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Abstract We have recently demonstrated that in an auto-
somal dominant porphyria, erythropoietic protoporphyria
(EPP), the coinheritance of a ferrochelatase (FECH) gene
defect and of a wild-type low-expressed FECH allele is
generally involved in the clinical expression of EPP. This
mechanism may provide a model for phenotype modula-
tion by minor variations in the expression of the wild-type
allele in the other three autosomal dominant porphyrias that
exhibit incomplete penetrance: acute intermittent porphyria
(AIP), variegata porphyria (VP) and hereditary copropor-
phyria (HC), which are caused by partial deficiencies of
hydroxy-methyl bilane synthase (HMBS), protoporphyrino-
gen oxidase (PPOX) and coproporphyrinogen oxidase
(CPO), respectively. Given the dominant mode of inheri-
tance of EPP, VP, AIP and HC, we first confirmed that the
200 overtly porphyric subjects (55 EPP, 58 AIP, 56 VP; 31
HC) presented a single mutation restricted to one allele
(20 novel mutations and 162 known mutations). We then
analysed the available single-nucleotide polymorphisms
(SNPs) present at high frequencies in the general popula-
tion and spreading throughout the FECH, HMBS, PPOX
and the CPO genes in four case-control association stud-
ies. Finally, we explored the functional consequences of
polymorphisms on the abundance of wild-type RNA, and
used relative allelic mRNA determinations to find out
whether low-expressed HMBS, PPOX and the CPO alle-
les occur in the general population. We confirm that the
wild-type low-expressed allele phenomenon is usually op-
erative in the mechanism of variable penetrance in EPP,
but conclude that this is not the case in AIP and VP. For
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HC, the CPO mRNA determinations strongly suggest that
normal CPO alleles with low-expression are present, but
whether this low-expression of the wild-type allele could
modulate the penetrance of a CPO gene defect in HC fam-
ilies remains to be ascertained.

Introduction

The inherited porphyrias are disorders in which the activ-
ity of one of the enzymes involved in the heme biosynthe-
sis pathway is partially deficient (Fig. 1; Sassa et al. 2000;
Anderson et al. 2001). They are classified as hepatic or
erythropoietic, depending on where most of the porphyrins
or their precursors are produced. Acute hepatic porphyrias
(AHPs), mainly acute intermittent porphyria (AIP, MIM
176000), variegata porphyria (VP, MIM 176200) and hered-
itary coproporphyria (HC, MIM 121300), are the acute
porphyrias with the highest incidence and clinical sever-
ity. AIP, VP and HC are caused by partial deficiencies of
hydroxy-methyl-bilane synthase (HMBS; EC 4.3.1.8),
protoporphyrinogen oxidase (PPOX; EC 1.3.3.4) and co-
proporphyrinogen oxidase (CPO; EC 1.3.3.3), respectively
(Fig. 1). The clinical features of AHPs consist essentially
of neurological symptoms, although VP and HC patients
may also present with cutaneous symptoms. AHPs are in-
herited as autosomic dominant traits with incomplete pen-
etrance. The related molecular defects are characterised
by high molecular heterogeneity, with more than 400 mu-
tations reported so far in the three genes (Human Gene
Mutation Database: http://www.hgmd.org), without any
strong evidence for phenotype/genotype relationship. This
incomplete penetrance and variable clinical expression
limit the effectiveness of genetic counselling, and all pre-
symptomatic patients have to follow strict rules with re-
gard to medication and lifestyle, even though less than
10% of them are ever likely to develop symptoms (An-
derson et al. 2001).

Inconsistent phenotype/genotype relationships in sim-
ple Mendelian disorders have often been attributed to en-
vironmental factors or to modifier genes that modulate the
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clinical expression of a gene defect at a major locus. In
AHPs various triggering factors, such as fasting, infec-
tious disease or medication have been identified, but re-
main insufficient to explain the penetrance of a dominant
mutation, suggesting the existence of further susceptibil-
ity loci. A new genetic approach suggests that in domi-
nantly inherited disorders, clinical manifestations cannot
be simply a matter of haplo-insufficiency, and that addi-
tional enzyme deficiencies may be necessary for pheno-
type expression to occur. In these disorders, slight varia-
tions in the expression of the normal allele in trans to the
mutated allele may have a major impact on the clinical ex-
pression of the disease by lowering gene expression be-
low a critical threshold. The penetrance of a dominant
mutation may thus be modulated by functional polymor-
phisms at the same locus. This mechanism of incomplete
penetrance has been suggested in dominant Hirschsprung
disease (Borrego et al. 1999), and demonstrated in hered-
itary elliptocytosis (Alloisio et al. 1991; Wilmotte et al.
1993) and in the predisposition to tumorigenesis in famil-
ial adenomatous polyposis (Yan et al. 2002). We have re-
cently demonstrated that in dominant erythropoietic proto-
porphyria (EPP, characterised by a partial deficit in fer-
rochelatase activity, FECH, EC4.99.1.1) the clinical pene-
trance of a FECH gene defect is systematically modulated in
the presence of a common wild type, low-expression FECH
gene in frans to a dominant mutation. A common intronic
single-nucleotide polymorphism (SNP), IVS3-48T/C, is
responsible for the low-expression mechanism by modu-
lating the use of a constitutive aberrant acceptor splice
site; the aberrantly spliced mRNA is degraded by a non-
sense-mediated decay mechanism, producing a lower steady-
state level of FECH mRNA (Gouya et al. 2002). In AHPs,
enzyme activities are 50% of normal in both overt and
presymptomatic patients (Sassa et al. 2000). However, en-

Erythropoietic Autosomal dominant Erythropoietic

Protoporphyria

zyme activities are measured in peripheral blood cells,
whereas AHPs are mainly hepatic disorders. Moreover,
two of these assays are technically tedious, and may lack
sensitivity; the stability of proteins, especially of CPO, is
low in lymphocytes so that enzyme decay may occur if
blood sampling, lymphocyte isolation and storage take more
than 2 h to perform (Da Silva, personal communication).
This means that enzyme measurement in blood samples in
acute hepatic porphyrias cannot provide any evidence for
or against a hypothetical effect on enzyme activity levels
from an allele frans to the mutation.

In this study, a new EPP cohort of 55 patients and a
control group of 80 unrelated subjects of Caucasian ori-
gin, are studied in order both to validate the method and to
confirm in a larger cohort that the low expression of a
wild-type allelic variant is generally required for EPP to
be clinically expressed (Gouya et al. 2002). We then in-
vestigated whether this phenomenon is restricted to EPP,
or whether it could be also involved in AIP, VP and HC.
We have developed two complementary methods to test
this hypothesis: (1) in 145 AIP, HC, and VP subjects with
identified mutations, we analysed the distribution of all
common intragenic SNPs in the HMBS, CPO, and the
PPOX genes by case-control association studies; (2) in the
control group, we performed relative quantifications of re-
spective HMBS, CPO, and PPOX allele mRNA to explore
the putative functional consequences of SNPs on the abun-
dance of wild-type mRNAs.

Material and methods

Patients

Procedures involving human subjects were performed in accor-
dance with the 1983 revision of the Declaration of Helsinki, and
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informed consent was obtained from all subjects prior to their in-
clusion in the study. All the porphyric families included in the
study had been diagnosed in the Centre Francgais des Porphyries
during the period 1998-2003, and patients from each family were
undergoing clinical follow-up at the centre. A total of 200 subjects
from unrelated French porphyric families of Caucasian origin were
studied. Overt French Caucasian patients were selected on the ba-
sis of a typical history of painful neurovisceral episodes for the
58 AIP and 31 HC patients, and/or dermatological symptoms for
56 VP patients; 30 VP patients (53%) had isolated dermatological
symptoms. Fifty-five French Caucasian overt EPP patients were
selected on the basis of a typical history of skin photosensitivity. In
all these patients, porphyria was diagnosed on the basis of low en-
zyme activity, in the red blood cells for HMBS or in the lympho-
cytes for CPO, PPOX and FECH, and identification of the gene
defect.

Identification of mutations

None of the patients in this study had been included in previous
publications on mutational analysis. DNA was extracted from pe-
ripheral blood leukocytes. The specific gene defects were identi-
fied by a two-step strategy: mutations were first localized using a
screening method, and any that showed an abnormal pattern were
then sequenced. Exons 1-15 of the HMBS gene, 1-7 of the CPO
gene, 1-13 of the PPOX gene, 1-11 of the FECH gene, along with
50-150bp of their flanking regions, were amplified using the
primers and conditions described elsewhere (Gouya et al. 1996;
Puy et al. 1997; Riifenacht et al. 1998; Rosipal et al. 1999) and were
screened for mutations by denaturing gradient gel electrophoresis
(DGGE), heteroduplex analysis or dHPLC. Any regions showing
abnormal patterns were sequenced to identify mutations and poly-
morphisms. When no abnormality was detected by screening
methods, the gene was sequenced to eliminate the possibility of
any other sequence variation, as has previously been reported
(Gouya et al. 1996; Puy et al. 1997; Riifenacht et al. 1998; Rosipal
et al. 1999). For DNA sequencing, HMBS, CPO, PPOX and FECH
genes were amplified using primers different from those used for
the screening analysis (Gouya et al. 1996; Puy et al. 1996, 1997;
Riifenacht et al. 1998; Rosipal et al. 1999).

Nomenclature

Gene mutation nomenclature used in this article follows the rec-
ommendations of den Dunnen and Antonarakis (2001). Gene sym-
bols used in this article follow the recommendations of the HUGO
Gene Nomenclature Committee (Povey et al. 2001).

Intragenic polymorphism genotyping

The frequencies of 14 known intragenic SNPs distributed over the
FECH, HMBS, CPO and PPOX genes were determined by studying
overtly porphyric patients and 80 French Caucasian white subjects
who did not have porphyria. Among the 14 SNPs, we used all the
available non-synonymous coding SNPs (non-syn cSNPs) found
frequently in the disease-free population (Table 1; Astrin et al.
1994; Martasek et al. 1994; Puy et al. 1996; Gouya et al. 1999;
Whatley et al. 1999; Gouya et al. 2002). In the case of the HMBS
gene, Caucasian populations from Western Europe and North
America are known to exhibit a marked linkage disequilibrium be-
tween four SNPs in intron 1, and one SNP in intron3 (Yoo et al.
1993). All the HMBS intragenic polymorphic sites studied here gave
rise to a co-dominant two-allele polymorphism, and for all of them
the distribution of homozygotes and heterozygotes is known to be in
a Hardy-Weinberg equilibrium without linkage disequilibrium. The
control group was drawn from the Centre d’Etude du Polymor-
phisme Humain (CEPH, Paris), and polymorphisms frequencies
were determined by means of direct sequencing, restriction enzyme
digestion, or DGGE as previously described (Puy et al.1997; Riife-
nacht et al. 1998; Rosipal et al. 1999; Gouya et al. 2002).

Table1 Distribution of polymorphisms in the FECH, HMBS, CPO and PPOX genes in families with the corresponding porphyria. NC non-coding, NS not significant, ND not done,

5'NC 5’-non-coding region, 3'UTR 3’-untranslated region, syn synonym, non-syn non-synonym
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dAccording to the human PPOX gene sequence (accession number: X99450)

eStatistics refer to comparison of patient group vs control group

aAccording to the human FECH gene sequence (accession number: AJ250235)
bAccording to the human HMBS gene sequence (accession number: M95623)

¢According to the human CPO cDNA sequence (accession number: NM000097)



Table 2 PCR and extension primers for mnRNA and genomic DNA relative quantifications. AT annealing temperature (°C)

Extension primers and alleles size

Genomic DNA relative quantifications:

PCR primers

mRNA relative quantifications:

Exonic
PCR primers

SNP

Gene

S:5’cy5-GGACTTTTGCCCAGAGTTCT-3’

Allele A: 22-bp extension

S:5"-TGCTGTCCAGTGCCTACATC-3’

S:5"-TGCTGTCCAGTGCCTACATC-3’

HMBS G*7*A

AS: 5’biot-AAGGACGTACCAGGAGAACTCT-3’

AT: 56; Amplimer size: 343 bp

AS: 5biot-AAGGACGTACCAGGAGAACTCT-3’

AT: 56; Amplimer size: 343 bp
A¥'C  S:5-CTTTACCTCTAACTGCCCGATG-3’

Allele G: 28-bp extension

S: 5'Cy5-GCAGATGATAACATGTTTTGGA-3’

Allele A: 28-bp extension

S: 5-AGTATTTGTTATGGGTTAGTCTTA-3’

AS:

CPO

AS:

5’biot-ATGAGGTTTAATCAATTGACTCTGA-3’

AT: 51; Amplimer size: 771 bp

5’biot-ATGAGGTTTAATCAATTGACTCTGA-3’

AT: 55; Amplimer size: 318 bp

Allele C: 32-bp extension

AS: 5’Cy5-ACCCCCAGCCTTTTCGGTCTCT-3’

Allele A: 28-bp extension

S: 5’biot-TGCCGCGAGAACAGAGTGGAC-3’

AS: 5’-gcccacgtagaggaacctgtt-3”
AT: 61; Amplimer size: 1047 bp

S: 5’biot-TGCCGCGAGAACAGAGTGGAC-3’
AS:5"-GGCCCATGCGGAAACCCACA-3’

AT: 61; Amplimer size: 279 bp

PPOX A*C

Allele C: 33-bp extension
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Relative determinations of DNA and mRNA
by fluorescent primer extension assay

DNA and total RNA were prepared from lymphoblastoid cell lines,
and mRNAs were reverse transcribed using oligo-dT primers. The
PCR amplimers and the fluorescent primers used for the HMBS,
CPO and PPOX assays are shown in Table 2. FECH primers and
the extension assay have already been described elsewhere (Gouya
et al. 1999). Extended primers were separated on an Alf DNA au-
tomated sequencer (Pharmacia biotech), and the areas under the
peaks were calculated using the Fragment Manager program
(Pharmacia Biotech). Results are expressed as the peak area ratio
(R) of the corresponding allelic mRNA. DNA quantifications were
performed as an index when the scatter of the ratios outside the
equimolar representation of the two copies of a gene (R=1) re-
flected the technical limitations of the assay. The results are the
mean of 3-9 experiments, as previously described (Gouya et al.
1996).

Statistical analysis
Allele distribution was analysed by the ? test. The allele distribu-

tion of the 14 polymorphisms in the four genes satisfied the Hardy-
Weinberg equilibrium (y? test, P>0.5).

Results and discussion

To find out whether a common allele in trans to a domi-
nant mutation could modulate the penetrance in four dif-
ferent human dominant porphyrias, we studied 200 unre-
lated porphyric patients. We first characterised the spe-
cific gene mutation in each patient: 20 novel and 162 pre-
viously reported mutations were identified in our por-
phyric cohort (Table 3). We confirmed the wide hetero-
geneity of molecular abnormalities in these porphyrias.
Moreover, in all recently studied populations, hitherto un-
reported mutations continue to emerge. This continuing
emergence of novel mutations despite the identification of
more than 420 mutations, and the low de novo mutation
rate demonstrates the usefulness of preliminary identifica-
tion of the causative mutations in each newly-diagnosed
family so that relatives with latent porphyria can be accu-
rately identified (Donnelly et al. 2002; Gregor et al. 2002;
Wiman et al. 2002; Yasui et al. 2002). Most mutations
were restricted to a single family, and in accordance with
the autosomic dominant inheritance, each patient had a
single mutation restricted to one allele.

Allele frequencies of intragenic SNPs distributed over
the FECH, HMBS, CPO and PPOX genes in the control
group and the symptomatic patient group are reported in
Table 1. We first analysed the distribution of four intra-
genic polymorphisms in 55 patients with overt EPP. The
patient group exhibited a significantly higher frequency of
a specific set of alleles than the control group (Table 1;
4589G, 11286T, 41042T), whereas both groups exhibited
a similar distribution for the G32371C polymorphism in
exon 7. These findings are related to the strong linkage dis-
equilibrium observed between the functional IVS3-48C
allele and the 4589G, 11286T, 41042T alleles (Gouya et
al. 2002); the G32371C polymorphism in exon 7 is not af-
fected by this phenomenon. The three other case-control
association studies failed to detect any difference in SNP
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Table3 Twenty novel muta-

tions causing AIP, VP, HC and  Gene Exon/ Mutation? Sequence modification
EPP reported, respectively, in Intron
the HMBS, PPOX, CPO and
FECH genes HMBS
Intron 2 34-2 a/g Exon 3-skipping
Exon 4 C88 A Exon 4-skipping
Exon 4 A 101 G Q34R
Exon 5 178 Ins G Frameshift (stop codon +5)
Exon 5 207 Ins T Frameshift (stop codon +1)
Intron 10 613-1g/a Exon 11-skipping
Exon 12 G706 A G236S
Exon 12 T731C L 244 P
Exon 12 741 Ins 13bp Frameshift (stop codon +7)
Exon 12 749 Del A Frameshift (stop codon +12)
Exon 14 886 Ins A Frameshift (stop codon +11)
PPOX
Exon 2 83 Ins C Frameshift (stop codon +1)
Exon 3 G119C G40Q
Exon 5 373 Del C Frameshift (stop codon +7)
Exon 5 G451T Q151X
Exon 12 1283 Del A Frameshift (stop codon +2)
CPO
Exon 5 1039 Ins AGG 348 Ins E
FECH
) . Exon 2 G102A W34X
:ij;)}rlli ?:ggig%gnifléhfirguggge Exon 3 217 Ins T Frameshift (stop codon +7)
of the initiation codon Exon 9 973 Del A Frameshift (stop codon +10)

distribution between the control group and the AIP, VP,
and HC patient groups, respectively (Table 1).

These data lead to a number of conclusions. First, these
findings from a new large EPP cohort are consistent with
the role of a low expression of a wild-type allele variant
trans to a mutated FECH allele, which is generally required
for clinical expression of EPP. Second, by this study, the
control group is validated for the subsequent case-control
association studies. Third, the absence of common non-
syn cSNP in the HMBS gene, and the absence of any as-
sociation with the three available non-syn cSNPs in the
PPOX and CPO genes, suggest that common protein vari-
ants may not generally be involved in the pathophysiol-
ogy of AIP, VP and HC. Finally, these data do not indicate
that a common wild-type allele is generally operative in
the mechanism of variable penetrance in AIP, VP and HC.
However, this absence of significant evidence for such an
association could result either from the lack of linkage
disequilibrium between the individual SNPs tested and
any functional polymorphism, or from the existence of
several different functional polymorphisms, each of which
makes only a limited individual contribution to pene-
trance in AHPs. To overcome these two main limitations
of the case-control association studies, we performed an
independent functional experiment.

Indeed, it has been reported that most of the phenotype
variations among closely related organisms are attribut-
able to changes in gene expression rather than to modifi-
cations in protein sequence (Brett et al. 2002). Conse-
quently, it can be expected that penetrance in Mendelian

disease would often be caused by quantitative modifica-
tions in mRNA amounts, rather than by structural alter-
ations of proteins (Brett et al. 2002). Moreover, if the low
expression mechanism is generally involved in the pene-
trance of an autosomal dominant disorder, this would imply
that alleles with low expression should be reasonably com-
mon in the general population. We therefore analysed the
expression level of VP, CPO and HMBS wild-type genes
by comparing allele mRNA determinations in 80 control
subjects. We have previously demonstrated that the mod-
ulating FECH gene is characterised by a lower steady-
state level of FECH mRNA (Gouya et al. 1999). In this
study, the 10.6% allele frequency of the wild-type, low-
expressed FECH allele measured in the 80 unrelated sub-
jects (Fig.2a; seven low-expressed alleles/66 quantified
alleles) is consistent with the 11% we previously reported
(Gouya et al. 1996). Of the seven low-expressed FECH
alleles, five have low ratios and two have high ratios, re-
lated to the absence of linkage disequilibrium between the
functional IVS3-48C allele and the G or C 32371 alleles
in exon 7 used to quantify mRNA. This finding validates
the control group for subsequent mRNA quantifications
for the HMBS, PPOX and CPO genes. The relative values
of HMBS and PPOX allelic mRNA do not reveal signifi-
cant variations in the expression level that are any greater
than those observed when using genomic DNA as the
control (Fig2c—d). Taken as a whole, our results strongly
suggest that a common specific variant does not play any
major role in the penetrance of an AIP or VP gene defect.
Indeed, both the association studies and mRNA determi-
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Fig.2A-D Relative quantifications of DNA and mRNAs by
primer extension assay for the FECH, PPOX, HMBS and CPO
genes. Results on the abscissa are expressed as the peak area ratio
of the corresponding allelic mRNA or DNA, and are presented in
the form of a histogram of the observed distribution at 0.1 inter-
vals. DNA determinations are shown as a control of an equimolar
representation of the two copies of a gene. The distribution of
DNA and RNA values is similar for the PPOX and HMBS genes
(C, D). The distribution of EPP and CPO values (A, B) shows a
main subgroup of subjects with equally expressed alleles (solid
bar), and a smaller group with a marked disequilibrium in their rel-
ative mRNA allelic representation (dashed bar)

nations gave convergent results, excluding any important
role for a single functional polymorphism frans to a dom-
inant mutation in their molecular pathogenesis.

Although the epidemiological study does not suggest
that the common wild-type modulating allele has an im-
portant role in HC, the CPO mRNA determinations clearly
demonstrate the presence of common low-expressed CPO
genes. HC is much less common than other AHPs. The
discrepancy between the case-control association study
and CPO mRNA data may be due to the limitations of case
control studies (see discussion above), and to the small
size of the HC subject group studied. The relative quan-
tifications of CPO allelic mRNAs revealed that the ex-

03 04 05 06 07 0B 09 1 11 12 13 14 15 16 17 18 189 2 21
pression of the CPO gene is clearly unbalanced in three
subjects (Fig. 2b). This demonstrates the presence of low-
expressed CPO genes with an estimated frequency of
5.3% in the control group (three low-expressed alleles/
56 quantified alleles, assuming that this ratio reflects the
frequency in the group as a whole). DGGE analysis of
500 bp in the 5’UTR region, the entire coding region, the
exon/intron boundaries and part of the 3’'UTR revealed no
mutation. The mechanism leading to low expression re-
mains unknown, and the relationship between the altered
allele ratio in 5% of the controls and the penetrance of HC
calls for further investigation. Presumably, as previously
described (Brett et al. 2002), mutations responsible for the
reduced expression could reside deep within introns or far
upstream or downstream of the gene. An unknown func-
tional polymorphism, not in linkage disequilibrium with
the four SNPs used in the association study, or several dif-
ferent functional polymorphisms may be responsible for
this low expression and so contribute to penetrance.

In conclusion, the combined statistical and functional
approaches used in this study confirmed the pre-eminence
of the low-expressed wild-type allele mechanism in the
penetrance of EPP. In AIP and VP this mechanism of
modulation of a dominant mutation appears to play only a
minor role, and the contributions of other susceptible loci
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interacting with environmental factors must be investi-
gated. In HC, slight variations in the expression of the
normal CPO allele may play a key role in the clinical ex-
pression of the disease by situating the amount of gene
product above or below the critical threshold. However,
further investigations are required, firstly to validate the
role of the low-expression mechanism in modulating pen-
etrance both in a larger cohort and in HC families and sec-
ondly to characterize the mechanism involved in the low
expression of the wild-type allele.
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