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Letter

A missense mutation in the bovine SLC35A3 gene,
encoding a UDP-N-acetylglucosamine transporter,
causes complex vertebral malformation

Bo Thomsen,' Per Horn,' Frank Panitz," Emeke Bendixen,? Anette H. Petersen,’
Lars-Erik Holm," Vivi H. Nielsen, Jgrgen S. Agerholm,? Jens Arnbjerg,* and
Christian Bendixen'->

"Department of Genetics and Biotechnology, and Department of Animal Health, Welfare and Nutrition, Danish Institute of
Agricultural Sciences, DK-8830 Tjele, Denmark; Department of Veterinary Pathobiology and #Radiology, Royal Veterinary and
Agricultural University, DK-1870 Frederiksberg C, Denmark

The extensive use of a limited number of elite bulls in cattle breeding can lead to rapid spread of recessively
inherited disorders. A recent example is the globally distributed syndrome Complex Vertebral Malformation (CVM),
which is characterized by misshapen and fused vertebrae around the cervico-thoracic junction. Here, we show that
CVM is caused by a mutation in the Golgi-resident nucleotide-sugar transporter encoded by SLC35A3. Thus, the
disease showed complete cosegregation with the mutation in a homozygous state, and proteome patterns indicated
abnormal protein glycosylation in tissues of affected animals. In addition, a yeast mutant that is deficient in the
transport of UDP-N-acetylglucosamine into its Golgi lumen can be rescued by the wild-type SLC35A3 gene, but not by
the mutated gene. These results provide the first demonstration of a genetic disorder associated with a defective
SLC35A3 gene, and reveal a new mechanism for malformation of the vertebral column caused by abnormal
nucleotide-sugar transport into the Golgi apparatus.

[The sequence data from this study has been submitted to GenBank under accession no. AY160683. The following
individuals kindly provided reagents, samples, or unpublished information as indicated in the paper: C.B. Hirschberg,

C. Abeijon, and P.]. de Jong.]

CVM is a recessively inherited disorder with onset during fetal
development, leading to frequent abortion of fetuses or perinatal
death, and vertebral anomalies (Agerholm et al. 2001, 2004;
Nielsen et al. 2003). Disease symptoms have not been observed in
obligate carriers of CVM. The syndrome was first discovered in
the Danish Holstein population in 1999, but shortly thereafter
reports documented the presence of CVM in the United States
(Duncan et al. 2001), the United Kingdom (Revell 2001), the
Netherlands (Wouda et al. 2000), and in Japan (Nagahata et al.
2002). Genealogical records allowed us to trace the origin of the
disease-causing allele to a common ancestral bull, Carlin-M Ivan-
hoe Bell, which has been used in dairy cattle breeding worldwide
for two decades due to the superior lactation performance of his
daughters. Consequently, the number of animals genetically re-
lated to the founder bull is very high, and the disease-causing
mutation is now prevalent among Holstein cattle throughout the
world. For example, the frequencies of CVM carriers among top
sires were 31% in Denmark in 1999 (A.H. Petersen, unpubl.) and
32.5% in Japan in 2001 (Nagahata et al. 2002). Clearly, the use of
relatively few elite bulls can advance productivity in a breed; yet,
this strategy also greatly augments the risk of increasing the fre-
quency of deleterious recessive mutations.
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Detailed clinical characterization of CVM demonstrated a
composite phenotype with axial skeletal deformities such as he-
mivertebrae, misshaped vertebrae, ankylosis of mainly the cer-
vico-thoracic vertebrae, scoliosis, and symmetric arthrogryposis
of the lower limb joints, craniofacial dysmorphism, as well as
cardiac anomalies (Agerholm et al. 2001, 2004; Nielsen et al.
2003) (Fig. 1A,B). The diagnosis of CVM can be difficult to make
because of significant clinical heterogeneity among affected
calves and the occurrence of phenocopies. A presumptive diag-
nosis can usually be obtained at necropsy in combination with
pedigree information; however, a definitive diagnosis requires
DNA testing (Agerholm et al. 2004). The vertebrate axial skeleton
is derived from somites generated by segmentation of the par-
axial mesoderm in an intricate process that requires participation
of two signal-transduction pathways, Wnt and Notch (Pourquie
2003; Aulehla and Herrmann 2004). Thus, somitogenesis in-
volves a molecular oscillator mechanism consisting of cyclic ex-
pression of genes encoding several Notch pathway components
such as the glycosyltransferase Lunatic Fringe, Notch ligands,
downstream target genes of Notch as well as the Wnt pathway
regulator Axin2. Moreover, morphogen gradients of Fgf8 (Du-
brulle and Pourquie 2004) and Wnt3a (Aulehla et al. 2003) in the
presomitic mesoderm are crucial for determining the position of
somitic boundaries. Furthermore, somites differentiate into ver-
tebrae, each having a unique morphological identity that de-
pends on its position along the body axis. The axial identity of
the vertebrae is specified by expression of an appropriate set of
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way (Goto et al. 2001; Selva et al. 2001).
Two Caenorhabditis elegans nucleotide-
sugar transporters with mutant pheno-
types have been characterized. Thus, the
C. elegans sqv-7 mutant, which is defec-
tive in a homolog of frc, exhibits severe
defects in vulval invagination and im-
pairment of embryonic development,
presumably reflecting an inability to
transport nucleotide-sugar substrates re-
quired for glycosaminoglycan biosyn-
thesis into the Golgi (Bulik et al. 2000;
Berninsone et al. 2001; Hwang and Hor-
vitz 2002). Furthermore, mutation of the
UDP-galactose and UDP-N-acetylglu-
cosamine transporter encoded by srf-3 in
C. elegans confers resistance to bacterial
infections due to failure of bacteria to
adhere to the altered glycoconjugate
composition of the mutant nematode

cuticle (Hoflich et al. 2004). Observa-
tions on human glycosylation diseases
further attest to the importance of
nucleotide-sugar transportation. Thus,
the human disease called congenital dis-
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Figure 1. Complex vertebral malformation. (A) Affected calf. Notice the short neck and contraction
of the distal joints. (B) Radiograph of the cervico-thoracic part of the vertebral column (arch removed),
showing multiple malformed vertebrae and scoliosis (arrows) and fusion of the proximal part of several
ribs (arrowheads), ventro-dorsal projection. (C) Pedigree and haplotype analysis. All affected calves can
be traced back to a common ancestor Carlin-M Ivanhoe Bell. Genotypes of seven polymorphic makers

order of glycosylation (CDG) type llc
(formerly leukocyte adhesion deficiency
138 129 type II) occurs when GDP-fucose uptake
into the Golgi is defective, resulting in
clinical manifestations such as facial
dysmorphology, growth and mental re-
tardation, and lack of cell-surface expres-
sion of fucosylated glycoconjugates like
the ABH and Lewis-related blood group
antigens. Also, fucose-containing carbo-
hydrate ligands required for selectin in-
teractions are absent, leading to leuko-
cyte adhesion deficiency (Lubke et al.
2001; Luhn et al. 2001). Recently, a re-
lated glycosylation disorder CDG type
11f was shown to result from inactivation

at the disease locus on BTA3 that helped to define the disease locus are shown. The combined

genotyping results suggested that the disease gene is located near BMS2790 in an ~5 cM region
flanked by the markers INRA003 and ILSTS029. The shared disease-associated haplotype is shaded in
gray. (Filled symbols) Affected; (open symbols) unaffected; (half-filled symbols) carrier.

HOX genes in a coordinated fashion with the segmentation os-
cillator (Dubrulle et al. 2001; Zakany et al. 2001).

The purpose of the present study was to identify the muta-
tion responsible for CVM. The data demonstrate that the disease
gene encodes a member of the solute carrier family SLC35, which
are enzymes transporting nucleotide-sugars from the cytosol into
the lumen of the endoplasmic reticulum and/or the Golgi appa-
ratus (Ishida and Kawakita 2004). In these organelles, nucleotide-
sugars are utilized by glycosyltranferases to synthesize the sugar
chains of glycoproteins, glycolipids, and carbohydrate polymers.
Several studies lend support for an essential role of nucleotide-
sugar transportation in development and disease. Thus, in Dro-
sophila, impaired function of Fringe connection (encoded by fic),
a transporter with multisubstrate specificity, was shown to have
detrimental effects on fibroblast growth factor, Hedgehog, Wing-
less-dependent signalling, as well as to disrupt the Notch path-

of the Golgi CMP-sialic acid transporter
(Martinez-Duncker et al. 2005).

Bovine SLC35A3 is the first nucleo-
tide-sugar transporter shown to play a
role in the development of the axial skel-
eton, demonstrating that some of the molecular mechanisms
that operate during formation of vertebrae and ribs depend on
carbohydrate modification in the Golgi apparatus. The present
disease model may be exploited to predict the human clinical
phenotype as well as to provide further insight into the disease
mechanisms.

Results

Genetic mapping of the disease gene

Affected animals are expected to be homozygous in polymorphic
markers flanking the disease locus, as all chromosomes carrying
the causative mutation descended from a common founder bull
(Agerholm et al. 2001). Therefore, we performed a genome-wide
scan for regions identical-by-descent. Seven calves diagnosed
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with CVM based on post-mortem examination as de-
scribed (Agerholm et al. 2001) plus their parents were
used in the initial genome scan using a panel of 194
microsatellite markers covering all 29 autosomes with
pairwise distances between 10 and 20 cM. The results
revealed that all seven calves were homozygous for
the same allele of marker INRAOO3 (59.4 cM), whereas
five calves had identical alleles in an adjacent marker
HUJ246 (67.9 cM) on BTA3. To confirm this observa-
tion and to more accurately define the disease locus,
we expanded the analysis with additional affected
calves sampled by the Danish surveillance program
for genetic defects to include a total of 30 affected
calves plus available parental animals, which were
genotyped with an increased marker density in the
interval between INRAOO3 and HUJ246 (Fig. 1C). The
evidence for linkage was highly significant with two-
point lod scores of 8.13 (6 = 0.00) for BMS2790 (62.4
cM), 7.53 (6 = 0.00) for INRAOO3 (59.4 cM), and 5.12
(6 =0.04) for ILSTS029 (64.9 cM). Haplotype analysis
of the five-generation pedigree shown in Figure 1C
revealed several critical recombinants that allowed us
to narrow down the position of the disease gene.
Thus, all affected calves were homozygous in
BMS2790, and recombination between BMS2790 and
the nearby markers INRAOO3 and ILSTS029 defined
the limits of the CVM disease locus.

The cattle genome is only sparsely annotated
with known genes, so in order to identify positional
candidate genes we anchored the disease locus to the
human genome by screening a bovine large-insert
bacterial artificial chromosome (BAC) library for
clones containing either one of the three markers
INRAOO3, BMS2790, or ILSTS029. BAC end sequences
were subsequently compared with the human ge-
nome sequence by BLAST searches, which showed
that the INRAOO3-BMS2790-ILST029 interval cor-
responds to an ~5-6 Mb region in HSA1p21.2-21.3
(Fig. 2A).

Candidate gene selection
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Figure 2. Bovine-human comparative map. (A) Twenty-two BAC clones constitute the

minimum tiling path between BMS2790 and INRA003. Genes and map positions in
HSA1p21 are based on the human genome draft sequence. Dotted lines indicate the
gene content of the BAC clones. The positions (in ¢cM) of microsatellite markers
ILSTS029, BMS2790, and INRA0O3 on the bovine linkage map are indicated. (B) Differ-
ential proteome patterns of cardiac and skeletal tissues from CVM affected and unaf-
fected (wt) calves. The four images display segments from silver-stained high-resolution
2DE maps. The encircled areas show the characteristic electrophoretic pattern of a1-
antitrypsin that was observed only in tissues from affected CVM calves. The mobility
changes with a shift in pl as well as in MW indicate that aberrant protein glycosylation
is associated with CVM. Moreover, the increased spot intensity of al-antitrypsin in
disease-affected tissue relative to normal tissue suggests that the abnormally glyco-
sylated variants accumulate in the tissues of affected calves. The pH spans are indicated
along the x-axis and the approximate molecular weight is on the y-axis.

family 35, member A3). The SLC35A3 gene is ubiquitously ex-
pressed and the encoded transporter is localized in the Golgi
apparatus (Ishida et al. 1999). Furthermore, determination of its
substrate specificity using Golgi-enriched fractions of yeast cells

The bovine-human comparative gene map of the disease locus
contains ~20 known or predicted genes, none of which has pre-
viously been associated with defects in vertebral column forma-
tion. However, a rationale for selection of a candidate gene was
provided by the notion that similar disease phenotypes can arise
from mutations in different genes engaged in the same signaling
cascade. Thus, malfunction of Notch-signaling genes, like the
CVM disease gene, causes complex phenotypes, including verte-
bral and costal deformations as well as abnormalities in various
nonskeletal tissues and organs (Conlon et al. 1995; Li et al. 1997;
Oda et al. 1997; Evrard et al. 1998; Jiang et al. 1998; Kusumi et al.
1998; Zhang and Gridley 1998; Hamada et al. 1999; Bulman et al.
2000). The Notch receptors and their ligands, Jagged and Delta,
are cell-surface transmembrane proteins, which serve to trans-
duce signals between neighboring cells. Significantly, this cell-
to-cell communication is controlled by the Golgi-resident glyco-
syltransferase Fringe, which modulates the ability of the ligands
to activate the Notch receptors by adding N-acetylglucosamine
onto fucose residues attached to Notch (Hicks et al. 2000). In this
scenario, it is particularly intriguing that the disease locus har-
bors the nucleotide-sugar transporter SLC35A3 (solute carrier

expressing either the human SLC35A43 gene (Ishida et al. 1999) or
the canine counterpart (Guillen et al. 1998) showed efficient
transport of UDP-N-acetylglucosamine into the Golgi lumen, but
not of UDP-galactose or CMP-sialic acid. We hypothesized that
one effect of a mutation in SLC35A3 would be to deprive Fringe
of its sugar donor, which in turn would affect the glycosylation
status of Notch.

First, we sought to verify that SLC35A3 in fact is positioned
at the disease locus by building a BAC contig consisting of 22
individual clones between BMS2790 and INRA0O3 (Fig. 2A). Eight
bovine homologs of human genes known to be located in
HSA1p21.2, including SLC35A3, were successfully amplified by
PCR using the BAC contig clones as templates. This result sug-
gested that gene content and order in the CVM region and
HSA1p21.2 were highly conserved between the two species.

Secondly, we examined whether supportive evidence for a
causative role of SLC35A3 in CVM can be observed at the protein
level. Thus, glycosylation inside the Golgi apparatus modifies a
wide range of proteins, suggesting that a deficiency in Golgi
nucleotide-sugar transportation should be detectable by two-
dimensional protein gel analysis. Indeed, 2DE analyses of cardiac
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and skeletal muscle tissues revealed a series of protein spots with
characteristic shifts in both molecular weight and charge consis-
tent with changes in glycosylation (Fig. 2B). To investigate this in
greater detail, we used MALDI-TOF mass spectrometry to identify
the prominent protein pattern (encircled) that showed both al-
tered migration as well as accumulation in the tissues of affected
animals. All spots in the encircled patterns were identified as
al-antitrypsin, which is a serine proteinase inhibitor with a ma-
jor role in protection of lung tissue from proteolytic destruction
by elastase (Carrell and Lomas 2002). al-antitrypsin is a glyco-
protein modified by asparagine (N)-linked glycans, which assist
in folding, quality control, and intracellular transport of the pro-
tein (Cabral et al. 2001). Several mutant forms of al-antitrypsin
are incapable of correct folding, which leads to protein accumu-
lation in hepatocytes and a cytotoxic response in the form of
cirrhosis of the liver or hepatocellular carcinoma. Another con-
sequence of the incorrectly folded al-antitrypsin is uncontrolled
elastase activity, which results in pulmonary emphysema typi-
cally in the third or fourth decade of life (Crowther et al. 2004).
Moreover, al-antitrypsin is underglycosylated in patients with
congenital disorder of glycosylation (CDG) type Ia and type Ic,
both of which are deficient in the formation of the common
dolichol-linked oligosaccharide precursor of N-glycans (Mills et
al. 2001, 2003). Biosynthesis of N-glycans involves attachment of
N-acetylglucosamine in the Golgi apparatus, and therefore, it can
be expected that a deficiency in UDP-N-acetylglucosamine up-
take will affect glycosylation of a1-antitrypsin as observed. Taken
together, these data therefore support our assumption that
SLC35A3 is mutated in CVM.
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Mutation detection

Using shotgun sequencing of BAC DNA, we determined the com-
plete 22,400-bp sequence of the bovine SLC35A3 gene, and es-
tablished the exon-intron organization by alignment with the
full-length SLC35A3 cDNA sequence. Conceptual translation of
the open reading frame predicted a protein of 326 amino acids
with a highly conserved sequence, showing 98% identity to the
human and canine SLC35A3 transporters, and 96% and 83% se-
quence identity to the mouse and frog SLC35A3 transporters,
respectively (Fig. 3A). To identify the putative mutation in
SLC35A3, we compared the cDNA sequences of unaffected and
affected calves, which uncovered a transversion (G to T) that
replaces valine at position 180 with phenylalanine (Fig. 3B). No
other mutations were detected. Moreover, point mutations in
coding regions of several genes have been recognized to influ-
ence gene function by affecting the splicing pattern (Cartegni et
al. 2002) We investigated this possibility by Northern blot analy-
sis of SLC35A3 gene expression (Fig. 3C). The result revealed two
large mRNA transcripts in both unaffected and CVM calves,
which is consistent with the observed transcript sizes of 6.2 kb
and 2.4 kb in various human tissues (Ishida et al. 1999), and there
was no apparent effect of the mutation on splicing accuracy or
efficiency. Subsequent large-scale genotyping strongly advocated
that the V180F substitution is pathogenic. Thus, all calves diag-
nosed as CVM affected were homozygous with respect to phe-
nylalanine, whereas 108 verified carriers of CVM were heterozy-
gous. Also, we genotyped more than 1500 phenotypically nor-
mal animals descending from Carlin-M Ivanhoe Bell, and none

—28S (5.0 kb)

—18S (1.9 kb)

b‘— GAPDH

Figure 3. Mutation detection in SLC35A3. (A) The deduced amino acid sequence of bovine SLC35A3 and comparison with its homologs in human
(Homo sapiens; BAA77841), dog (Canis familiaris; AAC39260), mouse (Mus musculus; AAH24110), and frog (Xenopus laevis; CAD47803). Dots indicate
residues that match the Bos taurus sequence. Dashes indicate gaps that have been introduced to optimize the alignment. The valine at position 180
substituted by phenylalanine in CVM is indicated in bold type and shaded in gray. (B) Electropherograms showing the nucleotide sequences across the
G—T mutation (indicated by an asterix) in normal (+/+), carrier (+/ —), and CVM-affected (—/—) animals. (C) Northern blot analysis of SLC35A3 mRNA.
Poly(A)* RNA was isolated from kidney tissue of CVM calves and unaffected calves and analyzed by hybridizing Northern blots with a *2P-labeled
SLC35A3 probe. Subsequently, the membranes were stripped and reprobed with a *?P-labeled GAPDH (glyceraldehyde-3-phosphate dehydrogenase)

fragment.
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were homozygous for phenylalanine. Furthermore, analysis of
more than 500 animals of the Holstein breed selected as being
unrelated to the founder and ~300 animals of 12 other breeds did
not identify any animals with phenylalanine at position 180.
These data, taken together with the fact that valine at position
180 is evolutionarily conserved, support the conclusion that the
G to T transversion in SLC35A3 is the disease-causing mutation.

Functional testing of the mutation in SLC35A3

Next, we used a yeast complementation assay (Abeijon et al.
1996) to evaluate the significance of the V180F substitution (Fig.
4A). The Kluyveromyces lactis mutant mnn2-2, which is deficient
in transport of UDP-N-acetylglucosamine into Golgi vesicles,
lacks terminal N-acetylglucosamine in its mannan chains of
mannoproteins on the cell surface. It has been demonstrated
previously that this biochemical defect of the mnn2-2 mutant
can be rescued by expression of the mammalian SLC35A3 gene
but not by other nucleotide-sugar transporters, for example, that

I

>

o

Events

I T T T T I

2)

—26S8

Events w
l )
-
N
w
£

—188

Events -
e ©
w

—26S
—18S

Figure 4. Analysis of K. lactis cell-surface labeling by flow cytometry. (A)
The K. lactis mutant mnn2-2 lacks terminal N-acetylglucosamine in its cell
surface glycoproteins. Wild-type (MG1/2) and mnn2-2 (KL;) cells can
therefore be differentially labeled by incubation with FITC-conjugated
wheat-germ agglutinin (WGA), which has an affinity for N-
acetylglucosaminyl residues. Phenotypic correction of the cell-surface de-
fect was observed only in mnn2-2 transformants expressing wild-type
SLC35A3. (Panel T) Wild-type MG1/2 transformed with empty pE4 vec-
tor; (Panel 2) mutant mnn2-2 transformed with empty pE4 vector; (Panel
3) mutant mnn2-2 expressing the wild-type SLC35A3 gene; (Panel 4)
mutant mnn2-2 expressing the mutated SLC35A3 gene with the V180F
substitution. (B) Northern blot analysis. Total RNA extracted from the
transformed yeast cells was separated by gel electrophoresis, blotted
onto nylon membranes, and hybridized with a radioactively labeled full-
length SLC35A3 cDNA probe. Positions of the 26S and 18S ribosomal
RNA are indicated. (Lane 7) Wild-type MG1/2 transformed with empty
pE4 vector; (lane 2) mutant mnn2-2 transformed with empty pE4 vector;
(lane 3) mutant mnn2-2 expressing the wild-type SLC35A3 gene; (lane 4)
mutant mnn2-2 expressing the mutated SLC35A3 gene with the V180F
substitution. Ethidium bromide stained 26S and 18S rRNA to control for
equal loading is shown below the Northern blot.
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of UDP-galactose (Guillen et al. 1998). In agreement with previ-
ous data, we found that the mnn2-2 mutant was fully comple-
mented by expression of the bovine wild-type SLC35A3 gene. In
contrast, transformation with the mutated SLC35A3 gene did not
increase surface expression of N-acetylglucosamine relative to
that obtained in mnn2-2 cells with the empty vector. Thus, the
absence of phenotypic correction shows that the V180F replace-
ment in SLC35A3 strongly affects nucleotide-sugar transporta-
tion, although the yeast complementation assay does not allow
us to assess whether activity is partially or completely lost. To
assess the level of gene expression in the transformed yeast cells,
we used Northern blot analysis with a probe specific for the
SLC35A3 transcript. Essentially identical profiles with two major
transcripts were observed, demonstrating that the wild-type and
the mutated SLC35A3 gene were equally expressed in the
mnn2-2 yeast mutant (Fig. 4B). Altogether, these results imply
that the missense mutation in SLC35A3 is responsible for CVM,
and also excludes the possibility that a mutation in another gene
tightly linked to SLC35A3 is causing the defect.

Discussion

Intense breeding programs often involve mating of descendants
of a particular bull, thereby increasing the familial relationship in
the cattle population. By the time it was realized that Carlin-M
Ivanhoe Bell carries a lethal mutation, the widespread use of this
elite bull had already increased carrier frequencies of CVM in
dairy cattle to an alarming 20%-30% in many countries. This
prompted a search for the disease gene, which we now have
identified as the SLC35A3 gene encoding a Golgi-resident trans-
porter of UDP-N-acetylglucosamine. Remarkably, Carlin-M Ivan-
hoe Bell was also a carrier of another disease called bovine leu-
kocyte adhesion deficiency (BLAD), which is an immunodefi-
ciency disorder caused by a recessive mutation in the gene
encoding the leukocyte B2 integrin subunit CD18 (Shuster et al.
1992) on BTA1 (Rexroad et al. 1999). A decade of DNA testing has
reduced the frequency of the pathogenic allele and today the
disease is efficiently controlled. The two defective genes respon-
sible for CVM and BLAD are located on different chromosomes
and therefore inherited independently. Genetic testing has
shown that Carlin-M Ivanhoe Bell received both disease-causing
mutations from his sire Pennstate Ivanhoe Star, whereas his
grandsire Osborndale Ivanhoe is a BLAD carrier, but free of CVM.
This suggests that the CVM mutation was either generated in
Pennstate Ivanhoe Star or that it originates from the maternal
side. With the identification of the genetic basis of the CVM
disease, further transmission of the mutation can now be pre-
vented through DNA testing of animals to be used for breeding.

Haploinsufficiency for the SLC35A3 transporter appears to
be tolerated because heterozygous carriers are asymptomatic,
whereas in its homozygous state, the mutation typically causes
death in utero. Yet some fetuses do develop to term, although
with severe defects. This might suggest that the mutated trans-
porter retains some residual activity, occasionally allowing fetal
development past critical stages, or alternatively, that the lack of
SLC35A3 is alleviated by partial functional compensation by an-
other nucleotide-sugar transporter with the ability to transport
UDP-N-acetylglucosamine into the Golgi lumen. Thus,
SLC35D2/HFRC1, and possibly also SLC35D1 (alias UGTrel7),
have transporting activity toward a range of nucleotide-sugar
substrates including UDP-N-acetylglucosamine (Muraoka et al.
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2001; Suda et al. 2004; Ishida et al. 2005). It is significant, how-
ever, that only SLC35D2/HFRC1 is localized in the Golgi appa-
ratus like SLC35A3, while SLC35D1 is found in the endoplasmic
reticulum. These nucleotide-sugar transporters exhibit ~50%
similarity with Drosophila Fringe connection and C. elegans SQV-
7, which has been taken to indicate that they may serve corre-
sponding roles in vertebrates (Goto et al. 2001; Selva et al. 2001;
Suda et al. 2004; Ishida et al. 2005). Their cellular functions are at
present unknown, and it awaits further work to clarify whether
SLC35D2/HFRC1 or SLC35D1 interacts with SLC35A3 to regulate
the formation of the vertebral column or whether they function
in independent glycosylation pathways.

It is as yet undefined which specific molecular and cellular
functions are affected by loss of UDP-N-acetylglucosamine trans-
portation in CVM, but the composite disease phenotype with
defects in multiple tissues suggest that several pathways and bio-
chemical mechanisms are impaired. Proteomic changes were de-
tected in the tissues of affected calves, and biochemical charac-
terization of these proteins will help to understand the complex-
ity of the phenotype. For example, we identified a series of al-
antitrypsin isoforms with altered mass and charge accumulating
in the muscle tissue of affected animals, which indicates that
aberrant asparagine (N)-linked glycosylation is associated with
CVM. N-glycans are ubiquitous and important in many biologi-
cal processes, which is reflected in the high number of human
genetic diseases that are caused by mutations in the N-glycan
biosynthetic and secretory pathway (Marquardt and Freeze
2001). Conceivably, the Golgi-localized glycosyltransferases that
use UDP-N-acetylglucosamine to synthesize N-linked glycans are
potentially affected by a mutation in SLC35A3. Thus, it is note-
worthy that mice lacking Mgat1 encoding N-acetylglucosaminyl-
transferase I die before birth with developmental defects in so-
mite formation and neural tissue morphogenesis due to the ab-
sence of hybrid and complex N-linked carbohydrates (loffe and
Stanley 1994). Similarly, mutations in Mgat2, which catalyzes the
formation of complex N-glycans, are associated with severe ab-
normalities in both mice and humans (responsible for CDG type
IIa), which are characterized by craniofacial dysmorphism, tho-
racolumbar kyphoscoliosis, and heart defects (Wang et al. 2001).

The V180F substitution may also affect the antiporter func-
tion of SLC35A3. Thus, after uptake of nucleotide-sugars in the
Golgi, the sugar moiety is transferred to various acceptors by
glycosyltransferases, whereas the nucleoside diphosphate is hy-
drolyzed into nucleoside monophosphates by nucleoside diphos-
phatases. The latter reaction is crucial because nucleoside diphos-
phates are potent inhibitors of glycosyltransferases. Moreover,
the nucleoside monophosphates are required by the nucleotide-
sugar transporters, which operate as antiporters by coupling
nucleotide-sugar transport into the Golgi with an equimolar ex-
port of the corresponding nucleoside monophosphate. Loss or
impairment of nucleoside diphosphatases has consequences for
the function of the antiport cycle and glycosylation. For ex-
ample, mutants lacking the GDPase gene GDA1 in Saccharomyces
cerevisiae or K. lactis showed altered glycosylation of proteins and
lipids due to reduced transport of GDP-mannose (and UDP-N-
acetylglucosamine in K. lactis) into Golgi vesicles as well as inhi-
bition of glycosyltransferases (Abeijon et al. 1993; Berninsone et
al. 1994; Lopez-Avalos et al. 2001). Similarly, mutation of the
mig-23 nucleotide diphosphatase in C. elegans has been shown
to affect gonad morphology due to aberrant glycosylation of the
MIG-17 protease (Nishiwaki et al. 2004).

Signal transduction relying on glycosylation is likely to be

affected in CVM, and an attractive model is that obstruction of
the Notch pathway is a contributing factor. An argument in favor
of this proposal is the phenotypic similarity between the CVM
defects and diseases such as those caused by defective Notch
ligands JAGGED1 in Alagille syndrome (Li et al. 1997; Oda et al.
1997) and DELTA-LIKE 3 in spondylocostal dysostosis (Bulman et
al. 2000) in humans, or the lunatic fringe-deficient mouse model
(Evrard et al. 1998; Zhang and Gridley 1998). The underlying
biochemical basis may be that regulation of Notch signaling re-
lies on covalent attachment of N-acetylglucosamine to O-linked
fucose on the Notch receptors by the glycosyltransferase activity
of Fringe. Importantly, Fringe has strong specificity for fucose as
acceptor and for UDP-N-acetylglucosamine as donor and shows
no activity with other donor-acceptor combinations (Bruckner et
al. 2000; Moloney et al. 2000). UDP-N-acetylglucosamine is syn-
thesized in the cytosol and must be actively translocated across
the Golgi membrane before it can be utilized by Fringe (Abeijon
et al. 1997). Our data suggest that SLC35A3 provides this neces-
sary link, thereby being involved in controlling the subset of
Notch functions that depend upon N-acetylglucosamine modifi-
cation. Precedence for such a mechanism comes from analysis of
Drosophila mutants lacking Fringe connection, showing that the
Notch pathway is disrupted at two levels. First, Fringe-mediated
attachment of sugar residues to Notch was reduced, and sec-
ondly, the level of proteolytic maturation of the Notch receptor
was significantly lowered, probably as a result of abnormal N-
linked glycosylation (Goto et al. 2001; Selva et al. 2001).

Mutations affecting the function of glycosaminoglycans or
proteoglycans have been implicated in numerous human and
mouse pathologies (Princivalle and de Agostini 2002). Impor-
tantly, biosynthesis of glycosaminoglycans in the Golgi has been
shown to be affected by defective nucleotide-sugar transporters.
Thus, a Madin-Darby canine kidney cell line with strongly re-
duced UDP-galactose transportation was, in contrast to the pa-
rental cell line, unable to produce keratan sulphate, the only
glycosaminoglycan containing galactose in its carbohydrate
polymer (Toma et al. 1996). Also, C. elegans development re-
quires glycosaminoglycans, and the defects displayed by sqv-7
mutants are probably a result of reduced synthesis of chondroitin
and heparan sulphate (Bulik et al. 2000; Berninsone et al. 2001;
Hwang and Horvitz 2002). Glycosaminoglycans modulate signal-
ing mediated by Hedgehog, Wingless/Wnt, and FGF, and the
disrupted signaling in these pathways and the associated pheno-
types, which are observed in mutants of Fringe connection, can
be accounted for by lack of heparan sulphate synthesis (Goto et
al. 2001; Selva et al. 2001). These findings may be relevant to the
understanding of the CVM phenotype, because heparan sul-
phate, keratan sulphate, and hyaluronic acid all contain N-
acetylglucosamine residues, making it plausible that their bio-
synthesis and biological activity could be affected by the muta-
tion in SLC35A3.

Methods

Genome-wide scan

PCR reactions were analyzed on an ABI 377 Sequencer (Applied
Biosystems) and alleles were assigned with the Genotyper pro-
gram, version 2.1. Two-point linkage analysis was performed us-
ing CRIMAP 2.4 (Lander and Green 1987) in a pedigree compris-
ing 85 individuals, of which 29 were affected calves. The bull
KOL Nixon sired 26 of these calves and 21 shared T. Burma as the
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maternal grandsire. Both bulls have familial relationships with
Carlin-M Ivanhoe Bell. Three different bulls also descending
from Carlin-M Ivanhoe Bell sired the remaining calves.

Genomic and cDNA sequences of SLC35A3

A bovine BAC clone containing the SLC35A3 gene was mechani-
cally sheared and size-selected fragments (500-1000 bp) were
subcloned into TOPOShotgun Subcloning Kit (Invitrogen). Ap-
proximately 2000 clones were sequenced on a MegaBACE1000
(Amersham Pharmacia Biotech) using DYEnamic ET Dye Termi-
nator Cycle Sequencing Kit (Amersham Pharmacia Biotech). The
sequencing data were assembled into several contigs using the
PHRED/PHRAP software (http://www.phrap.org). Gap closure be-
tween contigs was established by primer extension on BAC DNA
using BigDye Terminator Cycle Sequencing Kit (PE Applied Bio-
systems). The complete genomic SLC35A3 sequence spanning
~22,400 bp (GenBank accession no. AY160683) was assembled
with Sequencher (Version 4.0.5, Gene Codes Corporation). Total
RNA was isolated (RNA Isolation Kit, Stratagene) from heart and
muscle tissues from both unaffected and affected calves and used
for first-strand cDNA synthesis with oligo-(dT,,.;5) and Super-
script II (Invitrogen). Subsequently, the SLC35A3 coding region
was amplified by PCR using primer pairs designed on the basis
of sequence homology between the human and canine genes,
GenBank accession numbers AB021981 and AF057365, respec-
tively.

Northern blot analysis

Total RNA was prepared from various tissues or yeast cells fol-
lowing the Qiagen RNeasy protocol as recommended by the
manufacturer. Poly(A)* RNA was isolated using the Dynabeads
mRNA DIRECT Kit (Dynal Biotech) following the instructions of
the manufacturer. Approximately 10 pg of total RNA or 0.6 pg of
poly(A)* RNA was separated on a 1% agarose-glyoxal gel and
subsequently transferred to positively charged nylon membranes
using the NorthernMax-Gly kit (Ambion) according to the sup-
plier’s instructions. The probes were radioactively labeled with
the Nick Translation System (GIBCO BRL) using [«-*2P]dCTP
from Amersham Biosciences.

Proteome analysis

A total of 50 pg of protein extracted from cardiac and skeletal
muscle tissue was separated by two-dimensional PAGE and the
spot pattern visualized by silver staining as described (Hochstras-
ser et al. 1988). Twelve affected and 50 unaffected calves were
analyzed.

Protein identification

The protein spots were cut from preparative gels, and digested
with trypsin as described (Jensen et al. 1998). Digested protein
spots were desalted using Zip tips, eluted with a 0.5-uL matrix
solution (15 g/L a-cyano-4-hydroxycinnaminic acid in 70% ace-
tonitrile), and spotted directly on the MALDI-target. A Reflex-IV
MALDI-TOF mass spectrometer (Bruker Daltonics) was used in a
positive-ion reflector mode for peptide mass analyses, using the
autolytic trypsin peaks of 842.11 and 2211.1 m/z for internal
calibration of spectra. Average deviation in mass accurracy was
50 ppm. Proteins were identified by peptide mass fingerprinting
(PMF) using the database search program ProFound http://
prowl.rockefeller.edu/profound_bin/WebProFound.exe that
searched the NCBI protein sequence database.

Yeast methods and flow cytometry

The K. lactis strains MG1/2 (MATa, uraA, arg—, lys~ K* pKD1%)
and KL; (MATa, uraA, mnn2-2, arg~ K* pKD1") used in this study
and yeast transformation by electroporation has been described
elsewhere (Abeijon et al. 1996). The vector pE4 (Guillen et al.
1998) was used for expression of bovine SLC35A3 in yeast cells. K.
lactis cells (1.0 ODyg,) were labeled with FITC-conjugated WGA
(Sigma) by washing the cells twice with labeling buffer (50 mM
sodium phosphate, 150 mM NaCl, 1 mM CacCl,, 0.5 mM MgCl,,
0.1 mM MnCl, at pH 7.0) followed by incubation with 15 pL
FITC-WGA (2.5 mg/mL) in 150 pL labeling buffer for 1 h at 30°C
with shaking. The cells were washed three times and finally re-
suspended in 1 mL of labeling buffer at room temperature. Im-
mediately following FITC-WGA labeling, the cells were run
through a Beckman Coulter Flow Cytometer.
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