abJG-22) and PGC-speci ¢ Dazl at two seprate locations within an HH4
[Tg(hUbC:Membrane-eGFP)] quail embryo germinal crescer{tA) Central germinal crescent (see panel C for location). Lefb right: Integrin beta 1 subunit (Itgb1,
abJG-22, red), Dazl (PGC marker, green), membrane-GFP () Itgb1 and membrane-GFP merge, ltgh1l, membrane-GFP, Dazl enge (bounding box shown at
higher magni cation in E). White arrows indicate one PGC imag in cross section with a clearly de ned perimeter of Itgh1. 2@ 0.8x zoom. (B) Lateral germinal
crescent (see panel C for location). Left to right: Integrindta 1 subunit (Itgh1, abJG-22, red), Dazl (PGC marker, greennembrane-GFP (blue), Itgb1 and
membrane-GFP merge, ltgh1l, membrane-GFP, DAZL merge (bourig box shown at higher magni cation in D). White arrows indiate one PGC with a clearly de ned
perimeter of Itgb1 that was imaged at an oblique angle. 20x 1.0zoom. (C) Tiled 10x confocal Z stack maximum intensity projections athe whole-mount HH4
embryo. Bounding boxes indicate location of images irfA,B). Itgb1 (red), Dazl (green). Scale bar © 500mm. (D,E) Images are digital zooms of bounding boxes in
(B,A) Merge. White arrows in(D,E) highlight particular PGCs with integrin beta 1 subunit reqator labeled puncta on the cell surface which was imaged in olque
(D) or in cross-section (E) by the confocal optical slice. Scale bar A, B, D, D 25nm.

DISCUSSION vast majority of PGCs gather in this avascular region and

. . closely interact with one another. By HH9 the vascular plexus
Germinal Crescent as a Stem Cell NIChQ which has been concurrently forming by vasculogenesis in a
We have shown that the complexity of the ECM  bril meshwork erior to anterior direction in both the left and right keral
in the germinal crescent increases from HH3 to HH6, whichgya embryonic tissues, begins to converge toward theingid
corresponds with the arrival and concentration of PGCs iny ihe germinal crescent. By HH12, this process is complete
this anterior AP/AQ border areaRigures 4-6; Critchley et al., 534 most PGCs have intravasated from the germinal crescent
1979. Our results indicate that PGCs are actively contributingntg the newly formed blood vessels. There is a multifaceted
to the ECM in the germinal crescent. Whether the germinalyray of direct and indirect stem cel/ECM interactions that
crescent could be considered a stem cell niche is an opgjtcur in an adult stem cell niche that regulate many processes
question. Certainly, the ECM has been shown to be importaninciuding stem cell proliferation and di erentiation Kozario
for determining the structural microenvironment of adult and DeSimone, 2010; Ahmed and Ffrench-Constant, 2016;
stem cell niches (reviewed iivatt and Huck, 2018 Our  Cant et al., 2016 It will be interesting to explore whether
immuno uorescence and live imaging data suggest that théym this bi-directional communication system is also present in
be the case for the embryonic germinal crescent as well. the embryonic germinal crescent. In particular, whether or

Unlike adult stem cell niches that are sometimes maintainegot the germinal crescent ECM is binding morphogens,
for years, the embryonic germinal crescent is a highly itang  chemokines or growth factors as a way of attracting the PGCs
morphological space that is maintained from roughly HH3to the “correct” location, maintaining their pluripotency dn
to HH9, a time period of about 16 h. During this time, the contributing to the expansion of the vascular plexus is unknow
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FIGURE 8 | PGCs and their surrounding cells in the germinal crescent cexpress transcripts for bronectin and 2 subunits of lamim. mRNA transcripts for FN1,
DAZL, LAMA1, and LAMB1 are expressed by PGCs and their surrauling cells within the germinal crescent of HH4 quail embry® Wholemount multiplex
hybridization chain reaction (HCR) for bronectinl (FN1)aminin alphal (LAMA1), laminin betal (LAMB1), and DAZL mRN#anscripts in HH4-5 quail embryos.

(A) HH4. Tiled 10x confocal Z stack maximum intensity projectios. From left to right: FN1 (red), DAZL (PGC marker, green)AMBL1 (blue), FN1 and LAMB1 Merge,
FN1, DAZL, LAMB1 Merge. Scale bab 500 mm. (B,C) Images are single optical sections (3.2 um each) from 20x coatal Z stacks with 2x zoom of HH4(B) and
HHS5 (C) quail germinal crescent. From left to right: FN1 (red) DAZbreen) LAMB1 or LAMAL (blue), 3 Color Merge of FN1, DAZL, andAMB1. Scale barD 25 mm.
(D) Bounding box from B merge, at higher magni cation.(E) Bounding box from C merge, at higher magni cation. Scale baD 20 mm.

If so, it would lend additional support to the idea dbu here and yet the PGCs continued their migration to the gerahin
et al. (2009)that PGCs migrate along a “traveling niche” crescent with no apparent delay.

during embryogenesis. By blocking thebl integrin receptors' ability to bind either
bronectin or laminin we have likely demonstrated the inheten
Flexibility of ECM/Integrin Interactions exibility and redundancy of the integrin receptor/ECM sgsh

The inability of the CSAT perturbation experiment to alter (R0zario and DesSimone, 2010t is possible that other integrin
either the short-term cell motility or long-term migratiof ~[ECEPLOr subunits may have compensated for the losslof
PGCs to the germinal crescent was surprisifiig@re 12 and activity. Our PGC scRNAseq data show that atﬁer_the highest
Videos S7 S§. Pertubation of integrin receptor binding to the Number of reads at HH3 and HHE are subunity’ and b8
ECM has led to reduced chicken neural crest cell migratioFigure 38). AtHHG, just after our CSAT experimental timeline,
(Bronner-Fraser, 1995CSAT antibodies have also been showrf€ €xpression levels of integrio2-b6 subunits are low and
to alter somite morphology and their lateral displacement fromhighly variable from cell to cell, yet are at detectable &vEHhis
the neural tube in quail embryosDfake and Little, 1991 In expression appears transient, as these transcripts fail to appear
addition, CSAT antibodies reduced the embryo's normal @ite the other time points examined~(gure S58. As for the integrin
expansion, and the pattern of bronectin expression around the? subunits that can pair with nory1 subunits a4, anda6 show
primitive streak Harrisson et al. (1993pund that microinjection  the highest expression levels witlv being detected at much
of integrin receptor binding antibodies into early stage &eic  lower levels Figure S5A. Taken together, this would leave the
embryos disrupted the ability of ingressing epiblast cells tgossible compensating integrin receptors that bind bronectin
spread laterally, resulting in an abnormal thickening of theand/or laminin asa4b7, aVb3, avb6, avVh8, anda6b4. mRNA
primitive streakDavidson et al. (200Zeported a similar lack of for a4b7 receptor subunits are consistently present in migrating
mesendoderm extension Xenopus laevisxplants treated with avian PGCs at all ages studieigure 3). However, theadb7
blocking antibodies to bronectin oa5b1 integrin receptors. It subunit has previously been described primarily in leukocytes
is likely that the CSAT perturbation assay had a similar a ectand endothelial cellsBrezinschek et al., 1956so its presence
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FIGURE 9 | PGCs and their surrounding cells in the germinal crescent cexpress transcripts for bronectin and integrin beta 1. mRM for bronectin, DAZL and
integrin betal receptor subunit are localized to PGCs and #ir surrounding cells in both the extra-embryonic germinairescent and in the embryo proper.
Whole-mount multiplex hybridization chain reaction (HCR9r Fibronectinl (FN1, red), Integrin betal subunit (ITGB1/ue), and DAZL (green) mRNA transcripts in HH4
quail embryos. All images are single optical sections (3/2m each) from 20x confocal Z stacks with 2x zoom(A,B) GC D germinal crescent.(C,D) EMB D Embryo.
Mesoderm/hypoblast in the mid-lateral region of the embryo antaining PGCs that have not yet reached the germinal crescg. (B) Bounding box from A at higher
magni cation. (D) Bounding box from (C) at higher magni cation. 20mm scale bar in(B) also applies to(D). (E) AF D Auto- uorescence control and (F) NSAD
Non-speci ¢ ampli cation controls using the indicated laserlines. Control imaging conditions were identical to those sed in (A-D). Twenty ve micrometer scale bar
in (E) also applies to(A,C,F).

in our early time-point PGC transcriptome was un-expected andn the nascenCoturnix genome. In other cases, the di erences
its potential role in PGC motility and migration is unknown. in genomes will re ect the true genetic diversity betweensthe
Likewise, the expression pattern and functionality of theesth species. Discerning between these two possibilities willireq
putative integrin receptors on migratory PGCs will have to beadditional investigation on a gene by gene basis.
determined empirically. Loss-of-function experiments can be dicult to interpret
Interestingly, integrira5 subunit MRNA was not detected in given the enormous complexity of the ECM/integrin receptor
the PGC transcriptome. This gene is expressed in early staggstem, and other explanations for our CSAT perturbation ltssu
chicken embryos as shown iuschler and Horwitz (1991and  are equally plausible. It has been argued that PGCs initially
Endo et al. (2013)Although chicken integrina5 subunit was utilize a passive mechanism of cell migration from EGK-X to
fully sequenced in 2013, the less complete nature o€ibteirnix  HH2 and only when reaching the nal anterior one-third of
genome annotation has likely made integab subunit mMRNA the embryo at HH3 do they employ active migration to reach
di cult to locate with automatic genomic algorithmsndo etal., the germinal crescentdinsburg and Eyal-Giladi, 1986; Kang
2013. In this case, a directed BLAST search of the quail genones al., 201p Perhaps by HH4-5, the stages examined in our
using the chicken sequence for ITGAS failed to locate thigege perturbation assay, the PGCs were simply not actively utijzi
The Coturnix genome was recently sequenced and is currentlyntegrin bl receptors and bronectin/laminin ECM brils as
being annotated based largely on tBallusgenome. It is likely migratory and cell motility substrates. Injecting the CSAT
that some genes found in chicken but not quail may simply besarlier stages may be a more e ective strategy for blocking the
due to incomplete sequencing or lack of proper gene annotatiorability of PGCs to populate the germinal crescent. Although it
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FIGURE 10 | Germinal crescent PGCs are actively motile in the presencef doronectin. Captured frames from live confocal microscopemaging of an HH5
[Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quail embryo that v&ainjected with an antibody against bronectin (abB3/D6). Tis antibody was directly conjugated to
AlexaFluor 594, red). The 20x images, with 2x optical zoom,ra maximum intensity projections of 3 optical slices (2.8m each) taken from the dorsal aspect at
1.5min intervals. Cell nucleD H2B-Cerulean (blue), cell bodie® Dendra2 (green). While the cells are ubiquitously labeled/ihe transgene, those with low
proliferation rates, such as PGCs (white arrow), are bright than the surrounding cells. Scale baD 25 nm. View the full movie invideo S1.

seems likely, whether the PGCs contributed to the reduction in PGC motility and migration (Vei and Liu, 201} Mean
laminin and bronectin bril meshwork in the germinal cresmt  transcript numbers for additional matrix genes that showed a
after CSAT perturbation was not de nitively shown in our least moderate levels of expression in most of the sampled PGCs
current experiments. Performing scRNAseq after perturbatiorare reported inFigure S50 While scRNAseq gives us a valuable
would help elucidate whether the transcriptome of the PGCs wasnapshot of which mRNA transcripts are present in a cell at
altered, thus contributing to the re-modeling of the ECM imet any given time, no insight into RNA processing, translation,
germinal crescent. post-translational modi cation or the level of functional giein
Based on the Kyoto Encyclopedia of Genes ands gained. Determining precisely which of these receptors and
Genomes (KEGG) Pathway ECM-Receptor Interaction 0451@atrix proteins play an active role in PGC motility and migiii
(www.kegg.jp) it is clear that non-integrin cell surfaceepiors  will require additional experimentation. For instance, itshaeen
in the proteoglycan, glycoprotein and immunoglobulin shown that the syndecan family of membrane-intercalated
superfamily classes may play a signi cant role in PGC maotilityproteoglycan receptors cooperate closely with integrin reaspto
and migration. Transcript levels for non-integrin receptargs and the ECM through multiple molecular signaling pathways
with at least moderate levels of expression in the majority ofo control cell adhesion, angiogenesis, axon guidance, doun
PGCs are shown irigure S5C Syndecan2, DAG1 (dystroglycan healing, and cell migration\{organ et al., 2007 The presence of
associated glycoprotein 1), HMMR (hyaluronan mediatedSyndecan2 and multiple integrin receptor heterodimer sutsini
motility receptor) and CD47 all show signi cant transcripMels  in our scRNAseq data suggests that integrin-syndecan fonati
in PGCs. In addition, matrix proteins besides bronectin and synergy may play an important role in PGC directional
laminin such as agrin (AGRNFigure 2A) may be involved migration as well.
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FIGURE 11 | Germinal crescent PGCs are actively motile in the presencef taminin. Captured frames from live confocal microscope iaging of an HH4
[Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quail embryo that veainjected with an antibody against laminin (ab31-2). Thisreibody was directly conjugated to AlexaFluor
555, red). The 20x images are maximum intensity projectionsf 3 optical slices (3.2xm each) taken from the dorsal aspect at 1.5 min intervals. CehucleiD
H2B-Cerulean (blue), cell bodied Dendra2 (green). PGCs (clump, white arrow), are brighterdh the surrounding cells. Bounding box indicates the regioshown in
the lower right corner of the last ve frames. The laminin bribundle (yellow arrow) has a smooth wave shape at 47 min. At 5&7 min the bril bundle is condensed,
pushing it upwards into a sharp peak. Later, as the tissue exands from 65 to 71 min, the bundle resumes its prior form. Sca bar D 25 mm. View the full movie in
Video S2.

The clear reduction of mature bronectin and laminin brils modi cation of the laminin bril meshwork in the germinal
in the germinal crescent of CSAT injected embryos highbght crescent during early development remains to be proven. Oyeral
the role of integrinbl subunit receptors in brillogenesis and the CSAT perturbation experiment has clearly highlighted the
matrix assembly Kigure 12. Loss-of-function experiments in ability of cells and tissues to actively remodel their surmding
cell lines have established the role that integbhbh and b3 ECM using a diverse set of matrix molecules and receptors.
play in bronectin matrix assembly Qarribere et al., 1990;
Danen et al., 2002 We have shown that blocking integrin ECM as an Autocrine/Paracrine System
bl subunit receptors reduces the bronectin bril meshwork Cells secret soluble bronectin dimers into their extrackdiu
pattern on a tissue-wide scale as well. How thfe integrin  environment. Fibronectin is then assembled into brils or
receptors a ect laminin assembly in the germinal crescent mapasement membrane after binding to integrin receptors. €hes
be an interesting line of investigation given the presence afvo processes can occur in the same cells (autocrine) or in
DAG1 and HSPG2 (heparan sulfate proteoglycan 2 or perleca) erent cells (paracrine), and are regulated in a spatio-tenaho
in germinal crescent PGCdgigures S5CI). Dystroglycan and manner during development. It has been suggesteddby
perlecan are known to modify the assembly of laminin basementimeida et al. (2016jhat bronectin matrix assembly during
membrane in association with integrbi receptorsiienry etal.,  early chick embryogenesis may function as either an autecrin
2001; Soulintzi and Zagris, 2007; Nakaya et al., R0hether  or paracrine system depending on the germ layer and stage
these molecular interactions are contributing to assenanigd  of development examined. This idea is based on growth factor
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FIGURE 12 | CSAT antibody decreases the amount of bronectin in the gernmal crescent. Whole-mount immuno uorescence for bronectin(abB3/D6), and laminin
(ab31-2) in HH5 quail embryos following injection of CSAT d@bodies or control serum. All images are maximum intensitgrojections of tiled 10x confocal Z stacks
taken from the dorsal aspect.(A) From left to right: bronectin, CSAT antibody and DAPI cell ncleus marker of a CSAT injected ( rst row) and a serum injectedontrol
embryo (second row). The line in A indicates the region aroudrthe primitive streak that lacks bronectin compared to the sme region in the control embryo below.
(B) Same pattern as(A) but with laminin immuno uorescence. White arrows in controlbronectin and laminin labeled embryos indicate the germiniacrescent region
with widespread mature ECM brils compared to the same regios in CSAT injected embryos (yellow arrows). The magenta amoin (B) CSAT indicates a region
where the ectoderm/epiblast has separated from the underlyig mesoderm, a pattern which was seen in several CSAT injectieembryos. Scale barD 500 mm. (C)
Bright- eld stereomicroscope image of a control embryo shoving the histomorphometry parameters measured. Blu® area pellucida and area opaca perimeter. Red
D length of the area pellucida along the central axis. Yello® width of the area pellucida at Hensen's node. GreerD length of the primitive streak (PS) from Hensen's
node to the caudal boundary of the area opaca. Scale bab 1 mm. (D-E) Control vs. CSAT embryo group means standard error of the mean for histomorphometry
measurements. (D) width between the bronectin rich areas lateral to the PS in th tissue layers ventral to the epiblast(E) Pellucida area (left) and pellucida width
(right). Two tailed, paired Student'sT-Test. ***P < 0.001. For additional measures, seeV/ideo S5. (F) Captured frame from time-lapse imaging of a HH5
[Tg(hUbC:H2B-Cerulean-2A-Dendra2)] before injection thi CSAT antibodies.(G) Same embryo as in D, imaged post-CSAT antibody injection. Bionectin (red),
Dendra2 (green), H2B-Cerulean (blue). Se¢ideos S7, S8 for the full time-lapse movies. PGC motility morphology apgars unchanged after CSAT antibody injection.
Scale barD 25 mm.

signaling in which one tissue secretes the soluble factor arwithin the mesodermal space of the embryo, and PGCs that
another tissue, the growth factor target tissue which may bbave previously reached the extra-embryonic germinal cresce
located some distance away, expresses the receptor for it. show similar expression patterng-igures 9A-D. Likewise,
order to explore this question for migratory PGCs, we exardine both PGCs and their neighboring cells express intedoih
bronectin protein and mRNA expression in PGCs taken from receptor protein as shown in our IF datd&iQure 7). Thus,

the rst 2 days of development. scRNAseq shows that PGGsonsistent with an autocrine system of matrix regulatioG®s

of all three stages (HH3, HH6, and HH12) are producingnot only produce soluble bronectin but they also express
mRNA transcripts for both bronectin and various integrin the integrin receptors needed to initiate bril assembly.ist
receptor subunitsKigures 2 3). In situ hybridization by HCR likely that PGCs interact in a bi-directional way with their
imaging con rms that PGCs have similar expression patternsurrounding cells in order to secrete, assemble and re-node
of bronectin and integrin receptor mRNA transcripts as their the bronectin matrix dynamically during all phases of their
neighboring somatic cell$-{gures 8 9). PGCs that are migrating migratory journey.

Frontiers in Cell and Developmental Biology | www.frontisin.org 16 March 2019 | Volume 7 | Article 35



Huss et al. Migrating PGCs and ECM

Hamilton-Hamburger chicken developmental series for botiCSAT antibody
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Figure S1 | Freshly harvested [Tg(PGK1:H2B-mCherry)] quail embryos the 3
developmental stages used for single cell mMRNA isolation.right- eld (BF, left) and
red epi- uorescence (right) stereomicroscope images. Daséd bounding boxes
represent the approximate area of the embryo excised for t&mie dissociation
followed by single cell picking, mRNA ampli cation and sequecing. PS, primitive
streak; HF, head fold. Rostral (anterior) to the top in all mges. Scale barsD 1 mm.

Figure S2 | Whole-mount immuno uorescence for bronectin (B3/D6) and CVHin
the germinal crescent and head region of an HH12 [Tg(PGK1:HmCherry)] quail
embryo. (A) Fibronectin.(B) CVH (PGC marker)(C) Fibronectin and CVH merged
and (D) DAPI. Images are maximum intensity projections of 5x tiled cdacal Z
stacks taken from the dorsal aspect. Anterior (rostral) toop. (A-D) Scale barD
500 mm. (E-H) taken at location of bounding box in(B). (E) Fibronectin. (F) CVH.
(G) H2B-mCherry. (H) Fibronectin, H2B-mCherry and CVH merged. Images are
maximum intensity projections of 40x confocal Z stacks take from the dorsal
aspect. Anterior (rostral) to top(E—H) Scale barD 50 mm.

Figure S3 | Anti-sense oligonucleotide sequences used for hybridizain chain
reaction (HCR) probes. Thisn-situ hybridization technique uses a unique initiator
sequence for each probe set to allow for simultaneous multipx hybridizations.

Figure S4 | Measurements of quail embryos following injection of CSAT
antibodies or control serum.(A) Embryos were staged based on the

Video S3 | Live confocal microscope imaging of the lateral germinal escent
region of an HH4 [Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quambryo that was
injected with an antibody against bronectin (abB3/D6). The atibody was directly
conjugated to AlexaFluor 594, red). The 20x images are maxiam intensity
projections of 3 optical slices (2.3 um each) taken from the atrsal aspect at

1.5 min intervals. Total elapsed time is 18 min. Cell nucl& H2B-Cerulean (blue),
cell bodiesD Dendra2 (green). PGCs are larger and brighter than the suuading
tissue and appear in clusters and individually. Anterior twp, mediolateral midline
to the right out of view. Embryonic tissue to the lower rightExtra-embryonic tissue
to the left and upper left. Yellow arrow denotes a PGC that maas rapidly around a
FN bril. Scale barD 50 um.

Video S4 | Live confocal microscope imaging of the lateral germinal escent
region of an HH4 [Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quambryo that was
injected with an antibody against bronectin (abB3/D6). The atibody was directly
conjugated to AlexaFluor 594 (red). The 20x images are maxum intensity
projections of 3 optical slices (2.3rm each) taken from the dorsal aspect at

1.5 min intervals. Total elapsed time is 43 min. Cell nucl& H2B-Cerulean (blue),
cell bodiesD Dendra2 (green). PGCs are larger and brighter than the suuading
tissue and appear in clusters and individually. Anterior twp, mediolateral midline
to the right out of view. Embryonic tissue to the lower rightExtra-embryonic tissue
to the left and upper left. Scale baD 50 nm.

Video S5 | Cropped area from the lower left region of the movie iVideo S2
shown with increased magni cation. Live confocal microsco imaging of the
lateral germinal crescent region of an HH4 [Tg(hUbC:H2B-Celean-2A-Dendra2)]
quail embryo that was injected with an antibody against broectin (abB3/D6).

The antibody was directly conjugated to AlexaFluor 594 (redThe 20x images are
maximum intensity projections of 3 optical slices (2.8m each) taken from the
dorsal aspect at 1.5 min intervals. Total elapsed time is 43 m. Cell nucleiD
H2B-Cerulean (blue), cell bodied Dendra2 (green). PGCs are larger and brighter
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than the surrounding tissue and appear in clusters and indiglually. Anterior to top,
mediolateral midline to the right out of view. Embryonic t&ie to the lower right.
Extra-embryonic tissue to the left and upper left. Scale bab 25 mm.

each) taken from the dorsal aspect at 1.5 min intervals. Tot&lapsed time is

28 min. Cell nucleiD H2B-Cerulean (blue), cell bodie® Dendra2 (green). PGCs
are larger and brighter than the surrounding tissue and app@ individually and in
clumps in this movie. Anterior to the top. Embryonic tissuedward the bottom.

Video S6 | Live confocal microscope imaging of the central germinal escent o
Extra-embryonic tissue at the top. Scale baD 50 mm.

region of an HH4 [Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quambryo that was
injected with an antibody against bronectin (abB3/D6). The atibody was directly
conjugated to AlexaFluor 594 (red). The 20x images are maxim intensity
projections of 3 optical slices (2.3rm each) taken from the dorsal aspect at

1.5 min intervals. Total elapsed time is 46 min. Cell nucl& H2B-Cerulean (blue),
cell bodiesD Dendra2 (green). PGCs are larger and brighter than the suwading
tissue and appear in clusters and individually. Anterior tthe top. Embryonic tissue
toward the bottom. Extra-embryonic tissue at the top. Scaleébar D 50 mm.

Video S8 | Post-CSAT antibody injection movie for embryo 2. Se&/ideo S7 for
pre-CSAT injection cell movements. CSAT antibodies agaihntegrin bl subunits
fail to affect the cell motility and morphology of PGCs in HHBmbryos. Time-lapse
confocal microscope imaging of the central germinal crescet region of an HH5
[Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quail embryo that v&injected with an
antibody against bronectin (abB3/D6). The antibody was diretly conjugated to
AlexaFluor 594 (red). After incubation, the germinal cresat region was injected
again, this time with CSAT antibodies (174 ug/ml) and imagedvk. The 20x
images, with 2x optical zoom are maximum intensity projeains of 3 optical slices
(2.3mm each) taken from the dorsal aspect at 1.5 min intervals. Tat elapsed time
is 24 min. Cell nucleiD H2B-Cerulean (blue), cell bodie® Dendra2 (green). PGCs
are larger and brighter than the surrounding tissue and appe individually and in
clumps in this movie. Anterior to the top. Embryonic tissuedward the bottom.
Extra-embryonic tissue at the top. Scale baD 25 mm.

Video S7 | Pre-CSAT antibody injection movie for embryo 2. Time-lapseonfocal
microscope imaging of the central germinal crescent regionf an HH5
[Tg(hUbC:H2B-Cerulean-2A-Dendra2)] quail embryo that v&injected with an
antibody against bronectin (abB3/D6). The antibody was diretly conjugated to
AlexaFluor 594 (red). After incubation, the germinal cresat region was live
imaged to establish the baseline movement of the PGCs. The 20images, with
1.5x optical zoom are maximum intensity projections of 3 optal slices (2.3mm
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