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Fig. 1. Pentosuria-associated mutations in the L-

Chr17

xylulose reductase gene DCXR. (A) Deletion of
a single cytosine at chr17:79,994,115 (red arrow)
corresponds to DCXR ¢.583AC. (B) Substitution at

DCXR ¥ chr17:79,995,506 at the first base pair of intron 1
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4 c.52(+1)G>A

from these families. We located and contacted informative
members of 15 families, some of whom had been previously
described in the literature (9, 12, 15-17). All families contacted
agreed to participate in the present study (Fig. 2). Genomic
DNA from all participants was genotyped for DCXR c.583AC by
Sanger sequencing. Probands of six families (45.11-2, 46.11-4, 64.
II-1, 88.11-1, 89.1I-1, 94.11-2, and 94.I1-3) were homozygous for
this allele. In addition, children of deceased pentosuria probands
from six other families (41.11I-1, 41.111-2, 42.111-2, 72.11I-2, 75-

(red arrow) corresponds to DCXR ¢.52(+1)G > A. (C)
Sketch of chromosome 17 indicating the position of
DCXR in red. (D) Sketch of the DCXR gene, indicating
the exon structure (blue bars), the translation start
(green) and stop (red), and the positions of the two

tc.583C pentosuria-associated mutations.

III.1, 80.I11-1, 80.III-2, 80.11I-3, and 83.11I-1) were heterozygous
for DCXR c.583AC. However, two pentosuric subjects (55.11I-1
and 63.III-1) were heterozygous for DCXR ¢.583AC and one
pentosuric subject (81.1I-2) had only wild-type sequence at this
site. To determine whether additional DCXR mutations were
responsible for pentosuria in these individuals, we sequenced the
complete DCXR gene from their genomic DNA and identified
a second mutation at chr17:79,995,506C > T, equivalent to
DCXR c¢.52(+1)G > A (Fig. 1 B-D). Among the three un-
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Fig. 2.

Fifteen families from the series of Margaret Lasker, with pedigree structures as constructed by her at the dates indicated in parentheses. Asterisks (*)

indicate persons tested for pentosuria in the 1950s; black symbols represent persons with pentosuria; white symbols represent persons without pentosuria;
birth years are indicated under symbols. Arrows indicate participants in the present project. Recently available information indicates that families 75 and 83
are related, as shown. Family 80 has been updated to include participants born in the 1960s.
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resolved pentosuric subjects, one (81.1I-2) was homozygous for
DCXR ¢.52(+1)G > A and two (55.11I-1 and 63.III-1) were
compound heterozygotes for both DCXR ¢.583AC and DCXR
c52(+1)G > A.

DCXR ¢.52(+1)G > A alters the splice donor site of DCXR
intron 1 (Fig. 3). Analysis of DCXR ¢cDNA from lymphoblast cell
lines of proband 81.II-2 revealed aberrant splicing leading to
multiple mutant DCXR transcripts. Mutant transcripts (n = 68)
from this allele were cloned and sequenced. All clones had ab-
errant splicing at the 3’ end of exon 1. In contrast, in an in-
dividual without the DCXR ¢.52(+1)G > A mutation, 100% of
transcripts (n = 76) spliced correctly at the 3’ end of exon 1.

Both pentosuria-associated DCXR mutations are likely to be
deleterious to the structure and function of the DCXR protein.
DCXR functions in vivo as a homotetramer (13), requiring the
dinucleotide cofactor NADPH. Examination of the 3D structure
of DCXR bound to NADP" indicates that residues in the C-
terminal region are important for interaction between individual
monomers (14, 18). Given that the protein encoded by the
DCXR ¢.583AC allele lacks more than 50 C-terminal amino acids
of the 244-aa protein, formation of a functional tetramer by this
allele is likely to be reduced or eliminated. The mutant tran-
scripts generated by the DCXR ¢.52(+1)G > A allele (Fig. 3) are
also likely to lead to loss of normal protein function. The deleted
region of the first mutant transcript from DCXR ¢.52(+1)G > A
encodes a large part of the NADP* cofactor-binding domain
(14, 18). The second mutant transcript from DCXR ¢.52(+1)G >
A encodes only 15 wild-type amino acids. The third mutant
transcript from DCXR ¢.52(+1)G > A leads to deletion of Lys17
and Gly18, altering the NADP™* contact residues at Lys17 and
Ile19 (14).

To investigate the effects of the mutations on DCXR protein
expression, we analyzed lysates from lymphoblast cell lines of
wild-type and mutant DCXR genotypes by immunoblotting. We
used an antibody directed against an epitope predicted to be
present in all mutant proteins except the 25-aa product of the
DCXR ¢.52(+1)G > A allele. No DCXR protein was detectable
in individuals with pentosuria of any genotype (Fig. 44). This
observation suggests that neither DCXR mutant allele produces
stable protein. In addition, DCXR protein levels were sub-
stantially lower in heterozygous individuals than in individuals
with normal DCXR genotypes, reflecting the heterozygote effect
previously detected by enzyme assays (19).

The definitive indication of pentosuria is elevated levels of L-
xylulose in urine and blood (16, 20, 21). The individuals in our
study had been last evaluated for pentosuria more than 50 y ago.
To verify that they still expressed the condition and that the
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Fig. 3. Mutant transcripts from the DCXR ¢.52(+1)G > A allele. Transcripts

(n = 68) from this allele were cloned and sequenced. Exons 1 to 3 are dia-
grammed for the wild-type sequence. The site of the splice mutation in the
genomic sequence is illustrated with a dashed line. Splice variant 1 (sv1, 41%
of clones) extends exon 1 by 17 bp, skips exon 2, and splices into exon 3 at
a site 120 bp after the canonical splice site. This variant creates an in-frame
deletion of 68 aa. Splice variant 2 (sv2, 29% of clones) deletes 6 bp at the end
of exon 1 and splices into exon 3 at the site 120 bp from the canonical splice.
This variant introduces a frame-shift and premature stop (shown in red).
Splice variant 3 (sv3, 12% of clones) deletes 6 bp at the 3’ end of exon 1 and
splices canonically into exon 2 and then exon 3, creating an in-frame de-
letion of Lys17 and Gly18. The remaining 18% of clones represented mul-
tiple transcripts, each present once or twice, and all with aberrant splicing at
the 3’ end of exon 1.
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phenotype is indeed associated with mutations in the DCXR
gene, we measured the level of xylulose in blood plasma of
participants of various pentosuria genotypes using hydrophilic-
interaction liquid chromatography-atmospheric pressure chem-
ical ionization-mass spectrometry (HILIC-APCI-MS) (22). The
amount of xylulose was at or below the limit of detection for the
method (1.7 x 10° mg/dL) in plasma samples from control (+/+)
or heterozygous (+/—) individuals (Fig. 4B, Figs. S1 and S2, and
Table S1). The absence of xylulose accumulation in heterozygous
individuals suggests that reduced levels of xylulose reductase are
sufficient to convert xylulose to xylitol. In contrast, in all plasma
samples from individuals homozygous for either DCXR mutation
or compound heterozygous for the two mutations, the amount of
xylulose ranged from 0.9 to 1.9 mg/dL. The HILIC-APCI-MS
method does not distinguish between L- and D-xylulose, so it is
necessary to assume that these levels of xylulose reflect elevated
L-xylulose. These results confirm the original diagnoses of pen-
tosuria in these individuals and support the conclusion that
mutations in the DCXR gene are associated with the condition.

Given that we found two DCXR mutations for pentosuria in
the Ashkenazi Jewish subjects from Margaret Lasker’s studies, it
was of interest to evaluate the historical origins of the two mu-
tant DCXR alleles. To determine the frequencies of the two
DCXR mutations in the Ashkenazi Jewish population, we gen-
otyped these alleles in 1,067 individuals of Ashkenazi Jewish
ancestry, identifying 29 individuals heterozygous for DCXR
¢.583AC and 8 individuals heterozygous for DCXR ¢.52(+1)G >
A. No controls were homozygous or compound heterozygous for
the DCXR alleles. The corresponding allele frequencies among
controls are thus 0.0136 for DCXR ¢.583AC, 0.0037 for DCXR
¢.52(+1)G > A, and 0.0173 for the two alleles combined, leading
to an e>§pected frequency of pentosuria in this population of
(0.0173)= = 0.000300, or ~1 in 3,300 individuals.
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Fig. 4. DCXR protein levels and plasma xylulose levels associated with DCXR
genotypes. (A) Western blot of DCXR protein from lymphoblasts. Subjects
with +/+ genotypes (lanes 1, 7, and 13) have normal DCXR sequence. Subjects
with —/— genotypes are homozygous for ¢.52(+1)G > A (lane 2), homozygous
for ¢.583AC (lanes 3-5), or compound heterozygous for ¢.52(+1)G > A/
¢.583AC (lane 6). Subjects with +/— genotypes are heterozygous for a wild-
type allele and ¢.583AC (lanes 8-12). DCXR protein is undetectable in all
individuals homozygous or compound heterozygous for mutant DCXR
genotypes and reduced in heterozygous individuals relative to those with
normal genotypes. HPRT was used as a loading control. (B) Xylulose levels
detected by HILIC-APCI-MS in plasma of subjects of the DCXR genotypes
defined above. Plasma of individuals of mutant (-/-) DCXR genotypes
contains elevated xylulose, whereas xylulose levels are extremely low in
plasma of individuals with heterozygous (+/—) or wild-type (+/+) genotypes.
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As a recessive trait, pentosuria appears more frequently in
a historically endogamous population. Deviation of DCXR gen-
otypes from Hardy-Weinberg equilibrium could be evaluated by
comparing observed numbers of pentosuric probands of each
genotype, with expected numbers based on allele frequencies
among controls. No deviation from Hardy-Weinberg equilibrium
was discernable in this small series (Table S2). It is interesting to
note also that the two probands who were compound hetero-
zygotes for the two mutant alleles (55.III-1 and 63.1II-1) are
children of the only consanguineous marriages in these 15 fam-
ilies, the opposite of the pattern expected if the prevalence of
pentosuria depended on marriages of closely related individuals.
The absence of assortative mating with respect to DCXR geno-
type was also supported by the geographic origins in Europe [as
originally reported to Margaret Lasker (23)] of the families
harboring each of the DCXR alleles. In the 19th century, ances-
tors of the study families and of controls carrying the DCXR
alleles lived in all parts of central and eastern Europe, with no
apparent regional differences by DCXR genotype (Table S3).

Relative ages of alternate alleles of a gene can be evaluated by
homozygosity mapping of the critical genomic region. Lengths of
homozygous intervals on chromosome 17g25.3 harboring DCXR
were calculated for unrelated subjects homozygous for DCXR
¢.583AC, for the one subject homozygous for DCXR c.52(+1)
G > A, and for unrelated Ashkenazi Jewish controls wild-type at
DCXR (Fig. 5 and Table S4). The longer homozygous region
surrounding DCXR ¢.52(+1)G > A indicates that this allele has
a more recent origin than DCXR ¢.583AC. Longer homozygous
regions at both mutant alleles compared with wildtype DCXR in
Ashkenazi controls suggest that both DCXR mutations appeared
well after the European origin of the Ashkenazi Jewish population.

Discussion

The identification of DCXR ¢.583AC and DCXR ¢.52(+1)G > A
as alleles responsible for pentosuria resolves the molecular ge-
netics of Garrod’s fourth inborn error of metabolism. That
DCXR harbors the mutations responsible for pentosuria is not
surprising, as deficiency of L-xylulose reductase has been known
since 1970 to be the essential enzymatic defect in pentosuria (7)
and the DCXR gene was cloned in 2002 (13). The missing piece
of the puzzle—identification of the DCXR mutations responsible
for pentosuria—could be supplied only by sequencing DCXR in
pentosuric individuals. Because pentosuria no longer comes to
medical attention, the association of phenotype and genotype
was possible only because families with pentosuria studied more
than 50 y ago remained accessible, thanks to the foresight of
Margaret Lasker in bequeathing her records on pentosuric
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Fig. 5. Homozygosity mapping at DCXR on chromosome 17g25.3. The ho-
mozygous region surrounding DCXR for the subject homozygous for DCXR
¢.52(+1)G > A (green bar) is longer than those of subjects homozygous for
DCXR ¢.583AC (blue bars), and much longer than those of Ashkenazi Jewish
control subjects with wild-type DCXR sequences (mean length for 11 controls
shown by the purple bar; details in Table S4). Position of the DCXR locus is
indicated by the small black bar. Linkage disequilibrium values based on D’
from phased genotypes of individuals of European ancestry in the HapMap
cohort (http://hapmap.ncbi.nim.nih.gov) are shown in red. Relative lengths
of the homozygous regions suggest that DCXR ¢.52(+1)G > A arose more
recently than DCXR ¢.583AC and that both appeared after the European
origin of the Ashkenazi Jewish population.
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families to A.G.M. for potential future studies. The close asso-
ciation of DCXR genotype and loss of L-xylulose reductase en-
zyme activity is illustrated by the consistency of our allele
frequency estimates based on genotype with previous estimates
based on enzyme analysis. The frequency of pentosuria carrier
status in the Ashkenazi Jewish population was calculated by
Lane and Jenkins in 1985, based on the proportion of healthy
medical students with reduced erythrocyte levels of L-xylulose
reductase (19). Assuming that individuals with enzyme activity
>2 SD below the sample mean were heterozygous for a pento-
suria allele, these investigators estimated the allele frequency as
0.0127. Their result is close to our estimate of 0.0173 for the
combined frequency for the two pentosuria alleles in the Ashke-
nazi Jewish population. Pentosuria has also been described in
a large Lebanese kindred with relatives in Lebanon and South
Africa (24, 25), in a Japanese family (26), and in a Canadian Indian
of Athabascan ancestry in British Columbia (27). The alleles re-
sponsible for the phenotype in these individuals remain unknown.

The allele frequencies of the two DCXR mutations causing
pentosuria in the Ashkenazi Jewish population follow a pattern
characteristic of other rare recessive alleles in this population. As
indicated in the Israeli National Genetic Database, for most of
the “Jewish genetic diseases” two or more mutations in the same
gene have been observed, one relatively common and the others
much less common (http://www.goldenhelix.org/server/israeli/).
This pattern is the the same for Tay Sachs disease, Canavan
disease, Bloom syndrome, maple syrup urine disease, mucoli-
podosis IV, and Gaucher disease. For genetic diseases that are
relatively common both in the Ashkenazi Jewish population and
elsewhere (such as cystic fibrosis and connexin26-associated
hearing loss), two or more mutations in the same gene have also
been observed, the more common allele found throughout
Europe and the other alleles specific to the Ashkenazi pop-
ulation. It has been suggested that for recessive diseases, an
ancient mutation increases in frequency by selection, drift, or
both, but rarer mutations become phenotypically evident through
compound heterozygosity as the result of endogamy (28).

Risch et al. have suggested that founder alleles in the Ash-
kenazi Jewish population date to one of three time periods: the
founding and expansion of the Jewish population in the Middle
East >100 generations ago, the founding and expansion of the
Ashkenazi Jewish population in Central Europe ~50 generations
ago, or the founding and expansion of the Jewish population in
Lithuania and nearby regions of the Pale of Settlement ~12
generations ago (29). As more heterozygous carriers of these
DCXR alleles are identified, it will be interesting to determine
the ages of these mutations relative to these periods of Jewish
history in Europe.

The fact that pentosuria is a benign condition, with no det-
ectable effect on health or lifespan, suggests that DCXR and the
glucuronate oxidation pathway might be entirely expendable.
However, it has been hypothesized that the enzyme encoded by
DCXR has additional roles and may be important under certain
conditions. In addition to L-xylulose, substrates of the enzyme
include compounds with o-dicarbonyl groups (13). Reactive
carbonyl compounds are produced by metabolic reactions and
production is enhanced in response to oxidative stress. These
carbonyl compounds combine with serum and tissue components
to form advanced glycation end-products (30-32), accumulation
of which are associated with diabetes and renal failure (30, 31,
33, 34). It is hypothesized that reduction of dicarbonyl com-
pounds by DCXR could provide a detoxification function and
result in reduced advanced glycation end-product accumulation
(13). Consistent with this hypothesis, it was found that renal
a-dicarbonyl compounds were decreased in DCXR-transgenic
mice after renal unilateral ureteral obstruction (35), and that
diabetic symptoms were reduced when DCXR-transgenic mice
were crossed to the KK-AY diabetic model (36). These results
suggest that the level of xylulose reductase activity may be im-
portant under some disease conditions. With the identification of
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the mutations leading to pentosuria in the Ashkenazi Jewish
population, it would be possible to test whether diabetic ne-
phropathy is more frequent among Ashkenazi Jewish individuals
with DCXR loss of function mutations.

The contribution of Garrod’s inborn errors of metabolism has
been more fully appreciated in recent years than during his
lifetime (2, 4, 5). Garrod established the conceptual basis for the
convergence of Mendelian genetics and chemistry. He recog-
nized that metabolism was dynamic, and that a block in an
otherwise normal pathway, causing a build-up of a metabolic
intermediate, could lead to disease. He further understood
that these errors could be inherited and were more frequent in
consanguineous families and in communities with a history of
endogamous marriages. He recognized the challenge of disen-
tangling inherited and environmental causes of the same phe-
notype and of the importance of rare alleles, which he called
“sports,” as the causes of these conditions (37). The identifica-
tion of mutations responsible for the fourth of Garrod’s original
inborn errors of metabolism adds another chapter to this story
and illustrates the power of modern genomics to elucidate the
mechanism of mutational action.

Materials and Methods

Human Subjects and DNA. Families were identified from the records of
Margaret Lasker and contacted by letter. After explanation of the project by
letter and by phone, subjects provided informed consent and blood samples.
DNA was extracted from blood, and cell lines were established from lym-
phoblasts, both using standard methods. Control subjects were 1,067 un-
related individuals of Ashkenazi Jewish ancestry who had given prior
permission for their anonymous DNA samples to be used for genomics
projects in our laboratory. The project was approved by the Human Subjects
Division of the University of Washington (protocol 27824).

DNA Sequencing. For exome sequencing of the individual in whom hetero-
zygosity at DCXR was first discovered, a library was prepared from genomic
DNA extracted from blood and hybridized to cRNA oligonucleotide baits from
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the SureSelect Human All Exon kit (Agilent Technologies). Paired-end reads of
76 base pairs were generated on our lllumina GAllx, as previously described
(38). Average coverage for this sample was 125x. The variant chr17:79,994,115
delG was verified by Sanger sequencing. For Sanger sequencing of DCXR in all
participants, DCXR exons were amplified by PCR and amplified products were
sequenced on an ABI 3100 Genome Analyzer. Primers are listed in Table S5.

Transcript Analysis. Transcripts produced by the DCXR ¢.52(+1)G > A allele were
identified by amplifying and cloning exons 1 to 6 from lymphoblast cDNA,
using PCR primers indicated in Table S5. Individual clones were sequenced.

Western Blotting. Lymphoblast cell lysates (25 pg) were separated by SDS/
PAGE, transferred to Immobilon-FL membrane (Millipore), and blotted with
antibodies against DCXR (1:250, clone 6A6; Sigma-Aldrich) and HPRT (1:200,
sc-20975; Santa Cruz Biotechnology). Proteins were detected with IRDye-
conjugated secondary antibodies, followed by analysis with an Odyssey
infrared imaging system (LI-COR Biosciences).

Quantification of Xylulose in Plasma. The approach developed for this project
for measurement of xylulose in plasma by the use of liquid chromatography-
MS is described in S/ Materials and Methods.

Haplotype Analysis. Genomic DNA from subjects 45.11-2, 89.11-1, and 94.1I-2,
who are homozygous for DCXR ¢.583AC, and from 81.1-2, who is homozy-
gous for DCXR ¢.52(+1)G > A, were genotyped with the use of the Affy-
metrix GeneChip 250K Nsp SNP array, as previously described (39).
Boundaries of homozygous intervals were defined as the occurrence of two
heterozygous markers in a ten-marker window (Table S4).
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