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Biochemical but not clinical vitamin A deficiency results from
mutations in the gene for retinol binding protein™-?2
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See corresponding editorial on page 829.

ABSTRACT reviews, see references 1 and 2). Human RBP is coded by a sin-
Background: Two German sisters aged 14 and 17 y were admitgle gene and is specifically synthesized in the liver (3), where it
ted to the TiUbingen eye hospital with a history of night blind-binds one molecule of retinol. After its secretion into the blood-
ness. In both siblings, plasma retinol binding protein (RBP) constream, holo-RBP forms a 1:1 molar complex with another
centrations were below the limit of detection (<fu@ol/L) and plasma protein, transthyretin (TTR). It has long been recognized
plasma retinol concentrations were extremely low (0.1%hat the nutritional status of retinol is one factor regulating RBP
wmol/L). Interestingly, intestinal absorption of retinyl esters wassecretion from the liver. Studies in rats showed that retinol reg-
normal. In addition, other factors associated with low retinolulates the rate of RBP secretion without affecting RBP synthesis
concentrations (eg, low plasma transthyretin or zinc concentrg4). In cases of vitamin A deficiency, secretion of RBP is
tions or mutations in the transthyretin gene) were not presenblocked, resulting in the accumulation of RBP in the liver and a

Neither sibling had a history of systemic disease. concomitant decline in RBP concentrations in plasma (5).
Objective: Our aim was to investigate the cause of the retinol Circulating retinol serves as a metabolic precursor of retinal
deficiency in these 2 siblings. and retinoic acid, and its subsequent cellular uptake is the pre-

Design: The 2 siblings and their mother were examined clini-dominant source of vitamin A for target cells. Many organs,
cally, including administration of the relative-dose-response testsuch as the liver, kidney, small intestine, lung, spleen, eye, and
DNA sequencing of the RBP gene, and routine laboratory testingestis, depend on a regular supply of vitamin A through retinol
Results:Genomic DNA sequence analysis revealed 2 point mutafrom circulating blood. Any condition that interferes with the
tions in the RBP gene: a T-to-A substitution at nucleotide 1282 oingestion, absorption, storage, release, transport, or cellular
exon 3 and a G-to-A substitution at nucleotide 1549 of exon 4uptake of vitamin A can lead to deficiencies in target tissues.
These mutations resulted in amino acid substitutions ofrherefore, retinol-RBP plasma homeostasis ensures a sufficient
asparagine for isoleucine at position 41 (llefdsn) and of and continuous supply of vitamin A (6). Normal concentrations
aspartate for glycine at position 74 (GlyZ4Asp). Sequence of RBP in human plasma are in the range of 1.53rbl/L.
analysis of cloned polymerase chain reaction products spannirigven during low dietary vitamin A intake, the ratio of plasma
exons 3 and 4 showed that these mutations were localized on diktinol to RBP remains constant as long as retinyl esters are
ferent alleles. The genetic defect induced severe biochemical vipresent in liver stores. The depletion of liver stores as a result of
amin A deficiency but only mild clinical symptoms (night blind- prolonged dietary vitamin A deficiency decreases both retinol
ness and a modest retinal dystrophy without effects on growth).and RBP plasma concentrations. According to the World Health
Conclusions:We conclude that the cellular supply of vitamin Ato Organization classification and numerous clinical studies,
target tissues might be bypassed in these siblings via circulating
retinyl estersp-carotene, or retinoic acid, thereby maintaining the
health of peripheral tissues. Am J Clin Nutr 1999;69:931-6.
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plasma retinol concentrations <0.@5nol/L indicate the onset at 340 nm, a 650-10S fluorescence detector set at 335 nm exci-
of severe vitamin A deficiency that results more or less rapidlytation and 475 nm emission (slit 10/10 nm), and a pump (series 1),
in clinical symptoms if not reversed by supplemental intervenall from Perkin-Elmer (Uberlingen, Germany). The chromato-
tion (7). Xerophthalmia is a clinical syndrome of vitamin A graphic conditions for separation of retinol were as follows:
deficiency that includes night blindness, conjunctival xerosisn-hexane:isopropanol (96:4) as the mobile phase and a flow rate
with and without Bitot spots, and corneal xerosis. Finally, as @f 3.0 mL/min. The analytic column (250 4.6 mm) contained
result of prolonged vitamin A deficiency, keratomalacia includ-Nucleosil CN (Grom, Herrenberg, Germany) as the stationary
ing corneal ulceration and potential subsequent blindness, ghase. The chromatographic conditions for separation of retinyl
well as degeneration of the pigment epithelium, may occuresters were as follows: n-hexane:diisopropyl ether (98.5:1.5) as
Retinol concentrations between 0.35 andnol/L are associ- the mobile phase and a flow rate of 2.0 mL/min. The analytic
ated with mild vitamin A deficiency, leading to a significantly column (250X 4.6 mm internal diameter; 83m packing mater-
higher incidence of respiratory and gastrointestinal infectionsal) and the precolumn (2% 4.6 mm) contained Spherisorb sil-
than that observed in vitamin A—-replete persons (8, 9). ica (Bischoff, Leonberg, Germany) as the stationary phase.
Plasma RBP concentrations are tightly regulated and remain Retinoic acid and retinoic acid derivatives were separated on a
constant except during prolonged insufficient dietary vitamin AKontron HPLC system (Kontron pump 414, Rheodyne injection
intake, extreme protein-energy malnutrition (eg, kwashiorkor)system 7125, Kontron data system Datapack 450; Kontron, Frank-
disease (eg, measles or kidney and liver diseases), or geneticadllyt, Germany) under isocratic conditions with a 2601.6—mm
modified TTR (10-12). In addition, low steady state values forreversed-phase column (Ultrasil ODS; Beckman Instruments,
RBP have been reported in a Japanese family (13, 14). ThHdunich, Germany). The mobile phase was acetonitrile, 0.05 mol
authors suggested that a heterozygous mutation in the RBP geammonium acetate/L in water (pH 7.0), and tetrahydrofuran
may be present but this possibility could not be verified by(76:19:5); the flow rate was 2.4 mL/min. Validation and quantita-
Southern blot analysis. tive analysis were performed with standards from the National
Here we report 2 unusual cases of a severe and long-lastingstitute of Standards and Technology (Gaithersburg, MD).
biochemical vitamin A deficiency (plasma retinol concentrations
<0.19 wmol/L and plasma RBP concentrations <Qfol/L)
due to a heterozygous mutation in RBP. The biochemical vitamin The relative-dose-response test was used to detect marginal
A deficiency in these otherwise healthy, well-nourished, and norvitamin A deficiency according to Loerch et al (18). Dietary vit-
mally developed siblings (aged 14 and 17 y) was associated widimin A enters the circulation as long-chain fatty acid esters
no severe clinical symptoms of vitamin A deficiency (15), how-(retinyl esters) in the chylomicron fraction; these retinyl esters
ever, and with normal TTR concentrations. are taken up by the liver and metabolized to retinol. Under nor-
mal conditions and with normal vitamin A status, most of the
retinol is reesterified and stored in the liver in the form of retinyl
SUBJECTS AND METHODS esters. However, during vitamin A deficiency when liver stores
are depleted, retinol is bound to apo-RBP and released into the
bloodstream. Therefore, an increase in plasma retinol of >20%
Two female siblings aged 17 (A) and 14 (B) y were admitted tdndicates that liver vitamin A stores are depleted A. Briefly, il
the school of optometry clinic in Tibingen with a history of night vitamin A (3000 IU) was given orally and blood samples were
blindness and slightly reduced visual acuity (15). Ophthalmologicollected before and 5 h after administration. Plasma was imme-
examination revealed atrophy of the posterior segments of the pighately frozen at-80°C until analyzed for retinol.
ment epithelium without changes in the anterior segment. Clinical .
examinations including ultrasonic examination of internal organs',:at absorption test
lung function tests, and measurement of routine laboratory To elucidate whether fat absorption was normal, 3dntol
indexes did not show any abnormalities (data not shown). retinyl palmitate (corresponding to 30000 IU vitamin A) was
In both siblings and their mother, dietary intake of vitamin Aadded to a standardized lipid load according to Schrezenmair et
(eg, from liver-containing meat products) afdcarotene (eg, al (19). Blood samples were taken before and after administra-
from carrots and green, leafy vegetables) was evaluated wittion of the test meal. Plasma was immediately stored8t’C
EBIS nutrition analysis software (E&D Partner, Stuttgart, Ger-until analyzed for retinol, retinyl esters, and triacylglycerol.
many). In addition, concentrations of retinol, retinyl esters,
retinoic acid, RBP, TTRu-tocopherol, 3-carotene, and zinc
were measured; the relative-dose-response-test and fat absorp-Total RBP was quantitated by radioimmunodiffusion (Behring
tion test were administered; and mutations in the RBP and TTRiagnostics, Marburg, Germany). TTR was measured by
genes were analyzed. Informed consent was obtained from dthmunoprecipitation analysis (Incstar Corporation, Stillwater,
participating family members after the character and possibl&N) with a Cobas Mira turbidimetric analyzer (Roche Diagnos-
consequences of the investigations were explained to them. Thies, Grenzach-Wyhlen, Germany).
research followed the tenets of the Declaration of Helsinki.

Relative-dose-response test

Subjects

Measurement of RBP and TTR in human plasma

Identification of mutations in the human RBP and TTR genes

Measurement of retinol, retinyl esters, and retinoic acid Intronic primers were designed based on the genomic

Retinol, retinyl esters, and retinoic acid were measured isequences of the human RBP (3) and TTR (20) genes. Oligonu-
both siblings and their mother as described in detail elsewhergeotide primers for RBP exons 3 and 4 were as follows: forward,
(16, 17). Briefly, retinol and retinyl esters were measured by'-TGT CAT CCT TCT CAC AGT TCT C-3, reverse, 5AAG
conventional HPLC with a model LC-85 ultraviolet detector setAAA CCC AGC GAT TTG-3. Oligonucleotide primers for exon
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TABLE 1 TABLE 2

Plasma concentrations of retinol, retinyl esters, retinol binding protein  Effects of an oral dose of 31u&nol retinyl palmitate/L dispersed in oil
(RBP), and transthyretin (TTR) in the 2 affected siblings and their motheron plasma concentrations of retinol, retinyl esters, and triacylglycerols in
2 affected siblings and their mother

Sibling  Sibling Normal
A B Mother range Sibling A Sibling B Mother

Retinol @mol/L) 0.19 019 1.38 0.7-15 Fasting 5h Fastng 5h Fasting 5h
Retinyl estersi(mol/L) 0.14 022 016 0.05-0.25 Retinol @moliL) 019 024 017 022 128 1.28
RBP (wmol/L) <06 <06 11 15-3.0  Retinyl estersmol/L) 0.16 1.89 021 067 0.17 1.26
TTR (jJ,mOI/L) 42 36.9 44.9 32-60 Tr|acy|g|ycer0|s

all-trans-Retinoic acid (nmol/L) 2.6 2.7 21 2.0-3.3 (mmol/L) 096 200 0.82 180 122 242
13-cis-Retinoic acid (nmol/L) 1.8 2.0 2.3 1.3-2.7 (mg/dL) 84 176 72 158 107 212

3 of TTR were as follows: forward, 5GC CAT GCC ATT TGT  ranges (Table 3). Because zinc deficiency is frequently associ-
TTC-3'; reverse, 5ACC AAA ACC AAA ACA ACC C-3'. ated with low plasma retinol concentrations (21), we measured
Genomic DNA isolated from whole blood was used for amplifi- plasma zinc concentrations. As shown in Table 3, plasma zinc
cation by the polymerase chain reaction (PCR) with Vent DNAconcentrations were normal in both siblings and their mother.
polymerase (Biolabs, Schwalbach, Germany) for 35 cycles at .
94.5°C for 1 min, 60.6C (primers for RBP exons 3 and 4) or | 1R gene analysis
55.8°C (primers for TTR exon 3) for 1 min, and “@for 1 min. A missense mutation of the TTR gene [transition of amino
PCR products were cloned into the pZerO-1 vector (Invitrogenacid 84 in exon 3 from isoleucine (ATC) to asparagine (AAC)
NV Leek, Netherlands). Automatic DNA sequencing=ef dif- (lle84- Asn)] has been described (22) and RBP plasma concen-
ferent clones from each sibling was carried out by 4baselatrations were reported to be substantially reduced in persons with
GmbH (Reutlingen, Germany). this mutation. It was therefore conceivable that defects in the
formation of the holo-RBP-TTR complex due to mutated TTR
may have resulted in the low RBP concentrations observed in
RESULTS our study. We therefore performed genomic analysis of exon 3 of
. ) o ) the TTR gene in both siblings and the mother. We compared the
Measurement of retinol, retinyl esters, retinoic acid, RBP, DNA sequence of exon 3 with that in a control subject and found
and TTR no irregularities in nucleotide sequen&églre 1).

In both siblings, plasma RBP concentrations were below the )
limit of detection €0.6 umol/L) and plasma retinol concentrations RBP gene analysis
were extremely lowTable 1). The concentration of retinol in the Because the analysis of the TTR gene was negative, we inves-
siblings’ mother was low but still within the normal range, whereadigated the possibility that mutations in the RBP gene induced the
maternal RBP was=50% of the normal average value. Theseextremely low plasma concentrations of RBP and retinol in both
measurements indicated that a severe biochemical vitamin A defiffected siblings. Indeed, sequence analysis of the RBP gene of
ciency was present in both siblings. As shown in Table 1, plasmioth siblings revealed 2 point mutations (nucleotide numbering is
concentrations of retinyl esters, TT&|-trars-retinoic acid, and according to reference 3): a T-to-A substitution at nucleotide
13-cis-retinoic acid were within normal ranges in both siblings and 282 (T1282A) in exon 3 and a G-to-A substitution at nucleotide
their mother. A retrospective nutrition survey (1-mo quantitativel549 (G1549A) in exon 4Téble 4). These mutations resulted in
recall) showed that vitamin A intake was normal in both siblingsan amino acid substitution of asparagine for isoleucine at position
and their mother (1.500-2.000 1U/d); the mean calculated intake @fl (lle41- Asn) on exon 3 and of aspartate for glycine at position
B-carotene was 1.5 mg/d in both siblings and their mother. 74 (Gly74 -Asp) on exon 4, respectively (23).

Sequence analysis of cloned PCR products spanning exons 3
and 4 revealed that these mutations were present on different
alleles Table 5). DNA sequence analysis of the RBP gene of the

In both siblings and their mother, ingestion of 3&ol healthy mother identified the point mutation in exon 3
retinyl palmitate did not result in any alteration in plasma retinol(T1282A), whereas no mutation was present in exon 4. The RBP
concentrations (data not shown). These results indicated that livgene of the mother had a mosaic structure, ie, only one allele was
stores were not depleted of vitamin A; however, these experiaffected with the mutation in exon 3 and the other allele showed
ments did not exclude the possibility that absorption of fat ancho mutation. Although the paternal RBP gene was not available
retinyl esters was impaired. Therefore, we compared plasma co~
centrations of retinol, retinyl esters, and triacylglycerol beforeTABLE 3

and after a test meal containing 3p.&ol retinyl paimitate in a Plasma concentrations of the fat-soluble vitamitscopherol and

standardized lipid loadT@ble 2). Retinyl esters increased by fac- g carotene and the trace element zinc in 2 affected siblings and their mother
tors of 11.8 (sibling A) and 3.2 (sibling B). These results sug-

Relative-dose-response test, fat absorption test, and zinc
concentrations

gested that absorption of fat and vitamin A was normal. In con Sibling  Sibling Normal
trast, plasma retinol concentrations did not markedly increase A B Mother range
indicating that the release of retinol from liver stores wase-Tocopherol gmol/L) 37 32 28 20-40
impaired. Furthermore, baseline concentrations of other fat-soli B-Carotene gmol/L) 0.35 0.33 0.27 0.2-0.6

ble vitamins (atocopherol and farotene) were within normal ~ Zinc (wmol/L) 128 15.9 171 12-23
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TTR exon 3 GAAAACCAGT GAGTCTGGAG AGCTGCATGG GCTCACAACT GAGGAGGAAT
Control GAAAACCAGT GAGTCTGGAG AGCTGCATGG GCTCACAACT GAGGAGGAAT
Siblings GAAAACCAGT GAGTCTGGAG AGCTGCATGG GCTCACAACT GAGGAGGAAT
Mother GAAAACCAGT GAGTCTGGAG AGCTGCATGG GCTCACAACT GAGGAGGAAT
TTR exon 3 TTGTAGAAGG GATATACAAA GTGGAAATAG ACACCAAATC TTACTGGAAG
Control TTGTAGAAGG GATATACAAA GTGGAAATAG ACACCAAATC TTACTGGAAG
Siblings TTGTAGAAGG GATATACAAA GTGGAAATAG ACACCAAATC TTACTGGAAC
Mother TTGTAGAAGG GATATACAAA GTGGAAATAG ACACCAAATC TTACTGGAAG

@ The American Journal of Clinical Nutrition

GTCCCCATT CCATGAGCAT GCAGAG

TTR exon 3 GCACTTGGCA

Control GCACTTGGC CCCCATT CCATGAGCAT GCAGAG
Siblings GCACTTGGC? CCCCATT CCATGAGCAT GCAGAG
Mother GCACTTGGCA TETCCCCATT CCATGAGCAT GCAGAG

FIGURE 1. DNA sequencing of exon 3 of the gene encoding transthyretin (TTR) in a control individual, 2 siblings with severe biochemical vita-
min A deficiency but only mild clinical symptoms, and the siblings’ healthy mother. No irregularities in the nucleotide sequence of exon 3 of the TTR
gene were present. Additionally, the missense mutation described by Waits et al (22) (amino acid substitution of asparagine for isoleucine at positio
84) was not present, indicating that TTR function was normal in both affected siblings and their mother. The codon for the amino acid at position 84
of the TTR gene is indicated in bold.

for genomic analysis, it is conceivable that both siblings inheraffected siblings, we identified 2 unique mutations within the
ited the mutation in exon 4 from their father. The presence of RBP gene that were localized on different alleles. The first muta-
mutations in both affected siblings resulted in complete loss ofion (on exon 3) resulted in an amino acid substitution at position
RBP function; as a result, plasma concentrations of retinol and1 in which the nonpolar amino acid isoleucine was replaced by
RBP were extremely low. The single mutation in exon 3the uncharged polar amino acid asparagine. The second mutation
(lle41- Asn) of the maternal RBP gene or likely exon 4 (on exon 4) resulted in an amino acid substitution at position 74
(Gly74- Asp) of the paternal RBP gene did not result in severelyin which the nonpolar amino acid glycine was replaced by the
decreased RBP concentrations because of the normal DNAcidic amino acid aspartate. Because both parents were healthy
sequence of the corresponding allele. we concluded that a single mutation of the RBP gene in either
exon 3 or exon 4 does not result in pathologic symptoms. How-
ever, the maternal plasma RBP concentration ginbl/L) was
DISCUSSION only 50% of the normal average value, a finding that might be
We identified and characterized the genetic basis of a naturallgxplained by the mosaic structure of the RBP gene.
occurring mutation in RBP in 2 German sisters and their mother It is well documented that defects in the formation of the RBP-
and its resulting effects on plasma concentrations of retinol an@iTR complex result in defective release of retinol from the liver.
RBP. Both siblings had 2 mutations in different exons of the RBRA lack of TTR protein in mice as a result of disruption of the TTR
gene, whereas the mother had only 1. The genetic defect in bogiene (ie, in knockout mice) was linked to retinol concentrations
teenage siblings induced night blindness and a modest retinal dytstat were only 6% of normal values and RBP concentrations <5%
trophy but no pronounced effects on growth or other physiologit
functions that are normally affected during vitamin A deficiency. TABLE 4
Our study indicated a limited requirement for holo-RBP for main-Genomic analysis of exons 3 and 4 of the gene encoding retinol binding
taining the health of peripheral tissues. Therefore, it is conceivablProteirt
that an alternative route exists that supplies vitamin A to target tis
sues. Our data point toward a role of chylomicron retinyl esters i
supplying vitamin A to most extrahepatic tissues, although wWecgniol subject
cannot rule out a role for holo-RBP when it is normally present.  Nycleotide sequence  AACTAE GTC GGT GGGCAG
A previous study in a Japanese family (a mother and 2 sib  Amino acid e Gly?

Exon 3, Exon 4,
nucleotides 1278-1286 nucleotides 1544-1552

lings) showed plasma concentrations of RBP that we5@% of Sibling A

the normal range (1.0-1dmol/L) (13, 14). One of the children, Nucleotide sequence ~ AAC AAGTC GGT GGACAG
aged 19 mo, developed keratomalacia, a typical sign of vitamin, Amino acid Asn Asp
deficiency, during a measles infection. The low plasma RBP conSibling B

centration of 1.Qumol/L may have predisposed this child to devel- Nucleotide sequence  AAC AAGTC GGT GGACAG
oping keratomalacia because circulating vitamin A concentration Mgﬂqe':o acid Asn Asp

are transiently reduced during measles |nfecthn (24). The autho "\ jcotide sequence  AAC AAGTC GGT GGGCAG
suggested that the affected Japanese family might be heterozygc amino acid Asn Gly

for a mutation. Southern blot analysis of gene restriction pattern:
however, revealed no major defect in the RBP gene of the affecte
family members (14). The underlying genetic defect was not stuc
ied further by genomic DNA sequence analysis.

In our study, low plasma RBP and retinol concentrations may
have been related to 2 mutations in the RBP gene. In bot

1Shown is the T-to-A substitution at nucleotide 1282 in exon 3 for the
siblings and the mother and the G-to-A substitution at nucleotide 1549 in
exon 4 for the siblings only. The nucleotide numbering is according to ref-
erence 3.

2Amino acid position 41.

3Amino acid position 74.
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TABLE 5
Mutations in the gene encoding retinol binding protein (RBP)
Affected siblings Healthy mother Healthy father (proposed)
Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2
Point mutation, exon 3 - + - + - -
Point mutation, exon 4 + - - - + -

1Point mutations are shown in Table 4. Both affected siblings were heterozygous for the mutations in exons 3 and 4. The mother was heterozygous fi
the mutation in exon 3 but had no mutation in exon 4. The paternal RBP gene was not available for genomic DNA analysis, but is proposed to be heteroz'
gous for the mutation in exon 4 and negative for the mutation in exon 3. The described sequences are available in the EMBL database under accession
AF 025334 for exon 3 and accession no. AF 025335 for exon 4.

of normal values (25). In another case, plasma RBP was markedégells. B-Carotene as a source of vitamin A depends on cleavage
reduced in kindreds with familial amyloidotic neuropathy (FAP).via the enzyme farotene 15,18lioxygenase. This enzyme is
Interestingly, RBP concentrations were decreased only in clinipresent only in small intestine and liver. Consequently, circulat-
cally affected family members with correspondingly low plasmaing p-carotene may not function as a vitamin A source for all
TTR concentrations (10-12). Another case of low plasma RBRitamin A—dependent target tissues.
concentrations linked to defective TTR was also described (22). Our findings in these siblings elucidate new aspects of the role
Individuals from a kindred with an amino acid substitution of ser-of RBP and other pathways in the cellular supply of vitamin A to
ine for isoleucine at position 84 (lle84Ser) showed substantial extrahepatic target tissues. Knockout animal models will become
reductions in plasma RBP concentrations. Indeed, RBP affinity ttmportant in future studies to investigate the cellular supply of vit-
the TTR molecule is lower for recombinant lle8%er TTR than  amin A under normal and pathologic conditions (eg, reduced RBP
for normal recombinant TTR (26). In the present study, we consynthesis and defective release of RBP because of protein-energy
cluded that the low RBP concentrations were not due to FAP amalnutrition or liver diseases). Consequently, it will be important
mutated TTR because there were no clinical signs of FAP, TTRo develop new pharmacologic strategies for vitamin A supplemen-
mutations were absent, and, importantly, TTR plasma concentration in persons with altered synthesis and release of RBE1
tions were normal. Our results indicated that the secretion of
retinol from the liver was defective because of the lle&kn We thank William Blaner and Frank Chytil for helpful discussions and Jiir-
and Gly74 _Asp mutations in RBP. gen G Erhardt for help with EBIS nutrition analysis program.
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