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ABSTRACT: Isolated glycerol kinase deficiency (GKD) is an X-
linked inborn error of metabolism that is either symptomatic or
asymptomatic. GKD is due to deletions of, or mutations within, the
GK gene, and there is no genotype-phenotype correlation. We iden-
tified three patients with asymptomatic GKD, determined that they
had GK splice-site mutations, and studied the stability of their GK
mRNA to understand the molecular mechanism of the GKD. All
three patient mutations caused a frameshift and introduction of a
premature stop codon. A fourth patient had an Alu insertion in intron
4 that led to alternative splicing. To study the effect of splice-site
mutations on RNA species, we performed reverse transcriptase PCR
and found only normal-sized products for all patients. Incubation
with anisomycin to block nonsense-mediated decay (NMD), revealed
two RNA species for each individual. Sequence analysis revealed
that the larger bands represented the wild-type GK RNA and smaller
bands represented mutant misspliced RNA, suggesting that the ab-
normal RNA species were targeted by NMD. Normal RNA species
observed in each patient are likely responsible for their mild pheno-
types. We speculate that influences on RNA processing and protein
stability represent modifiers of the GKD phenotype. (Pediatr Res 59:
590–592, 2006)

Isolated GKD is an X-linked inborn error of metabolism (1).
We have previously shown that GKD is due to deletions of,

or mutations within, the glycerol kinase gene (GK) located on
Xp21 that encodes a 524 aa protein (1). Isolated GKD is either
asymptomatic or symptomatic with episodes of vomiting,
acidosis (metabolic crises), and lethargy that can progress to
coma or CNS crises. GKD is caused by large deletions,
insertions, missense mutations, nonsense mutations, and
splice-site mutations (1–3). Our previous work has shown that
there is no genotype-phenotype correlation in GKD (2). We
hypothesize that this lack of genotype-phenotype correlation
in patients with GKD is due to the role of modifier genes in the
GK phenotype (2,4).

NMD is a quality-control mechanism naturally occurring in
cells to maintain homeostasis and destroy mRNA that contain
premature stop codons (5,6). This process is evolutionarily
conserved and is found in species from yeast (Saccharomyces
cerevisiae) to worms (Caenorhabditis elegans) to humans (5).
NMD occurs in the nucleus and cytoplasm (5,6), and evidence
suggests that NMD and alternative splicing are coupled (7).
Better understanding of this natural process to minimize the
effect of DNA mutations in the genome will be important in
understanding human disease.
The purpose of this investigation was to identify patients

with GKD due to splice-site mutations and to determine the
effect of the splice-site mutation on the GK mRNA stability.
Our results indicate that GKD is one of the many disorders
with splice-site mutations and that the aberrant transcripts are
targeted for NMD.

METHODS

Individuals with isolated GKD. Patient 020518-1 presented with pseudo-
hypertriglyceridemia and asymptomatic GKD. He had four episodes of neph-
rolithiasis and glaucoma. Patient 101508-1 presented at 2 wk of age with
hypertriglyceridemia. He had glyceroluria and normal plasma amino acids.
He was born at 37 wk estimated gestational age by dates and 33 wk by exam.
His Apgar scores were 9 and 9. Initial clinical laboratory results revealed
hypoglycemia, elevated bilirubin, elevated lipids, elevated transaminases,
thrombocytopenia, and megaloblastic anemia. FISH for Xp21 was normal. At
a follow-up exam at 4 mo of age, he had normal growth parameters (5th to
25th percentile) and slightly decreased tone. Individual 120104-1 presented at
70 y of age with pseudo-hypertriglyceridemia and asymptomatic GKD. The
final individual, 080112-1, with GKD had an Alu Y insertion (IVS4-52ins
316Alu) and has been previously described (8). He had pseudo-
hypertriglyceridemia.

Establishment of cell lines and determination of GK mutations. Patients
with GKD were referred by outside physicians and informed consent using
forms approved by the Institutional Review Boards of UCLA and Baylor
College of Medicine was obtained. For each patient, blood samples were
collected, a lymphoblastoid cell line (LBL) was established and maintained,
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and the GK Xp21 sequence including the 21 exons and intron-exon bound-
aries determined as previously described (8).

Cell culture and reverse transcriptase PCR analysis. LBL cells were
passaged 1–2 d before incubation with anisomycin (Sigma Chemical Co.-
Aldrich, Milwaukee, WI) at a density of 2 �106 cells per milliliter. On the day
of the experiment, the cells were treated with anisomysin (Sigma Chemical
Co.-Aldrich) for 2 h at a concentration of 100 �g/mL. Then, 2–3 �107 cells
were pelleted and total cellular RNA was isolated with a RNA Isolation Kit
(Gentra Systems, Inc., Minneapolis, MN). Reverse transcriptase-PCR
(RT-PCR) was performed for 40 cycles per manufacturer’s instructions using
the Titanium One-Step RT-PCR kit (BD Biosciences, San Jose, CA). RT-PCR
products were sequenced at the UCLA Department of Human Genetics
Sequencing and Genotyping Core Facility using an ABI 3700 sequencer
(Applied Biosystems, Foster City, CA). The primers used for RT-PCR for
patients 101508-1 and 080112-1 were 5= CTATTGGTGTCAGCAAC 3= and
5= AACGGCCTTTTGAACTTTTC 3=. For patient 020518-1 the primers were
5= ACATCTGTACAGTGGACACC 3= and 5= CAGCTGAACTACTTAGT-
CATCATC 3=. For patient 120104-1 the primers were 5= AAAGCTGGGGC-
CTTGGAAGGT 3= and 5= GATTGTCTCTTAGCCAGCGAATAACAG-
CACCAG 3=. RT-PCR products were run on a 2% agarose gel.

Glycerol kinase assays. Glycerol kinase activity was determined using a
radiochemical assay as previously described (9) in duplicate on three separate
occasions and is expressed as percentage of normal control.

RESULTS

We identified three patients with GK splice-site mutations
and studied their RNA stability (Table 1). The first (020518-1)
had 6.8% of normal GK activity and a mutation, IVS3�
1G�A. This resulted in deletion of exon 3 (107 bp), and a
subsequent frameshift predicting a premature stop codon after
79 aa (Fig. 1, Table 1). The second patient (101508-1) had
8.3% of normal GK activity due to a mutation, IVS4-1G�A,
which resulted in deletion of exon 5 (77 bp) and a frameshift
predicting a premature stop codon after 119 aa (Fig. 1, Table
1). The third patient (120104-1) had 5.3% of normal GK
activity due to a mutation IVS10�1G�T (Table 1). This
resulted in deletion of exon 10 (43 bp) and a frameshift
predicting a premature stop codon after 307 aa. The fourth
patient was previously described (8). He had asymptomatic
GKD and an AuY insertion in intron 4 (IVS4-52ins316Alu).
His GK activity was 32% of normal. This AluY insertion lead
to an alternative splice-site, deletion of exon 5 (77 bp) and a
predicted a premature stop codon after 120 aa (8) (Table 1).
To study the effect of splice-site mutations on RNA species,

we performed RT-PCR on RNA from each of the patients’
LBL. In the absence of anisomycin, there were only normally
sized products for all four patients (Fig. 2, lane 2, and Fig. 3,
lanes 1–3). RT-PCR products of the appropriate size for the
anticipated abnormally spliced forms were not observed. We
hypothesized that abnormal RNA species were lost by NMD.
To test this hypothesis, the patients’ LBL were incubated in
the presence of anisomycin to block NMD and two RNA

species were seen for each patient (Fig. 2, lane 3, and Fig. 3,
lanes 4–6). Sequence analysis revealed that for each patient
the larger bands represented wild-type GK mRNA and smaller
bands represented the predicted mutant misspliced RNA (data
not shown).

DISCUSSION

We identified three patients with isolated GKD due to
splice-site mutations and reexamined one patient with an
AluY insertion leading to a splice-site alteration. Two other

Table 1. Patients with GKD due to GK splice-site mutations

Patient no.
GK gene
mutation

Consequence
of the splice-site

mutation
GK

activity*

020518-1 IVS3�1G�A Del Exon 3 6.8%
101508-1 IVS4-1G�A Del Exon 5 8.3%
120104-1 IVS10�1G�T Del Exon 10 5.3%
080112-1 IVS4-12ins316alu Del Exon 5 32%

* GK activity determined using a radiochemical assay (9) and expressed as
percentage of normal control.

Figure 1. Schematic diagram of splice-site mutations in three GKD Patients.
For each patient, the unique identifier (020518-1, 101508-1, and 120104-1)
and the GK mutation (IVS3�1G�A, IVS4-1G�A, and IVS10�1G�T) are
indicated. A schematic diagram of the genomic DNA of the patient in the
region of the GK mutation is shown. E2 refers to exon 2. Exons are indicated
as boxes and introns are indicated as lines. The primers used for RT-PCR are
indicated (A-F, forward primer A; A-R, reverse primer A; B-F, forward primer
B; B-R, reverse primer B). The sequences of the primers are indicated in
“Methods.” The size of the normal (500 bp and 278 bp) as well as the
misspliced (393 bp del E3, 424 bp del E5, and 235 bp del E10) RT-PCR
products are indicated.

Figure 2. Schematic diagram of splice-site mutations in a patient with GKD
and an AluY insertion. (A) Schematic diagram of the genomic DNA in the
region of the patient’s GK mutation. Exons are indicated by boxes and introns
by lines. The 316 bp AluY insertion is indicated and the arrow within it
indicates the direction of the AluY sequence. (B) Agarose gel of the RT-PCR
products. Lane 1, 1 kb DNA ladder; lane 2, RT-PCR product from patient
080112 LBL grown in the absence (–) of anisomycin; lane 3, RT-PCR
product from patient 080112-1 LBL grown in the presence (�) of anisomy-
cin; and lane 4, RT-PCR product from a normal control LBL grown in the
presence (�) of anisomycin. The size of the RT-PCR products (245 bp and
168 bp) are indicated.
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patients with splice-site mutations (IVS1�4A�G and IVS9-
1G�T) within GK and associated with GKD have been
described (3). The role of NMD in these patients was not
determined.
RT-PCR analysis of our four patients’ LBL revealed only

the wild-type GK mRNA. This is surprising given that the
mutation in three of these individuals affect completely con-
served donor or acceptor splice sites and, therefore, one would
expect very little normal splicing. However, the normal splic-
ing seen in these patients may be due to the fact that other
bases at the 5� splice site are important and that the 3= splice
site has other important elements, including the branch site
and polypyrimidine tract (10). The normally spliced wild-type
GK seen in these patients is consistent with the residual GK
activity and their asymptomatic course.
The mechanism of the Alu insertion causing a splice site

mutation is unknown but sequence analysis of the alterna-
tively spliced mRNA revealed loss of exon 5. Therefore, the
Alu insertion may disrupt the 3= splice site of intron 4,
introduce new splicing regulatory elements, or interfere with
existing splicing regulatory elements (10).
Inhibition of NMD revealed the alternatively spliced

mRNA for each of these four individuals, indicating that the
aberrant mRNA were targeted for destruction by NMD.
Therefore, GKD is one of the increasing numbers of genetic
diseases such as Marfan syndrome (11) and Netherton syn-
drome (12), in which the aberrant RNA generated by splice-
site mutations are eliminated by NMD, and this phenomenon
is important to understand their pathogenesis (13).
Interestingly, the four patients we describe here presented

with the asymptomatic form of GKD, presumably because of

varying levels of normal GK mRNA. The GK activity of these
individuals ranged from 5.3% to 32% of normal. In addition,
one of the patients with a splice-site mutation in GK (IVS1�
4A�G) from the literature also had the asymptomatic form of
GKD (3). Only one patient from the literature (IVS9-1G�T)
had a history of metabolic and CNS crises indicating the
symptomatic form of GKD (3). This suggests that these
patients have GK activity in the indeterminant range (14) and
that modifier genes are important in the phenotype of these
individuals. We hypothesize that these modifier genes may be
the genes encoding the proteins known to be involved in
NMD, such as the SMG-1-like, RENT-1, hUPF1, RENT-2,
hUPF2, and hUPF3A (5). In support of this hypothesis, Bitoun
et al. (12) found varying levels of mutant SPINK5 mRNA on
Northern blot analysis, suggesting “variable efficiency” NMD.
In addition, other groups have noted that NMD is poorly
understood, and there are intertissue and interindividual dif-
ferences in NMD efficiency (13). Other modifiers that may be
important in the variable phenotype of GKD and other Men-
delian genetic disorders include the proteins that are important
for RNA stability, protein translation, and protein folding
(2,4).
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