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Abstract
Thrombospondin type 1 repeat (TSR) superfamily members regulate diverse biological activities
ranging from cell motility to inhibition of angiogenesis. In this study, we verified that mouse protein
O-fucosyltransferase-2 (POFUT2) specifically adds O-fucose to TSRs. Using two Pofut2 gene trap
lines, we demonstrated that O-fucosylation of TSRs was essential for restricting epithelial to
mesenchymal transition in the primitive streak, correct patterning of mesoderm, and localization of
the definitive endoderm. Although Pofut2 mutant embryos established anterior/posterior polarity,
they underwent extensive mesoderm differentiation at the expense of maintaining epiblast
pluripotency. Moreover, mesoderm differentiation was biased towards the vascular endothelial cell
lineage. Localization of Foxa2 and Cer1 expressing cells within the interior of Pofut2 mutant
embryos suggested that POFUT2 activity was also required for the displacement of the primitive
endoderm by definitive endoderm. Notably, Nodal, BMP4, Fgf8, and Wnt3 expression were markedly
elevated and expanded in Pofut2 mutants, providing evidence that O-fucose modification of TSRs
was essential for modulation of growth factor signaling during gastrulation. The ability of Pofut2
mutant embryos to form teratomas comprised of tissues from all three germ layer origins suggested
that defects in Pofut2 mutant embryos resulted from abnormalities in the extracellular environment.
This prediction is consistent with the observation that POFUT2 targets are constitutive components
of the extracellular matrix (ECM) or associate with the ECM. For this reason, the Pofut2 mutants
represent a valuable tool for studying the role of O-fucosylation in ECM synthesis and remodeling,
and will be a valuable model to study how post-translational modification of ECM components
regulates the formation of tissue boundaries, cell movements, and signaling.
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Introduction
Epidermal growth factor-like (EGF) and thrombospondin type 1 repeats (TSRs) can be
modified by an unusual form of O-linked glycosylation called O-fucose [1,2,3]. EGF repeats
and TSRs are 40–60 aa cysteine-rich motifs found in a wide variety of cell surface and secreted
proteins. TSRs are somewhat larger than EGF repeats, but both contain six conserved cysteines
forming three disulfide bonds, although the disulfide bonding patterns for each are distinct
[2]. O-Fucose is added to EGF repeats by protein O-fucosyltransferase 1 (POFUT1) [4], while
POFUT2 O-fucosylates TSRs [5,6]. Both enzymes are highly selective, modifying only
properly folded repeats containing the appropriate consensus sequences [2]. The similarity
between Notch and Pofut1 mutant phenotypes in mice and Drosophila provides evidence that
the O-fucose residues on the Notch receptor EGF repeats are essential for its function [7,8].
Cell biological and biochemical studies investigating the role of O-fucose on Notch also
support this view [9,10,11,12]. Further evidence for the importance of O-fucose glycans in
Notch function comes from the observation that Fringe, a known modulator of Notch function,
functions by adding a β3-linked N-acetylglucosamine to O-fucose residues on the EGF repeats
of Notch [2,13,14].

POFUT2 is closely related to POFUT1, but modifies TSRs that contain the consensus sequence:
C-X2–3-(S/T)-C-X2-G, where the cysteines are the first and second conserved cysteines in
group 1 TSRs, or the second and third cysteines in group 2 TSRs (Table 1) [1,5,6,15,16,17,
18]. O-Fucose on TSRs can be elongated by a β 3-glucosyltransferase [19,20]. In humans, the
failure to add β 3-linked glucose to O-fucose on TSRs results in Peter’s Plus Syndrome, an
autosomal recessive disorder characterized by developmental delay, anterior eye chamber
defects, and cleft palate [20,21,22], suggesting that O-fucosylation of TSR-containing proteins
will be critical for their function.

Examination of the SMART database for TSR proteins containing the POFUT2 consensus
recognition sequence identified 51 putative targets in mice (Table 1). Among these potential
targets, the number of TSRs predicted to be modified by POFUT2 varies considerably. Putative
POFUT2 targets include 10 transmembrane proteins and 41 secreted proteins that regulate
diverse cellular processes including cell differentiation, proliferation, adhesion, migration,
apoptosis, extracellular matrix (ECM) production, angiogenesis, nerve development, innate
immune response, regional patterning of vascular system, and cleavage of plasma Von
Willebrand factor [23,24,25,26,27,28,29,30,31,32]. Moreover the receptor binding, signal
modulating, and anti-angiogenic function of several putative POFUT2 target proteins is
attributed to the TSRs [33,34,35,36,37,38,39].

Given the precedent for the role of O-fucose modification of EGF repeats in Notch receptor
function, and the importance of TSRs for protein function, we predict that the O-fucose
modification of TSRs will also be important for the biological roles of POFUT2 target proteins.
Furthermore, since many POFUT2 target proteins, including CCN, TSP, and ADAMTS family
members, are involved in ECM synthesis and remodeling or modulation of growth factor
signaling, we hypothesized that loss of POFUT2 activity could disrupt embryonic processes
such as gastrulation, which require controlled regulation of growth factor signaling and matrix
remodeling [40,41]. To determine the role of POFUT2 in mouse embryo development, we
characterized the biochemical specificity of mouse POFUT2 and the effects of two gene trap
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disruptions of Pofut2. These data demonstrated that TSR O-fucosylation was important for
maintaining organized tissues in the pre-gastrula embryo. Importantly, loss of Pofut2 resulted
in unrestricted epithelial to mesenchymal transition (EMT) and biased differentiation of
vascular endothelial cells. Widespread expression of Nodal, BMP, Wnt3 and Fgf8 in Pofut2
mutant embryos suggested that O-fucose modification of TSRs was critical for maintaining a
balance of signaling within the embryo.

Materials and Methods
Ethics statement

All animal work was conducted according to relevant national and international guidelines.
Stony Brook University operates under Assurance #A3011-01, approved by the NIH Office of
Laboratory Animal Welfare (OLAW) (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).

Generation of Pofut2 Expression constructs
Mouse POFUT2 cDNA was amplified by PCR from a mouse testis cDNA library (a kind gift
from Dr. William J. Lennarz) with the primers, Forward: 5′-
CATATCATAAAGCTTGCCATGGCGGCGCTCAGCGTCGTCTGC-3′, and Reverse: 5′-
CATATATATCTCGAGGTACGCAATCTTCCAGTGTGTGGGCTG-3′, and digested with
Hind III and Xho I, and cloned into pcDNA4/TO/myc-His vector (Invitrogen). Since this
construct does not contain the Pofut2 stop codon, recombinant proteins will be expressed as
myc and His6 tagged proteins (POFUT2-Myc-His). For the expression of untagged mouse
POFUT2, the Pofut2 cDNA (including stop codon) was inserted between Hind III and Xba I
sites of pcDNA4 (Invitrogen). To mutate the ERE motif (POFUT2/E396A-myc-His), site-
directed mutagenesis was carried out to replace dA at 1187 (nt) with dC.

Transient transfection and Purification of the myc- and 6x His-tagged POFUT2 protein by Ni-
NTA chromatography

HEK293T cells were transiently transfected with the expression plasmids encoding full-length
mouse Pofut2 with or without myc- and hexa-His- tags at its C-terminus (Pofut2-myc-His), or
the empty plasmid pcDNA4 as control by Lipofectamine 2000 (Invitrogen). Culture medium
(5 ml) of the transiently transfected cells was dialyzed against 50 mM Tris-HCl pH 7.4
containing 25% glycerol overnight. The dialyzed sample was mixed with 200 μl of the 50%
slurry pre-equilibrated Ni-NTA agarose (QIAGEN), rotated at 4°C for 1 hour, and poured into
the Poly-Prep Chromatography Columns (BIO-RAD). The resin was washed with 50 mM Tris-
HCl pH 7.4 containing 25% glycerol and 0.5 M NaCl, and then with 50 mM Tris-HCl pH 7.4
containing 25% glycerol and 10 mM imidazole. The tagged proteins were eluted with 50 mM
Tris-HCl pH 7.4 containing 25% glycerol and 250 mM imidazole. The imidazole in the sample
was removed by gel filtration on Sephadex G50 (SIGMA). Protein concentration of the tagged
protein was determined by Coomassie staining of samples separated by SDS-PAGE using BSA
as a standard. After collection of the culture media, the transfected cells were harvested and,
homogenized in 50 mM Tris-HCl pH 7.4 buffer containing protease inhibitors, 10 mM
MgCl2, and 250 mM NaCl, by Polytron homogenizer for 15 sec, and then incubated at 4°C for
1 hour. After the homogenate was centrifuged at 16,000x g for 20 min, the supernatant was
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collected as cell extracts and kept at −80°C until use. Protein concentration was determined by
a BCA assay using BSA as a standard.

Preparation of TSR and EGF Repeats
The third TSR from human thrombospondin 1 (TSP1-TSR3 was expressed in bacteria and
purified as described previously [6]. The first EGF repeat of human factor VII was a kind gift
of Dr. Yang Wang [42]. Protein concentration was determined by a BCA assay using BSA as
a standard.

Preparation of tissue extracts from adult mice
Tissues of 5-week-old wildtype and heterozygous male mice were dissected and homogenized
in 0.5 ml (approximately 5 volume of tissue sample) of 50 mM Tris-HCl pH 7.4 buffer
containing protease inhibitors, 10 mM MgCl2, and 250 mM NaCl, by Polytron homogenizer
for 15 sec, and then incubated at 4°C for 1 hour. The supernatant was collected from tissue
extracts after centrifugation at 16,000x g for 20 min and kept at −80°C until use. Protein
concentration was determined by BCA assay using BSA as a standard.

Protein O-fucosyltransferase assays
POFUT2 assays were performed with slight modification as previously described [6]. Briefly,
10 μl reaction mixture contained 50 mM HEPES pH 7.0, 10 mM MnCl2, 10 μM TSR, 2.9 μM
(0.05 mCi/ml) GDP-[3H]fucose, 50 μM GDP-fucose, 0.5% NP-40, and 7 μl of tissue extracts.
The POFUT1 assays were essentially the same with the POFUT2 assays except that the factor
VII EGF instead of TSR was used at a concentration of 10 μM as acceptor substrates. The
reaction was incubated at 37°C for 20 min and stopped by adding 900 μl of 100 mM EDTA
pH 8.0. The sample was loaded onto a C18 cartridge (100 mg, Agilent). After the cartridge
was washed with 5 ml of H2O, the TSR or EGF repeat was eluted with 1 ml of 80% methanol.
Incorporation of [3H]fucose into the TSR or EGF repeat was determined by scintillation
counting of the eluates. Reactions without substrates were used as background control.

Mice and genotyping
The Pofut2Gt(RST434)Byg transgenic mice were generated with stem cell clone RST434
(BayGenomics) at the UC-Davis transgenic facility. For simplicity, we will refer to this allele
as RST434 throughout the manuscript. For genotyping, three primers were designed: RST434-
forward (GAGGCCGGGAGTACTGGGAT) matches sequence of Pofut2 exon 5, RST434-
reverse1 (ATCTTCGTCCAGTCTTCCTCC) matches the sequence of Pofut2 exon 6 that was
deleted by the insertion of gene trap vector, and RST434-reverse2
(GGTTGCCAGAACCAGCAAACTGAA) matches the En2 exon sequence in the gene trap
vector pGT0TMpfs. RST434-forward and RST434-reverse1 were used to amplify the wildtype
allele-specific band of 955 bp, whereas RST434-forward and RST434-reverse2 amplify the
genetrap insertion-specific band of 1344 bp.

The Pofut2Gt(neo)699Lex transgenic mice were purchased from Lexicon Genetics Incorporated.
For simplicity this allele will be referred to as 699Lex throughout the manuscript. For
genotyping, 1197-upper (GATCTTAAGTTCCAGCGAGACA) and LTR-rev2
(ATAAACCCTCTTGCAGTTGCATC) were used to amplify the mutant allele band of 600
bp. 1197-upper and 1197-3′ (GCCTCACTGTGATATTACAGGTCC) were used to amplify
the wildtype allele band of 314 bp. Mice heterozygous for both 699Lex and Bat-gal (699Lex/
+;BAT-gal/+) were generated by crossing the Pofut2Gt(neo)699Lex transgenic mice with BAT-
gal transgene reporter [43]. The BAT-gal reporter gene was confirmed by PCR with lacZ-up
(CGGTGATGGTGCTGCGTTGGA) and lacZ-down (ACCACCGCACGATAGAGATTC)
that amplify 385 bp of the β-galactosidase cDNA.
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LacZ staining and Histology
Embryos in decidua were stained with X-gal as described [44]. Briefly, decidua at E 6.5 and
E 7.5 were fixed with 0.2% glutaraldehyde for 25 min and 30 min respectively followed by 3
times of rinses with detergent rinse (15 min for each rinse). The decidua were then stained at
37°C for 20 hrs. After staining, decidua were rinsed in 0.1M phosphate buffer pH7.3 for 15min
followed by post fixation with 4% paraformaldehyde in 0.1M phosphate buffer pH7.3.
Embryos were subsequently dissected out from deciduas, cleared in 80% glycerol, and
photographed. For sectioning, either the embryo in decidua or isolated embryos were then
embedded in paraffin and sectioned. The slides were mounted with Gel Mount (Sigma) for
LacZ staining photography and then the cover slips were removed after soaking in water for
24 hrs. The slides were subsequently stained with hematoxylin and eosin Y and mounted with
Permount (Fisher) for photomicroscopy. The BAT-gal embryos were fixed with 4%
paraformaldehyde in PBS pH7.3 at 4°C for 1 hr followed by X-gal staining at 37°C for 20 hrs.
The embryos were postfixed at room temperature for 10 min, cleared, and photographed.

Whole-mount embryo in situ hybridization
The in situ hybridization was carried out as previously described in [45]. To reduce trapping
in E 7.5 Pofut2 mutant embryos, tissues were perforated with a tungsten needle. For each gene
analyzed, in situ hybridization was carried out with both sense and anti-sense probes. The
cDNAs of Foxa2, Sox2, and Gooscoid were amplified from E7.5 mouse embryo cDNA and
were cloned into pBluescript SK(−) between Xho I and Not I sites. Primers used for cDNA
amplification are listed in Supplementary Table 3. Other DNA constructs for probe preparation
were kindly provided by Drs. Bernhard Herrman (T), Brigid Hogan (Bmp4), Janet Rossant
(Kdr(flk1) and eomesodermin), Hans Scholer (Pou5fa), Stephen Frankenberg (Cubilin),
Michael M Shen (Nodal, Lefty1, and Lefty2), Gail Martin (Fgf8), Rosa Beddington (Cer1),
Richard Behringer (Wnt3), Virginia Papaioannou (Tbx6), Nancy Speck (Runx1) and Thomas
Gridley (Snail).

To genotype the in situ embryos, the embryos were rehydrated and the crosslinks were reversed
in 200mM NaOH at 60°C overnight before adding lysis buffer (200mg/ml proteinase K, 10mM
DTT, 50mM KCl, 1.5mM MgCl2, 10mM Tris HCl pH8.5, 0.01% gelatin, 0.45% NP-40, 0.45%
Tween-20). Embryo lysates were boiled for 5 minutes and used directly for PCR. Pofut2-probe-
p (5′-GGATCCTAATACGACTCACTATAGGGAGGAAGACTGGACGAAGAT-3′) and
Pofut2-gen-down1 (5′-AAGGAAACCCAGCTTTGAGGAGGA-3′) were used to amplify the
wildtype band, and LacZ-up (5′-CGGTGATGGTGCTGCGTTGGA-3′) and LacZ-down (5′-
ACCACCGCACGATAGAGATTC-3′) were used to amplify the mutant band.

RT-PCR analysis
For Pofut2 expression at adult stage, total RNA from tissues of 5-week-old males was isolated
with Trizol reagent (Invitrogen) and was reverse transcribed with Oligo(dT)12-18 primers.
Primers used for the semi-quantitative PCR include: Pofut2 forward (5′-
TGTACTCGCAGGACAAGCATGAGT-3′) and Pofut2 reverse (5′-
AACATGATCTCGAGTCAGTACGCAATCTTCCAGTGTGTG-3′) were used to amplify
Pofut2. GAPDH reverse (5′-ACCACAGTCCATGCCATCAC-3′) and GAPDH forward (5′-
TCCACCACCCTGTTGCTGTA-3′) were used to amplify the glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) cDNA as standards for normalizing samples. Briefly, input of reverse
transcription product of different tissues was adjusted to give equal amount of Gapdh PCR
product within the linear range of PCR amplification. Subsequently, the adjusted amount of
reverse transcription reaction was used for PCR using Pofut2 primers. For the expression of
putative POFUT2 target proteins and matrix metalloproteinase-2 and -9, total RNA was
isolated from E 7.5 wildtype embryos and was reverse transcribed with random primers
(Invitrogen). PCR was carried out with gene specific primers (Supplementary Table 1). To
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avoid amplification of genomic DNA, the primer pairs span at least one intron. Positive control
PCR was carried out with complementary DNA randomly transcribed from total RNAs of adult
brain and spleen.

Real time PCR
Total RNA was isolated from E 7.5 homozygous mutant embryos, and E 7.5 wildtype plus
heterozygous embryos. Total RNAs were then reverse transcribed using random primers
(Invitrogen). Real time PCR was carried out using SYBER Green I Master Mix (Roche).
GAPDH was used as endogenous control. The primers of genes tested are listed in
Supplementary Table 2. No significant signal was detected when total RNA was used as
template.

Immunohistochemistry
For Amnionless, embryos were fixed in 4% paraformaldehyde and embedded in paraffin.
Embryo sections (~7 μm) were stained with rabbit anti-mouse Amnionless (gift from Dr.
Elizabeth Lacy) followed by biotinylated anti-rabbit and Vectastain elite ABC kit (Vector
laboratories). The peroxidase staining was subsequently developed using DAB
(diaminobenzidine). For PECAM-1, E-cadherin, and Laminin-1 immunostaining, embryos
were fixed with zinc fixative (BD Pharmingen) at room temperature for 24 hrs followed by
paraffin embedding and sectioning. Immunostaining was carried out with rat anti-mouse
PECAM-1 (clone MEC 13.3, BD Pharmingen), Rabbit anti-E-cadherin mAb (24E10, Cell
Signaling), Rabbit polyclonal anti-laminin (Sigma), Alexa Fluor® 488 goat anti-rat IgG
(Molecular Probes), and Alexa Fluor® 488 goat anti-rabbit IgG (Molecular Probes). The
images of Laminin were taken with Axio Imager Z1 (Carl Zeiss) and those of PECAM-1 and
E-cadherin were taken with confocal microscope (LSM 510 Meta NLO, Carl Zeiss). Final
pictures were exported as stacked images of 7 sequential 1 μM scans with LSM Image Browser
and AxioVision Rel. 4.6.

Mouse teratoma surgery
The surgery was carried out as described [46]. Briefly, the E7.5 embryos were implanted into
testis of wildtype mice. The testes were dissected 8 weeks after transplantation surgery and
sectioned followed by hematoxylin and eosin Y staining.

O-dianisidine staining of hemoglobin
Hemoglobin-containing cells in E 8.5 embryos were detected by O-dianisidine staining as
described by O’Brien [47], with the following modifications: embryos were stained for 1 hour
followed by water wash. The embryos were then washed with 1X PBS followed by postfix
with 4% paraformaldehyde in PBS for overnight at 4°C. The embryos were then washed with
1X PBS and cleared with 80% glycerol for photography. Parietal endoderm was removed from
some mutant embryos before staining. No difference was seen for mutant embryos with or
without parietal endoderm.

Results
Mouse POFUT2 has TSR-specific O-fucosyltransferase activity

Recombinant Drosophila protein O-fucosyltransferase-2 (Ofut2) transfers fucose from GDP-
fucose to a bacterially expressed TSR in vitro [5]. In addition, several mammalian cell lines
contain endogenous TSR-specific O-fucosyltransferase activity [5,16,18]. To determine
whether mouse POFUT2 behaves similarly, we expressed and purified POFUT2 (POFUT2-
myc-His) and assayed its ability to O-fucosylate the third TSR (TSR3) of human
thrombospondin 1 (TSP1) (Figure 1). O-Fucosylation of TSP1-TSR3 increased linearly with
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increasing amount of POFUT2-myc-His (Figure 1A), donor substrate GDP-[3H] fucose (Figure
1B), and TSR (Figure 1D). Combined, these results indicated that mouse POFUT2 has TSR-
specific O-fucosyltransferase activity dependent on the concentration of both acceptor and
donor substrates.

Protein O-fucosyltransferases contain a conserved DXD-like motif (Asp-X-Asp) believed to
be crucial for the function of many classes of glycosyltransferases [48]. Disrupting this motif
in Drosophila OFUT2 abrogates its activity [6]. An ERE-motif (Glu-Arg-Glu), similar to the
conserved DXD-like motif, is present in mouse POFUT2. To test whether the ERE was also
essential for mouse POFUT2 function, we substituted alanine for the first glutamic acid of the
ERE motif (POFUT2/E396A-myc-His) and tested whether it could modify TSP1-TSR3
(Figures 1C and D). POFUT2 activity was detected in both culture media and cell extract of
cells transfected with Pofut2-myc-His or untagged Pofut2 (Figure 1C top panel). Although
POFUT2 is normally localized to the endoplasmic reticulum (ER), secretion of some POFUT2
into the medium is observed upon expression (Figure 1C) [6,16]. No POFUT2 activity was
detected in either culture medium or cell extracts of cells transfected with Pofut2/E396A-myc-
His despite the presence of this fusion protein (Figure 1C, middle panel). To exclude the
possibility that the loss of TSR O-fucosylation activity was caused by decreased expression of
POFUT2/E396A-myc-His compared to POFUT2-His, O-fucosyltransferase assays were
carried out in vitro with equal amount of purified protein (Figure 1D). In this assay, POFUT2-
myc-His activity increased with increasing concentration of TSP1-TSR3. In contrast, no
activity was detected for POFUT2/E396A-myc-His. These results provided convincing
evidence that the ERE motif is essential for the protein O-fucosyltransferase activity of mouse
POFUT2.

Gene trap disruption of Pofut2 abrogates TSR O-fucosylation
Our bioinformatic analysis identified 51 mouse TSR-containing proteins that could potentially
be O-fucosylated by POFUT2 (Table 1). These TSR superfamily members are widely
expressed and play multiple roles in cell culture and in the adult [2,23,24,25,26,27,28,29,30,
31,32,49]. Similarly, we observed wide spread expression of Pofut2 in adult tissues
(Supplementary Figure 1A). To investigate the biological role of POFUT2 in mice, we
characterized two Pofut2 gene trap insertions: Pofut2Gt(RST434)Byg (RST434) and
Pofut2Gt(neo)699Lex (699Lex) (Figure 2A and Supplementary Figure 2A, respectively). The
RST434 genetrap was identified in an insertional mutagenesis screen to identify components
of/or proteins traversing the secretory pathway [50]. This is consistent with the prediction that
POFUT2 resides in the endoplasmic reticulum [6].

The RST434 insertion occurred within exon 6 and resulted in an in-frame fusion between
Pofut2 (exons 1 through 5) and β-gal-neomycin (POFUT2-β-geo) (Figure 2A, Supplementary
Figure 1B, and BayGenomics). Because the ERE motif essential for the POFUT2 activity is
encoded by exon 9 (Figure 2A), we predicted that the POFUT2-β-geo fusion protein would
lack TSR-specific O-fucosyltransferase activity. For this reason, the gene-trap provides a
mechanism for disrupting Pofut2 gene function as well as a mechanism for reporting Pofut2
gene expression patterns. Consistent with this prediction, we detected half the activity of
POFUT2 in RST434 heterozygous cells compared with parent cells (Figure 2B). In contrast,
no significant difference in POFUT1 activity was observed. POFUT2 activity was also reduced
in extracts of adult tissues obtained from RST434 heterozygotes relative to wild type animals,
while POFUT1 activity was largely unaltered (Figure 2C). Combined, these data provided
evidence that the RST434 allele produced an enzymatically inactive protein.

Because the RST434 gene-trap insertion resulted in a transmembrane fusion protein that
contained 235 amino acids of POFUT2 protein fused to β-geo, the formal possibility existed
that the fusion protein retained residual function other than enzymatic activity. For this reason,
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we characterized a second gene trap allele, 699Lex, produced by insertion of a retroviral vector
VICTR48 into the first intron of Pofut2 (Supplementary Figure 2A). Our RT-PCR analysis
identified a fusion transcript including exon 1 of Pofut2 and neomycin phosphotransferase
(Supplementary Figure 2B). Tissues obtained from animals heterozygous for the 699Lex gene
trap insertion showed reduction in POFUT2 activity similar to that observed in RST434 animals
(Supplementary Figure 2C). Combined, these results provided convincing evidence that gene
traps in both strains inactivate one copy of the Pofut2 gene. For this reason, we anticipated that
RST434 and 699Lex Pofut2 insertions created null alleles and were valuable tools to determine
the function of O-fucose modification of TSR-containing proteins.

Pofut2 is essential for organization of epithelia in pre-gastrula embryos
Consistent with the predicted importance of sugar modification for the function of TSR-
containing proteins, no homozygous RST434 animals were obtained from heterozygous
intercrosses (Table 2). In contrast, heterozygotes (RST434/+) and wild type (+/+) animals were
present in 2:1 ratio at weaning. Heterozygotes showed no overt pathologies and had similar
lifespan to wild type littermates. These results provided evidence that RST434 disruption of
Pofut2 results in either peri- or pre-natal lethality. To distinguish between these possibilities,
we collected and genotyped embryos from intercrosses at mid-gestation (E 10.5) (Table 2).
Heterozygotes and wild type embryos were present at the expected 2:1 ratio. Although no
homozygous embryos were detected, resorption sites were present at a frequency expected for
the homozygotes. Since resorption sites are indicative of embryo implantation and subsequent
failure, these data suggested that homozygous embryos died after implantation and before E
10.5, a time period during which gastrulation and early organogenesis occurs.

We took advantage of the Pofut2-β-geo fusion to characterize Pofut2 gene expression as well
as identify homozygous mutants at the onset of gastrulation (E 6.5) (Figure 2). RST434
homozygous embryos were distinguished from wildtype or heterozygous littermates by the
intensity of LacZ staining (Figure 2D-F). We attributed the increased staining to the presence
of two copies of the Pofut2-β-geo fusion and confirmed the genotype by PCR (Figure 2Di-Fi).
LacZ activity, reflecting Pofut2 expression, was detected in both embryonic and extra-
embryonic tissues (including extraembryonic ectoderm, ectoplacental cone, and visceral and
parietal endoderm) of heterozygous and mutant embryos (Figure 2E–F), with increased activity
in the embryonic ectoderm. These data suggested that expression of Pofut2 was elevated in
this tissue relative to that of the visceral and parietal endoderm or extra-embryonic ectoderm.

At E 6.5, RST434 homozygous embryos were distinguished subtly from wildtype and
heterozygous littermates by their rounder appearance, shortened proximal-distal axis, and
constriction in the junction between the extra-embryonic ectoderm and the ectoplacental cone
(Compare Figure 2D and E with F). To evaluate the tissue composition of mutant embryos,
we examined sagittal sections of embryos stained for LacZ activity (Figure 2G and H) followed
by staining with hematoxylin and eosin Y (Figure 2Gi and Hi). At E 6.5, heterozygous
littermates had well-differentiated ectoplacental cone, and embryonic and extra-embryonic
ectoderm surrounded by visceral and parietal endoderm (Figure 2G, Gi). The composition of
tissues in homozygous embryos appeared similar (Figure 2H, Hi). However, the mutant embryo
was rounder, the embryonic and extra-embryonic ectoderm appeared thickened and
disorganized, and there was a constriction between the extra-embryonic ectoderm and
ectoplacental cone. This constriction appears to result from abnormal arrangement of the
parietal and/or visceral endoderm. Combined, these subtle differences suggested that POFUT2
activity was not essential for specification of early cell lineages, epithelialization, and
formation of the proamniotic cavity in the early post-implantation embryo, but was required
for maintaining the organization of these tissues in the pre-gastrula embryo.
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Pofut2 is required to restrict expression of signaling molecules early in gastrulation
To determine whether loss of Pofut2 was required for establishment of polarity or for the onset
of gastrulation, we looked at gene expression in embryos isolated from RST434 heterozygous
intercrosses at E 6.5 (Figure 3). By E 6.5, the wild type embryo established anterior posterior
polarity and is poised to begin gastrulation (Figure 3, left embryos). Tissue identity as well as
embryo polarity is evidenced by localized expression of Cer1 and Lefty1 in the anterior visceral
endoderm (AVE) (Figure 3A and B), Nodal, Wnt3, Fgf8, T and Eomes in the primitive streak
(Figure 3C–D, F–H), and Eomes and Bmp4 in the extra-embryonic ectoderm (Figure 3H, I).
Wnt signaling activity (Figure 3E) is similar to Wnt3 mRNA expression and was detected using
the BAT-gal transgene in embryos from the 699Lex. Similarly, we detected asymmetric and
tissue specific expression of Cer1, Lefty1, Nodal, Wnt3, Fgf8, T, Eomes and BMP4 and Wnt
activity in all RST434 homozygous littermates examined (Figure 3, right embryo). Because
correct localization of the AVE is essential for the posterior localization of primitive streak
makers, we do not believe that the apparent thickening of the extraembryonic endoderm layers
observed at the distal tip of some Pofut2 mutant embryos (Figure 3E, F, and I) results from the
failure of the AVE cells to migrate, but rather results from physical constraints that prevent
tissue expansion or movement. Combined, these results demonstrated that O-fucosylation of
TSRs was not essential for establishment of polarity or initiation of gastrulation.

In contrast to wildtype littermates, the expression of Nodal and Wnt3 was significantly
expanded and/or displaced in the primitive streak and expression of BMP4 was significantly
expanded in the extra-embryonic ectoderm of Pofut2 mutant embryos. Since cross-talk
between Nodal, BMP, and Wnt signaling pathways is essential for maintaining normal
expression of these genes [40], the expanded expression of the major growth factors in
Pofut2 mutants suggested that failure to O-fucosylate TSR-containing proteins disrupted the
balance of signaling in the pre-gastrula/early gastrula. For this reason, we predicted that loss
of Pofut2 would result in altered mesoderm patterning and/or gastrulation defects.

Pofut2 is required to maintain epiblast pluripotency and restrict EMT during gastrulation
By E7.5, gastrulation was well underway, and the RST434 wildtype and heterozygous embryos
were easily distinguished from homozygotes (Figure 4). In unaffected embryos (Figure 4A–
C, left and D top), the embryonic and extra-embryonic ectoderm were organized into regular
epithelia. The primitive streak, localized at the posterior, had reached its full length and a well-
organized mesoderm layer was present. Further, extra-embryonic structures containing
mesoderm derivatives (amnion, chorion, and allantois) had formed. Pofut2 expression, as
detected by LacZ activity, was similar to that observed at E 6.5, with elevated expression in
the distal half of the embryo and additional expression in the mesoderm (Figure 4A–C, left).

In contrast, RST434 homozygous embryos were unusually dense in appearance, shorter, and
characterized by a dumb-bell shape (Figure 4A–C, right). The ectoplacental cone of mutants
easily separated from the embryo. The embryonic ectoderm was present but thicker in structure
and not organized into regular epithelia. The extra-embryonic ectoderm was similarly
disorganized and separated from the ectoplacental cone by a constriction of visceral and parietal
endoderm. In addition, Reichert’s membrane comprised of parietal endoderm cells and ECM
failed to expand in RST434 homozygotes, and remained tightly associated with the visceral
endoderm. Although Pofut2 mutants lacked organized tissues comprised of mesoderm,
mesenchymal cells were abundant, albeit considerably disorganized compared to unaffected
embryos (Figure 4A–D). In addition, the region of the epiblast undergoing EMT transition
appeared broader compared with wild type littermates (compare Figure 4D, top and bottom).
We observed similar abnormalities in 699Lex homozygotes and 699Lex/RST434 compound
heterozygotes (Table 2 and Supplementary Figure 2D–G), providing further evidence that the
gene trap insertions resulted in null Pofut2 alleles.
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Despite the morphological evidence for a primitive streak and the abundance of mesenchymal
cells in Pofut2 mutants, we failed to detect significant expression of the Eomes, T, and Tbx6
in Pofut2 mutants above background (Figure 4E–G, right; confirmed using real time PCR,
Supplementary Figure 3). In wildtype embryos, Eomes, T, and Tbx6, are expressed in partially
overlapping domains within the primitive streak and nascent mesoderm at E 7.5 (Figure 4E–
G). In contrast, expression of Snail1, a classic marker of EMT and newly formed mesoderm
during gastrulation, was markedly expanded in Pofut2 mutants (Figure 4J, right) compared to
wildtype littermates (Figure 4J, left). These results suggest that lack of Eomes, T, and Tbx6
expression resulted from reduced cell contact within the Pofut2 mutant primitive streak, rather
than to a lack of mesoderm differentiation. Together, these data suggested that the Pofut2
mutant epiblast was actively undergoing EMT and that the loose cells were differentiated
mesoderm (Figure 4J, right). Consistent with this prediction, we observed a marked reduction
in the expression of epiblast pluripotency markers, Oct4 and Sox2, in Pofut2 mutants compared
to the wildtype embryos (Figure 4H–I).

To confirm that Pofut2 mutant epiblast was undergoing active EMT, we characterized laminin
and E-cadherin expression. In wildtype embryos, laminin is decreased in the region of the
primitive streak undergoing EMT, compared to levels in surrounding epiblast (Figure 5A–B).
In addition, E-cadherin expression is down regulated in the primitive streak cells undergoing
EMT and the mesoderm (Figure 5E–F, and Ei-Fi). In Pofut2 mutant embryos, the region of
decreased laminin expression was slightly expanded compared to wildtype embryos (Figure
5C, D), corresponding to the region of reduced cell contact. Moreover, E-cadherin expression
was markedly decreased throughout the Pofut2 mutant epiblast (Figure 5G–H and Gi-Hi).
These results were consistent with the elevation of Snail1, a negative regulator of E-
cadherin, in the Pofut2 mutants. Combined, the expansion of Snail1 expression, decrease in
E-cadherin expression, and the abundance of mesenchymal cells in Pofut2 mutant embryos
provided strong evidence that O-fucosylation of TSR proteins was essential to restrict EMT
within the primitive streak and maintain epiblast pluripotency.

Pofut2 is essential for intercalation of definitive endoderm
Despite the formation of a primitive streak and mesoderm differentiation in Pofut2 mutants,
we did not observe a morphological node, the anterior organizing center of the primitive streak.
For this reason, we examined the expression of major signals important for primitive streak
patterning and markers of node derivatives in E 7.5 embryos. Consistent with our observations
at E 6.5, we detected a marked expansion of Nodal, Wnt3, BMP4, and Fgf8 expression,
expanded Wnt activity detected by activation of the BAT-gal reporter, and a decrease in
Lefty2 expression in Pofut2 mutants compared to wild type littermates (Figure 6A–F and
Supplementary Figure 3). Expression of markers characteristic of both posterior mesoderm
(Flk1/Kdr) as well as anterior mesendoderm (Gsc) were expanded in Pofut2 mutants (Figure
G and H), suggesting that loss of Pofut2 did not block the patterning of the most anterior and
posterior mesoderm, but rather affected the abundance of these cells. In addition, we detected
expression of the definitive endoderm markers Foxa2 and Cer1 (Figure 6I and J). These results
were consistent with specification of anterior mesendoderm derivatives in mutants, despite the
absence of a morphological node. However, in contrast to wild type littermates, Foxa2 and
Cer1 expressing cells remained within the interior of Pofut2 mutants, and did not intercalate
into the overlying visceral endoderm. The failure of Foxa2 and Cer1 expressing cells to
displace the visceral endoderm in Pofut2 mutants suggested that O-fucosylation of TSRs was
essential for directing their localization.

Loss of POFUT2 promotes ectopic differentiation of vascular endothelial cells
In addition to defects in the Pofut2 mutant epiblast, primitive streak and node derivatives, we
observed abnormalities in the organization of the parietal and visceral endoderm layers
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surrounding the embryonic and extraembryonic ectoderm. The proximal visceral endoderm
overlying the extra-embryonic ectoderm is an absorptive epithelial and is characterized by
expression of Cubn and Amn; these markers are normally down regulated in the more
squamous visceral endoderm overlying the distal embryonic ectoderm (Figure 4K and L).
Curiously, in Pofut2 mutant embryos we observed expression of Cubn and Amn overlying the
epiblast (Figure 4K and L). In a co-culture assay, proximal visceral endoderm can induce
differentiation of blood from anterior epiblast, normally fated to become neural tissue [51].
For this reason, the distal expansion of the proximal visceral endoderm raises the possibility
that defects in definitive endoderm localization could result in part from defective interactions
with the visceral endoderm. In addition, we predict that altered characteristics of the visceral
endoderm could dramatically impact the characteristics of the differentiating mesoderm.

Consistent with this prediction, we observed gross alteration in the characteristics of the
Pofut2 mutant mesoderm by E 8.5. At this time, wild type embryos had undergone gastrulation,
neurulation, and began organogenesis (Figure 7A – Bi). Although the Pofut2 mutant embryos
had increased in size, they showed no morphological evidence of neurulation or organogenesis.
In addition, clearly defined extraembryonic- and embryonic ectoderm-derived epithelial
structures were lost by E 8.5 (Figure 7C – Di). In contrast, the mesenchymal cells in Pofut2
mutants appeared to have condensed against the visceral endoderm, producing a structure
bearing some resemblance to the visceral yolk sac (compare Figure 7Bi and Di). In wildtype
embryos, the visceral yolk sac develops from proximal visceral endoderm and posterior
mesoderm. Posterior mesoderm is characterized by the expression of the VEGF-receptor
encoded by Flk1 (Figure 6G and [52,53]). A subset of these cells will become the extra-
embryonic mesoderm precursors of hematopoietic and endothelial cells in the yolk sac blood
islands [52,54,55].

In wild-type embryos, Flk1 expressing cells of the gastrula-staged mouse embryo differentiate
into vascular endothelial cells (distinguished by PECAM1 staining) and primitive erythroid
cells (characterized by morphology or O-dianisidine staining which detects hemoglobin)
(Figure 7B, Bi, E, and G) [52,56]. Despite the abundance of Flk1 expressing cells in Pofut2
mutant embryos, there was no morphological evidence for primitive erythroid cells in Pofut2
mutants nor did mutant embryos stain with O-dianisidine (Figure 7C–Di, and H). In contrast,
vascular endothelial cells, marked by PECAM1 expression, were abundant throughout all but
the most distal region of Pofut2 mutants (Figure 7F, Fi, and Supplement Figure 4). The
abundance of Flk1 and PECAM1 positive cells and absence of differentiated primitive
erythrocytes suggested that O-fucosylation of TSR proteins by POFUT2 was important for the
distinction between the hematopoietic and vascular endothelial cell lineages.

The extracellular environment influences the potential of Pofut2 mutant cells to differentiate
We identified 51 mouse TSR-containing proteins containing the consensus sequence for O-
fucosylation by POFUT2 (Table 1). Using semi-quantitative RT-PCR, we detected transcripts
encoding all but 10 putative POFUT2 targets at E 7.5 (Supplementary Table 1). Since POFUT2
facilitates the secretion of target proteins in cell culture experiments (e.g. ADAMTS13 and
ADAMTSL1, [16,18]), the limited capacity for Pofut2 mutant cells to differentiate within the
embryo could stem from secretion defects of POFUT2 targets. However, the establishment of
anterior/posterior polarity, which is dependent upon BMP, Nodal, and Wnt (not direct POFUT2
targets) signaling pathways provided indirect evidence that secretion was generally unaffected
by the Pofut2 mutation. Since many POFUT2 target proteins interact with the ECM or are
constitutive components of ECM, the limited capacity for differentiation of Pofut2 mutants
more likely resulted from a defect in the extracellular environment or the ability of mutant cells
to interact with the environment resulting specifically from absence or altered function of a
POFUT2 target(s).
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To test this hypothesis, we evaluated the ability of E 7.5 mutant embryos to differentiate in
teratomas, where the ECM was provided in part by the environment of the testis (Figure 8).
Wild type teratomas (n=6) ranged in diameter from 4633 μm to 9819 μm, with the exception
of one tumor which only reached 2994 μm in diameter (data not shown). In contrast, Pofut2
mutant embryos (n=6) formed smaller tumors ranging in size from 551 μm to 4279 μm in
diameter. The smaller size suggested a potential cell-autonomous affect on cell proliferation
or viability. Although smaller in size, the tissue composition of teratomas was comparable to
those derived from wild type littermates, and contained tissues derived from all three germ
layers (Figure 8A–F). The ability of Pofut2 epiblast to differentiate into teratomas containing
a variety of tissues not present in mutant embryos suggested that POFUT2 targets in the
extracellular environment rather than cell surface localized-targets or intracellular POFUT2
function was essential for maintaining the pluripotency of the epiblast and influence the
patterning of mesoderm.

Discussion
Loss of Pofut2 disrupted cell differentiation as well as tissue morphology, boundaries, and
relationships during gastrulation. Our biochemical studies demonstrated that POFUT2
specifically adds O-fucose to TSRs. The majority of predicted POFUT2 targets are constitutive
components of the ECM or secreted matrix associated proteins capable of influencing cell
adhesion/migration, ECM synthesis and remodeling, and modulating growth factor signaling
(Table 1). This observation was consistent with the ability of Pofut2 mutant cells to differentiate
in the teratoma assay. For this reason, we hypothesize that loss of TSR O-fucosylation resulted
in ECM changes that affected gastrulation by modulating growth factor signaling activity and/
or altering or restricting cell movement [41].

The gross alteration in the tissue composition of the Pofut2 mutant embryos demonstrated that
Pofut2 was a key modulator of gastrulation. During gastrulation the timing, activity, and
distribution of growth factor signals must be fine-tuned to generate a diverse array of tissues
within defined regions of the embryo. Nodal signaling is central to specification of anterior/
posterior polarity, primitive streak formation, and mesoderm patterning [40,57,58]. In addition,
there is considerable cross talk between the Nodal, BMP, and Wnt signaling pathways during
specification of polarity and mesodermal cell fate [40,59]. Several known and predicted
POFUT2 target proteins, including CCN2 (CTGF), CCN6 (WISP3), TSP1, ADAMTS1,
ADAMTS8, and ADAMTSL2 negatively modulate the activity of TGFβ, BMP, WNT, FGF,
BMP4 and VEGF signaling pathways [60,61,62,63,64,65]. The potential contribution of these
proteins to the Pofut2 phenotype is discussed in greater detail below.

The potential importance of O-fucosylation of TSRs in regulating TGFβ signaling is
underscored by the identification of two amino acid substitutions in the TSRs of ADAMTSL2
in geleophysic dysplasia patients, characterized by brachydactyly, cardiac valvular
abnormalities, and short stature [66]. These mutations are within the 6th and 7th TSRs
containing conserved sequence for POFUT2 modification. Importantly, increased TGFβ and
nuclear localization of phospho-SMAD2 are detected in cells isolated from geleophysic
dysplasia patients, suggesting that ADAMTSL2 functions as a negative modulator of TGFβ
signaling [66]. In addition, in Xenopus overexpression of another potential POFUT2 target,
CCN2 (CTGF), antagonizes BMP signaling, but potentiates low-level TGFβ signaling [60].

Pofut2 mutants shared some phenotypic similarities to mutations that disturb the Nodal (a
TGFβ) pathway. Expansion of gene expression characteristic of the proximal/posterior
primitive streak is also observed in Smad2, Nodal-NR (precursor processing mutant), and
Drap1 mutant embryos. However, in Smad2 and Nodal-NR mutant embryos, the failure to
localize the primitive streak to the posterior results from the inability to specify and localize
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the AVE and establish anterior/posterior polarity [57,67]. In contrast, Pofut2 mutant embryos
correctly localized the AVE and initially restricted expression of primitive streak markers to
the posterior, suggesting that the expansion of markers did not result from a reduction of Nodal
signaling or processing of the Nodal precursor or a failure to establish anterior/posterior
polarity. In contrast, embryos lacking Drap1, encoding a transcriptional co-repressor, are
predicted to enhance expression of Nodal [68]. Drap1 mutants are characterized by an
expansion of posterior localized Nodal transcripts, loss of Brachyury (T) and Lefty2, enlarged
primitive streak, and excess EMT [68]. We observed similar defects in Pofut2 mutant embryos,
suggesting that the expansion of primitive streak and EMT in Pofut2 mutants could be
attributed in part to elevation of Nodal signalling. However, despite the similarities between
Pofut2 and Drap1 mutants, differences in the organization of epithelia and pattern of mesoderm
migration between Pofut2 and Drap1 mutants, suggested that defects in Pofut2 mutant embryos
were not limited to aberrant Nodal signaling.

Likely, loss of TSR O-fucosylation also causes changes in ECM composition that alter cell
and/or tissue characteristics [41]. Reichert’s membrane consisting of parietal endoderm cells
and a dense sheet-like ECM comprised predominantly of laminin-1, collagen type IV, and
heparan sulfate proteolgycan, was one of the earliest tissues affected in Pofut2 mutants [25,
29,69,70,71]. Normally, Reichert’s membrane is physically separated from the visceral
endoderm, and the parietal endoderm cells are found widely spaced. In contrast, in Pofut2
mutants this membrane was tightly associated with the visceral endoderm and the parietal
endoderm cells were densely packed. These observations suggested that TSR O-fucosylation
was essential for expansion of this membrane. The tight association between Reichert’s
membrane and the visceral endoderm likely placed considerable physical constraints on the
developing Pofut2 mutant embryo. In Xenopus development, increasing mechanical tension
promotes early fibronectin fibril assembly and alters tissue characteristics [72]. For this reason,
we predict that tension induced alterations in the ECM composition/organization could
contribute to the irregular epithelia and abnormal cell differentiation and movement/migration
observed in Pofut2 mutants.

Gastrulation abnormalities in Pofut2 mutant embryos also resulted in the distal expansion of
the proximal visceral endoderm. It is unclear whether this expansion resulted from a distal
expansion of visceral endoderm with proximal characteristics, or alternatively resulted from
altered gene expression in the distal visceral endoderm. However, as a result the embryonic
mesoderm was juxtaposed to a tissue that normally influences the differentiation of proximal/
posterior extra-embryonic mesoderm [51,73]. For this reason, gain of inductive signals from
the expanded proximal visceral endoderm in combination with the observed increase in
Bmp4 expression could contribute in to the expansion of posterior (Flk1+) mesoderm in
Pofut2 mutants. This prediction is supported by the observation that co-culture of proximal
visceral endoderm and anterior epiblast results in the expression of BMP4 and in differentiation
of blood precursors rather than differentiation of neural tissue in explants [51,73].

Although the Flk1+ hemangioblasts of wildtype embryos have potential to develop into both
vascular endothelial and blood lineages, Pofut2 mutants lacked primitive erythrocytes despite
an abundance of PECAM positive endothelial-like cells. In cell culture, high levels of FGF can
inhibit primitive erythroid differentiation and promote endothelial cell fate [74]. For this
reason, we predict that the elevated expression of Fgf8 in Pofut2 mutants likely influenced the
differentiation of Flk1+ cells into vascular endothelial cells. Other POFUT2 targets that could
influence differentiation of the hemangioblast include ADAMTS1, ADAMTS8, and TSP1, as
these proteins negatively modulate FGF and VEGF signaling [37,62,65,75]. ADAMTS8 and
TSP1 both inhibit both VEGF and Fgf2 induced vascularization in culture assays; and
inhibition of angiogenesis by TSP1 is proposed to result from the sequestering Fgf2 in the
ECM by TSP1 TSRs [37].
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Altered composition of the ECM could affect cell adhesion and migration within the
gastrulating embryo and contribute to the excessive EMT. ADAMTS and TSP family members
are POFUT2 targets that regulate ECM synthesis and remodeling [29,76,77,78,79,80,81]. The
TSRs of these proteins are essential for proper protein function [34,36]. Thrombospondins 1
and 2 work indirectly to alter ECM by promoting endocytosis of the zymogens
metalloproteinase (MM) MMP2 and MMP9 [82], which are expressed at E 7.5 (RT-PCR data
not shown). In contrast, the ADAMTS proteins are metalloproteinases capable of directly
remodeling ECM. Some ADAMTS family members cleave the chondroitin sulfate
proteoglycans aggrecan and versican [25], shown to be mediators of EMT during embryoid
body differentiation [83]. Unlike the Pofut2 mutants, TSP1, ADAMTS4, and ADAMTS5
knockouts, and ADAMTS4/5 double knockouts are all viable [84,85,86,87].

CCN members (also POFUT2 targets) modulate cell adhesion by binding to integrins and
heparin sulfate proteoglycans [79]. CCN2-deficient mouse embryonic fibroblasts (MEFs) do
not adhere well to fibronectin and show delays in cell spreading [88]. Disruption of CCN6 in
human mammary epithelial cells increased SNAIL and decreased expression of E-cadherin, a
phenotype remarkably similar to Pofut2 mutant embryos [89]. Although none of the single
Ccn disruptions characterized thus far result in phenotypes similar to Pofut2 mutants [90,91,
92,93,94], given the high degree of amino acid identity between CCN members (30–50%), it
is likely that some CCN cellular functions overlap [79].

Our data clearly demonstrated that Pofut2 was required during mouse gastrulation to coordinate
morphogenetic movements and specify a range of tissues in the mouse embryo. These
abnormalities underscored the importance of this unusual O-fucose post-translational
modification for TSR protein function. Of the 51 proteins predicted to be modified by POFUT2,
most were expressed during mouse gastrulation (Supplementary Table 1). To date, published
knockouts of known or predicted targets of POFUT2 do not result in phenotypes similar to the
Pofut2 gene traps. These observations open the possibility that the Pofut2 mutant phenotype
could result from the combined loss-of-function or modulation of several of TSR family
members. Because TSR proteins play critical roles in ECM composition, cell adhesion and
migration, and cell signaling, we predict that tissue abnormalities and gastrulation defects in
Pofut2 mutants likely stem from altered signaling as well as altered physical properties of the
ECM. For this reason, Pofut2 mutant embryos, or embryonic stem cells derived from mutant
embryos, not only represent a valuable tool for studying the role of O-fucosylation in ECM
synthesis and remodeling, but also provide a model to study how ECM composition regulates
the formation of tissue boundaries, cell movements, and signaling during gastrulation and other
developmental processes, such as hematopoiesis and angiogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ADAMTS A disintegrin and metalloproteinase with thrombospondin type 1 motif

CCN Cyr, Ctgf, Nov

EGF Epidermal growth factor-like

Du et al. Page 14

Dev Biol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EMT Epithelial to mesenchymal transition

ECM Extracellular Matrix

POFUT Protein O-fucosyltransferase

RST434 Pofut2Gt(RST434)Byg

699Lex Pofut2Gt(neo)699Lex

TSR Thrombospondin Type 1 repeat

TSP Thrombospondin
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Figure 1. Mouse POFUT2 specifically transferred fucose to TSRs
TSR-specific O-fucosyltransferase activity of mouse POFUT2 is dependent on (A) enzyme
concentration and (B) GDP-fucose concentration. (C) The POFUT2 ERE motif is essential for
POFUT2 activity. HEK293T cells were transiently transfected with empty pcDNA4 vector
(lane 1 and 5), expression plasmids for Pofut2-myc-His (lane 2 and 6), Pofut2/E396A-myc-
His in which the ERE motif had been mutated (lane 3 and 7), and wildtype untagged Pofut2
(lane 4 and 8). The cell extracts (lanes 1 to 4) and the culture media (lanes 5 to 8) were assayed
for TSR-specific O-fucosyltransferase activity using TSP1-TSR3 as acceptor substrate (top
panel). POFUT2-myc-His expression levels were detected by Western blot of cell extracts and
culture media using anti-His antibody (His-probe (H-15), SantaCruz) (middle panel). β-actin
expression provided a loading control in the bottom panel. (D) Mouse POFUT2 activity is
dependent upon TSP1-TSR3 concentration. No activity was observed for POFUT2/E396A-
myc-His. Each assay contained 1.5 ng of purified POFUT2-myc-His (open squares) or
POFUT2/E396A-myc-His (filled circles) and increasing concentration of TSP1-TSR3. All the
POFUT2 assays were performed in duplicate. Error bars represent the spread of the data.
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Figure 2. Pofut2 was essential for epithelial organization in the early gastrula
(A) (Above) Diagram of the mouse Pofut2 exon and intron structure; the ERE motif required
for POFUT2 enzymatic activity resides in exon 9. In the RST434 line, the pGT0TMpfs genetrap
inserted in exon 6 and was accompanied by a 38 bp deletion. A splice acceptor (SA) site is
located upstream of the transmembrane domain (TM) and β-galactosidase-neomycin
phosphotransferase fusion (β-geo). Arrowheads indicate primers used for genotyping: a,
RST434-forward; b, RST434-reverse1; c, RST434-reverse2. IRES, internal ribosome entry
site; hPLAP, human placental alkaline phosphatase; PolyA, polyadenylation signal. (B)
Extracts of RST434 heterozygous and wildtype ES cells were assayed for POFUT1 and
POFUT2 activity using Factor VII EGF repeat (EGF) and the third thrombospondin type 1
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repeat of TSP1 (TSR), respectively, as acceptor substrates. (C) Protein O-fucosyltransferase
assays were performed with tissue extracts obtained from 5-week-old wildtype (n=4, open bars)
and heterozygous RST434 (n=4, filled bars) mice using TSP1-TSR3 to detect POFUT2 activity
(Right) or EGF repeats to detect POFUT1 activity (Left). Total protein was obtained from
spleen, s; kidney, k; intestine, i; liver, v; heart, h; lung, l; muscle, m; and brain, b. Values were
shown as means ± S.E. (D–F) Embryos stained for LacZ activity from RST434 heterozygous
intercross at E 6.5. Constriction between the ectoplacental cone and extraembryonic ectoderm
is indicated by arrowhead in panel F. The distal halves of the embryos were then dissected for
genotyping (Di–Fi). The lower amplified band represents the wild-type Pofut2 allele (primers
a and b), and the upper band the RST434 allele (primers a and c). (G, H) Histological analysis
of embryos at E 6.5. Heterozygous (G) and homozygous (H) littermates stained for LacZ
activity, sectioned and photographed (G, H), then stained with hematoxylin and eosin Y (Gi,
Hi). Number of mutant embryos represented by panels: F (8), H (8). Proximal is up; distal is
down. Abbreviations: ec, ectoplacental cone; em, embryonic ectoderm; ex, extraembryonic
ectoderm; pe, parietal endoderm; ve, visceral endoderm.
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Figure 3. Loss of Pofut2 resulted in expanded expression of early primitive streak markers
(A–D, F–I) Whole mount in situ hybridization was used to examine gene expression in
Wildtype (wt) and RST434 homozygous littermates (−/−) dissected at E6.5 (Cer, Lefty1,
Nodal, Wnt, Eomes, and T) or E7.0 (Fgf8, BMP4), using the indicated probes. (E) Wnt signaling
activity was measured in E 7.0 699Lex wildtype and homozygous mutant embryos, using the
BAT-gal transgene reporter [43]. Anterior is to the left; posterior is to the right. Number of
mutant embryos represented by panels: Cer1 (4), Lefty1 (4), Nodal (6), Wnt3 (6), Bat-gal (10),
Fgf8 (15), T (3), Eomes (3), BMP4 (7). Proximal is up; distal is down. Scale bar indicates 100
μm.
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Figure 4. Primitive streak and proximal visceral endoderm were expanded in Pofut2 mutants
(A) Whole-Mount and (B–D) histological analysis of E 7.5 embryos dissected from RST434
heterozygous intercross. Embryos were stained for LacZ activity, sectioned and photographed
(B), then stained with hematoxylin and eosin Y (C, D). (B–C) Sagittal sections (D) Transverse
embryo sections were isolated from the epiblast midpoint; the approximate plane of transverse
sections is indicated by white line in panel A. al, allantois; am, amnion; ch, chorion; ec,
ectoplacental cone; em, embryonic ectoderm; ex, extra-embryonic ectoderm; me, embryonic
mesoderm; pe, parietal endoderm; ps, primitive streak; ve, visceral endoderm. Bracket
indicates primitive streak. Scale bar = 100 μm. (E–K) Whole mount in situ hybridization was
used to examine gene expression in wildtype (wt) and RST434 homozygous littermates (−/−)
using the indicated probes. (L) Distribution of Amnionless in the visceral endoderm was
analyzed by immunohistochemistry. Number of mutant embryos represented by panels: A (7),
B (8), C (10), D (5), T (9), Tbx6 (3), Eomes (4), Oct4 (5), Sox2 (3), Snail1 (10), Cubn (5), Amn
(3). Anterior is left; posterior is right. Proximal is up; distal is down. Scale bar size is indicated
in μm.
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Figure 5. Loss of Pofut2 resulted in expanded EMT
(A–H) Immunofluorescence analysis of E 7.5 wildtype (A–B, E–F) and RST434 mutant (C–
D, G–H) embryos stained with anti-Laminin (Green) (n=3) (A–D) or anti-E-cadherin (Green)
(n=3) antibody (E–H). Panels Ei–Hi represent higher magnification of sections shown in E–
H. E-cadherin (Green) was dramatically down regulated in the mutant embryonic ectoderm.
Nuclei are visualized with DAPI (Blue). White bracket and asterisk denotes the primitive streak
in wild type embryos and Pofut2 mutant embryos, respectively. em, embryonic ectoderm; me,
mesoderm; pe, parietal endoderm; ps, primitive streak; rm, Reichert’s membrane; tb,
trophoblast; ve, visceral endoderm. Anterior is left; posterior is right. Scale bars sizes are
indicated in μm.
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Figure 6. Loss of Pofut2 resulted in expanded expression of major growth factor signaling molecules
(A–D and F–I) Whole mount in situ hybridization was used to examine gene expression in
E7.5 wildtype (wt) and RST434 homozygous littermates (−/−) using the indicated probes. (E)
Wnt signaling activity was measured in wildtype and 699Lex homozygous embryos with one
copy of the BAT-gal transgene reporter [43]. Wnt activity is expanded toward the anterior (left)
in Pofut2 mutants. Number of mutant embryos represented by panels: Nodal (6), Lefty2 (3),
BMP4 (4), Wnt3 (6), Bat-gal (9), Fgf8 (5), Flk1 (10), Gsc (7), Foxa2 (8), Cer1 (3). Anterior is
to the left; posterior is to the right. Proximal is up; distal is down. Scale bar indicates 100 μm.
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Figure 7. Mesoderm in Pofut2 mutants preferentially differentiates into vascular endothelial cells
(A–Di) Whole mount and (B and D) transverse hematoxylin and eosin Y stained sections of E
8.5 wildtype (A–Bi) and Pofut2 mutant (C–Di) embryos. (E–Fi) Immunofluorescence staining
with PECAM antibody (green indicated by white arrowhead) and DAPI (blue) in E 8.5 control
(E–Ei) and RST434 mutant littermates (F–Fi). Approximate plane of sectioning for panels (B,
D–G) are indicated by black lines in A and C. Bi and Di represent enlargements of boxed
regions in panel B and D. (G, H) O-dianisidine staining of E 8.5 wild type (G) and mutant (H)
embryos. Number of mutant embryos represented by panels: C (9), D (7), PECAM (9), O-
dianisidine (6). For panels A–D and G and H anterior is left; posterior is right. Proximal is up;
distal is down. Abbreviations: bl, primitive erythrocytes; ve, visceral endoderm; ven, vascular
endothelial cells; *, condensed mesoderm. Scale bar sizes indicated in μm.
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Figure 8. The inability of Pofut2 mutant embryos to form differentiated tissues derived from all
three germ layers was rescued in teratomas
(A–F) Teratomas (n=6) derived from E 7.5 Pofut2 mutant embryos were sectioned and stained
with hematoxylin and eosin Y. Tumors were comprised of tissues derived from all three germ
layers. Endoderm derived tissues include mucin-producing columnar epithelial cells (mu), and
ciliated respiratory epithelial-type columnar cells (ce). Ectoderm derived tissues include neural
epithelium (ne), keratinized squamous cells (ke), and melanocytes (mc). Smooth muscle (sc)
and lymphoid tissue (ly) are derived from mesoderm.
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Table 1

Mouse Proteins with putative O-fucosylation site within TSRs*

TSR class Mouse Protein # Consensus Sequences Family

Group 1

ADAMTS1-4, ADAMTS5 [95],
ADAMTS6-10, ADAMTS12, ADAMTS13
[16], ADAMTS14-20

1–12 a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS)

ADAMTSL1 [18,95], ADAMTSL2-6 1–10 ADAMTS-like

BAI1-3 4 brain-specific angiogenesis inhibitor

Cfp (Properdin) [15] 4 complement component

CILP2 1 cartilage intermediate layer protein/nucleotide
pyrophosphohydrolase

HMCN1 6 hemicentin

PAPLN (Papilin) 4

SEMA5A, SEMA5b 2 semaphorin

THBS1 (TSP-1) [1,15], THBS2(TSP-2) 3 thrombospondin

ISM1, ISM2, XM_283765 1 isthmin

UNC5a 1 UNC5

Group1 and
Group 2

C6 1 complement component

SSPO (Sco-spondin) 12 spondin

THSD7a, THSD7b 4–5 thrombospondin, type I, domain-containing

Group 2

CCN1 (CYR61), CCN2 (CTGF), CCN3
(NOV), CCN4(ELM1/WISP1), CCN5(COP1/
WISP2), CCN6 (WISP3)

1 CCN (Cyr61, Ctgf, Nov)

SPON1 (f-spondin) [15] 4 spondin

*
Fifty-one proteins that contain the consensus sequence CX(2–3)S/TCX(2)G within TSRs are listed above as putative POFUT2 targets and are divided

into groups 1or 2 based on their TSR structures (Tan et al., 2002). Underlined proteins indicate Human, mouse, or rat homologues of verified to contain
O-fucosylated TSRs. Mouse proteins containing TSRs were identified by searching SMART database (http://smart.embl-heidelberg.de/) with keyword
TSP1 in both normal and genomic modes. Alternative protein names are listed in parentheses.
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