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Abstract — High quality genotype/phenotype analysis is a diiffi issue in rare genetic diseases such as cdageni
erythropoietic porphyria (CEP) or Giinther's diseasdieme biosynthesis defect due to uroporphyrindgesynthase
deficiency. The historical background and the nmianotypic features of the disease are depictexthegwith an update of
published mutants and genotype/phenotype corre&tiGeneral rules concerning the prediction of atiseseverity are
drawn as a guide for patient management and thetiapshoices. The phenotypic heterogeneity of tiseake is presented
in relation with a likely influence of modifying €tors, either genetic or acquired.
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INTRODUCTION Gene based therapy is currently under
investigation (28, 29). In cellular therapy as well
Congenital ervthropoietic porphvria (CEPY2S 9ene therapy protocols, the evaluation of a
is a rare g'lclutosomrill rec%ssive pdich))r(BJI/er éf he?ﬁ@nefitlr?sk ratio before treatment is dependent
biosynthesis, one of the least commofN pred_lctlons drawn from genotype/phenotype
porphyrias. The disease results from markedfPrrelation (9, 34).
deficient  uroporphyrinogen Il synthase
enzymatic activity (UROS, EC 4.2.1.75). The CEP HISTORICAL BACKGROUND

enzymatic defect causes specific overproduction

and diffuse tissue accumulation of the non-  Drawing phenotype/genotype correlations
physiological and pathogenic porphyrin isomerdd CEP may rely on early descriptions of the
uroporphyrin | and coproporphyrin I. Thedisease (19). The first case of CEP was reported

molecular Study of the UROS gene in CEFT] 1874 by Schultz in a 33-year-0|d man who had
patients has highlighted a variety of mutations ifuffered from skin photosensitivity since the age
both coding and promoter sequences of the ge®é. 3 months; had an enlarged spleen, icteric
Clinical  features  combine  cutaneougonjunctivae and red urine containing a
photosensitivity and chronic hemolysis whos&ubstance called hematoporphyrin by Hopple-
severity is mainly heterogeneous among patienfgeyler. In 1898, McCall Anderson suggested a
Bone marrow transplantation is the only curativelose — connection between the cutaneous
treatment in potentially severe forms (2, 10, 11).manifestations and the pigment in urine. Meyer-
Betz confirmed the photosensitization properties
Abbreviations: CEP, congenital erythropoietic porphyria; Of porphyrins in 1913. Hans Gunther was the
URGQS, uroporphyrinogen Il synthase. first to recognize congenital porphyrias as inborn
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errors  of metabolism; he proposed ancludes four unpublished mutants studied in our
classification of acute and chronic porphyriataboratory. Mutations are spread along the UROS
between 1911 and 1922. Fisher’'s laboratory wagne in the promoter and the 9 coding exons
a major contributor to porphyrin chemistry workfigure 2). All types of point mutations are
as exemplified by the Nobel price obtained imbserved (table I). The molecular lesions include
1930. promoter mutations responsible for decreased
The knowledge of the disease made a hugeanscriptional activity (5/43) splicing defects
progress with the description of the enzymeesulting in exon deletion causing a truncated
defect (31): the deficiency of the enzymerotein (6/43); missense mutations, the most
uroporphyrinogen Il synthase (also nameérequently found (25/43), few nonsense (2/43),
cosynthetase) which catalyses the cyclisation @flameshift leading to an unstable truncated
the linear tetrapyrrole hydroxymethylbilaneprotein (3/43), or complex mutations (2/43); no
(HMB) into uroporphyrinogen Ill. Enzymatic large deletion has been described yet. A common
deficiency leads to a spontaneous cyclisation afissense mutation, p.Cys73Arg, is found in 30 to
HMB to form uroporphyrin and coproporphyrind0% Caucasian disease alleles; however,
type | isomers, which are in a metabolic deadiaplotype analyses did not demonstrate a founder
end, since these compounds are unable eédfect (15). A relatively high prevalence of the
contribute further to heme biosynthesis (figurenutation p.Pro248Asn has been observed in
1). The accumulation of porphyrins, through &pain (38). Of note, some mutations remain
hyperactive heme pathway, is responsible for thenknown in few patients, about 8 % of the
cellular damage observed mainly in photopublished alleles. Moreover, it is interesting to
exposed skin and in the erythroid lineage. note that CEP is no longer a monogenic disease
since the recent description of CEP features due
Uroparphyrin T . Coproporphyrin T to a gene defect in GATA-1 erythroid specific
Glycine ] transcription factor (27).
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Figure 1. The heme  biosynthetic pathway.i
Uroporphyrinogen Ill synthase deficiency is respblesfor |

the accumulation of uroporphyrin I, coproporphytimnd
oxygen derivatives which are not substrates for éemn.—------------mommmmm
synthesis and accumulate in tissues, urine, are$ae
Figure 2. Location of mutations causing CEP on the UROS
The purification of human 9ene. For easier reading, missense and nonsensbawe

. using protein designation of mutants; promoter mmta
uroporphyrinogen Il synthase from erythrocyte%plicing defects and frameshifts using cDNA desiigima

was achieved in 1987 (39). Further progress

gained from molecular analyses which PHENOTYPE DESCRIPTIONS IN CEP
represented powerful tools for genotyping

analyses: from 1990, cDNA cloning made

4 LT ; In classical forms, the phenotypic
zg:iSIgIrieitgetr;etlgh?:)argggglr?\e(121)6 tg(;n ((:g)metgé?(pression of the disease is dominated by skin
9 d : otosensitivity, starting early in childhood,

description of the full UROS gene structure (1)

and structure/function analyses from th('ahCIUdmg abnormal _ skin ~fragility, bullae,

; : . erosions and scarring leading to severe
crystallized protein (1, 23) or NMR studies (7). deformities if sun protegction is %ot adequate.
Porphyrinuria is present from the first months of
life, with typical red-wine urine deposits on

diapers. Massive accumulation of uroporphyrin |

So far, 39 disease-causing mutants haygsmer is evidenced in urine. Hematologic
been published. The update, shown in table I,

GENOTYPE STUDIES IN CEP
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Table 1.Description of UROS gene mutants

Location Nucleotide change Amino acid change Pnadeifect thefere_nqe
1* description
VS 1 c.01-90 C>A *CP 2 site low expression 33
(erythroid ¢.01-86 C>A *CP 2 site low expression 33
promoter) c.01-76 G>A *CP 2 site low expression 33
c.01-70 T>C *GATA 1 site low expression 33
c.01-70 T>A *GATA 1 site unknown unpublished
Exon 2 c.07 G>T p.Val 03 Phe missense 35
(first c.10 C>T p.Leu 04 Phe missense 42
coding c.21delG p.Asp 08 Met fsX16 frameshift/truncation 32
exon) ¢.56 A>G p.Tyr 19 Cys missense 42
IVS 2 €.63+1 G>A p.Met ? **splicing 42
Exon 3 c.139T>C p.Ser 47 Pro missense 18
Exon 4 c.158 C>T p.Pro 53 Leu missense 12
c.172 G>A p.Gly 58 Arg missense unpublished
€.184 A>G p.Thr 62 Ala missense 40
c.197 C>T p.Ala 66 Val missense 42
c.205 G>A p.Ala 69 Thr missense 32
C.215 T>A p.Leu 72 X nonsense unpublished
c.217 T>C p.Cys 73 Arg missense 12
€.243 A>T148 del 98 p.Glu 81 Asp/del 83-106 splicing/truncation 32
c.244 G>T 148 del 98 p.Val 82 Phe/del 83-106 spiitruncation 6, 42
Exon 5 €.296 T>C p.Val 99Ala missense 4
c.311 C>T p.Ala 104 Val missense 42
Exon 6 €.386 T>C p.lle 129 Thr missense 30
Exon 7 €.398ins G p.Glu 133Gly fsX64 frameshiftfication
Exon 8 c.517 C>T p.His 173 Tyr missense 14
c.560 A>C p.Asn 187 Pro missense 14
IVS 8 €.562-23 A>G not tested splicing 14
Exon 9 c.562 G>A p.Gly 188 Arg missense 37
c.562 G>T p.Gly 188 Trp missense 32
€.627 del 6 ins 39 p.del 211-212 ins 13 deletioframe
insertion
c.633ins A p.Ser 212 lle fsX2 frameshift/trunoati 4
€.634 T>C p.Ser 212 Pro missense 36
€.656 T>G p.lle 219 Ser missense 32
IVS 9 €.660+4 del A p.del 188-221 splicing/in fradwetion 42
Exon 10 €.660 ins 80 p.del/ins 188-265 splicinfyame 6
insertion
c.672 ins 28 p.224ins90 insertion/elongation 32
c.673 G>A p.Gly 225 Ser missense 42
€.683 C>T p.Thr 228 Met missense 40
c.707 G>T p.Gly 236 Val missense 41
c.710 T>C p.Leu 237 Pro missense 41
c.743 C>A p.Pro 248 Asn missense 14
c.745 C>T p.Asn 249 X nonsense 42
€.764 T>C p.lle 255 Thr missense unpublished

* indicates a promoter mutant with no amino acidrue
** axon 2 deletion demonstrated by RNA analysis
Mutants are designated according to the HGV noragtue.
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Table 2.Predicted and observed severitynhomoallelicmutants

Common  Activity in Affected
Mutant allele designation E coli (%) Phenotype families References
p.Val 03 Phe V3F <2 moderate to severe 1 35
p.Ser 47 Pro S47P 3 mild to severe 1 18
p.Gly 58 Arg G58R 15 mild 1 unpublished
p.Ala 69 Thr AGOT 1.4 ? (graft) 1 13
p.Cys 73 Arg C73R <1-2 severe 5 10,12, 14,40, 42
p.lle 129 Thr 1129T <2 mild 1 30
p.His 173 Tyr H173Y <1 moderate 1 14
p.Gly 188 Arg G188R 4.3 severe (graft) 1 37
p.lle 219 Ser 1219S 1.3 moderate to severe 1 32
p.del 188-221* 1VS9+4 delA - mild 1 42
p.Thr 228 Met T228M <1-3 severe 1 44
p.Leu 237 Pro L237P - severe 1 4
p.Pro 248 Asn P248Q <1 mild to severe 2 38
p.lle 255 Thr 1255T 1.6 moderate 1  unpublished

All patients described in table 2 are homoallelic *in frame deletion of aminoacids 188-221

features include various degrees of hemolytiscomozygous state (18). In this large Palestinian
anemia from well tolerated to severe transfusioiamily, the severity of cutaneous lesions varied
dependent forms. The high rate of red blood celtgeatly among first degree relatives, with no
destruction is responsible for the splenomegalgvidence for hematological disease. Most
The accumulation of porphyrins in red bloodhffected siblings had severe mutilating lesions,
cells mainly in reticulocytes can be detected byhile the younger sister, who experienced a
flow cytometry since these porphyrin-better  photoprotection, showed  mainly
accumulating cells are red fluorescent. Diffushypertrichosis and mild deformities of the hands.
tissue accumulation of porphyrins is responsibl8urprisingly, another sibling had no skin lesion
for tooth discoloration and dentine disordersand limited porphyrinuria, albeit homozygous for
ocular involvement including chronic ulcerativethe same molecular defect.
keratitis and scleromalacia; as well as Phenotypic variability in unrelated patients
osteodystrophia combining osteolysis of lighharbouring the same molecular defect has been
exposed extremities and osteoporosis (2, 10, 113tudied in detail (38). Again, a large scale of
Phenotypic heterogeneity is a commonlisease severity was observed relative to
finding in CEP, the interdependence betweetutaneous involvement, ranging from severe
disease severity and porphyrin excess has bematilating lesions to mild features, considering a
pointed out (16). Adult late onset forms exhibit aelatively frequent mutant (p.Pro248Asn) in
mild phenotype often restricted to skinSpanish patients.
photosensitivity (5, 40) and associated with
myelodysplasia (22, 43) or thrombocytopenia GENOTYPE/PHENOTYPE
(24). On the opposite side of the clinical CORRELATION
spectrum, extremely severe forms, starting Comprehensive phenotypic studies are
during pregnancy, are dominated by sevelifecessary to evaluate phenotype/genotype
hemolytic anemia responsible for hydropgorrelations. Clinical profiles can be classified,
foetalis and death in utero (8, 17, 26). Theroposed by RJ Desnick (10), in three classes: 1-
earliest diagnosis is advisable since special casgvere, birth onset forms responsible for fetal
should be taken in affected newborns to avoiglscites, transfusion dependency, and mutilating
phototherapy for the treatment of neonatakin lesions; 2- moderate forms including latent
jaundice. chronic hemolysis, and limited cutaneous
Phenotypic variability has been reported ifvolvement; 3- mild and late-onset forms mainly
the same family among patients harbouring thestricted to cutaneous symptoms or associated
same gene defect (missense p.Ser47Pro) at {high late-onset thrombocytopenia (24).
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Such phenotypic analyses require a detailddbm the NCBI-linked databases. Two non-
scoring evaluation including symptoms asynonymous coding SNPs have been described:
diagnosis, clinical presentation, clinical courses17153561(c.371 A>G / p.Lys124Arg) and
photoprotective practices, and treatment. rs17173752c.512 T>G / p.Vall71Gly) in exons
On the other side, genotyping analyses rely and 8, respectively. Concerning the enzyme
on mutation analysis at the gene level. Thdefect, some explanations rely on structure-
deleterious effect of a given mutation can b&unction analyses of single mutants (23). The
assessed by different methods, according to tirgeraction between UROS monomers was
molecular defect: missense mutants are idealkcluded by early studies (39). The complexity
characterised by procaryotic expression (10, 14df ligand binding at the catalytic site has been
32); splicing defects are demonstrated by RTelegantly analysed by NMR technology (7).
PCR analysis (32); promoter mutations are The task of drawing correlations between
analysed in reporter gene systems (33); the usegeotype and phenotype is not straightforward in
in silico predictions can be also helpful.CEP. A main drawback is the rarity of the
However, it is important to be conscious of thelisease; about 200 cases have been reported in
limits of each technique. Actuallyin vitro the world. The molecular lesions are mostly
systems cannot rule out post-translationddeterogeneous (figure 2 and table I). Although a
modifications or integrated gene regulationcommon missense mutation is present in about
Fortunately, few coding SNPs have beeB80 % alleles, few mutants are recurrent, most are
identified on human UROS gene in the HapMaprivate, occurring in less than two families.
database and variant alleles have low frequenci®®reover, the natural history of the disease has
(0.005 to 0.01) in population studies availablevolved thanks to the availability of a curative

Table 3.Predicted and observed severity of compound m&itant

1% mutant allele % mutant allele
- Activity - Activity Affected Resulting
Description in E coli Description  in E coli families  bhenotvoe References
(%) (%) prenop

€.01-86 C>A 43 €.398insG 1 mild 32

p.Leu 04 Phe 1.8 p.Cys 73 Arg <1-2 1 moderaset@®re 10, 42
p.Val 82 Phe 36 1 mild 10, 42
c.63+1 G>A 1 moderate 10, 42

p.Cys 73 Arg <1-2 c.01-86 C>A 43* 1 mild 10, 33
c.01-76 G>A 54* 1 mild 10, 33
c.01-70 T>C < 3* 1 severe 10, 33
p.Pro 53 Leu 1.2 1 severe 12
p.Ala 66 Val 14.5 1 mild 10, 40
p.Ala 69 Thr <1-2 1 moderate to severe 32
p.Ala 104 Val 7.7 1 moderate 10, 42
p.Asn 187 Pro <1 1 severe 14
€.562-23 A>G 2 moderate 14, 20
p.Thr228 Met <1-3 4 moderate to severe 10384
p.Gly 236 Val 1 severe 41
p.Pro 248 Asn <1 4 moderate 14, 38
€.672 ins 28 1 severe 32

p.Val 99Ala 56-7 c.633ins A 1 moderate 4,49,

p.Gly 188 Trp 1.7 p.Glu 81 Asp 30 1 mild 32

p.Gly 225 Ser 1.2 c.01-90 C>A 8.3* 1 severe 10, 33
c.01-76 G>A 54* 1 mild 5
p.Tyr 19 Cys 1.1 1 severe 10, 42
p.Thr 228 Met <1-3 1 mild 42

p.Thr 228 Met <1-3 c.2ldel G 1 severe 32
c.01-70 T>A 1 moderate unpublished

p.Asn 249 X p.Thr 62 Ala <1 1 mild 42
p.Ser 212 Pro <1 1 severe 36
p.Leu 237 Pro 1 severe 21

* in promoter mutants the residual activity is measl by luciferase assay
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treatment. Indeed, bone marrow transplantation = The potential role of sequence variations
is proposed as early as possible in childhood, tovolving modifier genes is an attractive
increase its efficiency, and prevent thdwypothesis to explain the modulation of CEP
development of severe untreatable forms (1phenotypic expression. The molecular basis of
34). Finally, the availability of prenatal diagn®si phenotypic variability in CEP has not been
in affected families has also reduced the actuekplored thoroughly, given the small number of
prevalence of newly diagnosed patients. affected individuals. Candidate modifier genes
As registered in Table Il, a significantare numerous, among enzymes involved in
proportion of mutants (14/43) have beemporphyrin metabolism and transport or in
observed at the homoallelic state, due to higbhotoprotection. The recent demonstration of an
consanguinity levels in the correspondinguthentic CEP disease due to a molecular defect
families. Two mutants, p.Cys73Arg andin a transacting gene involved in the regulation of
p.Pro248Asn, are homoallelic in more than onthe heme biosynthetic pathway (the erythroid
family and less associated with consanguinitgpecific transcription factor GATA-1) is a
The prevalent mutant, p.Cys73Arg, is evenlgompelling observation in the field (27).
responsible for a severe phenotype: hydrops  Progress towards a better understanding of
fetalis and death in utero are frequently observethe molecular basis of phenotype/genotype
severe hemolysis and mutilations are responsilterrelations is directly linked to the development
for reduced life expectancy in homozygousf a comprehensive registry of the disease and
patients (10, 12, 14, 38, 40, 42). However, asill benefit immediately to patient management,
already mentioned, phenotypic variability hagoncerning conventional treatments as well as
been elegantly described in two homozygougene-based therapies.
patients with the p.Pro248Asn mutant (38).
Surprisingly, in vitro measurements of UROS REFERENCES
residual activity using expression studiesBEn
coli and luciferase assay (promoter mutantd) Aizencang G, Solis C, Bishop DF, Warner C, Desnick
predicted very low residual activities in mosfJ: Human uroporphyrinogen-lil - synthase: genomic

L . ization, alternati ters, and erythspdeifi
mutants, although all types of clinical severltyg;%?;';?c:gger?ogzgagggoF;ré_m;g;_rzsslén erythspaeific

were observed at the homozygous state. 2. Anderson KE, Sassa S, Bishop DF, Desnick RJ. The
Most non consanguineous patients haugorphyrias. In:The Metabolic Basis of Inherited Diseases
Compound heterozygosity (table |||)n Vitro (8th edition), Scriver CR, Beaudet AL, S|y WS and l¥/dD

. ; ; ; (eds.), New York, McGraw-Hill; 2001, pp 2991-3062.
predictions of UROS proteirE(coli expression) 3. Astrin KH, Warner CA, Yoo HW, Goodfellow PJ, Tsai

or promoter (luciferase assay) residual activityr 'pesnick RJ (1991) Regional assignment of the huma
are well suited to the evaluation of clinicaluroporphyrinogen Iil synthase (UROS) gene to chrams
outcome and severity of the disease. As a genetén25-2-3%6-3Hum Gendet1991,87|:018;122. ]

; i ; 4. Bensidhoum M, Ged C, Hombrados |, Moreau-Gaudry
rLllllel’ V\.Ihebn Ithe r]-eszl(il;altr?ctIVItydOf tlhe ];n‘Sé[ ml%tta]nF, Hift RS, Meissner P, Sturrock DD, de Verneuil H.
allele 1s below 1- 0, ; € residual ac IV!yO Qdentification of two new mutations in congenital
second mutant allele is below 1-2 % in severgythropoietic porphyriaEur J Hum Genet1995,3: 102-
forms, and above 5-10 % in moderate or mildo7. . _
forms. This statement is verified in heteroalleli® Berry AA, Desnick RbJ Ahs"'” KH-h Sha‘,'lf:jbeer J, '-L,’C'TV
patients harbouring the common severe muta@\N’ Lim HW. Two brothers with mild congenita

. rythropoietic porphyria due to a novel genotypech

p.Cys73Arg or the missense mutant p.Leu04Ph§armatol 2005141 1575-1579.
The association of p.Leu0O4Phe mutant with. Boulechfar S, Da Silva V, Deybach, JC, Nordmann Y,
potentially severe mutations p.Cys73Arg, ofrandchamp B, de Verneuil H. Heterogeneity of matei
splicing defects (c.63+1 G>A / exon 2 deletion" the uroporphyrinogen Il synthase gene in coitgéen

. . . érythropoietic porphyrigdum Genetl992,88: 320-324.
or p.Val82Phe / exon 4 deletion) is described 5" Cunha L, Kuti M, Bishop DF, Mezei M, Zeng L, Zhou

either a mild, moderate or severe phenotyp@m, Desnick RJ. Human uroporphyrinogen Il synthase:
depending on the severity of the second mutamMR-based mapping of the active sifroteins.2008,71:

The rule is less obvious in some families wh§55|'38?ir-] oah - M. Narey E. Gubl

: : aikha-Dahmane F, Dommergues M, Narcy F, Gubler
experienced moderate to severe forms linked E?C’ Dumez Y. Gauthier E, Nordmann Y, Nessmann C.
the same genotype (see p.Cys73Arg erasse G, Muller F. Congenital erythropoieticpfyria:
p.Thr228Met, and p.Gly225Ser / p.Thr228Metprenatal diagnosis and autopsy findings in two irsipl
in Table I11). fetusesPediatr Dev Pathol2001,4: 180-184.
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