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Abstract

During early vertebrate embryogenesis, cell fate specification is often coupled with cell acquisition 

of specific adhesive, polar and/or motile behaviors. In Xenopus gastrulae, tissues fated to form 

different axial structures display distinct motility. The cells in the early organizer move 

collectively and directionally toward the animal pole and contribute to anterior mesendoderm, 

whereas the dorsal and the ventral-posterior trunk tissues surrounding the blastopore of mid-

gastrula embryos undergo convergent extension and convergent thickening movements, 

respectively. While factors regulating cell lineage specification have been described in some detail, 

the molecular machinery that controls cell motility is not understood in depth. To gain insight into 

the gene battery that regulates both cell fates and motility in particular embryonic tissues, we 

performed RNA sequencing (RNA-seq) to investigate differentially expressed genes in the early 

organizer, the dorsal and the ventral marginal zone of Xenopus gastrulae. We uncovered many 

known signaling and transcription factors that have been reported to play roles in embryonic 

patterning during gastrulation. We also identified many uncharacterized genes as well as genes that 

encoded extracellular matrix (ECM) proteins or potential regulators of actin cytoskeleton. Co-

expression of a selected subset of the differentially expressed genes with activin in animal caps 

revealed that they had distinct ability to block activin-induced animal cap elongation. Most of 

these factors did not interfere with mesodermal induction by activin, but an ECM protein, 

EFEMP2, inhibited activin signaling and acted downstream of the activated type I receptor. By 

focusing on a secreted protein kinase PKDCC1, we showed with overexpression and knockdown 

experiments that PKDCC1 regulated gastrulation movements as well as anterior neural patterning 
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during early Xenopus development. Overall, our studies identify many differentially expressed 

signaling and cytoskeleton regulators in different embryonic regions of Xenopus gastrulae and 

imply their functions in regulating cell fates and/or behaviors during gastrulation.
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Introduction

Allocation of embryonic cells to distinct germ layers is one of the earliest events in 

vertebrate development. Cells in each germ layer also distinguish from each other according 

to their locations within the embryos, as cell positions influence their exposures to different 

maternal and zygotic signaling molecules and transcription factors. This patterning process 

endows cells not only distinct fates, but also different behaviors that are intimately linked to 

their fates. Hence, cells fated to become anterior mesoderm and endoderm migrate long 

distances to reach the head region, whereas cells that contribute to the trunk structures 

undertake polarized cell intercalation to alter the morphology of the tissues. Coordination of 

cell fate specification and cell movements in different embryonic regions is critical for 

proper vertebrate development.

In the frog Xenopus laevis, anterior mesendoderm is first manifested at the morphological 

level by the appearance of a small pigmented line in the vegetal region of early gastrula 

embryos. Cells surrounding this dorsal lip, the organizer, have three basic properties: they 

self-differentiate into the head mesoderm and the anterior endoderm; they migrate 

collectively as a sheet toward the animal, the future anterior, region; and they emit signaling 

molecules to induce adjacent tissues to adopt dorsal cell fates (Winklbauer, 1990; 

Winklbauer and Nagel, 1991; Winklbauer et al., 1996; Vodicka and Gerhart, 1995; Harland 

and Gerhard, 1997; De Robertis et al., 2001; Heasman, 2006). Cell trailing behind the 

organizer in involuting gastrula embryos do not spread efficiently on extracellular matrix 

(ECM) for migration. Instead, these cells actively modify cell-cell contact for directional cell 

intercalation, resulting in tissue convergence toward the midline and simultaneous extension 

along the anterior-posterior axis (convergent extension, or CE, cell movements), resulting in 

elongation of the trunk tissues (Shih and Keller, 1992a, 1992b; Smith and Howard, 1992; 

Symes et a., 1994; Vodicka and Gerhart, 1995; Keller and Shook, 2004, 2008). Cells located 

opposite to the organizer will contribute to the ventral and posterior structures. These cells 

also intercalate among themselves, but preferentially do so to produce multiple cell layers 

instead of following planar cell intercalation. This results in tissue thickening (convergent 

thickening, or CT, movements) at the tail end of the embryos (Wilson and Keller, 1991; 

Keller and Shook, 2008; Keller et al., 2008). Thus, gastrulating Xenopus embryos display 

region-specific cell behaviors corresponding to the distinct differentiation paths of these 

cells.

The molecular signatures of specific tissues in Xenopus gastrulae have been explored for 

almost three decades, and the functional relevance of tissue-specific molecules in embryonic 
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patterning has also been scrutinized. These studies employ a variety of approaches, 

including differential gene expression analysis, functional expression library screening, 

individual candidate gene interrogation, and transcriptional target investigation for effectors 

of growth factor signals and nuclear proteins. Several prominent signaling pathways have 

emerged as crucial regulators of the formation and the inducing activity of the organizer 

(reviewed in Harland and Gerhard, 1997; Heasman, 2006). For example, maternal Wnt and 

zygotic nodal signals are shown to cooperate to induce the organizer, whereas the 

ventralizing and the caudalizing activities of bone morphogenetic proteins (BMPs) and 

zygotic Wnts are modulated by organizer-secreted BMP and Wnt antagonists. Fibroblast 

growth factors (FGFs) also participate in early embryonic induction and patterning. A 

plethora of transcription factors act downstream of these signals to control germ layer 

specification and dorsal-ventral patterning. Although these studies greatly advance our 

knowledge on cell fate determination, relatively limited molecules have been uncovered that 

can control cell movements without affecting cell fates. The most investigated signaling is 

the planar cell polarity (PCP) pathway, which regulates mediolateral cell intercalation during 

CE (reviewed in Wallingford et al., 2002; Roszko et al., 2009; Skoglund and Keller, 2010; 

Wallingford, 2012). Different tyrosine kinase signals have also been shown to affect 

gastrulation morphogenesis (Ataliotis et al., 1995; Conlon and Smith, 1999; Nutt et al., 

2001; Nagel et al., 2004; Sivak et al., 2005; Nie and Chang, 2007a, 2007b; Damm and 

Winklbauer, 2011; Park et al., 2011; Evren et al., 2014). The PCP and the tyrosine kinase 

pathways may converge to control the activities of Rho family small GTPases to influence 

cell behaviors (Habas et al., 2001, 2003; Choi and Han, 2002; Pendo-Mendez et al., 2003; 

Tahinci and Symes, 2003; Ren et al., 2006). However, it is unclear whether other signals are 

involved, what common and divergent signal transducers are employed, and how factors 

involved in embryonic patterning may influence the expression and/or the function of the 

molecules involved in cell movements.

To fully understand molecular integration of cell fate and cell motility, it is imperative that 

we survey all the expressed genes in embryonic tissues with distinct fates and behaviors and 

investigate the function of the genes that show differential expression patterns. Several 

previous studies have been conducted to use non-biased approaches, such as differential 

library screening or microarray-based strategies, to address roles of differential gene 

functions in embryonic patterning (Sasai et al., 1994; Altmann et al., 2001; Munoz-Sanjuan 

et al., 2002; Smith and Harland, 1992; Wessely et al., 2004; Baldessari et al., 2005; Peiffer et 

al., 2005; Taverner et al., 2005; Hufton et al., 2006). Though productive, these studies tend 

to favor the discovery of genes with abundant expression due to technical limitations. Recent 

advances in genomic level analysis of gene expression promise to overcome the previous 

limitations and open the door for whole transcriptome study of each tissue without any bias. 

In this work, we employed the RNA sequencing (RNA-seq)-based strategy to analyze 

differentially expressed genes in the organizer, the dorsal trunk tissue, and the ventral-

posterior region. We uncovered many known patterning molecules as well as scores of 

uncharacterized genes that might potentially regulate embryonic patterning and/or 

morphogenesis. Using activin-induced animal cap assay, we showed that several 

uncharacterized, differentially expressed genes had distinct ability to modulate elongation of 

the animal caps without affecting mesodermal cell fates. However, one ECM protein, 
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EFEMP2, inhibited mesodermal induction by activin. Using both gain- and loss-of-function 

assays, we further demonstrated that the secreted protein kinase, PKDCC1, regulated 

gastrulation movements and anterior neural patterning during early Xenopus development.

Results

RNA-sequencing analysis of differentially expressed genes in the organizer, the dorsal 
trunk, and the ventral-posterior tissues

To understand how cells in different embryonic regions acquire distinct cell fates and 

migratory behaviors, we performed an RNA sequencing experiment using tissues dissected 

from three regions of gastrulating Xenopus embryos. The early organizer, which forms 

anterior mesendoderm and migrates collectively on the ECM, was dissected from stage 10 

embryos as the tissue surrounding, and including, the dorsal lip. The dorsal and ventral 

marginal zones (DMZ and VMZ) that encompass the dorsal trunk and the ventral-posterior 

tissues that display CE or CT behaviors, respectively, were dissected from stages 11 to 11.5 

embryos from the regions above the blastopore (Fig. 1). Total RNA was extracted and 

subjected to sequencing on Illumina HiSeq2000 platform. Two independent dissections and 

RNA-seq experiments were performed, and the results were analyzed based on Xenopus 

laevis genome version 7.1 (Suppl. Table 1). Subsequent analysis based on newly released 

genome version 9.1 validated the genes we identified (Suppl. Tables 1 and 2; also see 

Materials and Methods).

Pairwise comparison of the transcriptomes as well as ANOVA-like analysis for all three 

sample sets revealed differentially expressed genes in each region (Suppl. Table 1 and data 

not shown). These included the known organizer-specific genes, such as nodal-related 3 

(Xnr3) and Siamois, the dorsal trunk genes, such as sonic hedgehog (Shh) and follistatin 

(Fst), and the ventral genes, such as Sizzled (Szl) and Vent transcription factors (Hemmati-

Brivanlou et al., 1994; Ekker et al., 1995; Lemaire et al., 1995; Smith et al., 1995; 

Onichtchouk et al., 1996; Salic et al., 1997). In addition, hundreds of previously 

uncharacterized genes were uncovered from the study. A greater number of genes showed 

significant enrichment in the DMZ than either the organizer or the VMZ (320 and 98 genes 

were expressed at higher levels in the DMZ and the organizer, respectively; and 177 and 85 

genes were enriched in the DMZ and VMZ, respectively). Among the genes with higher 

expression in the organizer, several seemed to encode proteins involved in the endodermal 

development, such as GATA4, Mix1, nodal-related 6, and KLF4 (Rosa, 1989; Lemaire et al., 

1998; Takahashi et al., 2000; Weber et al., 2000; Cao et al., 2012). These genes might play a 

general role in germ layer specification rather than dorsal-ventral (DV) patterning, though 

several have also been implicated in cell spreading and migration of the leading edge 

mesendoderm (e.g. Mix1 and GATA4, Wacker et al., 1998; Fletcher et al., 2006). Other 

genes in this group included many transcription factors and signaling molecules, as well as a 

number of genes involved in metabolism, stress responses to DNA-damage or unfolded 

proteins in the ER, and ion and solute transporters (Suppl. Table 1). Interestingly, several 

genes encoded factors that might regulate Rho family signaling or actin organization. These 

included PLEKHG5, a Rho guanine nucleotide exchange factor (GEF) family member, 

CDC42EP2, an effector protein of Cdc42, CASS4, a member of the Cas scaffolding protein 
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family that is often involved in integrin signaling, and FILIP1, a filamin A interacting 

protein. The preferential expression of these genes in the organizer implied that they might 

regulate anterior mesendoderm cell migration on the ECM. Of the genes with significant 

enrichment in the DMZ, 84 of them were expressed at higher levels in the DMZ than that in 

both the organizer and the VMZ, whereas the rest showed differential expression over only 

one tissue (Suppl. Table 1 and data not shown). There was a high representation of 

transcription factors and signaling molecules in this group. Additionally, there were many 

ECM proteins and ECM receptors, such as laminin β1, different collagens (e.g. type V α1, 

XI α2, and XIII α1), and integrins (e.g. integrin α 2 and α3). Regulators and effectors of 

Rho family GTPases were also present, such as ARHGEF3 and FGD5, both are RhoGEFs, 

and CDC42EP3. These ECM proteins and cytoskeleton regulators might participate in 

modulation of directional intercalation cell behaviors in the DMZ. The genes enriched in the 

VMZ comprised a large number of transcription factors that had been associated with ventral 

cell type development, including the Vent, Msx, Dlx, AP2, Grainyhead, GATA, and p63 

family members. Signaling molecules and cytokeratin genes were also found in this group, 

but genes that might control dynamic cytoskeleton organization were conspicuously missing 

when compared with those expressed in the DMZ (Suppl. Table 1). Taken together, the data 

suggest that region-specific transcriptomes in Xenopus gastrulae contain specific members 

of ECM proteins and actin regulators in addition to signaling molecules and transcription 

factors. These ECM and actin regulatory genes may be co-modulated with patterning factors 

that determine cell lineages in each region, so that cells with particular fates can adopt 

appropriate migratory behaviors for correct morphogenesis.

Differential expression of region-specific genes during early Xenopus development

To confirm the differential expression patterns of the genes identified from our RNA-seq 

experiments, we dissected the organizer, the DMZ and the VMZ explants as above and 

performed RT-PCR to examine the expression of a subset of the genes. We focused our 

attention on potential regulators of embryonic patterning and movements and thus selected a 

group of ECM proteins, cytoskeleton regulators, signaling molecules and transcription 

factors. Assay for known markers expressed in the dissected regions attested the identity of 

these tissues (Fig. 2A). Examination of the other genes showed that they could be divided 

into five groups based on their RT-PCR patterns (Fig. 2 and Suppl. Fig. 1, summarized in 

Suppl. Table 3). Group I genes were expressed at the highest levels in the organizer and 

included the genes PLEKHG5, CDC42EP2, CASS4 and FILIP1. Group II genes showed 

higher expression in the DMZ than both the organizer and the VMZ, and included the ECM 

proteins SPARC, EFEMP2, the signaling molecules GPRC5C, PSKH2, the transcription 

factors ATF3, ZC4H2, and the RhoGEF ARHGEF3, among others. Group III genes were 

expressed at higher levels in both the organizer and the DMZ, whereas group IV genes 

showed high level expression in both the DMZ and the VMZ versus the organizer. Group V 

genes were enriched in the VMZ (Fig. 2, Suppl. Fig. 1, and Suppl. Table 3). In each group, 

some genes were probably abundantly expressed and showed strong signals, such as 

CDC42EP2 and GPRC5C, but some others showed low levels of expression and weak PCR 

signals, such as LPAR5 and PSKH2. The results indicate that RNA-seq not only uncovers 

abundant genes, but also identifies genes with weak, but nonetheless differential, expression 
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profiles. The patterns of these genes in specific regions imply that they may play roles in 

tissue specification and/or morphogenesis in distinct embryonic regions.

Distinct regulation of activin-induced animal cap elongation by differentially expressed 
genes

Molecules with the ability to pattern embryonic tissues during Xenopus gastrulation have 

been identified and described in some details for many genes, but factors that can modulate 

cell motility without affecting cell fates are relatively less studied. To uncover additional 

regulators of cell movements, we employed the animal cap assay system. Animal caps 

excised from the blastula ectoderm normally develop into atypical epidermis and assume a 

round morphology. However, when activin is included in the system, it induces dorsal 

mesoderm which undergoes CE movements, resulting in elongation of the animal caps 

(Chang, 2016). Factors that modulate CE movements can block activin-induced animal cap 

elongation when ectopically expressed. Using this assay system, we surveyed several 

molecules uncovered from our RNA-seq analysis for their ability to interfere with animal 

cap elongation. We chose to analyze two signaling molecules, GPRC5C and CXCR7, three 

RhoGEF members, ARHGEF3, PLEKHG5 and FGD5, three CDC42 effector proteins, 

CDC42EP2, CDC42EP3 and CDC42SE2, three transcription factors, ATF3, FOS and 

KLF10, and two ventrally-enriched Ras family proteins, DIRAS2 and RasL11B. Both 

GPRC5C and CXCR7 are seven transmembrane domain-containing G-protein coupled 

receptors (GPCRs) and showed higher expression in the DMZ. The regulators and the 

effectors of Rho family GTPases displayed differential expression in the organizer and the 

DMZ, whereas the three transcription factors showed higher expression in the DMZ over the 

organizer (Fig.2, Suppl. Fig. 1; also see in situ patterns of ARHGEF3 and CXCR7 in Hufton 

et al., 2006 and Mishra et al., 2013). We co-injected RNAs encoding these molecules with 

activin RNA into the animal region of two-cell stage embryos, dissected the animal caps at 

the blastula stages, cultured them to late neurula stages, observed the morphology of the 

caps, and examined the mesodermal marker expression in these caps (Fig. 3). In addition, we 

also used activin protein rather than activin RNA in these assays and obtained similar results 

(Suppl. Fig. 2).

As shown in Fig. 3, while none of these genes affected dorsal mesodermal induction by 

activin, they displayed different capacity in reducing animal cap elongation. Both the 

transmembrane GPCRs, GPRC5C and CXCR7, reduced the elongation of activin-induced 

animal caps, and GPRC5C also seemed to influence cell adhesion, as increased cell 

shedding was observed (Fig. 3A, Suppl. Fig. 2B, and data not shown). In contrast, among 

the three RhoGEF proteins, ARHGEF3 alone displayed high efficiency in blocking animal 

cap elongation (Fig. 3B and Suppl. Fig. 2D). Similarly, CDC42 effector proteins showed 

differential ability to interfere with activin-induced animal cap elongation, with CDC42EP3 

as the most effective inhibitor. At higher doses, CDC42EP2 and CDC42SE2 also blocked 

animal cap elongation, and CDC42SE2 tended to cause dissociation of the animal caps, 

implying a role of this protein in regulation of cell adhesion (Fig. 3C, Suppl. Fig. 2D and 

data not shown). The transcription factors ATF3 and FOS also reduced animal cap 

elongation when ectopically expressed with activin, but KLF10 did not have much effect 

(Fig. 3D and Suppl. Fig. 2C). The two ventrally-enriched Ras family members could not 
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block activin-induced animal cap elongation (Fig. 3E). Our results reveal that differentially 

expressed proteins belonging to the same gene family may have differential activities in 

modulating cell behaviors during gastrulation.

EFEMP2, an ECM protein, regulates activin signaling downstream of the activin receptors

Several ECM genes were differentially expressed according to our RNA-seq analysis (Fig. 2, 

Suppl. Fig. 1, and Suppl. Tables 1 and 3). As ECM proteins often modulate cell adhesion 

and signaling to influence cell motility, we examined the effect of ectopic expression of two 

ECM genes, SPARC and EFEMP2, on activin-induced animal cap elongation. Co-

expression of EFEMP2 with activin efficiently blocked animal cap elongation. However, 

unlike the other genes we assayed, EFEMP2 inhibited dorsal mesodermal induction by 

activin, suggesting that it regulated mesodermal cell fate to affect cell movements indirectly 

(Fig. 4A). To see whether EFEMP2 may block activin from interacting with its receptors to 

prevent downstream signaling, we co-expressed EFEMP2 with a constitutively active type I 

receptor CA-ALK4, which stimulated activin signaling independent of the activin ligand 

(Chang et al., 1997). Interestingly, EFEMP2 inhibited dorsal mesodermal induction by CA-

ALK4 as well (Fig. 4B). However, co-expression of EFEMP2 with Smad2, the cytoplasmic 

signal transducer of activin/nodal signaling, did not interfere with mesodermal induction or 

animal cap elongation (Fig. 4B). The data suggest that EFEMP2 blocks activin signaling 

downstream of the activated receptors but upstream of Smad2. Examination of BMP-

dependent ventral mesodermal induction in animal caps indicated that EFEMP2 did not 

inhibit BMP signaling (data not shown), demonstrating that EFEMP2 preferentially 

regulates the activin/nodal branch of the TGF-β signaling.

PKDCC1, a secreted protein kinase, regulates gastrulation and anterior neural patterning 
during early Xenopus development

To confirm the function of differentially expressed genes in early Xenopus development, we 

need to perform loss-of-function studies. For this purpose, we focused our attention on one 

gene that we identified that had higher expression in the organizer and the DMZ over the 

VMZ (Fig. 2). The gene, PKDCC1 (also known as VLK, or vertebrate lonesome kinase), 

encoded a novel secreted protein kinase that likely exerted its function in the extracellular 

space (Bordoli et al., 2014). RT-PCR assay demonstrated that PKDCC1 was first expressed 

during early gastrulation (stage10), and its expression persisted until at least late tailbud 

stage (Fig. 5A). In situ hybridization revealed that PKDCC1 transcripts were localized 

around the organizer at stage 10, but were subsequently up-regulated in the anterior neural 

domain at the mid- to late gastrula stages. The anterior neural expression remained 

throughout the neurula stages. In tailbud embryos, PKDCC1 was detected in the eyes, the 

lateral plate mesoderm, and the heart primordium (Fig. 5B). Co-expression of RNAs 

encoding PKDCC1 and activin resulted in reduction of activin-induced animal cap 

elongation without defects in dorsal mesodermal cell fates (Fig. 5C). Overexpression of 

PKDCC1 RNA in early frog embryos led to severe gastrulation defects. The affected 

embryos showed shortened and bent body axis, reduced head, and split dorsal axis (Fig. 5D). 

These defects occurred in the absence of inhibition of the pan-mesodermal marker 

Brachyury (Bra, Smith et al., 1991) at the gastrula stages, though in situ hybridization 

indicated that the cells expressing chordin (Chd, Sasai et al., 1994) and goosecoid (Gsc, Cho 
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et al., 1991) showed delayed involution inside the embryos (Fig. 5E). These results indicated 

that ectopic PKDCC1 likely interfered with gastrulation morphogenesis without affecting 

mesodermal cell fates.

To further examine the role of PKDCC1 in early Xenopus embryogenesis, we designed a 

translational blocking antisense morpholino oligo (PKDCC1-MO) that hybridized to the 5’-

untranslated region (5’-UTR) of the PKDCC1 transcript (Fig. 6A). Injection of PKDCC1-

MO into the dorsal marginal zone region of 4-cell stage embryos resulted in dose-dependent 

reduction of the head structure as well as the body axis, and the defects were largely rescued 

by a construct that contained only the coding region, but not 5’-UTR, of PKDCC1 (Fig. 6B 

and data not shown). The reduction in body axis elongation was not accompanied by 

ventralization of the embryos, as in situ hybridization of marker expression demonstrated the 

presence of the somatic mesodermal marker MyoD in these embryos (not shown). In 

addition, at the gastrula stages, the expression levels of Bra, Chd and Gsc appeared normal, 

but the Chd- and Gsc-expressing cells showed delayed internalization inside the embryos 

and remained around the blastopore when cells expressing these markers had moved away 

from the blastopore in control embryos (Fig. 6C). The results demonstrated that knockdown 

of PKDCC1 affected Xenopus gastrulation without changing mesodermal cell fates.

Since both gain- and loss-of-function of PKDCC1 resulted in body axis defects, we inquired 

whether PKDCC1 modulated gastrulation movements. We thus analyzed tissue 

morphogenesis in explanted dorsal mesodermal tissues in culture. Both overexpression and 

knockdown of PKDCC1 led to impaired CE movements, as the DMZ explants dissected 

from the RNA- or MO-injected embryos displayed decreased length to width ratio when 

cultured in vitro (Fig. 7A). We also assayed for migration of anterior mesendoderm by 

dissecting the organizers from the injected embryos at stage 10+ and plating them on 

fibronectin-coated tissue culture dishes. Examination of the explants showed that there was 

no discernable defects in collective cell sheet migration when the anterior mesendodermal 

explants were cultured for about 6 hours. However, prolonged incubation for over 8 hours 

resulted in dissociation of some peripheral cells from the core explants, and the effect was 

more pronounced in explants from the morphant embryos (Fig. 7B). The data implied that 

PKDCC1 might play a role in cell adhesion during collective migration of the anterior 

mesendoderm.

Since we observed distinct microcephaly in morphant embryos, we analyzed whether this 

was due to impairment of dorsal tissue formation, or it was caused by defects in anterior 

neural development. We thus examined dorsal mesodermal and anterior-posterior neural 

markers by in situ hybridization (Fig. 8). The notochord marker chordin (Sasai et al., 1994) 

and the paraxial mesodermal marker MyoD (Hopwood et al., 1989) were expressed 

normally in the morphants, and the pan-neural marker Sox2 (Mizuseki et al., 1998) was not 

affected either. However, the expression domain of the forebrain/midbrain marker Otx2 

(Blitz and Cho, 1995; Pannese et al., 1995) was reduced, and there was a concurrent anterior 

shift of the midbrain marker Engrailed (En, Brivanlou and Harland, 1989) in the morphants 

(Fig. 8). The results suggested that anterior neural patterning, but not dorsal-ventral axis 

specification, was defective in PKDCC1 morphants.
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Discussion

Since the discovery of the organizer by Mangold and Spemann about a century ago (see a 

translated version of Spemann and Mangold, 2001), there has been an enduring fascination 

of the molecules synthesized by the organizer that can influence the surrounding tissues to 

adopt axial and paraxial cell fates (Harland and Gerhard, 1997; Gerhart, 2001; De Robertis, 

2001). Multiple growth factor signals, including activin/nodal, BMP, Wnt, and fibroblast 

growth factor (FGF), have been shown to modulate organizer formation and/or activities. 

The downstream targets of these signals have also been investigated, including at the 

genomic scale (Wessely et al., 2004; Perffer et al., 2005; Hufton et al., 2006; Chiu et al., 

2014; Gupta et al., 2014). However, most of the functional studies are focused on genes with 

the ability to induce or pattern embryonic tissues, and some large scale studies also employ 

techniques that are biased toward abundant genes. Organizer molecules that may control cell 

polarity, adhesion or motility have not been explored with the same rigor. Similarly, while it 

is known that temporal changes in tissues surrounding the dorsal blastopore is associated 

with anterior-posterior (AP) patterning of the body axis (Slack and Tannahill, 1992; Durston 

and Zhu, 2015), factors that may link AP cell fates and distinct motile cell behaviors are not 

well scrutinized. To acquire a more detailed understanding of how cells destined to 

differentiate into specific lineages also adopt particular motile behaviors, we performed 

RNA-seq analyses in this study to gain insight into distinct transcriptomes in tissues with 

defined cell fates and migratory patterns.

Our studies uncover a plethora of transcription factors and multitude of signaling molecules 

differentially enriched in the organizer, the DMZ or the VMZ. Many of these genes have 

been linked to cell fate determination events in previous reports. The VMZ-enriched factors 

are especially conspicuous in their abundance in signaling and transcription factors, with 

only a minor portion encoding metabolic and adhesion molecules (Suppl. Table 1). In 

contrast, both the organizer and the DMZ contain many distinctive potential regulators of 

cytoskeleton and/or cell motility, such as the ECM proteins and the actin regulators. In 

comparing the differentially expressed genes, we reason that those enriched in the DMZ over 

the organizer, but not the DMZ over the VMZ (group IV), may potentially play roles in AP 

patterning and/or general cell intercalation behaviors, regardless whether it is CT or CE. The 

observed lack of VMZ-specific enrichment of actin regulators may indicate that the type of 

the cell movements in the VMZ, convergent thickening, is probably the default cell 

behaviors in the trunk. Acquisition of new actin regulators and ECM proteins in the DMZ 

over the VMZ (group II) may then help to endow the DMZ cells to respond to specific 

dorsal or ECM signals to undergo CE. Thus, group II genes may be important for dorsal cell 

fates as well as CE, whereas group IV genes may be crucial for caudal cell specification and 

CT movements. The genes that are differentially expressed in the organizer and the DMZ 

(group I and II), in addition to having an effect on embryonic patterning of the head and the 

trunk, may also differentially influence cell-ECM and cell-cell interactions to modulate cell 

migration on ECM or over other cells. It is interesting to note that several genes in our 

dataset, such as ARHGEF3, IRG and RASL11B, overlap with those with altered expression 

when an ectopic organizer was induced in the ventral side by simultaneous inhibition of 

BMP and Wnt signals (Hufton et al., 2006). This suggests that the organizer signals can 
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influence the expression of genes with roles in cell movements, such as ARHGEF3, to 

coordinate cell fate and motility.

Our initial analyses of a group of signaling, transcription and cytoskeleton regulatory factors 

show that members of the same gene family often have distinct functions in regulating CE in 

activin-induced animal caps. The difference in functionality of the genes is often associated 

with different expression patterns of these genes. For example, the organizer-enriched 

RhoGEF PLEKHG5 is not effective in blocking activin-induced animal cap elongation, but 

the DMZ-enriched RhoGEF ARHGEF3 interferes with CE in dorsalized animal caps 

efficiently. Similarly, among the Cdc42 effectors, CDC42EP3, which is expressed at high 

levels in both the organizer and the DMZ, displays the greatest activity in preventing activin-

induced animal cap elongation, whereas CDC42EP2, which is enriched in the organizer 

only, has a weaker activity in this assay. The results suggest that distinct members of 

RhoGEF and CDC42EP families may detect and respond to different signals in the head and 

the trunk regions to modulate actin organization and cell behaviors. The sequences outside 

the conserved GEF or CDC42 binding domains are therefore crucial to determine the 

potency and/or the specificity of gene functions. Recognition of the sequence motif(s) that 

confers specific activities to particular family members is thus important in the future for us 

to understand how genes belonging to the same family possess unique functions in 

regulating different migratory cell behaviors during Xenopus gastrulation.

In addition to genes that regulate cell movements without affecting cell fates, we have also 

identified an ECM protein as a new regulator of the activin signaling. The gene, EFEMP2, 

contains multiple EGF and calcium-binding EGF domains and is also known as fibulin-4. 

Two other fibulin family genes have been reported to regulate TGF-β family signaling. 

Fibulin-1 regulates BMP signaling through direct binding to BMP-2 (Cooley et al., 2014), 

whereas Fibulin-3 inhibits TGF-β 1 signaling by interacting with TpRI/ALK-5 to prevent 

formation of a functional ligand-receptor complex (Tian et al., 2015). Fibulin-4 mutations 

are associated with patients with aortic aneurysms, arterial tortuosity and stenosis. TGF-β 
signaling is enhanced in these patients, though the underlying molecular mechanism has not 

been shown (Renard et al., 2010). In mice, Fibulin-4 deficiency results in increased 

expression of TGF-β ligands in isolated aortic smooth muscle cells, leading to enhanced 

TGF-β signaling (Ramnath et al., 2015). In our study, we find that EFEMP2 inhibits activin 

signaling downstream of the activated receptor ALK-4, suggesting that it may regulate other 

growth factor signals to stimulate a distinct pathway to block activation of the Smad2/3 

signal transducers by activated ALK receptors. Further experiments are required to 

understand the detailed mechanisms underlying EFEMP2 function.

To investigate the roles of endogenous genes that show differential expression during 

gastrulation, we focused on PKDCC1 in this study. The protein, also known as VLK, is 

shown to be a novel secreted tyrosine kinase that can phosphorylate a broad range of 

extracellular molecules and ectodomains of transmembrane proteins. These include many 

ECM proteins, such as collagens, and matrix metalloproteinases (MMPs), such as MMP1 

and MMP14. Phosphorylation of these proteins can potentially control their activities and 

impact on cell adhesion and migration (Bordoli et al., 2014). Targeted disruption of 

Pkdcc/Vlk gene in mice results in multiple developmental defects, such as short limb, cleft 
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palate, and lung hypoplasia (Imuta et al., 2009; Kinoshita et al., 2009; Probst et al., 2013). In 

Xenopus, PKDCC1 and 2 have been reported to regulate JNK-dependent planar cell polarity 

pathway to control blastopore and neural tube closure (Vitorino et al., 2015). In our studies, 

we show that PKDCC1 regulates gastrulation movements and anterior neural patterning. 

PKDCC1 modulates CE of the trunk mesoderm and the sustained cohesion of the anterior 

mesendoderm. These phenotypes partially mimic those associated with altered expression of 

Arg/Abl2 (Bonacci et al., 2012), implying that PKDCC1 may influence or converge with 

Arg/Abl2-dependent signaling pathway. As the transcripts of PKDCC1 are expressed at high 

levels in the organizer and the anterior neural tissues, but not abundantly in the trunk 

mesoderm, it implies that the secreted protein product may diffuse a long distance to 

influence cell behaviors in the trunk mesoderm. PKDCC1 also regulates anterior neural 

patterning, with the forebrain most sensitive to the reduction of PKDCC1 levels. The AP 

neural patterning is controlled by multiple growth factor signals, including Wnt, FGF, BMP, 

and retinoid acid (Slack and Tannahill, 1992; Chang and Hemmati-Brivanlou, 1998). 

PKDCC1 may phosphorylate one or several extracellular components of these signals to 

influence the development of the anterior neural tissues. It is likely that the targets of 

PKDCC1 in the mesoderm and the neural tissues may differ. For example, one of the known 

targets of PKDCC1 is MMP14, which has been shown to modulate CE in zebrafish (Coyle 

et al., 2008; Williams et al., 2012). In contrast, potential regulation of the canonical Wnt 

signaling may contribute to the neural patterning activity of PKDCC1 (Bordoli et al., 2014). 

Modification of distinct substrates in different tissues will allow PKDCC1 to regulate cell 

movements and cell fates in two different developmental contexts.

In summary, we have uncovered in this work many differentially expressed genes in 

different embryonic tissues during gastrulation. These not only include factors that can 

control embryonic patterning, but also proteins that may potentially regulate cell adhesion, 

polarity and motility to influence cell movements on ECM (migration) or over other cells 

(intercalation). Further studies employing loss-of-function approaches are required to 

interrogate the endogenous roles of these genes in particular cell movements during 

gastrulation, and how expression and/or activities of these proteins are modulated by signals 

that impart cell fates. These studies promise to provide more in depth understanding on how 

cell fate specification and cell behaviors are coordinated during vertebrate embryogenesis.

Materials and Methods

Embryo culture and explant dissection

The Xenopus embryos were obtained and maintained using standard protocols as described 

(Sive et al., 2000). The early organizer was dissected from stage 10 to 10.25 embryos by 

removing the tissues surrounding, and including, the dorsal lip. The DMZ and the VMZ 

explants were dissected from stage 11 to 11.5 embryos by removing tissues from the dorsal 

and the ventral sides of the embryos above the blastopore, respectively. Total about 150 

explants were pooled together for each sample. RNA extraction was performed using Qiagen 

RNeasy mini-spin columns. Two different sets of the samples were prepared independently. 

The second set of the samples were made at somewhat later stages, which were reflected by 

stronger expression of certain genes and weaker expression of the others when compared 
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with the first set of the samples. The sample comparison was thus performed independently 

for each set and combined together. There were variations in calls of differentially expressed 

genes in the two sets, which might be due to combined effects of natural variations of 

gastrula embryos (Vodicka and Gerhart, 1995; Ewald et al., 2004) and variations in 

dissections of pooled samples. RT-PCR was thus performed to confirm and validate the 

differentially expressed genes, as marker expression in these samples could be easily tested.

RNA sequencing and data analyses

RNA sequencing was performed on Illumina HiSeq2000 platform with 2×50bp paired-end 

sequencing configuration. Briefly, the quality of the total RNA was assessed using the 

Agilent 2100 Bioanalyzer followed by 2 rounds of poly A+ selection and conversion to 

cDNA. The TruSeq library generation kit was used to construct the cDNA library as per the 

manufacturer’s instructions (Illumina, San Diego, CA). The cDNA library was quantitated 

using qPCR in a Roche LightCycler 480 with the Kapa Biosystems kit for library 

quantitation (Kapa Biosystems, Woburn, MA) prior to sequencing. Paired-end reads were 

mapped to the reference Xenopus laevis transcriptome ‘MayBall’ annotation (Chung et al., 

2014), based on Xenopus laevis genome (version 7.1), using Bowtie (version 1.0.0). After 

the latest release of Xenopus laevis genome (version 9.1), we re-analyzed our RNA-seq data 

with it using BWA (version 0.7.12) against primary transcripts (based on JGI version 1.8 

annotation) to quantify the expression of L and S homeologs separately (Supplemental Table 

2). Differentially expressed genes were identified using edgeR packages (version 3.12.0, 

Robinson et al., 2010), with both classic pairwise comparison and ANOVA-like multiple 

comparison. However, we noticed that several genes on our original differentially expressed 

gene list based on 7.1 genome, such as ARHGEF3 and CXCR7, were lost in new annotation 

(although there are two ARHGEF3 candidates, Xelaev18003042m and Xelaev18040996m, 

according to sequence similarity, they were not annotated as ARHGEF3 in JGI version 1.8 

annotation). Therefore, we kept using the original analysis for differential gene expression as 

listed in Supplemental Table 1 (only ANOVA-like multiple sample comparison was included 

in this table).

Animal cap assay

RNAs encoding 2pg activin and 0.25-1ng of RNA-seq clones were injected into the animal 

region of two-cell stage embryos. Ectodermal explants were excised from blastula stage 

embryos and cultured in 0.5X MMR solution until late neurula stages. The morphology of 

the explants was observed and photographed, and the animal caps were subjected to RNA 

extraction and RT-PCR as described (Chang, 2016). The primers used for RT-PCR are listed 

in the Suppl. Table 4. Alternatively, animal caps from the embryos injected with RNA-seq 

clones were dissected at blastula stages and incubated with 8–10ng/ml Activin B protein 

(R&D Systems) until late neurula stages before they were imaged.

Assays for dorsal mesoderm convergent extension and anterior mesendoderm migration

The DMZ explants were dissected from stage 10.5 to 11 embryos and cultured in vitro in 

0.5X MMR solution. The elongation of the explants was examined and photographed at late 

neurula stages, and the length to width ratio was measured using the NIH ImageJ program 

(Bonacci et al., 2012). For anterior mesendoderm migration, the organizer region was 

Popov et al. Page 12

Dev Biol. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dissected from stage 10+ embryos and plated on fibronectin-coated dishes. The explants 

were cultured in DFA solution at the room temperature for about 6 hours before being 

imaged (Nie et al., 2007a). Some of the explants were allowed for longer incubation for over 

8 hours to examine the effect of altered PKDCC1 on tissue integrity and migration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. RNA-seq analysis of genes differentially expressed in the organizer, the dorsal 

marginal zone, and the ventral marginal zone of Xenopus gastrulae.

2. Examination of a selected subset of genes with differential expression patterns 

demonstrates that they display distinct activities in regulating convergent 

extension movements in activin-induced animal caps.

3. An extracellular matrix protein, EFEMP2, modulates activin signaling 

downstream of the activated receptor.

4. PKDCC1, a secreted protein kinase, regulates gastrulation movements and 

anterior neural patterning.
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Figure 1. Schematic representation of the RNA-seq experiment
A) The early organizer from stage 10+ embryos and the dorsal and the ventral marginal zone 

(DMZ and VMZ) explants from mid-gastrula stage embryos were dissected and subjected to 

RNA sequencing. Cells in these regions have distinct fates and motile behaviors. Pairwise 

comparison of differential expressed genes was performed between the organizer and the 

DMZ, and the DMZ and the VMZ, samples. Genes with potential to regulate embryonic 

patterning and/or movements were especially scrutinized in more detail in this study. B) A 

list of the selected known and uncharacterized genes with differential expression patterns in 

different embryonic regions is shown.
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Figure 2. Differential gene expression in the organizer, the DMZ, and the VMZ
RT-PCR was performed to assay for gene expression in different embryonic regions. A) 

Marker analysis confirmed the expression of known region-specific genes in the dissected 

tissues. B) Group I genes were enriched in the organizer. C) Group II genes showed highest 

expression in the DMZ. D) Group III genes were expressed at high levels in both the 

organizer and the DMZ. E) Group IV genes were expressed at high levels in both the DMZ 

and the VMZ. F) Group V genes were enriched in the VMZ.
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Figure 3. Distinct activities of the differentially expressed genes to block activin-induced animal 
cap elongation
RNAs encoding the RNA-seq clones and activin were co-injected into the animal region of 

2-cell stage embryos. Animal caps were dissected at blastula stages and cultured to late 

neurula stages. A) Two GPRC proteins with the highest expression levels in the DMZ, 

GPRC5C and CXCR7, reduced activin-induced animal cap elongation without interfering 

with the mesodermal induction by activin. B) The DMZ-enriched GEF, ARHGEF3, 

efficiently blocked animal cap elongation; but the organizer-enriched GEF, PLEKHG5, or 

RhoGEF expressed in the DMZ and VMZ, FGD5, could not do so. C) CDC42EP3, which 

was expressed at high levels in both the organizer and the DMZ, blocked activin-induced 

animal cap elongation more efficiently than CDC42EP2, a gene enriched in the organizer. D) 

The transcription factors ATF3 and FOS both reduced the elongation of the animal caps, but 

KLF10 was ineffective in doing so. E) The ventrally-enriched Ras family proteins, DIRAS 

and RasL11B, did not block activin-induced animal cap elongation. The doses of RNA used: 

activin, 2pg; RNA-seq clones, 0.25-1ng.
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Figure 4. The ECM protein EFEMP2 inhibits activin signaling downstream of the activated 
receptor
A) The ECM protein EFEMP2, but not SPARC, inhibited activin-induced mesodermal 

formation in animal caps. B) EFEMP2 interfered with mesodermal induction by both activin 

and the activated type I activin receptor ALK4 (CA-ALK4), but did not inhibit mesodermal 

induction by Smad2 or Smad2-induced animal cap elongation. The doses of RNA used: 

activin, 2pg; CA-ALK4, 1ng; Smad2, 1ng; EFEMP2, 1ng.
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Figure 5. PKDCC1, a dorsally enriched gene, induced gastrulation defects when ectopically 
expressed
A) RT-PCR showed that PKDCC1 was first expressed during early gastrulation, and its 

expression persisted until at least tailbud stages. B) In situ hybridization showed that 

PKDCC1 was expressed in the organizer at the dorsal lip region in early gastrula embryos. 

Its expression was then up-regulated in the anterior neural tissues during mid-gastrula to 

neurula stages. At tailbud stages, PKDCC1 transcripts were seen in the eyes, the lateral plate 

mesoderm, and the heart primordium. C) PKDCC1 reduced activin-induced animal cap 

elongation without affecting mesodermal cell fates. D) Ectopic expression of PKDCC1 in 

early Xenopus embryos induced gastrulation defects, with the resulting embryos displaying 

reduced body axis, smaller head, and failure in neural tube closure. E) Overexpression of 

PKDCC1 did not inhibit mesodermal formation in early embryos, as indicated by normal 

expression of brachyury (Bra), but delayed involution and/or migration of dorsal 

mesodermal cells marked by chordin (Chd) and goosecoid (Gsc).
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Figure 6. Knockdown of PKDCC1 resulted in gastrulation defects
A) A translational blocking antisense PKDCC1-MO was designed to hybridize to the 5’-

UTR sequence of the PKDCC transcript. B) Expression of PKDCC1-MO led to embryos 

with reduced body axis and smaller head, which were greatly rescued by co-expression of 

low doses of PKDCC1 RNA that did not contain the 5’-UTR MO-target sequence. C) 

Knockdown of PKDCC1 resulted in delay in internalization of dorsal mesodermal cells 

marked by Chd and Gsc.
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Figure 7. PKDCC1 regulates gastrulation movements
A) Both ectopic expression and knockdown of PKDCC1 led to reduction of convergent 

extension of trunk mesodermal tissues derived from the DMZ. The length over width ratio of 

the explants decreased significantly by enhanced or reduced expression of PKDCC1. B) 

While altered levels of PKDCC1 did not prevent collective cell sheet migration on 

fibronectin, prolonged culture of the explants resulted in more pronounced cell dissociation 

in the absence of PKDCC1, suggesting that PKDCC1 modulated cell cohesion in the 

anterior mesendoderm.
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Figure 8. PKDCC1 regulates anterior neural patterning
Knockdown of PKDCC1 did not change the expression of the axial and the paraxial 

mesodermal markers Chd and MyoD or the neural marker Sox2, but reduced the expression 

domain of the forebrain marker Otx2 and shifted the midbrain marker engrailed (En) 

anteriorly, indicating that PKDCC1 modulated anterior-posterior neural patterning.
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