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Abstract

Cobalamin malabsorption accompanied by selective proteinuria is an autosomal recessive disorder
known as Imerslund-Grasbeck syndrome in humans and was previously described in dogs due to
amnionless (AMN) mutations. The resultant vitamin B1, deficiency causes dyshematopoiesis,
lethargy, failure to thrive, and life-threatening metabolic disruption in the juvenile period. We
studied 3 kindreds of border collies with cobalamin malabsorption and mapped the disease locus
in affected dogs to a 2.9 Mb region of homozygosity on canine chromosome 2. The region
included CUBN, the locus encoding cubilin, a peripheral membrane protein that in concert with
AMN forms the functional intrinsic factor-cobalamin receptor expressed in ileum and a multi-
ligand receptor in renal proximal tubules. Cobalamin malabsorption and proteinuria comprising
CUBN ligands were demonstrated by radiolabeled cobalamin uptake studies and SDS-PAGE,
respectively. CUBN mRNA and protein expression were reduced ~10 fold and ~20 fold,
respectively, in both ileum and kidney of affected dogs. DNA sequencing demonstrated a single
base deletion in exon 53 predicting a translational frameshift and early termination codon likely
triggering nonsense mediated mMRNA decay. The mutant allele segregated with disease in the
border collie kindred. The border collie disorder indicates that a CUBN mutation far C-terminal
from the intrinsic factor-cobalamin binding site can abrogate receptor expression and cause
Imerslund-Grésbeck syndrome.
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1. Introduction

Imerslund-Grésbeck syndrome (I-GS; OMIM #261100; http://omim.org/entry/261100) in
humans is clinically defined by inherited selective intestinal cobalamin malabsorption
accompanied by specific medium- to low-molecular-weight proteinuria [1-3]. The disorder
is an autosomal recessive trait, but signs manifest variably in the late infantile to early
juvenile periods as fetal stores of the vitamin wane [4]. Many patients exhibit a classical
megaloblastic anemia, but neurologic signs or failure to thrive may predominate in others.
The selectivity of intestinal nutrient malabsorption coupled with failed renal tubular protein
reabsorption is conferred by mutations in cubilin (CUBN) [5] or amnionless (AMN) [6], the
subunits of the heteromeric receptor designated cubam [7].

Cubam is a multi-ligand, endocytic receptor expressed in epithelial brush borders of distal
small intestine and renal proximal tubules. CUBN is an ~460 kDa glycosylated protein that
comprises an N-terminal alpha helix followed by 8 tandem EGF domains and 27 tandem
CUB domains. The large protein provide binding sites for various ligands including the
intrinsic factor-cobalamin complex (IF-Cbl), vitamin D binding protein, transferrin,
albumin, apolipoprotein Al, haptoglobin, and others [8]. CUB domains 5-8 comprise the
essential IF-Cbl binding site [9], and the N-terminal alpha helical region mediates
association with AMN [10]. AMN is an ~50 kDa glycosylated type | transmembrane
protein. The extracellular cysteine-rich domain interacts with CUBN, and the cytoplasmic
domain has two endocytic signal motifs that arbitrate nucleation of clathrin-coated pits [11].
Though data [9,12] suggest that a coiled-coil structure of CUBN N-terminal helix regions
creates a CUBN trimer bound to AMN, the stoichiometry of subunits in the functional
receptor is still unclear. Regardless, formation of a heteromeric complex including both
proteins was demonstrated /n vitro [7]. Moreover, there is evidence from human, mouse, and
canine tissues harboring mutations in either gene [13-16] that both CUBN and AMN must
be present with near-normal structure for epithelial brush border expression of the functional
receptor complex. The CUBN protein is encoded in 67 exons, but oddly, of 33 CUBN
mutations defined in human 1-GS patients to date, none has been found more 3 than exon
28, which encodes the C-terminal half of CUB domain 8 [17].

Dogs closely model human clinical cobalamin deficiency and cubam function. Genetic
studies in mice on the receptor complex have been hampered by rodent-specific functions of
cubam essential for embryonic development. We previously characterized autosomal
recessive I-GS in giant schnauzers and Australian shepherds [14,18]. Affected dogs
exhibited signs of cobalamin deficiency including failure-to-thrive, dyshematopoiesis, and
methylmalonic aciduria within 8-12 weeks of birth. The disorder was life-threatening if not
treated, but parenteral cyanocobalamin administration (~1 mg/month) provided rapid and
sustained hematopoietic and metabolic remission. Selective proteinuria persisted life-long
despite treatment. In each breed, a distinct AMN mutation abrogated expression of
immunodetectable AMN protein and caused CUBN retention in cytoplasmic vesicles of ileal
and renal tubule cells [14].

Sporadic cases of a similar but milder disorder have been described in a herding dog breed
known as border collies (BC) [19-22]. Owners of affected BC had not sought veterinary
attention until the dogs were 8-42 months of age, but by the time of diagnosis the affected
dogs exhibited intermittent anorexia, chronic anemia and neutropenia, poor weight gain, and
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poor muscle mass for several weeks or months. Severe metabolic dysregulation, including
hepatic encephalopathy and/or ketoacidosis, occurred in some cases. Other documented
abnormalities included low serum cobalamin concentrations, methylmalonic aciduria, and
mild proteinuria. Here, we report results of a genome-wide positional gene approach leading
to discovery of a single base deletion causing I-GS in BC.

2. Methods

2.1 Animals

Dogs were handled according to principles and protocols approved by the respective
Institutional Animal Use and Care Committees at Michigan State University, University of
Pennsylvania, and University of Saskatchewan. Owners submitted samples for DNA
isolation and urinalysis from dogs of the BC kindreds and unrelated BC dogs. Additional
DNA samples of non-BC dogs were from the laboratory archives. Clinical characterization
of cobalamin-deficient dogs included various combinations of compatible clinical signs,
routine complete blood counts, serum chemistry panels, serum cobalamin and folate
concentrations, urinalysis, and examination of bone marrow aspirates or core biopsies.

In affected dogs, excess methylmalonic acid excretion in urine was documented either
qualitatively by a specific reaction with diazotized p-nitroaniline or quantitatively by gas
chromatography-mass spectroscopy. Urine proteins were concentrated by centrifugation
through a 10 kDa cut-off membrane and separated by one-dimensional SDS-PAGE. Protein
identities were confirmed by immunoblotting as previously [23-26]. In two affected dogs,
gastrointestinal cobalamin absorption was investigated after parenteral cobalamin
replacement therapy by one-stage, dual-label ([?Co] cyanocobalamin and [>7Co]
cyanocobalamin bound to human gastric juice) radiolabeled cyanocobalamin uptake
(Dicopac® Kit, Medi-Physics, Inc., Princeton, NJ) administered according to the
manufacturer’s instructions with measurement of excreted radioactivity in 24-hour urine
(collected via in-dwelling catheter) and 48-hour fecal collections. Renal, ileal, and
pancreatic biopsy samples were obtained from each of the same 2 affected dogs by
exploratory laparotomy. Unsaturated cobalamin binding capacity (UCBC) was determined
in serum and pancreatic homogenates by [°”Co] cyanocobalamin labeling and albumin-
coated charcoal separation of free-from bound-radiolabel [18].

2.2.1 Homozygosity mapping and mutation discovery

Genomic DNA was prepared variously from buccal brush, whole blood, or frozen tissue by
standard methods [14]. DNA samples from 19 members of the BC kindreds were submitted
to GeneSeek® Veterinary Diagnostics (Lincoln, NE) for genome-wide, single nucleotide
polymorphism (SNP) genotyping on the Illumina® canine HD (170K) bead chip array
derived from the CanFam 2.0 canine reference genome assembly. Genotypes were sorted by
chromosome and position in Excel® (Microsoft®, Redmond, WA) and examined for areas
of contiguous homozygosity shared by affected dogs. CUBN exons were amplified by PCR
[14] from genomic DNA from one affected dog and his dam using primers that flanked exon
and splice-site consensus sequences (table S1). CUBN cDNA was amplified in overlapping
segments by RT-PCR from kidney total RNA as previously [14] using oligo-dT priming of
the RT reaction and PCR primer sequences chosen from GenBank accession no.
AF137068.1 (table S1). Amplicons were sequenced and assembled as previously [14] for
comparison to the CanFam 3.1 canine reference genome assembly. Functional significance
of missense sequences was examined by SIFT analysis [27] and resequencing DNA of
clinically normal dogs.
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2.2.2 CUBN steady-state expression analysis

CUBN mRNA expression was assessed by real-time quantitative PCR of cDNA templates
(RT-gPCR). Normal and control tissues were obtained by surgical biopsy or immediately
post-euthanasia, snap frozen in liquid Ny, and maintained at —80 C. Total RNA was
extracted using the RNeasy® Mini kit with on-column DNase treatment according to
manufacturer instructions (Qiagen® Sciences, Inc., Germantown, MD). RNA integrity was
assessed on an Agilent 2100 bioanalyzer (Agilent Technologies, Inc., Waldbronn, Germany)
using the RNA 6000 Pico microcapillary electrophoresis chip. cDNA was prepared in
triplicate from 500 ng of total RNA in 50 L reactions using Superscript ® I11 (Life
Technologies Corp., Carlsbad, CA) primed with oligo-dT. RT reaction mixes were pre-
incubated for 5 min at 65 C, and incubated at 55 C for 50 min after reverse transcriptase was
added. RT-gPCR reactions were performed in 3 technical replicates of 15 pL containing 10
ng cDNA, 50 nM each PCR primer, and 1X SYBR® Green PCR Mastermix (Life
Technologies Corp., Carlsbad, CA). RT-qPCR was performed on a StepOnePlus™ real-
time PCR system (Applied Biosystems, Foster City, CA) preheating the reaction mixtures at
95 C for 10 min followed by 40 cycles of 95 C for 15 s and 60 C for 1 min. No template
controls were included in each run. Primer specificity was confirmed by examination of
dissociation (melt) curves generated immediately after amplification and by gel
electrophoresis of products. Amplification efficiencies of PCR primer pairs were determined
from the slopes of Cy determinations in reactions using a 10-fold cDNA dilution series over
6 orders of magnitude. Relative mRNA quantification (AC,) was calculated using GAPDH
expression as internal control, and statistical comparison between normal and affected dog
samples was performed on data calculated as 2~AC4, Information on qPCR primers is in
table S2.

CUBN protein expression in tissue homogenates was assessed by capture on rat gastric
intrinsic factor-cobalamin-agarose beads, as described previously [14], followed by western
blotting. CUBN was detected on membranes incubated sequentially with previously
characterized rabbit polyclonal anti-dog CUBN serum [28], goat anti-rabbit 1gG-horse
radish peroxidase conjugate (cat. # 141506, Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD), and chemiluminescence reagents (Western Lightning ECL Plus,
PerkinElmer, Inc., Waltham, MA). Relative quantification of western blot signals was
performed with the Image Lab™ software of the Bio-Rad Chemi Doc™ XRS* Molecular
Imager (Bio-Rad Laboratories, Inc., Hercules, CA).

2.2.3 CUBN mutation genotyping

The CUBN exon 53 mutation site was amplified from genomic DNA using the primers 5'-
AACCTGTGCTTGGGATTCTG-3" and 5’-
CGCAGAGAATGTTTATTTTACCTAAAGACT-3". The -3 nucleotide (bold) of the
reverse primer introduced an HpyCH4 I/ restriction enzyme cleavage site on the normal
allele that is not in the native sequence and which is lost on the mutant allele. Amplification
products were digested with HpyCH4 111, and fragments were separated on 4% agarose gels.

3. Results

3.1 Clinical phenotype

Ten cobalamin deficient BC dogs were ascertained in distantly related familial clusters (Fig
1) and 2 unrelated cases. Diagnosis was delayed in the propositus of each cluster and in
sporadic cases until 9 to 24 months of age at which time expressed complaints were
inappetence, failure to gain weight, lethargy, and malaise that was exacerbated after the dogs
ate. In 2 dogs of the CA kindred, the disorder progressed within 2 and 8 weeks of initial
presentation, respectively, to fatal metabolic crises characterized by non-regenerative
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anemia with circulating erythroblasts, anisocytosis, schistocytosis, neutropenia,
hyperammonemia, metabolic acidosis, ketonuria without glucosuria, and methylmalonic
aciduria. Bone marrow examinations revealed erythropoietic maturation arrest at the
metarubricyte/rubricyte stage and giant metamyelocytes.

In repeat matings, pups were screened from young age for similar signs and methylmalonic
aciduria. In one litter, two male pups (D and T of the CA kindred in Fig 1) examined at 14
weeks of age exhibited poor growth compared to littermates, non-regenerative anemia,
neutropenia with hypersegmentation, methylmalonic aciduria (6,700 and 8,800 mmol
MMA/mol creatinine, respectively; reference range < 4 mmol MMA/mol creatining). In
each dog, serum cobalamin concentration was undetectable (<20 pM; reference range
166-487 pM). A 3-week course of oral cyanocobalamin supplementation in one dog had no
effect, whereas subsequent parenteral administration of the vitamin (1 mg SQ) to both dogs
caused a reticulocyte response within 4 days and corrected all clinical and laboratory
abnormalities within a few weeks. These two dogs were maintained on parenteral
cyanocobalamin supplementation (~100 g monthly) for 14 months, during which time they
were in complete clinical remission. At 17 months of age, both affected dogs underwent a
dual radiolabeled intestinal cobalamin absorption test. Cobalamin labeled with [°’Co] was
bound to human gastric juice as a source of intrinsic factor. In both dogs, <0.4% of the
administered dose of unbound cobalamin and <0.1% of the gastric juice-bound cobalamin
were recovered in 24-hour urine collections. Nearly all of each administered isotope was
recovered in feces. No histologic abnormalities were observed in pancreatic, ileal, or renal
biopsies of either dog. The unsaturated cobalamin binding capacity (UCBC) of pancreatic
tissue extracts of the 2 affected dogs was not different from that of normal controls (3.6+1.3
nmol/g tissue, n=6), and intrinsic factor represented 52-63% of the total UCBC in pancreas
as determined by cobinamide blocking. The UCBC of an affected dog serum sample (1.74
nM) was similar to controls (1.6+0.1 nM, n=3), and nearly all serum-bound cobalamin
eluted from a gel filtration column at V¢/V, = 2.08, as previously determined for canine
transcobalamin (TCII) [18].

Other affected BC were studied in less detail but were minimally ascertained by
development of similar clinical signs with documentation of methylmalonic aciduria and/or
serum cobalamin deficiency and rapid clinical response to parenteral cyanocobalamin
administration. Additional studies demonstrated selective proteinuria in the affected dogs
that persisted lifelong despite cobalamin replenishment. Total urine protein excretion was
not in excess of what is recognized as normal in dogs (7-12 mg protein/kg body weight/day;
protein/creatinine <0.4), but greater than normal excretion of cubam ligands including
albumin, haptoglobin, apo A1, vitamin D-binding protein and transferrin was observed (Fig
2). The pattern of CUBN ligand excretion was similar to what has been demonstrated in |-
GS affected giant schnauzers [23-26] and Australian shepherds with documented mutations
in AMN[14], as well as in a human CUBN deficient patient [13].

3.2 Genetic investigations

Segregation analysis of I-GS in the BC kindreds was consistent with simple autosomal
recessive inheritance. The number of affected pups born in such matings was not different
from what is expected under that hypothesis (X2:0.35, p>0.55, df=1), and both male and
female affected dogs were observed, always born in matings of clinically normal parents.
Due to incomplete breeding records, we could not determine an ancestor that was common
to all obligate carriers of all kindreds. However, affected dogs of this study appeared to be
distantly related despite that ascertainment of the 3 kindreds occurred over 17 years and 2
continents.
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3.2.1 CUBN mutation discovery—Two strong functional-candidate genes for I-GS are
those that encode the known constituents of cubam, CUBN and AMN. However, a sizable
proportion of human 1-GS patients do not have mutations in exons of either CUBN or AMIN,
and there are a handful of weaker candidates based on emerging evidence of their function
in cobalamin absorption [17]. In order to narrow the search for the disease gene we sought to
establish a positional-candidate interval by genome-wide, high density, homozygosity
mapping. SNP genotypes (table S3) were determined in 17 members of the UK1 kindred and
two affected dogs of the CA kindred for which we had samples (D and T in Fig 1). SNP
genotyping demonstrated only one region of contiguous homozygosity of length compatible
with linkage disequilibrium commonly observed in dogs of a single breed. In the nearly 2.9
Mbp interval of homozygosity on chromosome 2 (chr2:21,068,544-23,940,272; CanFam 2
assembly coordinates) none of the informative alleles shared by the 4 affected dogs were
homozygous in any of the clinically normal dogs, but 29 SNPs within the interval
(chr2:21,386,833-23,524,746) were heterozygous in both tested parents and some normal
littermates in the UK1 kindred. The interval of homozygosity was centered over the CUBN
locus (chr2:22,619,020-22,876,740), thus conferring positional as well as functional
candidacy to that gene.

We amplified overlapping segments of CUBN cDNA by RT-PCR from kidney cortex RNA
of an affected dog in the CA kindred (D in Fig 1) and a healthy control dog. We also
amplified the 67 CUBN exons with flanking splice sites from genomic DNA of an affected
dog of the UK1 kindred and its healthy dam. The cDNA and genomic exon sequences of the
two affected dogs were identical. In comparison to the canine reference sequence assembly
(CanFam 3.1), there were no variations observed in splice sites, and there was no evidence
of missplicing in the affected dog cDNA sequence. The protein coding sequences had 5
silent variations from the reference sequence and 2 variations that predicted well-tolerated
amino acid changes by SIFT analysis (V52A and S3121T). The latter were also both
homozygous in clinically normal dogs of other breeds that we sequenced. Most importantly,
however, the affected dogs exhibited a homozygous deletion of one cytosine in exon 53 in
both genomic and cDNA that predicted a translation reading frameshift and early
termination 2 codons later (c.8392delC; p. Q2798Rfs*3; Fig 3). The deletion was
heterozygous in the affected dog’s dam.

3.2.2 CUBN steady-state expression analysis—To quantify the effect of the
observed single base deletion on CUBN mRNA expression, we amplified ileal and renal
cortex RNA by real-time RT-qPCR from the two affected dogs of the CA kindred for which
we had biopsy material and from clinically normal, unrelated dogs of other breeds. In ileum,
CUBN mRNA expression of the two affected dogs was 5-12% of normal control dogs (h=3),
depending on which of the CUBN primer pairs we used. The coefficient of variation in
repeated assays using the CUBN exon 59-60 primer pair was 0.04 (9.12 + 0.34%, mean +
SD). In kidney, affected dog CUBN expression was 11% of normal (CUBN exon 40-41
primer pair).

We determined CUBN protein expression in affected and normal dog ileum and kidney by
IF-Cbl affinity capture and western blotting (Fig 4). CUBN expression in ileum of affected
dogs (lanes 2 and 3) was 16 and 21 fold less than the mean of that observed in two normal
controls (lanes 4 and 5). CUBN expression in kidney of an affected dog (lanes 6) was 24
fold less than the mean of that observed in two normal controls (lanes 7 and 8).
Overexposure of the blot revealed normal sized CUBN proteins of ~460 and ~190 kDa in
affected dog ileum (lane 1) but none of a size consistent with truncation in exon 53 and loss
of ~90 kDa of amino acid sequence. CUBN was undetectable on western blots of 50 j.g
protein/lane of affected dog tissue homogenates without affinity capture (not shown).
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3.2.3 CUBN mutation genotyping—To examine segregation of the exon 53 deletion in
BC we designed a convenient allele-specific genotyping assay for the mutation based on
PCR amplification of genomic DNA followed by restriction enzyme digestion of the
amplicon (Fig 5). The reverse primer introduced a change of the amplicon sequence that
created an HpyCH41// cleavage site in the normal but not in the mutant allele. We
genotyped the affected dogs and 27 other members of the 3 ascertained kindreds, 2
additional sporadic I-GS cases in BC of unknown relatedness, 95 unrelated and clinically
normal BC, 3 I-GS cases in other breeds and 37 clinically normal dogs of other breeds. All
affected BC were homozygous for the deletion, and the 3 obligate carriers tested were
heterozygous. Thirteen clinically normal littermates of affected dogs plus one grandsire
were also heterozygous, and all other dogs tested in the kindreds were homozygous for the
normal allele. Therefore, the deletion mutation segregated completely with the disease allele
in the ascertained BC kindreds. No healthy or I-GS affected dog of a different breed
exhibited the BC mutation allele, except for one 1-GS dog of mixed BC heritage that was
homozygous for the BC mutation. We observed 6 carriers among the 95 BC (6.3%) that
were unrelated to the kindreds investigated here or to each other within 3 generations.

4. Discussion

Beginning with Nobel Prize-winning investigations by George Whipple [29], observations
in dogs have provided important insight into nutritional support of metabolism for nearly a
century. Dogs continue to be a rich source of genetic variation that informs our
understanding of molecular mechanisms mediating cobalamin absorption and renal function.
Selective intestinal cobalamin malabsorption with selective proteinuria is a unique inborn
error of metabolism known as Imerslund-Grésbeck syndrome. To date, 1-GS indicates
mutations of either CUBN or AMN and loss of cubam function in both ileum and renal
tubules. The nosology is somewhat confused because certain reports speak of I-GS without
proteinuria. In the original description of Norwegian cases by Olga Imerslund [1], affected
patients in 2 of her 6 families did not exhibit proteinuria, but molecular diagnosis of these
has not been reported. Furthermore, one of the first described CUBN mutations was a
missense mutation that abrogates IF-Cbl binding (e.g. the so-called FM1 mutation [5,30]),
but not the binding of other ligands. A study of urinary protein excretion in 1-GS patients
demonstrated high variability even among FM1-homozygous individuals, suggesting there is
incomplete penetrance of proteinuria in some patients with CUBN mutations [31,32].
Nevertheless, when selective proteinuria is recognized, it is a useful clinical diagnostic
feature because it excludes other causes of selective cobalamin malabsorption such as
gastric intrinsic factor (G/F) deficiency. Since the reagents for radiolabeled cobalamin
absorption testing in the clinical setting became unavailable [4,33,34], several patients
harboring G/F mutations have been misdiagnosed as I-GS [17,35]. At present, the most
efficient means to discriminate among known types of inherited selective cobalamin
malabsorption without proteinuria is by molecular diagnosis, undertaking screens of G/F,
CUBN, and AMN for causative mutations [17]. Other genes (e.g. ABCD4[36,37] and
LMBRDI1 [38]) have been implicated in the intracellular cobalamin processing disorders,
cblJand cbiF, respectively, that include a component of selective cobalamin malabsorption
without proteinuria. While the onset of signs in these disorders is typically in the infantile
period, rare patients may not come to medical attention for several years. A newly described
transporter of free cobalamin (ABCCJ) across the enterocyte basolateral membrane [39] has
yet to be implicated in cobalamin deficiency [40].

Urine samples of affected dogs ascertained in this investigation contained 1500-2000 fold
elevated MMA concentrations that were concordant with their undetectable serum
cobalamin concentrations. The ensuing dyshematopoiesis, ketoacidosis, and
hyperammonemia are potentially lethal disruptions that occur due to secondary inhibition of
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key metabolic pathways when cobalamin deficiency is severe and prolonged [41]. Affected
BC dogs also excreted a constellation of CUBN ligands in urine that are filtered at the
glomerulus. Remission of all clinical and laboratory abnormalities, other than specific
proteinuria, after parenteral cobalamin supplementation suggested I-GS. Diagnosis of
selective cobalamin malabsorption was confirmed by unequivocal results of a radiolabeled
cobalamin absorption study similar to the traditional Schilling test. Thus, the disease
phenotype of affected BC is florid cobalamin deficiency caused by selective intestinal
malabsorption that is accompanied by selective proteinuria. As in humans, 1-GS proteinuria
in dogs is a failure of receptor function that is not associated with hypertension or diabetes,
nor is it a precursor of progressive renal failure.

The BC I-GS mutation demonstrated here is a single base deletion in exon 53 (c.8392delC;
p.Q2798Rfs*3) that predicts a translational frameshift and early stop after 2 codons of
mistranslation. This mutation has the effect of reducing stable CUBN mRNA expression,
most probably due to induction of nonsense-mediated decay [42], and is a hypomorphic
allele. Interestingly, the remaining mRNA is measurable with PCR primers placed variously
along the length of the message, including the exon 59-60 primers that are well 3" of the
mutation site. There was no evidence of a truncated protein product, but it appeared there is
remnant translation of full-length CUBN products in ileum and kidney. An early stop codon
may be ignored on a minority of transcripts if the translating ribosome occasionally
introduces a compensating frameshift. Such a phenomenon confers partial rescue of
carbonic anhydrase deficiency in some human patients [43] and could be operating here.
Moreover, appearance of the 190 kDa form of CUBN in ileum of the affected dogs suggests
that at least some of the protein reaches the brush-border and is exposed to luminal enzymes
[28]. Regardless, CUBN expression is insufficient in homozygous dogs to mediate enough
cobalamin absorption to maintain metabolic homeostasis.

A similar exon 53 mutation (c.8355delA; p.S2785fsX19) that predicted truncation at the
same codon as the BC mutation was recently described as causing fluctuating proteinuria in
a pair of Egyptian siblings of consanguineous parents [44]. The report focused on kidney
function and did not include results of an adequate assessment of the patients’ cobalamin
status. In all cases of proteinuria due to CUBN or AMN mutations, a full diagnosis should
be pursued aggressively because it is intestinal malabsorption and cobalamin deficiency that
is pathogenic, not the proteinuria. CUBN mutations anywhere in the coding or splicing
sequences that destabilize the message or the protein are likely to adversely affect cubam
function in both ileum and kidney. Our results indicate that the reported Egyptian patients
probably suffer from limited cobalamin absorption and need lifelong cobalamin
supplementation.

The affected BC in this study and other reports [19-22] came to medical attention at variable
ages as late as 42 months. This is in sharp contrast to the 1-GS giant schnauzers and
Australian shepherds harboring AMN mutations which were inappetent and exhibiting
failure-to-thrive as early as 8 weeks of age [14,18]. This may be due to a low-level remnant
of cubam expression and cobalamin absorption in affected BC that is somewhat protective
for several months. However, the fact that affected BC could be recognized and exhibited
methylmalonic aciduria as early as 14 weeks of age when new litters were examined with a
high index of suspicion suggests that the later recognition of disease in BC may not reflect a
difference of cubam function or a mutation-specific effect. It may be that as working farm
dogs that are typically quite lean, the affected BC simply did not seem abnormal to their
owners until the signs of disease became severe or were long-standing. The late recognition
of disease may also have contributed to a wide dispersion and 6 % carrier rate of the disease
allele in BC.
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5. Conclusions

This work demonstrates that selective cobalamin malabsorption with proteinuria in BC is an
autosomal recessive trait caused by a single-base deletion in CUBN and documents the first
naturally-occurring animal model of CUBN deficiency. Cobalamin malabsorption and
urinary excretion of CUBN ligands were demonstrated in affected dogs by radiolabeled
cobalamin uptake studies and protein electrophoresis, respectively, indicating cubam
dysfunction in ileum and renal tubules. The deletion (c.8392delC) causes a frameshift and
early stop codon leading to ~10 fold reduction of steady-state CUBN mRNA and ~20 fold
reduction of protein in ileum and kidney. A survey of healthy, unrelated BC suggests that
~6% of the breed are carriers of the disease-causing mutation. Thus, a mutation far C-
terminal from the intrinsic factor-cobalamin binding site can abrogate receptor expression
and cause Imerslund-Grésbeck syndrome. It is relevant to search for this type of mutation in
future genetic screens of patients with Imerslund-Grésbeck syndrome.
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AMN amnionless
BC border collie
CcuB an ~110 residue protein domain structure first defined in Complement proteins
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CUBN cubilin
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Figure 1. Pedigrees of 3 border collie families segregating canine -GS

Squares indicate males, circles indicate females, and filled symbols indicate affected dogs.
Offspring of a mating are arranged on a horizontal line extending between vertical lines that
descend from the parents. Clinical findings of the dogs labeled D and T in the CA kindred
are described in detail in Results. The filled diamond indicates an affected dog of unreported
sex. The double line connecting two males in the UK2 kindred indicates that they share
common great-grandparents but of unknown relationship to the other BC.
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Figure 2. Selective proteinuriain BC with |-GS

Shown are lanes from a silver-stained 15% SDS-PAGE gel loaded with urine proteins of an
affected (lane 1) and a clinically normal BC (lane 2). Proteins in each lane were
concentrated from urine samples containing 200 g of creatinine. The affected dog was in
metabolic remission at the time of urine collection due to previous parenteral
cyanocobalamin administration. Identities of the labeled protein bands were confirmed by
immunoblotting as previously reported [23-26].
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F YATWNTOQT L gtaaaa

F YATWN TAR L taggtaaaa
del C

Figure 3. Frameshift mutation near the CUBN exon/intron boundary 53

Shown are electophoretograms obtained by Sanger sequencing of exon 53 with flanking
intronic sequence amplified by PCR from a normal (above) and an I-GS affected BC
(below). The site of a single cytosine deletion in the affected BC sequence is indicated by
the triangle. The deduced amino acid sequence is shown in single letter code below each
electrophoretogram. The translation sequence and premature stop codon predicted by the
frameshift are shown in red. The nucleotides indicated in lower case black are the splice
donor sequence of intron 53.
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Figure 4. Deficient CUBN expression in ileum and kidney of BC with [-GS

Shown is a blot of proteins accumulated from homogenates of ileal mucosa (lanes 1-5) and
kidney cortex (lanes 6-8) of I-GS affected dogs (lanes 1-3 and 6) and normal controls (lanes
4,5and 7, 8). Lane 1 is an overexposure of lane 2 on the same blot. Twenty-five mg of total
protein in ileal homogenates and 2 mg in kidney homogenates were incubated with 20 L of
IF-Cbl-agarose beads. Bound proteins were separated by non-reducing SDS-PAGE (4-20%
gradient gel) and electroblotted. The membrane was incubated sequentially with rabbit
polycolonal anti-canine CUBN serum [28] (1:20,000 dilution), goat anti-rabbit IgG-HRP
conjugate, and chemiluminescent detection reagents. Migration of molecular weight markers
is indicated on the left. The ileal brush-border size (~190 kDa) of CUBN that occurs after
exposure of full-length CUBN to luminal proteases is indicated on the right (bb).
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Figure 5. CUBN exon 53 cytosine deletion genotyping in BC

Shown are results of an allele-specific, HpyCH4/1/ restriction digest of 212 bp PCR
products amplified from genomic DNA. The cytosine deletion mutation abrogates a cut site,
creating a 141 bp fragment upon digestion of the initial PCR amplicon. The wildtype
sequence is cut to create a 111 bp fragment. The amplicon has a second HpyCH41/1
recognition site distant from the mutation site that creates a 71 bp fragment regardless of
genotype. The symbols (see Fig 1 legend) above indicate the disease phenotype of several
dogs of the UK1 kindred, D and T of the CA kindred and one sporadic case (S) of an I-GS
BC from Michigan.
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