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Primary hyperoxaluria type 2, an inherited autosomal recessive disorder of endogenous 
oxalate overproduction, is caused by mutations in the GRHPR gene encoding the 
glyoxylate/hydroxypyruvate reductase enzyme.  The GRHPR genes from nineteen unrelated 
patients with PH2 were analysed for mutations using a combination of PCR-SSCP and 
sequence analysis of genomic and cDNA. Eleven mutations were identified, seven of which 
are novel. The mutations included five point mutations: c.84-2A>G, c.295C>T (R99X), 
c.494G>A (G165D), and c.904C>T (R302C) as well as six minor deletions: c.103delG, 
c.375delG, c.403_405+2 delAAGT, c.540delT, c.608_609delCT and a more complex mutation 
in intron 1: c.84-13_c.84-12del ; c.84-8_c.84-5del.  Aberrant transcripts were demonstrated in 
hepatic mRNA as a result of the c.403_405+2 delAAGT and c.84-2A>G mutations.  In 
addition, a splice variant lacking 28 bp of exon 1 was expressed in a number of tissues but is 
of unknown function.  Two polymorphisms, c.579A>G in exon 6 and a (CT)n microsatellite 
in intron 8 were identified.  Expression studies showed that the G165D and R302C mutants 
had glyoxylate reductase activity 1.5 and 5.6% respectively of the wild type protein.  Both 
mutant proteins were unstable on purification. Although there is wide expression of the 
GRHPR mRNA demonstrated by northern blot analysis, our study shows that GRHPR 
protein distribution is predominantly hepatic and concludes that PH2, like the related type 1 
disease, is primarily a disorder affecting hepatic glyoxylate metabolism. © 2003 Wiley-Liss, Inc. 
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INTRODUCTION 

Primary hyperoxaluria type 2 (PH2; MIM# 260000) is an inherited disorder leading to excessive endogenous 
oxalate synthesis.  Like the type 1 disease, PH2 is characterised by recurrent stone formation and nephrocalcinosis, 
although systemic involvement is unusual (Chlebeck et al., 1994; Kemper et al., 1997) (Milliner et al., 2001; 
Johnson et al., 2002).  Urine oxalate excretion is elevated to a similar degree to that seen in primary hyperoxaluria 
type 1, but renal failure tends to occur later (Milliner et al., 2001; Johnson et al., 2002).   PH2 is caused by 
mutations in the GRHPR gene (MIM# 604296), which encodes a protein with glyoxylate reductase (GR, 
EC1.1.1.26/79) and hydroxypyruvate reductase (HPR) activities (Cramer et al., 1999; Rumsby and Cregeen, 1999).   
This cytosolic enzyme plays a role in the metabolism of glyoxylate and in the production of gluconeogenic 
precursors from serine via hydroxypyruvate.  In PH2 glyoxylate and hydroxypyruvate are metabolised to oxalate 
and L-glycerate respectively, in reactions believed to be catalysed by lactate dehydrogenase (LDH)(Williams and 
Smith, 1971).  This accumulation of L-glycerate and excretion into the urine has been regarded as pathognomonic 
for PH2 ever since the first description of the disease in 1968 (Williams and Smith, 1968).  However, two cases 
have recently been described where L-glycericaciduria was not a prominent feature (Rumsby et al., 2001) 
suggesting that the disease may be mis - or under-diagnosed.  Certainly there is evidence that groups of 
hyperoxaluric patients may include some PH2 patients misdiagnosed as PH1 on the basis  of disease severity 
(Chlebeck et al., 1994).   

The GRHPR gene has nine exons and is located in the centromeric region of chromosome 9 (Cramer et al., 
1999). Seven mutations have been described in the gene including a one base pair (bp) deletion (103 delG) in exon 
two (Cramer et al., 1999), a 2bp deletion in exon 8 (Lam et al., 2001), a 4bp deletion in intron 4, and four point 
mutations: 295C>T, 965T>G, 494G>A and a G> A change at the 3’ splice site of intron 7 (Webster et al., 2000).  
This manuscript describes an additional seven mutations in this gene and the consequences of these and other 
previously described mutations on mRNA synthesis and enzymatic activity. 

MATERIALS AND METHODS 

Liver and blood samples from patients with suspected primary hyperoxaluria were obtained following referral 
of samples to the UCL Hospitals Primary Hyperoxaluria Diagnostic Service for the diagnosis of PH2.  A diagnosis 
of PH2 was made either by measurement of glyoxylate reductase activity in a liver biopsy (n=11) or by elevated 
urinary L-glycerate excretion (n=8). The project was approved by the UCL Hospitals ethics committee and 
informed consent was obtained from family members for genetic studies.  

RT-PCR 

RNA was isolated from liver by homogenisation in RNA isolator (Sigma Ge nosys, Pampisford, UK) according 
to the manufacturer’s instructions. 0.5 – 1 ug RNA was reverse transcribed using M-MLV reverse transcriptase as 
described previously (Williams et al., 2000). The cDNA was amplified in three overlapping fragments using 
primers listed in Table 1. 

PCR-SSCP 

Genomic DNA was isolated with the DNA StatTM kit (Stratagene, Cambridge, UK).  This DNA was amplified 
exon by exon using the primers described in Table 1.  Primer sequences were based on the published genomic 
DNA sequence accession number AF146689 (http://www.ncbi.nlm.nih.gov/entrez) (Cramer et al., 1999).  PCR 
reaction volumes were typically 25 ul. For SSCP analysis 1.5 ul PCR products were mixed with 5 ul formamide 
solution (55% formamide, 10 mM EDTA, 0.05% SDS, 0.03% bromophenol blue, 0.03% xylene cyanol) and 
heated at 95°C for 5 min.  After cooling on ice the samples were loaded onto 10% polyacrylamide gels (CleanGel 
48S, Amersham Biosciences) and electrophoresis carried out using a MultiphorII unit according to the 
manufacturer’s instructions (Amersham Biosciences).  DNA was visualised by silver staining using the PlusOne 
DNA analysis kit (Amersham Biosciences). PCR products were purified using the QIAquick PCR purification kit 
(Qiagen, Crawley, UK) prior to sequence analysis on an ABI 3100 (Applied Biosystems).  Unless otherwise stated, 
nucleotide numbering is based on the cDNA sequence (NM_012203) with nucleotide #1 indicating the first coding 
base i.e. A of ATG. 
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Table 1.  Primers Used for Amplification of GRHPR cDNA and Genomic DNA 
 

ID Primer sequence ID Primer sequence 
cDNA  Genomic  
HPRA actcatgaaggtgttcgtc

ac 
Ex2F2 acaggtgtgcggctcctg 

HPR2 gaggggcttccacgaggtc
ca 

Ex2R2 ccaccctcaagtcccctg 

GLXR5F agaacactgtcggcatcat
c 

Ex3F1 gccctgaggtgaacccgg 

GLXR7R taaggagcaggccacgacg
a 

Ex3R1 cctgaatggccgagggatatg 

HPR3 tttgtgtctacccctgagc
tg 

Ex4F1 ggcaggcagatcaaagaggg 

Ex9R3 ccctccatctctactgttt
gg 

Ex4R1 ctcctaacctcatgatccgc 

  Ex5F2 catcttggtccaaggctgg 
  Ex5R2 ccacgctgtgagagccgg 
  Ex6F1 gctgttccggaaatgctggg 
  Ex6R1 caactgggcacacataggc 
  Ex7F1 ggccttcaggaagcatcttgg 
  Ex7R1 caccaacaacccacgg 
  Ex8F2 tgggcggagggatcttcg 
  Ex8R2 gtcctgcagggcagcagg 
  Ex9F2 gctgaaggctgctgaacc 
  Ex9R2 gcacggtttgcttcccgg 

 

Construction and analysis of mutants 

Site directed mutagenesis was performed on wild type GRHPR sequence, cloned into the pTrcHisB expression 
vector using the QuikChange site-directed mutagenesis kit (Stratagene, Cambridge UK).  All mutant constructs 
were sequenced along their entire length to confirm the presence of the desired mutation and absence of any 
spurious changes. Mutated plasmids were transfected into competent Epicurean coli BL21 cells and expression of 
histidine-tagged recombinant protein was induced as described previously (Rumsby and Cregeen, 1999).  Crude 
extracts were purified by nickel affinity column (Xpress system, Invitrogen), eluting recombinant GRHPR with 
500mM imidazole. Purified protein was dialysed overnight in T3 dialysis membrane (Pierce and Warriner, 
Warrington, UK) against 20mM potassium phosphate buffer, pH7.0 and quantified by absorbance at 280nm.  

RESULTS 

The northern blot showed a major band at 1.45 kb and two minor bands at 2.9 and 4.2 kb.  GRHPR expression 
was ubiquitous but by far the greatest concentration of RNA was present in the liver, lesser amounts in kidney and 
relatively little in leucocytes (Fig. 1). Immunoblots of normal liver, kidney and leucocyte with anti-recombinant 
human GRHPR showed a strong signal in liver, less in kidney and no detectable protein in leucocyte which 
reflected the distribution of glyoxylate reductase catalytic activity (Fig. 1).  No immunoreactive GRHPR protein 
was found in 8 liver biopsies from patients with PH2, the remaining 3 predating availability of the antibody. 

An alternatively spliced variant of GRHPR was identified in which nucleotides 56 to 83 at the 3’ end of exon 1 
were deleted from the transcript. RT-PCR across the deleted region suggested that the variant was expressed, albeit 
at a lower concentration than the primary transcript, in a variety of tissues including kidney, liver, leucocyte and 
adrenal gland.  A search of expressed sequence tags (EST) using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) 
confirmed that this variant was found in several other tissues including ovary and skin.  Analysis of the sequence 
using a splice site prediction programme (http://www.fruitfly.org/cgi-bin/seq_tools/splice.html) showed that the 
sequence around nucleotide 56 was recognised as a splice donor site, but at a lower cut off than the true 5’ donor 
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site.  The alternative transcript is unlikely to function as a reductase, because, if translated in the same reading 
frame, it would produce a severely truncated protein terminating at codon 36 of the alternative transcript 

Mutation screening was intially carried out by PCR-single strand confirmational polymorphism (SSCP) 
analysis.  DNA from patients where no sequence variation was found on SSCP were sequenced in full.  Mutations 
were confirmed by restriction enzyme analysis and/or family studies and their effect on mRNA and/or protein 
synthesis established where possible.  A summary of the mutations found is given in Table 2. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. Tissue distribution of GRHPR. a) Northern 
blot analysis.  Human Tissue northern blot purchased from 
Clontech was hybridised with [alpha-32P]dCTP-labelled 
GRHPR cDNA (Rumsby and Cregeen, 1999) according to 
manufacturer’s instructions.  Molecular sizes are given at 
the left.  Each lane contains 2 ug poly A+ mRNA.  All 16 
tissues tested gave a positive signal but only liver, kidney 
and leucocyte are shown for ease of comparison with b) 
and c).  b) Immunoreactive GRHPR.  Electrophoresis of 
total tissue proteins (12 ug per lane) was performed on 
SDSPAGE (CleanGel 36S, Amersham Biosciences) 
according to manufacturer’s instructions.  Following 
transfer to nitrocellulose (Hybond C extra, Amersham 
Biosciences) blots were incubated overnight with a 1/1000 
dilution of in-house polyclonal rabbit anti-recombinant 
human GRHPR in PBS containing 3% milk proteins.  
Detection used alkaline phosphatase conjugated goat anti-
rabbit antibody with colour development assay (BioRad, 
Hemel Hempstead, UK). c) GR and HPR specific 
activities were measured as previously described (Giafi 
and Rumsby, 1998).  Protein concentration was 
determined by the Lowry method (Lowry et al. 1951). 

.   
 
 
Two polymorphisms were identified by SSCP.  One of these, a microsatellite [CT]n repeat at the end of intron 8 

(c.866-10_25(CT)8-9), was found in two forms of either 8 or 9 repeat units.  The other polymorphism was 
c.579A>G (A193A), the G variant accounting for 68% of alleles from unrelated patients.  As expected for a 
synonymous change, this single nucleotide polymorphism had no effect on GR or HPR activity when expressed in 
vitro  (Figure 2) and had no apparent effect on splicing. 

Three point mutations, c.295C>T (R99X), c.494G>A (G165N) and c.904C>T (R302C) were identified in 
exonic DNA (sequence data reviewed but not shown). A165 and R302C mutants had GR activity 1.5% and 5.6% 
respectively of the wild type control; HPR activity was less than 0.5% control in both cases (Figure 2).  
Significantly reduced immunoreactive protein was produced and both mutant proteins were found to be unstable 
on purification. 
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Table 2.  Mutations Identified in GRHPR 
Sequence change Description Location Restriction site 

affected   
(-loss; + gain of site) 

Frequency 
(%) 

Mutations 
c.84-2A>G missplicing Intron 1 -PvuII 3/38 (8%) 

c.84-13_c.84-12del ; 
c.84-8_c.84-5del  

? missplicing Intron 1  1/38 (3%) 

c.103delG Frameshift, 44X  Exon 2 -BsmF1 14/38 (37%)a 
c.295C>T R99X Exon 4 -BamH1 2/38 (6%) 
c.375delG Frameshift, 133X Exon 4 No 1/38 (3%) 

c.403_405+2 
delAAGT 

missplicing Exon 4/intron4 No 7/38 (18%)b 

c.494G>A G165N Exon 6 +XbaI site 5/38 (13%) 
c.540delT Frameshift, 181X  Exon 6 +HinfI 1/38 (3%) 

c.608_609delCT Frame shift, 210X Exon 7 +AvaI site 3/38 (9%) 
c.904C>T R302C Exon 9 -AciI site 1/38 (3%) 

Polymorphisms 
c.579A>G A193A  Exon 6 +AciI site  

c.866-10_25(CT)8-9 CT repeat Intron 7   
a 58% of Caucasian origin; b 50% of Asian origin 
Unless otherwise stated, nucleotide numbering is based on the cDNA sequence (NM_012203) with nucleotide #1 indicating 
the first coding base i.e. A of ATG. 
 
 Two mutations led to defective splicing of mRNA.  One of these was a four base deletion at the exon 4/intron 4 

boundary. Owing to the repetitive nature of the region, it was not possible to say whether the mutation was due to a 
loss of the last two base pairs of exon 4 and the first two of intron 4 i.e. c.403_405+2 delAAGT, the first four of 
intron 4 (405+1_4delGTAA) or to the loss of nucleotides 3-6 of the intron (405+3_6delAAGT).  Two variant 
transcripts were identified on sequencing which contained an additional 15 and 76 bp of the intron.  This result is 
consistent with the use of cryptic splice sites downstream within intron 4, one 20 nucleotides from the exon/intron 
boundary, the second at 81 nucleotides.  Both transcripts contain an in frame termination codon and no functional 
protein would be produced.  This mutation was restricted to patients of Asian origin. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Expression of constructs containing the c.579A>G polymorphism 
(A193A), c.494G>A (G165N) and c.904C>T (R302C) mutations. Enzyme 
activity (mean,error bar +/-2SD) was determined as in Figure 1. 
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Two mutations led to defective splicing of mRNA.  One of these was a four base deletion at the exon 4/intron 4 
boundary. Owing to the repetitive nature of the region, it was not possible to say whether the mutation was due to a 
loss of the last two base pairs of exon 4 and the first two of intron 4 i.e. c.403_405+2 delAAGT, the first four of 
intron 4 (405+1_4delGTAA) or to the loss of nucleotides 3-6 of the intron (405+3_6delAAGT).  Two variant 
transcripts were identified on sequencing which contained an additional 15 and 76 bp of the intron.  This result is 
consistent with the use of cryptic splice sites downstream within intron 4, one 20 nucleotides from the exon/intron 
boundary, the second at 81 nucleotides.  Both transcripts contain an in frame termination codon and no functional 
protein would be produced.  This mutation was restricted to patients of Asian origin. 

A point mutation, c.84-2A>G, was found within the splice acceptor site of intron 1 in two unrelated individuals, 
one homozygous and one heterozygous (with c.103delG on the other allele). Two abnormal length transcripts were 
seen on sequence analysis of hepatic cDNA both of which lacked the whole of exon 2 confirming that the mutation 
had led to exon skipping.  However, in one transcript the end of exon 1 was spliced to exon 3, while in the second 
transcript the weak splice site in exon 1 28bp upstream from the usual donor sequence, was spliced to exon 3. 
Some normal length transcripts were also present but it was not possible to tell from RT-PCR whether they were of 
similar frequency to the misspliced species.  As there was negligible catalytic and immunoreactivity in the liver 
biopsy from this patient, it would appear that no functional mRNA was produced in vivo. 

A more complex deletion mutation was demonstrated in intron 1 in which a 4bp and a 2 bp deletion occurred 
within a short stretch of the splice acceptor site of intron 1, [c.84-13_c.84-12del;c.84-8_c.84-5del].  Unfortunately no 
hepatic mRNA was available to test the effect of this mutation on splicing but analysis with the splice site 
prediction programme previously mentioned showed that it had a lower score than the normal site and by moving 
the branch site closer to exon 2 may impair the splicing process and lead to exon skipping.   

The nucleotide deletions c.375delG at codon 125, c.540delT at codon 180 and 2 base pair deletion 
c.608_609delCT at codon 203 would be expected to lead to frame shifts and premature termination of the protein 
at codons 133, 181 and 210 respectively. The c.103delG mutation previously described (Cramer et al., 1999) 
deletes a recognition sequence for the restriction enzyme BsmF1, which allowed easy screening of other 
individuals.  The mutation occurred in 37% mutant alleles of which 6 were homozygous and 2 heterozygous.  All 
patients with this mutation were of Caucasian descent.  The mutation was variably expressed in cDNA such that 
one patient homozygous for the change expressed the mutant RNA while another who was heterozygous for the 
change did not.  This observation presumably reflects instability of the mutant mRNA.   

DISCUSSION 

The results of this study show that the genetic basis of PH2, in common with that of primary hyperoxaluria type 
1, is heterogeneous. Expression of the GRHPR mRNA is ubiquitous but by far the greatest concentration of mRNA 
occurred in the liver. A putative D-2-hydroxyacid dehydrogenase cDNA localised to chromosome 9q (Huang et 
al., 2000) and subsequently shown by sequence analysis to be GRHPR showed an identical tissue distribution on 
northern blot analysis.  The widespread RNA expression was also alluded to by database analysis of expressed 
sequence tags (ESTs) reported previously (Webster et al., 2000).  However, this apparent ubiquity is misleading as 
immunoblots (Figure 1) and distribution of catalytic activity (Giafi and Rumsby, 1998) show that protein 
expression is primarily hepatic and therefore has a similar tissue distribution to the other enzymes involved in the 
metabolism of glycolate and glyoxylate, namely alanine:glyoxylate aminotransferase (Kamoda et al., 1980) and 
glycolate oxidase (Williams et al., 2000). 

A splice variant of the normal gene which lacked 28bp of exon 1 was identified which arose from the use of a 
weak splice donor site at nucleotide 56 in exon 1. The transcript was present in a variety of t issues as demonstrated 
by RT-PCR and also by searching for identical sequences in ESTs (http://www.ncbi.nlm.nih.gov/BLAST). Recent 
studies have shown that 35-38% of human RNAs contain possible alternative splice forms by comparison of 
multiple EST sequences (Mironov et al., 1999; Brett et al., 2000). Some of these will include exon or intron 
isoforms where alternative donor or acceptor sites have been used, others include skipped exons or intron 
retention. The variant GRHPR transcript conforms to an exon truncation event (Clark and Thanaraj, 2002) but it is 
unlikely to have any functional significance as, if translated in the same reading frame, would produce a severely 
truncated protein.  It is highly likely that the alternative transcript is removed prior to translation by RNA 



GRHPR Gene Mutations  7 

surveillance machinery that destroys sequences containing premature termination codons (Hilleren and Parker, 
1999). 

One of the mutations described by us, c.84-2A>G, affects the consensus splice acceptor site in intron 1. 
Mutations in the invariant AG of the splice acceptor site cause missplicing frequently as a result of exon skipping 
(Krawczak et al., 1992) when the acceptor site in the next, downstream, intron is used instead.  The cDNA 
products identified in the presence of the c.84-2A>G mutation followed such a pattern, exon 2 was spliced out and 
both variants of exon 1 were spliced to exon 3.  

There appears to be a high frequency of minor deletions and insertion mutations in the GRHPR gene accounting 
for 7/14 mutations reported to date (present study included). This type of mutation is believed to be the result of 
slipped-mispairing mechanism (Krawczak and Cooper, 1991) and accounts for approximately 20.5% of reported 
disease-causing mutations compared to 70% resulting from transitions or transversions (Antonarkis et al., 2000).  
The higher frequency of this type of mutation in GRHPR may simply reflect the smaller number of patients studied 
to date or may be related to the nature of the primary sequence itself.  The c.103delG mutation previously 
described by Cramer and colleagues (Cramer et al., 1999) was the most common of all the mutations occurring in 
37% alleles in our patient group; it was not found in any patient of Asian origin and in fact if ethnic origin was 
taken into account the mutation was found in 58% of those of Caucasian origin.  The high frequency makes 
detection of this mutation a useful addition to any diagnostic service for this disease.  

The 4bp deletion, c.403_405 +2del AAGT, occurs in a highly repetitive region and the mutation could equally 
be the 4 bp deletion described by Webster and colleagues (Webster et al., 2000).  Mutations affecting splice donor 
sites are frequently associated with utilisation of downstream cryptic splice sites such that either exon extension or 
loss of the upstream exon occurs, changes consistent with the exon definition model of splicing (Berget, 1995).  
Preference appears to be related not only to the similarity of the cryptic site to the consensus splice sequence 
(C/AAG’GUPuAGU) but also to the distance downstream from the previous splice acceptor site as the splicing 
machinery defines an exon within 300bp from the splice acceptor site.  Analysis of cDNA from patients with this 
mutation clearly demonstrated exon extension with the use of two downstream cryptic splice sites within the intron 
such that transcripts contained an additional 15 and 76 bp of intron 4 sequence. In both cases the splice sites used 
had a high score on a splice site prediction programme and were within 300 bp of the acceptor sequence at the end 
of intron 3.  This mutation was restricted to patients of Asian origin in our patient cohort but was seen in a 
Caucasian of Italian origin reported by Webster and colleagues (Webster et al., 2000). 

The c.608_609delCT mu tation was found in two brothers who failed to show elevated urinary L-glycerate 
(Rumsby et al., 2001) and in another patient who was a compound heterozygote with c.375delG. The atypical 
presentation in the former meant that a diagnosis of PH2 was not made until some years after first presentation of 
the disease. The mutation would lead to a protein unable to bind NADPH.  Thus, it excludes the possibility that the 
phenotype of these patients relates to differences in affinities for its two substrates i.e. hydroxypyruvate and 
glyoxylate, and suggests that the disease phenotype is very dependent on outside influences, either other genes or 
environmental factors. The confirmation of a genetic defect in the GRHPR gene in these patients with liver biopsy 
proven disease illustrates the point that the most reliable diagnosis of the primary hyperoxalurias is by 
measurement of the respective enzyme activities in a liver biopsy.  Urine organic acid analysis can no longer be 
advocated except for confirming persistent hyperoxaluria.  

Arginine at codon 302 is well conserved between GR from various species, although it does not reside in the 
catalytic or cofactor binding domains of GR from H. methylovorum (Goldberg et al., 1994).  The amino acid is 
close to several residues important for substrate binding and thus substitution by cysteine may exert its effect by 
altering the structure and/or stability of the protein. The Aspartate165 mutation has previously been documented 
with respect to deficient D-glycerate dehydrogenase activity (Webster et al., 2000). Glycine 165 is the terminal 
residue within the putative cofactor binding site, sequence GXGXXG, which is highly conserved between GR 
enzymes from different species (Rumsby and Cregeen, 1999).  The sequence creates a tight turn between the end 
of the β sheet and the beginning of the following α helix (Taguchi and Ohta, 1991) thus substitution of the neutral 
glycine residue with a negatively charged aspartate is likely to affect folding and cofactor binding to the protein; in 
vitro  expression confirmed that an unstable protein with greatly reduced catalytic activity was produced.   

In conclusion, PH2 is caused by a variety of mutations in the GRHPR gene with a higher than expected 
frequency of minor deletions.  The predominantly hepatic expression of the protein supports the hypothesis that 
primary hyperoxaluria 2, like primary hyperoxaluria type 1 is a disease of the liver, which has implications both 
for the diagnosis of primary hyperoxaluria type 2 and potential treatment options.  
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