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1 | INTRODUCTION

Primary hyperoxaluria (PH) is a genetically heterogeneous
disorder. Three types of PH have been identified that are
inherited in an autosomal recessive pattern including

Abstract

Background: Primary hyperoxaluria (PH) is a rare heterogeneous, autosomal re-
cessive disorder of glyoxylate metabolism. It is characterized by excessive hepatic
production of oxalate resulting in a wide spectrum of clinical, imaging, and func-
tional presentation. The characteristic features of PH comprise of recurrent uro-
lithiasis, renal stones, and/or nephrocalcinosis. Three known types of PH have
been identified PH1, PH2, and PH3. Pathogenic variants in AGXT, GRHPR, and
HOGA1 cause the phenotypic expression of PH.

Methods: In this study, we describe the clinical and genetic findings of 22 pa-
tients from 21 unrelated Egyptian families with the distinctive clinical features of
PH. A thorough clinical evaluation followed by an NGS custom panel of AGXT,
GRHPR, and HOGAI genes was done.

Results: Two novel mutations (p.Gly27Glu and p.GIn256Serfs*17) and six pre-
viously reported mutations (p.Lys12Glnfs*156, p.Lys12Argfs*34, p.Ile244Thr,
p-Asn22Ser, p.ProllLeu, and p.Ile340Met) were identified in AGXT gene. The
NGS panel results were validated thereafter using Sanger sequencing.
Conclusion: Our results extend the number of AGXT mutations identified so far
and emphasize the important role of genetic testing in providing proper coun-

seling and patients management.
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PH1 (OMIM; 259,900), PH2 (OMIM; 260,000), and PH3
(OMIM; 613,616). The main features of the disease in-
clude excessive hepatic production of oxalate leading to
recurrent nephrolithiasis, crystalluria, nephrocalcinosis,
and end-stage kidney disease (ESKD). Calcium oxalate
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crystals also can deposit in various organs like the retina,
heart, blood vessels, bones, and other organs (oxalosis)
leading to severe morbidity that may cause death (He
et al., 2019; Soliman et al., 2017).

Primary hyperoxaluria type 1 (PH1) is the most com-
mon and devastating subtype accounting for about 80% of
all patients. It is caused by deficiency of the liver-specific,
peroxisomal enzyme alanine-glyoxylate aminotransfer-
ase (AGT) which is encoded by AGXT gene. On the other
hand, PH2 is less severe than PH1 and caused by a de-
ficiency of glyoxylate and hydroxypyruvate reductase,
which is encoded by the GRHPR gene. The deficiency of
the mitochondrial enzyme, 4-hydroxy-2-oxoglutarate al-
dolase (HOGA1), is responsible for PH3 which is repre-
senting the least severe type. The clinical manifestation of
the three types of PH is very similar including recurrent
nephrolithiasis and progressive nephrocalcinosis with
renal stones. The age of onset is also similar, and manage-
ment varies according to the type of PH so an early and
accurate diagnosis is essential to guide appropriate treat-
ment. Increased excretion of urinary oxalate is seen in all
forms of PH although neither urine nor plasma oxalate is
diagnostic because it is elevated in other causes of renal
failure (He et al., 2019; Rumsby, 2015).

Diagnosis of PH depends on many diagnostic tools in-
cluding biochemical analysis of urine, the stone compo-
sition of pure calcium oxalate monohydrate, and genetic
analysis (Soliman et al., 2017). A definitive diagnosis of
PH currently requires a measurement of enzyme catalytic
activity by an invasive approach of needle liver biopsy with
special strict conditions for sample transport (Kanoun
et al., 2017). Molecular analysis of PH is an efficient, non-
invasive alternative approach to confirm the diagnosis of
PH. Herein, we describe the clinical and molecular find-
ings of 22 Egyptian patients with PH by using NGS analy-
sis to identify the causative variants among these patients
as a step toward understanding the pathogenesis of PH.
This study is the first molecular study in Egypt describing
the mutations causing PH.

2 | SUBJECTS AND METHODS
2.1 | Editorial policies and ethical
considerations

This study was approved by the Ethical Scientific
Committee of the National Research Centre (NRC), Cairo,
Egypt and conducted in accordance with the declaration
of Helsinki ethical principles for medical research involv-
ing human subjects. An informed consent was obtained
from the patients or their guardians.

2.2 | Patients

The study included 22 patients descending from 21
Egyptian unrelated families. Patients were recruited
from the outpatient clinics of the Pediatric Nephrology
Unit, Cairo University. Their age at presentation ranged
from 11 months to 6years. All patients were subjected to
full medical history taking, three generations pedigree
construction, and clinical examination. Urine oxalate/
creatinine ratios, plasma oxalate, and abdominal ultra-
sonography were performed in all studied patients. Bone
X-rays and echocardiography were conducted on some
patients. Measurement of AGT enzyme activity was con-
ducted in some patients. Secondary causes of hyperoxalu-
ria such as intestinal malabsorption and inflammatory
bowel disease were excluded.

2.3 | Targeted next-generation
sequencing (NGS)

Genomic DNA was extracted using the slandered
method from peripheral blood lymphocytes of patients
and their parents. A customized NGS panel was designed
and the targeted genomic regions included the exons,
around 100 bp of flanking intronic sequences, and the 5’
and 3’ untranslated regions of the three primary hyper-
oxalurias causing genes AGXT (NM_000030.3), GRHPR
(NM_012203.2), and HOGA1 (NM_138413.4). The av-
erage coverage depth of the entire panel was 100X and
~85%-100% of targeted bases were covered. The NGS li-
brary was prepared using the TruSeq Custom Amplicon
kit (Illumina). Briefly, 500 ng of gDNA in 5 pl water
were hybridized with an oligo pool. Then, unbound oli-
gos were removed and extension-ligation of bound oli-
gos was followed by PCR amplification. PCR products
were cleaned and checked for quality using Tapestation
analysis (Agilent). Prior to sequencing, libraries were
normalized with the normalization process of the
Truseq Custom Amplicon kit. Libraries were paired-
end sequenced with 2*¥151 bp cycles on a MiSeq device
(Illumina). Sequence data were aligned to the GRCh37/
hg19 reference sequence, and data analysis was carried
out using IlluminaVariantStudio software. Sequence data
were visualized using the Integrative Genomics Viewer
(IGV, http://www.broadinstitute.org/igv/). All variants
with satisfying sequencing depth and quality were fil-
tered according to their frequency in dbSNP 141, 1000G,
and gnomAD exome (with MAF<0.01). (http://gnomad.
broadinstitute.org/). Previously reported disease-causing
variants were also considered. Variants were classified
according to the ACMG-AMP guidelines.
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2.4 | Sanger sequencing for validation of
NGS data

All identified variants were confirmed by Sanger sequenc-
ing and validated by parental testing. Exons encompassing
the AGXT (NM_000030.3) variants were amplified using
specific primers designed by ExonPrimer Software. PCR
products were purified using the Exo-SAP PCR Clean-up
kit (Table 1).

2.5 | Prediction of the potential
pathogenicity of the novel variants

To evaluate the deleterious effect of novel variants, in
silico analysis was used (Table 2). Moreover, to evaluate
the mutation effect on protein, 3D structure Swiss-Pdb
Viewer version 4.1.0 was used to elucidate the crystallo-
graphic structure of the human Alanine-glyoxylate ami-
notransferase (AGXT) at a resolution of 2.5 A (PDB:
1hO0c). And then the mutation effect was analyzed using
Single Amino Acid Mutation change of Binding Energy
(SAAMBE), Missense 3D, and PremPS tools to evaluate
the effect of a single mutation on protein stability by cal-
culating the quantitative changes in unfolding Gibbs free
energy (Figure 2).

3 | RESULTS

3.1 | Clinical and biochemical data

The study included 22 patients with PH; most of the pa-
tients (77%) were the offspring of consanguineous fami-
lies (17/22). Patients were 15 males (68%) and 7 females
(32%). Family history of similar conditions was evident
in 13 independent pedigrees. All patients in the current
study exhibited the characteristic clinical and radiologi-
cal manifestations of PH1 with variable age of onset.
Thirty-two percent (7/22) of studied patients presented
during their first year of life, 50% (11/22) of patients
presented prior to the age of 5Syears, and the remain-
ing 18% (4/22) patients had their first symptoms after
the age of 5years. Nephrolithiasis was noted in (18/22)
and nephrocalcinosis on (9/22). Progressive ESKD was
recorded on 18/22. Elevated plasma and urinary oxalate
levels were detected in all patients. Renal ultrasonogra-
phy revealed multiple renal stones in 18/22 of whom 9
patients had the complication of nephrolithiasis (infec-
tion and obstruction). The extrarenal manifestation was
reported in 15 patients of whom 13 patients have bone
deformities. Myocardial infiltrations and left ventricular
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hypertrophy were noted in five patients. Retinal deposi-
tion of oxalate and unilateral loss of vision was observed
in two patients.

3.2 | Molecular and
bioinformatic findings

A total of eight different pathogenic variants were de-
tected in the 22 patients in AGXT gene NG_008005.1
(Figure 1). Two of these variants were novel: c.80G > A
(p.Gly27Glu) and c.766del (p.Gln256Serfs*17) and each
of them was identified in one family in a homozygous
state (Figure la,b). The first new missense mutation
¢.80G > A (p.Gly27Glu) was found in two patients (family
19) proving its cosegregation with the disease phenotype.
The remaining six identified mutations were previ-
ously reported c.33dupC (p.Lys12GInfs*156), c.33delC
(p.Lys12Argfs*34), ¢.32C>T (p.ProllLeu), c.65A>G
(p.Asn22Ser), ¢.731 T > C (p.1le244Thr), and c.1020A > G
(p.Ile340Met) and disclosed in 19 patients. The reported
insertion mutation in exon1 c¢.3dupC (p.Lys12GInfs*156)
was shown the most frequent mutation among our co-
hort 11/22 (50%) (1-11F) in either homozygous or the het-
erozygous state (Figure 1c,d). The second most common
detected mutation was c.33delC (p.Lys12Argfs*34) in
6/22 (12-18F), all in a homozygous state (Figure 1c). Four
families 4/22 (8-11 F) carrying compound heterozygous-
reported variants were c¢.33dupC (p.Lys12GInfs*156)
and c.731T>C (p.Ile244Thr) (Figure 1d). Also, c.65A>G
(p-Asn22Ser) missense variant was found in a compound
heterozygous with minor allele ¢.1020A>G (p.Ile340Met)
in only one patient (P22). Nevertheless, the coinher-
itance of both minor alleles ¢.32C>T (p.Prol1Leu) and
¢.1020A>G (p.lle340Met) among four studied patients
were detected. The two novel identified mutations were
not reported before in the dbSNP, 1000G, and gnomAD,
and they were not detected in 100 normal chromosomes
of Egyptian origin by Sanger sequencing and were pre-
dicted to be disease caused by in silico analysis (Table 3).
According to ACGM-AMP guidelines of variants inter-
pretation, this variant c.766del (p.GIn256Serfs*17) causes
an unambiguous pathogenic effect on the AGXT protein,
and c.80G>A (p.Gly27Glu) was classified as a patho-
genic variant (class5) (Richards et al., 2015). In addi-
tion, eight nonpathogenic variants were detected, seven
of these variants were intronic: g.9405G>T(rs12997245),
£.12312G>A(rs12695032), g.5665GGCCTCCCT(rs180177
209), 2.10335C>T (rs11693280), g.14856G>A (rs355666
46), g.15118C>A, (rs4273214), and g.7746G>A (no
rs) and one exonic variant NM_000030.3:c.132G > A
(p.Gln44=).
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Bioinformatics analysis of novel
missense mutation (c.80G > a, p.Gly27Glu)
on protein structure (Figure 2)

The effect of p.Gly27Glu on protein conformation was
also analyzed using SAAMBE, missense3D, and PremPS.
SAAMBE revealed that the Gly27Glu mutation leads to
more destabilization of the protein with AAG Prediction:
0.14kcal/mol. Missense3D revealed that the Gly27Glu
will damage the protein due to the following reasons:

« p.Gly27Glu substitution replaces a buried uncharged
residue (GLY, RSA 1.1%) with a charged residue (GLU)
(RSA 1.0%).

« P.Gly27Glu substitution triggers disallowed phi/psi
alert. The phi/psi angles are in the favored region for
wild-type residue but the outlier region for mutant
residue.

« PremPS predicted that the p.Gly27Glu mutation will re-
sult in a hydrophobic and ionic bonding that will affect
the protein function.

DISCUSSION

Diagnosis of PH was based primarily on the clinical
and biochemical findings. All patients in the current
study exhibited the characteristic clinical and radiologi-
cal manifestations of PH with variable age of onset. In
Egyptian PH1 patients, urinary stones, nephrolithiasis,
and ESRD were the clinical findings at the time of pres-
entation similar to those described in previous reports
(Boualla et al., 2015; He et al., 2019). The estimated
prevalence varies from 1 to 3 in 1,000,000 in Europe and
North America and 1-2% of pediatric ESRD population
registries from the USA, UK, and Japan. In Egypt, we do
not have an exact estimate of the prevalence of PH, how-
ever, the high consanguinity prevalence in a populous
country such as Egypt might imply an expected high
risk for inherited disorders, especially the autosomal re-
cessive traits.

In this study, detailed clinical and molecular analyses
of 22 patients with PH were performed. The results among
our cohort revealed that all patients had AGXT mutations
with no mutations detected in GRHPR and HOGA1 genes.
This coincides with previous estimates that PH1 is the
most common form worldwide. In our cohort, the high
prevalence of PH1 may be attributed to different factors:
(i) later and milder presentation of PH2 and PH3, (ii) the
inappropriate lack of awareness of this inherited disease,
(iii) small sample size, and (iv) the presence of high ho-
mogeneity due to high consanguineous rate between
Egyptian population.
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FIGURE 1 Sequencing chromatograms of AGXT mutations identified in our cohort. (a-b) Two novel AGXT mutations. (c-d) Previously
reported AGXT mutations. Wild-type sequences are shown above each chromatogram and arrows point toward single base changes.

TABLE 3 AGXT (NM_000030.3) variations detected in the studied patients with PH1

Mutation

Nucleotide change®

Fam Patient Exon Protein changesb Type of mutation Genotype Reference®

F1-7 P1-7 El ¢.33dupC Frameshift/insertion Homozygous Pirulli et al. (1999)
p.Lys12GInfs*156

F8-11 P8-11 E1,7,10  c.[33dupC];[32C>T;731T> Frameshift/Insertion Compound Purdue et al. (1990),
C;1020A > G] Missense Heterozygous Von Schnakenburg
p-[Lys12GInfs*156]; and Rumsby (1997),
[Prol1Leu;Ile244Thr;Ile340Met]| Pirulli et al. (1999)

F12-18 P12-18 El c.33delC Frameshift/deletion Homozygous Pirulli et al. (1999)
p.Lys12Argfs*34

F19 P19-20 El c.80G>A Missense Homozygous Current study
p-Gly27Glu

F20 P21 E7 c.766delC Frameshift/deletion Homozygous Current study
p-Gln256Serfs*17

F21 P22 El c.[65A>G];[1020A > G] Missense Heterozygous  Williams et al. (2009),

*Nucleotide changes are based on AGXT (NM_000030.2) reference sequences.

p-[Asn22Ser|;[Ile340Met]

Protein changes are based on AGXT(NP_000021.1) reference sequences.

“References refer to the first study to report the respective mutations.

All of our patients proved to carry homozygous or
compound heterozygous variants in the AGXT gene
comprising five missense and three frameshift muta-
tions. Two of these variants were novel variants. The
effect of c.80G > A(Gly27Glu) on protein structure was

Pirulli et al. (1999)

assessed using SAAMBE, missense 3D, and PremPS and
is predicted to cause protein destabilization. Patients
with ¢.80G > A (p.Gly27Glu) were presented with bilat-
eral renal stones and nephrocalcinosis with no systemic

oxalosis.
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FIGURE 2 Bioinformatics analysis of a novel missense
mutation (c.80G>A, p.Gly27Glu) on protein structure.

Most of the detected mutations in this study were
found in exon 1 (5/8), which agreed with (Monico
et al., 2007, Williams & Rumsby, 2007) that previously
reported common mutations located in exons 1, 4, and 7
were responsible for 50% of PH1 patients. Regarding du-
plication C mutation p.Lys12GInfs*156 in exon 1, it was
accounted for the most commonly observed mutation
among our cohort (7/22) in homozygous state and (4/22)
in the compound heterozygous state with p.lle244Thr.
This variant has been identified in several reports that re-
sulted in a frameshift and premature termination and the
formation of a truncated protein (Al Riyami et al., 2015).
Patients who had this variant presented with recurrent
bilateral urolithiasis, urinary tract infections, ESRD, and
systemic oxalosis (Myocardial infiltrations, left ventricu-
lar hypertrophy, and bone pains). These clinical manifes-
tations were similar to previous reports (He et al., 2019;
Mbarek et al., 2011). The high frequency of c.33dupC in
our study was in line with other reports from different
populations with no apparent ethnic or geographic asso-
ciations and its high frequency was attributed to the pres-
ence of multiple mutations in the region of eight cytosine
repeat sequences (Al Riyami et al., 2015; He et al., 2019;
Mbarek et al., 2011; Monico et al., 2007).

Compound heterozygous for p.Lys12GInfs*156 and
p-1le244Thr in addition to the coinheritance of both
minor alleles (p.ProllLeu and p.Ile340Met) were ob-
served in four patients. Measurement of enzyme activ-
ity was done in two patients (2/4) and revealed poor
AGT activity (2%). These patients presented with severe

Open Access,

clinical manifestations in accordance with several stud-
ies that reported patients had compound heterozygous
mutations in AGXT were complained about of severe
symptoms such as recurrent urinary tract infections,
urolithiasis, nephrocalcinosis with bone deformities,
myocardial infiltration, and left ventricular hypertrophy
(Heetal., 2019, Mbarek et al., 2011). Kanoun et al. (2017)
identified different variants of p.Lys12GInfs*156, p.lle-
340Met, p.lle244Thr, and p.ProllLeu in two patients
with severe manifestations suggesting that these muta-
tions could destabilize the helical conformation of the
peptide. Du et al. (2018) also identified p.Ile340Met as a
risk variant that reduces 15.7% of AGT protein expression
in PH1 patients. The mutational analysis in patient 22
showed the presence of reported variations p.lle340Met
and p.Asn22Ser in a compound heterozygous state with
a mild phenotype. This patient had an AGT activity of
<10%. These variants were the only detectable variants
by the NGS panel for further functional analysis. Maybe
there are deep intronic variants or gross deletions not de-
tected by the panel.

There were controversial results in the identification
of ¢.32C > T as a pathogenic variant. Nicolas et al. (2019)
reported that this variant was not sufficient alone to
cause protein dysfunction as the allelic frequency of
p-ProllLeu in the gnomAD database was ~0.15 (rang-
ing from ~0.20 in Europeans to ~0.0004 in East Asians)
in the general population. In in silico analysis, there
is a conflict in the determination of pathogenicity of
c.32C>T. In our patients, the presence of other two
pathogenic variants with c¢.32C > T explained the disease
phenotype and it is not responsible for the disease in our
patients. Different studies proved its deleterious effect
where it affects a highly conserved N-terminal extended
region of AGT protein, which is important in the process
of dimerization and stabilization of the two protein sub-
units and it reduces the specific catalytic activity of puri-
fied recombinant AGT to about 30% of normal (Boualla
et al., 2015; Kanoun et al., 2013, 2017).

Two frameshift deletion mutations were reported in
this study; the first was p.Lys12Argfs*34 representing the
second most common mutation in our cohort (8/22). All
patients affected by this mutation were in a homozygous
state while it was previously documented in homozygous
and heterozygote states in PH1 patients from various eth-
nicities (Boualla et al., 2015; Williams & Rumsby, 2007).
The second frameshift mutation was a novel mutation
p-GIn256Serfs*17 in exon 7 found in one patient in the
homozygous state. The patients presented with bilat-
eral nephrolithiasis, nephrocalcinosis, ESRD, and sys-
temic oxalosis. Our results also provide clinical evidence
that the patients (19/22) with frameshift and compound
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heterozygote mutations had severe manifestations with
systemic oxalosis and appearance of manifestations
during the first year after birth, whereas patients (3/22)
with missense mutations had less severe phenotypes. The
median age at presentation for patients carrying frameshift
and compound heterozygote mutations was (1 year and
2 months) while those carrying the missense mutations
were older with median age (of 5years and 7 months)
which is in accordance with several previous reports (Du
et al., 2018; Kanoun et al., 2017).

In conclusion, apart from adding novel mutations to
the repertoire of known mutations in the disease, to the
best of our knowledge, this is the first report of genetically
characterized patients of PH from Egypt.
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