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Abstract

Protein O-fucosyltransferase 2 (POFUT2) adds O-linked fucose to Thrombospondin Type 1 

Repeats (TSR) in 49 potential target proteins. Nearly half the POFUT2 targets belong to the A 

Disintegrin and Metalloprotease with ThromboSpondin type-1 motifs (ADAMTS) or ADAMTS-

like family of proteins. Both the mouse Pofut2 RST434 gene trap allele and the Adamts9 knockout 

were reported to result in early embryonic lethality, suggesting that defects in Pofut2 mutant 

embryos could result from loss of O-fucosylation on ADAMTS9. To address this question, we 

compared the Pofut2 and Adamts9 knockout phenotypes and used Cre-mediated deletion of Pofut2 
and Adamts9 to dissect the tissue-specific role of O-fucosylated ADAMTS9 during gastrulation. 

Disruption of Pofut2 using the knockout (LoxP) or gene trap (RST434) allele, as well as deletion 

of Adamts9, resulted in disorganized epithelia (epiblast, extraembryonic ectoderm, and visceral 

endoderm) and blocked mesoderm formation during gastrulation. The similarity between Pofut2 
and Adamts9 mutants suggested that disruption of ADAMTS9 function could be responsible for 

the gastrulation defects observed in Pofut2 mutants. Consistent with this prediction, CRISPR/Cas9 

knockout of POFUT2 in HEK293T cells blocked secretion of ADAMTS9. We determined that 

Adamts9 was dynamically expressed during mouse gastrulation by trophoblast giant cells, parietal 

endoderm, the most proximal visceral endoderm adjacent to the ectoplacental cone, 

extraembryonic mesoderm, and anterior primitive streak. Conditional deletion of either Pofut2 or 

Adamts9 in the epiblast rescues the gastrulation defects, and identified a new role for O-
fucosylated ADAMTS9 during morphogenesis of the amnion and axial mesendoderm. Combined, 

these results suggested that loss of ADAMTS9 function in the extra embryonic tissue is 

responsible for gastrulation defects in the Pofut2 knockout. We hypothesize that loss of 

ADAMTS9 function in the most proximal visceral endoderm leads to slippage of the visceral 

endoderm and altered characteristics of the extraembryonic ectoderm. Consequently, loss of input 

from the extraembryonic ectoderm and/or compression of the epiblast by Reichert’s membrane 
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blocks gastrulation. In the future, the Pofut2 and Adamts9 knockouts will be valuable tools for 

understanding how local changes in the properties of the extracellular matrix influence the 

organization of tissues during mammalian development.
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1. Introduction

Thrombospondin Type I Repeats (TSRs) are small (40–60 a.a.) protein motifs found in 

multiple secreted and cell-surface proteins that participate in diverse cellular activities 

including cell attachment, extracellular matrix (ECM) remodeling, migration, proliferation, 

and apoptosis (Adams and Tucker, 2000). Many TSR-containing proteins require post-

translational modification with an unusual disaccharide, Glucoseβ1-3Fucose, for proper 

localization and function (Niwa et al., 2015; Ricketts et al., 2007; Vasudevan et al., 2015; 

Wang et al., 2007). This disaccharide is added only to properly folded TSRs containing an 

O-fucose consensus sequence (C-X-X-(S/T)-C) through the sequential action of Protein O-

FUcosylTransferase 2 (POFUT2) and β3-GLuCosyl-Transferase (B3GLCT) (Kozma et al., 

2006; Luo et al., 2006; Sato et al., 2006; Valero-Gonzalez et al., 2016). Loss of POFUT2 

impairs secretion of target proteins and causes severe gastrulation defects in mouse embryos 

(Du et al., 2010; Vasudevan et al., 2015). In contrast, only some targets appear sensitive to 

B3GLCT elimination (Vasudevan et al., 2015), and mutations in human B3GLCT, rather 

than resulting in early embryo lethality similar to the mouse Pofut2 mutants, cause Peters 

Plus Syndrome (PPS), a congenital disorder characterized by Peters anomaly of the eye 

(congenital corneal opacity arising from a persistent lens stalk), broadened facial features, 

brachydactyly, shortened limbs, and developmental delay (Lesnik Oberstein et al., 2006).

POFUT2 is predicted to modify forty-nine targets, including members of Thrombospondin, 

ADAMTS (A Disintegrin and Metalloprotease with Thrombospondin Type 1 Repeats) and 

ADAMTS-like (ADAMTSL), CCN (named for its members Cyr61, CTGF, and Nov), and 

BAI (Brain-specific Angiogenesis Inhibitor) families, and several other proteins that interact 

with the ECM (Du et al., 2010). About half the predicted targets are members of the 

ADAMTS super-family. The secreted ADAMTS proteases cleave a variety of ECM 

substrates and have important roles in modulating the structure and function of the ECM 

components and other secreted molecules (Apte, 2009; Dubail and Apte, 2015). 

ADAMTSLs resemble the C-terminal ancillary domain of ADAMTS proteases but lack a 

protease domain (Apte, 2009). Several ADAMTSLs bind to fibrillins, which form tissue 

microfibrils that provide important mechanical ECM properties and regulate BMP and 

TGFβ signaling (Hubmacher and Apte, 2011). Mutations in mouse and human ADAMTS 

and ADAMTSL proteins lead to a variety of developmental defects and inherited connective 

tissue disorders (Dubail and Apte, 2015).

In this study, we used conditional deletion of Pofut2 during early mouse development to 

demonstrate that defects in the extraembryonic tissues contribute to abnormal epithelial 
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organization in Pofut2 mutants. Through analysis of Adamts9 mRNA localization and 

comparison of Pofut2 mutants with Adamts9 null and conditional deletion mutants, we 

identified ADAMTS9 as the likely POFUT2 target responsible for maintaining normal 

epithelia arrangement and early gastrulation. Cell-based assays with POFUT2-deleted cells 

revealed that O-fucosylation is required for proper secretion of ADAMTS9, suggesting that 

localized defects in the organization or properties of the ECM were likely responsible for the 

Pofut2 and Adamts9 mutant phenotypes. Analysis of the Pofut2 and Adamts9 conditional 

epiblast mutants also identified a role for POFUT2 during axis formation. The abnormalities 

in these mutants suggest a role for POFUT2 targets including ADAMTS9 in morphogenesis 

of the amnion and axial mesendoderm.

2. Materials and methods

2.1. Ethics statement

All animal work was conducted according to relevant national and international guidelines 

and under approved protocols at Stony Brook University and the Cleveland Clinic under 

Assurance #3145-01. Stony Brook University operates under Assurance #A3011-01, 

approved by the NIH Office of Laboratory Animal Welfare (OLAW). The animal studies 

were approved by the Institutional Animal Care and Use and Committee (IACUC) which 

follow all the guidance set forth in: Public Health Service Policy on Humane Care and Use 

of Laboratory Animals distributed by Office of Laboratory Animal Welfare, NIH; Animal 

Welfare Act and Animal Welfare Regulations distributed by United States Department of 

Agriculture; and Guide for the Care and Use of Laboratory Animals distributed by the 

National Research Council. Stony Brook University animal facilities are accredited with 

AAALAC International (Association for the Assessment and Accreditation of Laboratory 

Animal Care International).

2.2. Mice and genotyping

Primers used and conditions for genotyping are listed in Supplementary Table 1, and maps 

of Pofut2 alleles are depicted in Supplementary Fig. 1. The Pofut2Gt(RST434)Byg (Pofut2-
RST434) transgenic mice were previously described, and have subsequently been 

backcrossed 23 generations to C57BL/6J (Du et al., 2010). The Pofut2tm1bch allele (Pofut2-
Floxed+Neo) was generated by Ozgene. The targeting construct was electroporated into the 

C57BL/6 embryonic stem (ES) cell line, Bruce4. Homologous recombinant ES cells were 

injected into blastocysts from C57BL/6-albino mice, which were congenic for the Tyr<c-
Brd> mutation on the C57BL/6Ncr genetic background. Chimeras were mated to C57BL/6J 

and subsequent progeny were backcrossed to C57BL/6J. Embryos homozygous for the 

Pofut2-Floxed+Neo allele were not viable. To remove the Neo-cassette and generate the 

Pofut2tm2.1bch floxed allele (Pofut2-Floxed), Pofut2-Floxed+Neo heterozygotes were 

crossed to animals that ubiquitously express Flp recombinase (B6.129S4-

Gt(ROSA)26Sortm1(FLP1)Dym/RainJ). Pofut2-Floxed heterozygotes were backcrossed to 

C57BL/6J for 5 generations and were then maintained by intercross. To generate the 

Pofut2tm2.2bch knockout allele (Pofut2-LoxP), Pofut2-Floxed heterozygotes were mated to 

PGK-Cre-recombinase expressing mice obtained from Ozgene (C57BL/6 background) 

(Taibi et al., 2013) and were then maintained by backcrossing to C57BL/6J for 6 
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generations. The Adamts9tm1.2Apte knockout (Adamts9-del) and Floxed (Adamts9-Floxed) 

alleles were previously described (Dubail et al., 2014). Adamts9-del and Adamts9-Floxed 
were subsequently maintained by backcrossing to C57BL/6J. Adamts9tm1Dgen (Adamts9-
LacZ) allele containing an IRES-lacZ cassette in exon 12 (TSR1) was previously described 

(McCulloch et al., 2009). Timed pregnancies were obtained for these studies by designating 

the morning of observation of a vaginal plug as embryo age (E) 0.5.

2.3. Whole-mount embryo in situ hybridization, β-galactosidase staining, and histology

For histology, deciduae were isolated at embryonic day (E) 7.5, fixed in 4% 

paraformaldehyde (PFA), embedded in paraffin, sectioned and stained with hematoxylin and 

eosin. In situ hybridization was carried out as previously described in Shumacher et al. 

(1996), with the addition of an RNAse step for the Lefty2 probe. To reduce trapping in 

Pofut2 mutant embryos, tissues were perforated with a tungsten needle. DNA constructs for 

probe preparation were kindly provided by Drs. Brigid Hogan (Bmp4), Janet Rossant (Kdr 
(Flk1)), Elizabeth Lacy (Foxa2), Michael M Shen (Lefty2), Thomas Gridley (Snail), and 

Bernhard Herrman (T). The Adamts9 probe was previously described (Jungers et al., 2005). 

Embryos subjected to in situ hybridization (ISH) were fixed in 4% PFA, rinsed in PBS, and 

cleared in 80% glycerol before photographing on an agarose background. Photographs were 

taken on a Zeiss SteREO microscope using an AxioCam MRc camera and AxioVisionLE 

program. To genotype embryos that were processed for in situ, the embryos were rehydrated 

in PBS and lysed in 25–50 μl PCR buffer containing (200 mg/mL proteinase K, 10 mM 

DTT, 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris HCl pH8.5, 0.01% gelatin, 0.45% NP-40, 

0.45% Tween-20). Embryo lysates were heated to 95 °C for 10 min and 0.1–2 μl were used 

directly for PCR as described in Supplementary Table 1. Primers and conditions used for 

genotyping are listed in Supplementary Table 1 and the locations of primers within the 

Pofut2 gene are shown in Supplementary Fig. 1. β-galactosidase staining of embryos was 

done as previously described (McCulloch et al., 2009).

2.4. RT-PCR analysis

To examine expression of Pofut2 alleles, RNA was isolated from pooled E 8.5 embryos 

obtained from a Pofut2-RST434/+ X C57BL/6J cross. Total RNA was isolated using the 

RNAqueous Micro Total RNA isolation kit from Life Technologies. RT-PCR was performed 

using the SuperScript III One-Step RT-PCR System with Platinum Taq DNA polymerase kit 

from Life Technologies and the primers indicated in Supplementary Fig. 2.

2.5. Cell-based ADAMTS9 secretion assays

2.5.1. Generation of POFUT2 CRISPR/Cas9 POFUT2 knockout HEK293T cells
—POFUT2 knockout HEK293T cells were generated using CRISPR/Cas9 knockout 

plasmids from SantaCruz. The POFUT2 knockout plasmids contained a pool of three 

plasmids each encoding the Cas9 nuclease/GFP and a POFUT2-specific guide RNA 

(gRNA). The sequences of the three gRNAs are 5′-CGTCCTGCAAAGTTACGCAG-3′, 5′-

TGTAGTACTCGTGCTTGTCC-3′, and 5′-CTCTGCTGAAGACGGAGGAG-3′. Semi-

confluent (60–80%) HEK293T cells in a 6-well dish were transfected with 2 μg of control or 

POFUT2-specific KO plasmids using 10 μl of UltraCruz transfection reagent according to 
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the manufacturer’s protocol. After overnight culture, single GFP-positive cells were sorted 

in 96-well plates using the MoFlo XDP Cell Sorter (Beckman Coulter) at the CTEGD 

Cytometry Shared Resource Laboratory at the University of Georgia (http://

ctegdcytometry.ovpr.uga.edu). Successful gene targeting was confirmed by genomic PCR 

and Western blot analysis (data not shown). For genomic PCR, we used Herculase Enhanced 

polymerase (Agilent Technology) and the following primer sets: 5′-

GAAACCTCAGCATTTGAGACCT-3′ and 5′-GAACTGCTCATACTCG ATGACG-3′; 5′-

ACTTCACCTTCGCGATGCTC-3′ and 5′-GGTAGTGTCAGAGCCTTTAATGGC-3′. 

POFUT2 polyclonal antibody was from Proteintech, catalog no. 17764-1-AP.

2.5.2. Secretion assay—Wild-type HEK293T and Pofut2 knockout HEK293T cells were 

plated in 12 well plates and grown to 70–80% confluency in DMEM (Invitrogen) with 10% 

bovine calf serum. Cells were transfected using polyethylenimine (PE) (Thomas et al., 2005) 

as the transfection reagent with a total of 0.82 μg of DNA (0.6 μg ADAMTS9-N-L2 or 

pSecTag2 empty vector, 0.12 μg mPOFUT2 or pcDNA4 empty vector, and 0.1 μg hIgG). 

The pSecTag2 and pcDNA4 vectors in the study were purchased from Invitrogen (Thousand 

Oaks, CA). The hIgG and ADAMTS9-N-L2 constructs were previously described (Hsieh et 

al., 2003; Koo et al., 2010). After 4 h, the medium was removed and replaced with 0.4 mL of 

OptiMEM (Invitrogen). Following a 48 h incubation period, media was collected and cells 

were lysed using 0.4 mL lysis buffer (TBS with 1% glycerol and 1% NP-40) containing 

cOmplete Mini, EDTA-free protease inhibitor (Roche). Media and lysate samples were 

separated using 8% SDS-PAGE. Protein was transferred to a 0.45 μm nitrocellulose 

membrane, rinsed in Phosphate Buffered Saline (PBS) with 0.1% Tween-20 (PBST), and 

blocked with 5% dry milk in PBST for one hour at room temperature before adding a 1:2000 

dilution of anti-myc antibody (9E10, Stony Brook University Cell Culture/Hybridoma 

Facility) in blocking solution (5% dry milk in PBST) overnight at 4 degrees. The membrane 

was washed with PBST before adding a 1:10,000 dilution of the anti-mouse Alexafluor680 

(Life Technologies) secondary antibody and IRDye800 anti-human IgG (Rockland 

Immunochemicals) and incubating for one hour. Before imaging, membranes were washed 3 

times with PBST and 2 times with deionized water. The membrane was imaged using the 

Odyssey CLx and analyzed with Image Studio Lite software (LI-COR Biosciences).

3. Results

3.1. Pofut2 knockout blocks gastrulation

Previously, we characterized the effects of the Pofut2-RST434 gene trap insertion on mouse 

embryo development (Du et al., 2010). This gene trap likely generated a null allele since the 

insertion of the gene trap cassette was predicted to result in a fusion protein that lacked the 

catalytic residues from POFUT2 (Chen et al., 2012 and Supplementary Fig. 1). Gastrulation 

was severely affected in Pofut2-RST434 mutants (Du et al., 2010). Reichert’s membrane 

was highly compressed and the epithelia of the visceral endoderm, extraembryonic ectoderm 

and the epiblast were irregular. In addition, epithelial to mesenchymal transition was 

significantly expanded in the primitive streak. It was unclear whether gastrulation defects 

observed in these mutants occurred secondarily to the highly compressed Reichert’s 

membrane observed in the mutants. To begin to address this question, we developed another 
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Pofut2 allele that would be suitable for conditional deletion analyses (Pofut2-Floxed), and 

used Cre-recombinase to generate the Pofut2 knockout allele (Pofut2-LoxP) (Supplementary 

Fig. 1).

To confirm that the Pofut2-LoxP allele was null, we compared progeny from Pofut2-LoxP/+ 

intercrosses using inspection of whole embryos, hematoxylin and eosin staining of sectioned 

embryos, and in situ hybridization to examine markers of extraembryonic ectoderm and 

mesoderm differentiation (Fig. 1). At E 6.5 Pofut2-LoxP mutants were morphologically 

indistinguishable from wild-type littermates, suggesting a normal arrangement of embryonic 

and extraembryonic tissues (not shown). At E 7.5, wild-type embryos had reached the mid to 

late primitive streak stage (Downs and Davies, 1993) (Fig. 1A–B′). In intact and sectioned 

wild-type embryos, the embryonic and extraembryonic mesoderm was visible, and the 

extraembryonic amnion and chorion were forming (Fig. 1A–B′). Apical vacuoles were 

clearly visible in the proximal visceral endoderm (Fig. 1B′). In contrast, the Pofut2-LoxP 
mutant embryos were shorter and rounder in appearance, lacked mesoderm, had thickened 

visceral endoderm, and appeared constricted proximal to the epiblast (Fig. 1C–D′), similar 

to what we previously described in the Pofut2-RST434 mutants (Du et al., 2010). The 

embryonic and extraembryonic epithelia were also irregular in Pofut2-LoxP mutants, and 

apical vacuoles were absent from the proximal visceral endoderm (Fig. 1D, D′). The correct 

localization of anterior visceral endoderm (AVE) markers in Pofut2-RST434 mutants (Du et 

al., 2010), suggests that failure of the distal visceral endoderm (DVE) cells to move to the 

anterior does not explain the observed thickened distal visceral endoderm. Rather, the 

increased laminin staining observed in Pofut2-RST434 Reichert’s membrane (Du et al., 

2010), raised the possibility that altered characteristics of this membrane compress the 

embryo and may restrict the physical expansion of the visceral endoderm. Continued cell 

proliferation within in a restricted environment would lead to the thickened appearance of 

the visceral endoderm and disorganization of the epiblast. By E 9.5 Pofut2-LoxP mutants 

were resorbed.

Consistent with the lack of visible mesoderm in Pofut2-LoxP mutant embryos, Snail, 
normally expressed in the migrating mesoderm in wild-type embryos (Fig. 1E, left), was 

only significantly expressed in one of four Pofut2-LoxP mutants (Fig. 1E, right). Similarly, 

Flk1, normally expressed in the extraembryonic mesoderm of wild-type embryos (Fig. 1F, 

left) was absent in four out of eight embryos (not shown), showed limited expression in three 

out of eight embryos, and showed strong expression in only one embryo (Fig. 1F, right). 

Bmp4 was expressed in the extraembryonic ectoderm of wild-type embryos at E 6.5 and in 

the extraembryonic mesoderm at E 7.5 (Fig. 1G and H, respectively). In contrast, Bmp4 was 

not detected in Pofut2-LoxP mutants (Fig. 1G and H). The absence of Bmp4 expression in 

Pofut2-LoxP mutants suggests that the characteristics of the extraembryonic ectoderm may 

be altered.

Overall, the appearance of the Pofut2-LoxP mutants and disorganization of epithelia were 

similar to what we observed for the Pofut2-RST434 mutants. However, the lack of 

mesoderm differentiation and limited expression of Snail and Flk1 in Pofut2-LoxP mutants 

contrasted markedly with our previous observation that the Pofut2-RST434 gene trap 

insertion resulted in abundant Flk1 and Snail expression and excessive epithelial to 
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mesenchymal transition (EMT) in the epiblast (Du et al., 2010). We hypothesized that the 

distinct phenotypes could result from either partial function of the Pofut2-RST434 allele 

through alternative splicing or from the influence of differences in genetic background. The 

Pofut2-RST434 gene trap insertion disrupted Pofut2 exon 6 (Supplemental Fig. 1; Du et al., 

2010), and hypothetical alternative splicing between exon 5 and 7 could maintain the 

POFUT2 reading frame. For this reason, we used RT-PCR to determine whether 

alternatively spliced transcripts originate from the Pofut2-RST434 allele (Supplementary 

Fig. 2). We detected RT-PCR products specific for transcripts originating from the Pofut2 
wild-type and the Pofut2-RST434 allele. We did not detect a product that would result from 

alternative splicing between exons 5 and 7, demonstrating that phenotypic differences 

between Du et al. (2010) and this study did not result from an alternatively spliced 

hypomorphic Pofut2-RST434 allele.

Since the previous study (Du et al., 2010), we had extensively backcrossed the Pofut2-
RST434 allele to C57BL/6J 23 generations and fixed the C57BL/6J Y chromosome in the 

Pofut2-RST434 background. For this reason, we re-examined the expression of Snail and 

Bmp4 in Pofut2-RST434 mutants (Fig. 1I and J). In contrast to our previous studies, we 

failed to detect mesodermal Snail expression in three Pofut2-RST434 mutants, although 

Snail was expressed in the trophectoderm (Fig. 1I). At E 7.5, expression of Bmp4 was barely 

detectable in two Pofut2-RST434 mutants, and the position of the signal suggested that 

extraembryonic ectoderm could be displaced in the Pofut2 mutant (Fig. 1J). The similarity 

between the Pofut2-LoxP and Pofut2-RST434 alleles provided strong evidence that these 

alleles were null and that Pofut2 was required to maintain the organization of epithelia in the 

early gastrula. For this reason, we hypothesize that the phenotypic differences between the 

Du study (Du et al., 2010) and the current resulted from differences in genetic background.

3.2. Pofut2 activity in the extraembryonic tissues is essential for gastrulation

To determine whether loss of mesoderm in Pofut2 mutants resulted from defects in the 

epiblast, or rather occurs secondarily to defects in the extraembryonic tissues, we examined 

the effects of Sox2::Cre mediated deletion of Pofut2 in the epiblast on gastrulation (hereafter 

referred to as Pofut2 epiblast mutant) (Fig. 2 and Supplementary Fig. 3). At E 7.5, both 

wild-type and Pofut2 epiblast mutant embryos underwent gastrulation and extraembryonic 

membranes were visible, including the amnion, chorion, and allantois (Fig. 2A, B, and G). 

Frequently in the Pofut2 epiblast mutants, the closure of the proamniotic cavity appeared 

delayed or the chorion remained connected to the amnion (Fig. 2B and G, right, asterisk). 

Consistent with the ability of Pofut2 epiblast mutants to undergo gastrulation, E 7.5 Pofut2 
epiblast mutants expressed T in the notochord and head process and Foxa2 in the anterior 

primitive streak and emerging mesendoderm, similar to that seen in wild-type littermates 

(Fig. 2A and B). However in Pofut2 epiblast mutants, the Foxa2 expressing cells located 

anterior to the primitive streak appeared to be more widely dispersed along the midline (Fig. 

2B). Overall, the normal epithelial arrangement and progression of gastrulation in Pofut2 
epiblast mutants provided strong evidence that the block in gastrulation in the Pofut2 
knockout was secondary to defects in the extraembryonic tissue.
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3.3. POFUT2 activity in epiblast-derived cells is important for morphogenesis of the 
extraembryonic membranes and axis elongation

By E 8.5 the morphology of the Pofut2 epiblast mutant embryos could be clearly 

distinguished from wild-type littermates by their characteristic shortened and kinked axis, 

failure to turn, and irregular extraembryonic membranes (Fig. 2C–F and H right). Although 

they were abnormal, headfold, heart, and somites were present in Pofut2 epiblast mutants 

(Fig. 2E, F and H, right). Abnormal attachments between the chorion and amnion persisted 

in the Pofut2 epiblast mutants (Fig. 2D, right). T was expressed at Theiler stage 12 and 14 in 

the primitive streak and condensed notochord in wild-type littermates (Fig. 2C and E, left). 

Foxa2 was similarly expressed in the notochord at the early headfold stage and also 

observed in the notochord and floorplate by Theiler stage 14 (Fig. 2D and F, left). 

Expression of T and Foxa2 in the midline of Pofut2 epiblast mutants provided evidence that 

axial mesoderm was specified. However, the broadened midline expression of T and Foxa2 
in the posterior notochord and discontinuous expression of T in later Pofut2 epiblast 

littermates (Fig. 2C–F, right) suggested that Pofut2 activity in epiblast-derived cells was 

needed for efficient midline convergence of the anterior head process or convergent 

extension movements in the trunk notochord precursors (Poelmann, 1981; Sulik et al., 1994; 

Yamanaka et al., 2007). Combined, these analyses point to the importance of O-fucosylation 

of POFUT2 targets in epiblast derived cells for morphogenesis of the extraembryonic 

membranes and axis elongation.

3.4. Definitive endoderm intercalates in Pofut2 epiblast mutants

Expression of Foxa2 in E 7.5 Pofut2 epiblast mutants provided evidence that the definitive 

endoderm cells are specified. Foxa2 expressing cells normally intercalate into the overlying 

visceral endoderm, to form the definitive endoderm (Kwon et al., 2008). To provide a 

preliminary assessment of whether the definitive endoderm cells intercalated into the 

visceral endoderm layer in Pofut2 epiblast mutants, we used PCR to determine whether the 

wild-type Pofut2-Floxed/RST434 visceral endoderm cells were depleted in the E 8.5 Pofut2 
epiblast mutants (Fig. 2E inset, Supplementary Fig. 3, and data not shown). In the Pofut2-
Floxed/Pofut2-LoxP;Sox2::Cre wild-type E 8.5 embryos (n = 6), the Pofut2-wt and Pofut2-
LoxP alleles predominated, with barely perceptible Pofut2-floxed allele. This result is 

consistent with the significant contribution of the epiblast cells to the definitive endoderm. 

Similar results were obtained in Pofut2-floxed/Pofut2-RST434;Sox2::Cre embryos (n = 11), 

where the Pofut2-LoxP and Pofut2-RST434 alleles dominated. These results provided 

evidence that the Pofut2 mutant epiblast cells could disperse and intercalate into the surface 

visceral endoderm layer to form the definitive endoderm, but did not exclude the possibility 

that altered properties of the definitive endoderm layer also contribute to the axis elongation 

defects observed in Pofut2 epiblast mutant embryos.

3.5. Pofut2 epiblast mutants likely generate a leftward-directed nodal signal

Since the trunk notochord is derived from the node, the expression of T and Foxa2 in the 

Pofut2 epiblast mutants (Fig. 2) provided indirect evidence that the node had assembled in 

Pofut2 epiblast mutants (Kinder et al., 2001; Lee and Anderson, 2008; Sulik et al., 1994; 

Yamanaka et al., 2007). However, since Pofut2 was essential for maintaining epithelial 
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organization in the gastrula, we wanted to determine whether loss of Pofut2 in the epiblast 

disrupted the node organization. Generally, mutations that disrupt node epithelial 

organization, such as mutations in planar cell polarity genes or the gene encoding the FERM 

domain protein Lulu, interfere with establishment of left/right laterality (Lee et al., 2010; 

Montcouquiol et al., 2003; Wang et al., 2006). As a first step towards determining whether 

loss of Pofut2 interferes with organization of the node, we evaluated the expression of 

Lefty2 in the left lateral plate mesoderm (Fig. 3A). Lefty2 is normally transiently activated 

in the lateral plate mesoderm in response to the leftward flow of Nodal signal (Shiratori and 

Hamada, 2006). At E 7.5, Lefty2 was similarly expressed in wild-type and Pofut2 epiblast 

mutants in the wings of mesoderm leaving the primitive streak (not shown).

By E 8.5, Lefty2 was expressed in 5 of the 12 wild-type litter-mates, consistent with the 

transient activation of Lefty2 in the left lateral plate mesoderm (Fig. 3A). Lefty2 was 

expressed to varying degrees in the left lateral plate mesoderm of the majority of Pofut2 
epiblast mutants (n = 15/23) (Fig. 3B–E). Although compressed in size relative to their wild-

type counterparts, the Pofut2 epiblast mutant embryos are undergoing similar developmental 

processes (neural folds, heart, and somites forming) but are slightly delayed, and for this 

reason we predict that the minority of mutants that did not express Lefty2 had down 

regulated Lefty2 similar to the majority of wild-type littermates. Mouse mutations that 

disrupt the leftward flow of NODAL express Lefty2 either bilaterally or not at all (Basu and 

Brueckner, 2008; Lee and Anderson, 2008). For this reason the left sided localization of 
Lefty2, and absence of mutants with expression on both sides, suggests that the node cilia 

are functional in Pofut2 epiblast mutants. However, because as few as two beating cilia are 

sufficient to generate left/right asymmetry in cultured embryos (Shinohara et al., 2012), this 

observation does not preclude the possibility that the node organization is abnormal in 

Pofut2 epiblast mutants.

3.6. Loss of ADAMTS9 function is likely responsible for gastrulation defects in Pofut2 
mutants

Since elimination of Adamts9 was reported to result in early embryonic lethality in mice 

(Dubail and Apte, 2015; Enomoto et al., 2010), and ADAMTS9 contains 15 TSRs, of which 

12 contain the required consensus sequence and 9 are known to be O-fucosylated by 

POFUT2 (RSH personal communication), we predicted that loss of ADAMTS9 function in 

Pofut2 mutants might be responsible for the defects in gastrulation. To test this hypothesis, 

we evaluated the effects of the Adamts9 knockout using gross morphology of whole 

embryos, hematoxylin and eosin staining of sectioned embryos, and in situ hybridization to 

examine markers of extraembryonic ectoderm and mesoderm differentiation (Fig. 4 and 

Supplementary Fig. 4). E 6.5 wild-type and Adamts9 mutant embryos were morphologically 

indistinguishable, suggesting a normal arrangement of extraembryonic and embryonic 

tissues (not shown). However, by E 7.5 the Adamts9 mutants were clearly distinguishable 

from their wild-type littermates. At E 7.5, wild-type littermates had undergone gastrulation, 

and the amnion and chorion were formed (Fig. 4A–B′). Like Pofut2 mutants, the tissues in 

E 7.5 Adamts9 mutants were disorganized, and mesoderm was lacking (Fig. 4C–D′). 

Occasionally, the epiblast was completely separated from the extraembryonic ectoderm by 

the parietal endoderm layer and the visceral endoderm was highly folded (Supplementary 
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Fig. 4). Consistent with the absence of visible mesoderm, the Adamts9 mutants failed to 

maintain expression of Bmp4, expressed Snail1 at most weakly, and activated T in only 1 of 

5 mutants. The Adamts9 mutants also displayed the proximal constriction and abnormal 

visceral endoderm lacking apical vacuoles. The striking similarity between the Adamts9 and 

Pofut2 knockouts suggested that the gastrulation defects present in the Pofut2 knockout 

result from disruption of ADAMTS9 function.

To identify tissues responsible for the gastrulation defects observed in Adamts9 and Pofut2 
knockouts, we examined the expression of Adamts9 between E 5.5 and E 7.5 of gestation 

using whole mount in situ hybridization and analysis of β-galactosidase activity in embryos 

heterozygous for the Adamts9-lacZ allele (Fig. 5). Adamts9 expression was first detected at 

E 5.5 in the trophoblast giant cells by β-galactosidase activity using the Adamts9-LacZ 
allele (not shown). Between E 6.5 and 7.5, Adamts9 was expressed in extraembryonic 

tissues including the trophoblast giant cells and parietal endoderm, and in the embryo 

derived mesoderm of the extraembryonic allantois, amnion, and chorion (Fig. 5A–G′). 

These results are consistent with previous analysis of Adamts9 expression in sectioned 

embryos (Jungers et al., 2005). In addition, we detected Adamts9 transcripts in the visceral 

endoderm adjacent to the ectoplacental cone, in the region where the visceral endoderm 

transitions to parietal endoderm (Fig. 5A, and C white arrow, and Supplementary Fig. 5); 

however, we did not detect LacZ activity in this region (Fig. 5F).

In the embryo proper, Adamts9 was transiently expressed in the anterior primitive streak 

between E 6.5 and E 7.5 (Fig. 5B–G). Expression of Adamts9 in the anterior primitive streak 

peaked by the mid-late primitive streak stage (Fig. 5C) and subsequently declined (Fig. 5D–

E). We also detected β-galactosidase (β-gal) positive cells between the epiblast and surface 

endoderm and intercalated into the surface layer, suggesting that cells expressing Adamts9 
were fated to become definitive endoderm and/or axial mesoderm (Fig. 5F–G′). Since 

Adamts9 transcripts were only localized to the anterior primitive streak, the β-gal staining in 

the anterior mesendoderm layer (Fig. 5F–G′) likely results from persistent β-gal activity in 

cells that originated from the anterior primitive streak.

3.7. Extraembryonic ADAMTS9 is essential for mouse gastrulation

Given the similarity between the Pofut2 and Adamts9 knockouts, and the requirement for 

POFUT2 in the extraembryonic tissues for normal gastrulation (Fig. 2), we hypothesized 

that loss of ADAMTS9 function in either the trophoblast giant cells, parietal endoderm, or 

proximal visceral endoderm was responsible for the gastrulation defects present in the 

Pofut2 knockout. To test this hypothesis, we examined the effects of Sox2::Cre mediated 

deletion of Adamts9 in the epiblast on gastrulation (hereafter referred to as Adamts9 epiblast 

mutant) (Fig. 5). By E 9.5, wild-type embryos had turned, neural folds had fused, and the 

heart and somites were visible (Fig. 5H). In comparison, Adamts9 epiblast mutants were 

delayed (Fig. 5I–K), had not turned, and had significantly shorter axis. Two of the four 

Adamts9 epiblast mutants (Fig. 5J and K) bore striking resemblance to the Pofut2 epiblast 

mutants. The significant development of the Adamts9 epiblast mutants compared to the 

Adamts9-del mutants, provided strong evidence that ADAMTS9 function in the 

extraembryonic tissues is essential for gastrulation.
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3.8. Loss of Pofut2 impairs secretion of ADAMTS9 in HEK293T cells

In cell culture, depletion of POFUT2 using siRNA impairs trafficking and secretion of all 

tested POFUT2-targets (Niwa et al., 2015; Ricketts et al., 2007; Vasudevan et al., 2015; 

Wang et al., 2007), the majority of which normally associate with ECM (Tucker, 2004). 

These results suggest that impaired secretion of ADAMTS9 contributes to defects in Pofut2 
mutants. To test this hypothesis, we analyzed the effects of CRISPR/Cas9 induced POFUT2 
mutations in HEK293T cells on secretion of transfected myc-tagged ADAMTS9 in cell 

culture (Fig. 6A), since specific ADAMTS9 antibodies are not available to directly test the 

localization/secretion of ADAMTS9 in mouse Pofut2 mutants. ADAMTS9 was secreted 

from control HEK293T cells with intact POFUT2 (Fig. 6A, left). Although ADAMTS9 was 

present in the cell lysate of POFUT2 null HEK293T cells, ADAMTS9 was not secreted into 

the medium unless co-transfected with POFUT2 (Fig. 6A, right). These results demonstrated 

that O-fucosylation of ADAMTS9 TSRs by POFUT2 was essential for secretion of 

ADAMTS9, and together with the phenotype of Adamts9 mutant embryos suggested that O-
fucosylated ADAMTS9 modulation of the extraembryonic ECM properties or cell/matrix 

interactions is essential for mouse gastrulation.

4. Discussion

In this study, we demonstrated that O-fucosylation of POFUT2 target proteins was essential 

for maintaining the organization of epithelia needed for progression of mouse gastrulation. 

We propose that differences between the Pofut2 mutant phenotype observed in this study 

compared to the previously published report likely result from genetic background 

differences. The similarity between the Pofut2 and Adamts9 mutant phenotypes and 

defective secretion of ADAMTS9 in Pofut2 mutant cells suggest that loss of ADAMTS9 

function was likely responsible for the gastrulation defects in Pofut2 mutants. Combined, the 

pattern of Adamts9 expression and developmental abnormalities in the Pofut2 and Adamts9 
epiblast mutants provided evidence that loss of ADAMTS9 function in one or more of the 

extraembryonic cell types (trophectoderm, parietal endoderm, or visceral endoderm adjacent 

to the ectoplacental cone) was responsible for blocking gastrulation in Pofut2 and Adamts9 
mutants (Fig. 6B). Moreover, the abnormalities present in the Pofut2 epiblast mutants 

suggested that O-fucosylation of POFUT2 targets was also essential for axis elongation. 

Since the early anterior primitive streak domain of Adamts9 expression correlates with cells 

fated to become the definitive endoderm (Lawson et al., 1986; Lawson and Pedersen, 1987; 

Tam and Beddington, 1987, 1992) and the epithelial node (Poelmann, 1981; Sulik et al., 

1994; Yamanaka et al., 2007), and Adamts9 epiblast mutants also displayed truncated axis, 

loss of ADAMTS9 function in these cell types could contribute to the axial defects observed 

in Pofut2 epiblast mutants (Fig. 2). However, given the differences in the severity of the axis 

elongation defects in Adamts9 epiblast mutants, it is possible that other POFUT2 targets 

may help to compensate for loss of ADAMTS9 function by epiblast cells, or that there is 

some residual ADAMTS9 activity after loss of POFUT2.

Defective secretion of ADAMTS9 in POFUT2-null HEK293T cells suggested that 

abnormalities observed in Pofut2 mutants could result from altered properties of the ECM. 

ADAMTS9 is known to process aggrecan and/or versican (Somerville et al., 2003), and 

Benz et al. Page 11

Dev Biol. Author manuscript; available in PMC 2017 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



depletion of ADAMTS9 during development of the heart, palate, umbilical cord, and 

regression of interdigital web leads to accumulation of versican and abnormalities in the 

ECM (Dubail et al., 2014; McCulloch et al., 2009; Enomoto et al., 2010; Kern et al., 2010). 

Neither aggrecan nor versican are known to be expressed in the gastrulating embryo. 

Therefore, we do not fully understand how loss of Pofut2 or Adamts9 leads to the defects in 

gastrulation and axial elongation, and it could be via proteolysis of as yet unidentified 

substrates. However, since an Adamts9 mutant that generates a membrane bound form of 

ADAMTS9 (Adamts9-Gt) develops considerably further than the Adamts9 or Pofut2 null 

embryos (Nandadasa et al., 2015), we hypothesize that the matrix of the early gastrula 

requires the local rather than long range action of ADAMTS9. This effect could occur 

through ADAMTS metalloproteinase activity or alternatively could occur through direct 

interaction with other cells thru ADAMTS9’s CSVTCG motif (thought to mediate binding 

to the cell surface molecule CD36 (Asch et al., 1992)) or through ADAMTS9’s BBXB motif 

(thought to mediate interactions with heparin and sulfatide in the matrix (Proudfoot et al., 

2001)).

Clues to understanding how loss of ADAMTS9 alters the properties of the ECM come from 

analysis of the Caenorhabditis elegans gon-1 mutants (Blelloch et al., 1999) where the ECM 

is comprised of a simpler basement membrane composed of primarily of laminin, type IV 

collagen, nidogen, and perlecan (Kim and Nishiwaki, 2015). In C. elegans, the Adamts9 
homologue, gon-1, is essential for migration of the gonadal distal tip cell (Blelloch et al., 

1999). Genetic interaction studies demonstrated that gon-1 and Fibulin (fbl-1) (encodes a 

minor component of the basement membrane) function antagonistically in regulating distal 

tip cell migration, and that a dominant mutation in type IV collagen α1 chain (emb-9 (tk75)) 
relieves distal tip migration defects observed in fbl-1 mutants and exacerbates the effects of 

gon-1 mutants (Hesselson et al., 2004; Kubota et al., 2012). These results suggest that 

GON-1 and FBL-1 mediated alteration of collagen IV organization directs the migration of 

the distal tip cells. It is intriguing to speculate that similar alterations in collagen IV 

organization could contribute to the gastrulation defects observed in Pofut2/Adamts9 
mutants, since basement membranes are the primary ECM assemblies at the pregastrulation 

stage. However, since collagen IV is not a known substrate for ADAMTS9 or GON-1 

(Somerville et al., 2004), changes in collagen IV organization are likely modulated by an as 

yet unidentified ADAMTS9/GON-1 target or through an as yet unidentified non-proteolytic 

function of ADAMTS9/GON-1.

The ability of teratomas produced from Pofut2-RST434 mutant epiblast to differentiate into 

a variety of mesoderm derived tissues provides evidence that the inability of Pofut2 mutant 

cells to differentiate results from a lack of signal rather than the inability to respond to signal 

(Du et al., 2010). For this reason, we predict that a major factor inhibiting mesoderm 

induction in Pofut2 or Adamts9 mutants is the altered characteristics of the extraembryonic 

ectoderm and in the most extreme cases a displacement of extraembryonic ectoderm 

(Supplementary Fig. 4; Fig. 6B). A similar block in mesoderm differentiation is observed 

when the extraembryonic ectoderm is physically removed from epiblast explants (Beck et 

al., 2002; Rodriguez et al., 2005). Altered characteristics of the extraembryonic ectoderm 

could also explain the lack of mesoderm in Pofut2 mutants, since the extraembryonic 

ectoderm is a source of proprotein convertases that are essential to maintain Nodal 
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expression in the epiblast (Ben-Haim et al., 2006), and expression of Bmp4 in the 

extraembryonic ectoderm induces Wnt3 in the epiblast, which amplifies expression of 

epiblast Nodal; together Wnt and Nodal signaling mediate mesoderm induction (Ben-Haim 

et al., 2006). Altered characteristics of the extraembryonic ectoderm could also be 

responsible for changes in the characteristics of the Pofut2/Adamts9 mutant visceral 

endoderm, since BMP signals are important for maintaining visceral endoderm 

characteristics in extraembryonic endoderm stem cell cultures (Paca et al., 2012).

It is intriguing to speculate that ADAMTS9 function in the visceral endoderm functions 

locally to anchor the most proximal visceral cells to the ECM or ectoplacental cone cells at 

the region of transition between the visceral and parietal endoderm (Fig. 6B). In this model, 

impaired secretion of ADAMTS9 in Pofut2 mutants or loss of Adamts9 leads to slippage of 

the parietal/visceral endoderm layers, resulting in mechanical displacement or altered 

characteristics of the extraembryonic ectoderm and compression of the epiblast (Fig. 6B). 

This model is consistent with the ability of the wild-type extraembryonic tissues to rescue 

the gastrulation defects in Pofut2 and Adamts9 epiblast mutants (Fig. 2). Altered properties 

of Reichert’s membrane could also contribute to the observed densely packed parietal 

endoderm, the ruffled/folded characteristics of the visceral endoderm in Pofut2 and Adamts9 
mutants (Figs. 1 and 4), and increased laminin staining observed in Reichert’s membrane of 

Pofut2 mutants (Du et al., 2010).

Analogous slippage of embryonic tissues was observed in C. elegans mutants lacking 

hemicentin, a component of the hemidesmosome in the developing gonad (Morrissey et al., 

2014). Mouse Hemicentin-1 is also a predicted target of POFUT2 (Du et al., 2010). Since 

hemicentins are important for maintaining the architectural integrity of vertebrate tissues and 

organs (reviewed in Xu et al. (2013)), disruption of cell-ECM connections could also 

contribute to disorganization of epithelia in the Pofut2 mutants. However, since the mouse 

Hemicentin-1 knockout disrupts early cleavage divisions and results in pre-implantation 

lethality, loss of Pofut2 must not completely block Hemicentin-1 function (Xu and Vogel, 

2011).

The Pofut2 and Adamts9 conditional epiblast mutants presented a new set of phenotypes not 

observed in the Pofut2 or Adamts9 knockout, providing evidence for the role of POFUT2 

target proteins in axis elongation and morphogenesis of the amnion. In mouse, axis 

elongation problems have been reported when mutations disrupt node and notochord 

formation (Hnf3β and Lulu) (Dufort et al., 1998; Lee and Anderson, 2008; Lee et al., 2010), 

interfere with cell polarity (for example Vangl2/Lp and Chuhzoi) (Kibar et al., 2001; 

Paudyal et al., 2010; Wilson and Wyatt, 1992), or disrupt amnion morphogenesis (Bmp2, 
Foxf1, Pagr1a, and Fn1) (George et al., 1993; Kumar et al., 2014; Mahlapuu et al., 2001; 

Zhang and Bradley, 1996). Compared to any of these mutants, the severely truncated axis in 

Pofut2 epiblast mutants suggest that multiple factors likely contribute to the observed axis 

elongation defects. The persistent attachment of the developing chorion and the amnion 

observed in Pofut2 epiblast mutants is similar to that observed in Fn1 mutants (George et al., 

1993). For this reason, we predict that loss of Adamts9 or Pofut2 contributes in part to the 

axis elongation defects by altering the properties of the amnion/chorion membrane ECM 
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similar to a Fn1 mutants (George et al., 1993). This is consistent with the expression of 

Adamts9 in the extraembryonic mesoderm.

Since activation of Lefty2 in the lateral plate mesoderm depends upon functioning node 

cilia, and Lefty2 is activated in Pofut2 epiblast mutants (Fig. 4), defects in early node 

morphogenesis likely do not contribute to the axis elongation defects. However, because of 

the wide distribution of T and Foxa2 transcripts in the trunk notochord precursors at the 

early headfold stage, loss of POFUT2 could interfere with later node function. Moreover, the 

broad distribution of T and Foxa2 raise the possibility that loss of Pofut2 in the epiblast 

derived cells alter the properties of the underlying ECM that disrupt convergent extension 

movements or alter the properties of the definitive endoderm. In the future, we will use the 

conditional deletion strategy to distinguish whether axial elongation defects result from 

defects in the amnion, epiblast or epiblast-derived definitive endoderm and notochord. The 

Pofut2 and Adamts9 conditional mutants will also provide valuable tools to identify changes 

in the extracellular matrix and evaluate the consequence of these changes on morphogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
POFUT2 is essential for maintaining epithelial organization and mesoderm differentiation. 

(A–D′) Comparison of E 7.5 Pofut2 wild-type (Pofut2 wt) and Pofut2 knockout embryos 

(Pofut2-LoxP) by gross morphology (A and C) and hematoxylin and eosin staining of 

sections (B and D). Embryo orientation: proximal up and distal down; anterior left and 

posterior right. (A–B′) wild-type embryos have well-defined embryonic (embryonic 

ectoderm, ec; mesoderm, me) and extraembryonic tissues (ectoplacental cone, ec; 

extraembryonic ectoderm, ex; embryonic ectoderm, em; visceral endoderm, ve; parietal 

endoderm, pe; trophoblast giant cells, tg). (B′) The proximal visceral endoderm (bracketed) 

is highly polarized and has large apical vacuoles (arrowheads). (C–D′) In contrast, tissues in 

Pofut2 knockout embryos are highly compressed, mesoderm is not clearly visible, and 

extraembryonic structures derived from mesoderm are absent. (D′) The Pofut2 knockout 

visceral endoderm, although polarized, lacks large apical vacuoles (arrowheads). (E–J) 

Comparison of mesodermal (Snail and Flk1) and mesodermal and extraembryonic ectoderm 

(Bmp4) marker expression using whole mount in situ hybridization. Where the expression 

patterns varied in Pofut2 mutants, representative embryos are shown with number of 

embryos in indicated in parenthesis. (E–F) Comparison of gene expression in wild-type 

(left) and Pofut2-LoxP mutants (right). In contrast to E 7.5 wild-type embryos, the majority 

of Pofut2 mutants fail to express these genes, or expressed them at lower levels. Note that 

4/8 Pofut2-LoxP mutants did not express Flk1 (not shown). (I, J) Comparison of Snail (I) 
and Bmp4 (J) expression in wild-type (left) and Pofut2-RST434 mutant littermates (right). 
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Pofut2-RST434 mutants lack Snail mRNA and show only limited expression of Bmp4 in the 

extraembryonic region. In this study, the Pofut2-RST434 had been back-crossed more than 

20 generations to C57BL/6J. Embryos are oriented proximal up and distal down. Wild-type 

embryos are oriented anterior to the left; Anterior posterior orientation of Pofut2 mutants is 

not known.
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Fig. 2. 
Pofut2 activity in the epiblast is essential for axis elongation. The genotypes of the epiblast 

(Epi) and extraembryonic (Ext) tissues in the embryo pairs (control on the left and epiblast 

mutants on the right) are indicated at the top of the figure. To evaluate the effects of deleting 

Pofut2 in the epiblast using Sox2::Cre, embryos were obtained between E 7.5 (A–B, G) and 

8.5 (C–F, H) and were processed for whole-mount in situ hybridization expression or were 

embedded, sectioned, and stained with hematoxylin and eosin to evaluate tissue morphology 

(G and H). (A, C, and E) T was expressed in the primitive streak and notochord of Pofut2 
wild-type and epiblast mutants, suggesting that loss of POFUT2 activity in the 

extraembryonic tissue was responsible for blocking gastrulation in the Pofut2 mutants (Fig. 

1). Arrowheads in panel E identify discontinuous notochord. (E) Inset shows PCR 
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genotyping of embryos. Lanes correspond to embryo on the left and right. Full litters for 

panels C and E are shown in Supplementary Fig. 3 with complete genotyping. (B, D, and F) 

Foxa2 was expressed in the anterior primitive streak and emerging mesendoderm at the late 

primitive streak stage (B), notochord at the early headfold stage (D), and notochord and 

floorplate at late headfold stage (F) in Pofut2 wild-type and epiblast mutants. Both T and 

Foxa2 expression domains were wider and somewhat irregular in shape in the Pofut2 
epiblast mutants compared to wild-type littermates. (G and H) Sagittal sections of Pofut2 
wild-type and epiblast mutant littermates at E 7.5 (G) E 8.5 (H) stained with hematoxylin 

and eosin. (G) At E 7.5 (late bud stage), the chorion frequently remains attached to the 

amnion in Pofut2 epiblast mutants and the epiblast appears disorganized. Persistent 

attachment of chorion and amnion is indicated by asterisk (*). (H) At E 8.5, there is 

evidence of heart and somite development in Pofut2 epiblast mutants. Anterior is to the left, 

posterior to the right, proximal up, and distal down. Amnion, am; allantois, al; blood islands, 

bl; brachial arch, ba; brain, br; chorion, ch; heart, he; headfold, hf; neural fold, nf; node, n; 

notochord, nt; neural tube, nr; optic vesicle, ov; somite, so.
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Fig. 3. 
Laterality is likely established in Pofut2 epiblast mutants. Representative whole mount 

Lefty2 in situ hybridization in E8.5 embryos viewed from the left side (anterior to the left) 

(A–E) or the anterior (A′–E′). The number of Pofut2 wild-type (Pofut2 wt) or Pofut2 
epiblast mutant (Pofut2 epi mut) embryos displaying the respective expression pattern is 

shown as a fraction of total embryos analyzed. (A) In wild-type embryos Lefty2 was 

expressed in the lateral plate mesoderm or 5 embryos and extinguished in 7. (B–E) A range 

of Lefty2 expression in the lateral plate mesoderm was detected in the majority of Pofut2 
epiblast mutant embryos. Genotype of epiblast (Epi:) and extraembryonic tissues (Ext:) are 

shown for each embryo.
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Fig. 4. 
Adamts9 null embryos recapitulate the Pofut2 knockout phenotype. (A–D′) Comparison of 

gross morphology of E 7.5 Adamts9 wild-type (Adamts9 wt) and Adamts9 nullembryos 

(Adamts9del/del) (A and C) and after hematoxylin and eosin staining of sections (B and D). 

Wild-type embryos (A and B) are similar to those described in Fig. 1(A–B′). In contrast, the 

epithelia of Adamts9 mutants (C–D) were disorganized and the visceral endoderm lacked 

apical vacuoles, similar to that observed in Pofut2 knockouts (Fig. 1C–D′). White 

arrowheads in panel D′ point to the absence of apical vesicles in Adamts9 mutants. (E–G) 

Whole-mount in situ hybridization comparison of Adamts9 wild-type and knockout embryos 

at E 7.5. (E) Bmp4 was not expressed in Adamts9 mutants, similar to that observed in the 

Pofut2 knockout (Fig. 1G). (F) Brachyury (T) was expressed in a truncated domain in 1/5 

Adamts9 mutants, but was absent in 4/5 embryos. (G) Snail was expressed weakly in 1/3 

Adamts9 mutants. Embryos are oriented proximal up and distal down. Wild-type embryos 

are oriented anterior to the left and posterior to the right. The anterior posterior orientation 

of Pofut2 mutants is not known.
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Fig. 5. 
Adamts9 is expressed dynamically during gastrulation, in distinct extraembryonic and 

embryonic tissues. (A–E) Whole mount in situ hybridization analysis of Adamts9 expression 

at E 7.5. Adamts9 mRNA was detected in extraembryonic mesoderm of the amnion, 

allantois, and chorion, and in the parietal endoderm cells (pe), trophoblast giant cells, ring of 

proximal visceral endoderm adjacent to the ectoplacental cone (white arrowhead), and in the 

anterior primitive streak. (A′) Trophoblast and parietal endoderm was removed from embryo 

shown in A. (F–G′) E 6.5 (F, F′) and E 7.5 (G, G′) Adamts9lacZ/+ embryos were stained for 

β-galactosidase activity, then sectioned and stained with eosin. β-gal activity was detected in 

the anterior primitive streak, parietal endoderm, and definitive endoderm. β-gal activity in 

the definitive endoderm, likely reflects perdurance of β-gal activity in cells originating from 

the anterior primitive streak. (H–K) Evaluating the effect of Adamts9 deletion in the epiblast 

at E9.5. (H) Wild-type Adamts9 embryos (Fl/+;Sox2::Cre) had turned, the neural tube was 

closed, heart was developing, and somites were visible. (I–K) In contrast, Adamts9 epiblast 

mutants (Fl/del;Sox2::Cre) embryos failed to turn (4/4) and were considerably delayed. Two 
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of the four Adamts9 epiblast mutants (J and K) had a severely truncated and kinked axis 

similar to that observed in Pofut2 epiblast mutants. Embryos are oriented proximal up and 

distal down. Wild-type embryos are oriented anterior to the left; anterior posterior 

orientation of Adamts9 mutants is not known. Anterior primitive streak (aps), amnion (am), 

allantois (al), chorion (ch), definitive endoderm (de), parietal endoderm (pe), trophoblast 

(tb).
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Fig. 6. 
Loss of POFUT2 blocks secretion of ADAMTS9 in HEK293T cells.(A) Western blot 

analysis of myc-tagged ADAMTS9-N-L2 (ADAMTS9-myc) secretion from wild-type 

HEK293T cells or Pofut2 CRISPR/Cas9-targeted HEK293T cells (HEK293T Pofut2 null). 

Cells were co-transfected with expression plasmids encoding Adamts9-myc and hIgG with 

or without additional Pofut2-myc or empty vector. In HEK293T cells, ADAMTS9 is 

secreted into the media with or without transfected Pofut2-myc. In contrast, in CRISPR/

Cas9-mutated HEK293T cells ADAMTS9, although observed in the cell lysate, fails to be 

secreted into the medium. Co-transfection with Pofut2-myc rescues secretion defects in 

HEK293T Pofut2 null cells. (B) Model for action of POFUT2 and ADAMTS9 in the early 

gastrula. We propose that O-fucosylation of ADAMTS9 promotes the proper arrangement of 

extraembryonic tissues (grey and green) critical for specification of visceral endoderm 

characteristics (green) and maintaining signals essential for mesoderm induction in the 

epiblast (blue). We hypothesize that one possible function of ADAMTS9 is to act locally 

(red square) to anchor proximal visceral endoderm cells to the ECM or ectoplacental cone 

cells. We predict that loss of Pofut2 (by blocking secretion of ADAMTS9) or loss of 

Adamts9 disrupts this anchor point causing the visceral/parietal endoderm layers to slip. 

This disturbance alters the properties of the extraembryonic ectoderm or displaces the tissue. 

As a consequence, the visceral endoderm does not receive BMP signals essential for 

maintaining characteristics such as apical vacuoles (white spots) and the epiblast is unable to 

maintain signals needed for mesoderm induction (WNT and NODAL). The increased 

laminin staining in Reichert’s membrane (pink) in Pofut2 mutants (Du et al., 2010) could 

result from loss of this anchor point (retraction of the membrane), or alternatively from loss 

of ADAMTS9 function in the parietal endoderm cells or trophoblast giant cells. Wild-type 

and mutant embryos are oriented proximal up and distal down. Abbreviations: ectoplacental 

cone (ec), epiblast (ep), parietal endoderm (pe), Reichert’s membrane (rm), trophoblast giant 

cells (tg), visceral endoderm (ve).
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