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Abstract

In order to determine the molecular basis of uroporphyrinogen
(URO) decarboxylase deficiency responsible for hepatoerythro-
poietic porphyria (HEP) and familial porphyria cutanea tarda,
we used a human UROdecarboxylase cDNA to analyze the
organization and expression of the UROdecarboxylase gene in
lymphoblastoid cells from normal individuals and from two pa-
tients with HEP. Wecould detect neither deletions nor rear-
rangements in the UROdecarboxylase gene. Synthesis, pro-
cessing, and cell-free translation of the specific transcripts ap-
peared to be normal. The half-life of the abnormal protein was
12 times shorter than that of the normal enzyme. The results
indicate that the enzyme defect is due to a rapid degradation of
the protein in vivo. This study is the first to provide information
regarding the molecular mechanism responsible for the URO
decarboxylase deficiency in HEP.

Introduction

Uroporphyrinogen (URO)' decarboxylase (E.C. 4.1.1.31) is a
cytosolic enzyme which catalyzes the sequential removal of the
four carboxyl groups of the carboxymethyl side chains in uro-
porphyrinogen to yield coproporphyrinogen (1). The enzyme
has been purified from different sources (2-5) and antibodies
have been obtained against the enzyme. UROdecarboxylase
deficiency results in the clinical disorders of porphyria cutanea
tarda (PCT) and hepatoerythropoietic porphyria (HEP). PCT is
characterized clinically by blister formation, increased skin fra-
gility, hypertrichosis, pigmentary changes, and sclerodermoid
plaques (1). The familial form, or type II, of PCTis characterized
by a dominantly inherited deficiency of the enzyme activity
(6-8); this deficiency has been documented in all cell types in-
vestigated (1). HEP(9) is a severe form of cutaneous porphyria
that occurs very early in infancy and is characterized clinically
by photosensitivity, bullae, erosions, hypertrichosis, and red-
colored urine. The enzymatic deficiency responsible for the dis-
ease is much more severe than in familial PCT. It has been
postulated that patients with HEPmay be homozygous for the
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1. Abbreviations used in this paper: HEP, hepatoerythropoietic porphyria;
PCT, porphyria cutanea tarda; URO, uroporphyrinogen.

gene that causes familial PCTin the heterozygous state (10-12).
However, the situation may be more complicated, since, as in
many other genetic diseases, the same clinical syndrome can
correspond to different molecular lesions in different families.
Therefore, further understanding of the relationship between
various conditions associated with a UROdecarboxylase defect
requires a molecular analysis of the mutation leading to the
enzymatic deficiency.

In most cases of familial PCT investigated, immunological
and catalytic assays have suggested that the mutation does not
lead to the accumulation of a catalytically inactive gene product
(1 1, 13). Weobtained the same result in our recent study of two
HEPpatients (1 1). These results indicate either that the URO
decarboxylase deficiency is due to a defect in the expression of
the gene (gene deletion, defective transcription, abnormal pro-
cessing of the mRNA, unstable or untranslatable mRNA) or
that the protein coded for by the mutant gene is unstable in
vivo. In familial PCT, as in most of the other dominantly trans-
mitted porphyrias, the characterization of the molecular defect
is complicated by the presence of a normal gene coexisting with
the mutant allele. In this report we studied a family where the
homozygous patients are products of consanguineous parents.
The availability of a human UROdecarboxylase cDNA clone
allowed us to investigate the mutant gene and its expression in
lymphoblastoid cell lines.

Methods

Case report. Subjects consisted of two patients (1 and 2) with hepatoer-
ythropoietic porphyria who have been previously described (1 1). URO
decarboxylase activity was measured in the 12,000 g supernatant of ho-
mogenized lymphoblastoid cells with a previously described method
modified for use on a smaller scale (14). The enzymatic defect was iden-
tical to that found in the erythrocytes of the patients (1 1).

Establishment and maintenance of lymphoblastoid cell lines. Blood
samples (10-20 ml) from the patients, both parents, and controls were

anticoagulated with heparin. The lymphocytes were isolated by centrif-
ugation in a Ficoll gradient and transformed with the Epstein-Barr virus.
Each lymphoblast culture was maintained in RPMI 1640 medium sup-
plemented with 20% fetal calf serum and 2 mMglutamine at 370C in
the presence of 5%CO2.

RNAand DNAanalyses. DNAwas isolated either from leukocytes
or from lymphoblast cells as previously described (15). 10 Ag of genomic
DNAwere digested with an excess of restriction enzyme. The resulting
DNAfragments were fractionated on a 0.8% agarose gel and transferred
onto nitrocellulose filter papers. Total cellular RNAwas prepared from
lymphoblast cells as described by Adrian and Hutton (method I) (16).
RNAelectrophoresis was performed in 1%agarose, 2.2 Mformaldehyde
as described ( 17) and electrophoretic transfer to Zeta-probe was carried
out according to the protocol of the manufacturer (Bio-Rad Laboratories,
Richmond, CA). Filters were hybridized to a nick-translated 32P-labeled
DNAprobe made from a human cDNA insert of UROdecarboxylase
obtained from a human anemic spleen (Romeo, P. H., N. Raich, A.
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Antibody preparation. The preparation of anti-human uroporphyr-
inogen decarboxylase antibodies has been previously described (2).

Cell free translation. Total cellular RNAwas denatured at 650C for
5 min, then rapidly cooled on ice and translated in a micrococcal nuclease-
treated rabbit reticulocyte lysate system (18). Immunoprecipitations were
carried out according to Omary et al. (19). Translation products were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
according to Laemmli (20). The gel was treated with Amplify (Amersham
Corp., Arlington Heights, IL), dried, and autoradiographed (5 d).

In vivo incorporation of [3sS]methionine into protein. Metabolic la-
beling of cells with [35Slmethionine was carried out in methionine-free
RPMI 1640 medium containing 10% fetal calf serum. After 2 h of pulse
labeling, cells were washed twice using RPMI 1640 medium supplemented
with 20% fetal calf serum and 2 mMglutamine, then incubated in the
same medium for various periods of time. Cells were lysed and the labeled
UROdecarboxylase was immunoprecipitated as described for cell-free
translation.
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Results

Blot hybridization of DNA(Southern blot). DNAfrom one nor-

mal subject and DNAfrom patient 1 (homozygous for the URO
decarboxylase defect) were compared by restriction mapping us-

ing a full-length human cDNAas the hybridization probe (Fig.
1). The presence of a unique gene in the human DNAis very

likely because of the simple pattern of restriction fragments ob-
tained with different enzymes: two restriction fragments are ob-
tained only when the restriction site is present in the cDNA.
The probe hybridized to the same restriction fragments in DNA
isolated from a normal cell line or from the two patients (only
one is shown). This analysis failed to detect any large deletion
or rearrangements in the mutant gene.

Blot hybridization of RNA (Northern and dot blots). The
presence of the mRNAencoding UROdecarboxylase was also
studied by hybridization methods. Analyses of lines (one from
the homozygous patient 1 and the other from one parent) shown
in Fig. 2 (upper part) produced in each case a single radioactive
band that indicated the presence of mRNAfor UROdecarbox-
ylase. In both cases the mRNAmigrated with a retardation factor
similar to the control cells; it was 1,400 bases in length, in ac-

cordance with the previously determined size of the human URO
decarboxylase mRNA(21). We performed dot-hybridization
between cellular RNAand the specific probe to quantitate the
relative amount of specific mRNAcompared to the controls
(Fig. 2, lower part). The results clearly demonstrate that the
concentration of specific mRNAis very similar in the different
cell lines tested.

Characterization of the translation products of UROdecar-
boxylase mRNAsin normal and mutant cell lines. The presence
of the mRNAin UROdecarboxylase-deficient cell lines led us

to compare in vitro translation products of UROdecarboxylase
mRNAboth by relative amounts and by molecular size of the
protein synthesized. The translated products were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis after

immunoprecipitation with URO decarboxylase antiserum
(Fig. 3).

The same amount of neosynthesized UROdecarboxylase
was found between the normal (Fig. 3, lane 3) and the two de-
ficient cell lines (Fig. 3, lane 5 for patient 1, data not shown for
patient 2). The size of the protein was determined by comparing
the migration of the immunoprecipitated newly synthesized
UROdecarboxylase to the migrations of the purified l4C-labeled

Figure 1. Autoradiograph of a blot hybridization of human genomic
DNAfrom normal (left) and deficient (patient 1, right) lymphoblast
cell lines. Genomic DNA(10 ,ug) was digested with restriction endo-
nuclease (Bam HI, Pst I, Eco RI, Xba I, and Pvu II) and electropho-
resed in 0.8% agarose gel. The DNAwas transferred to nitrocellulose
paper and hybridized at 420C in 50% formamide for 24 h with nick-
translated [32P]cDNA (106 cpm/ml, 2 X 108 cpm/gg) (17). Arrows at
the left margin indicate the position of DNAmarkers (DNA cut by
Hind III).

human enzyme and of other standard proteins on polyacryl-
amide gels. The molecular weight of the different products was

identical to that of the marker enzyme (Fig. 3, lanes 3 and 5,
compared to lane 2).

Turnover rate of [3S]methionine-labeled UROdecarboxyl-
ase. The results reported above suggest that the mRNAencoding
the abnormal enzyme is functional. However, the protein is
present at a low level (5% of control value) (6). Wethen per-
formed labeling experiments on lymphoblastoid cell lines to
measure the half-life of the enzyme. As shown in Fig. 4, pulse-
chase experiments with [35S]methionine-labeled protein dem-
onstrate that the normal enzyme is relatively stable and is de-
graded with t'/2 of -82 h. In contrast, the abnormal enzyme
from the two patients appears to turn over more rapidly: 85%
of the labeled protein is lost within 20 h (t'/2, 7 h).

Discussion

The results reported in this paper provide the first details as to
the molecular mechanism responsible for the UROdecarbox-
ylase deficiency in HEP. The two patients presented with a de-
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Figure 2. (A) Autoradiograph of a blot hybridization of RNAfrom
normal and deficient lymphoblast cell lines (patient 1). Total RNA(20
Mg) from two controls (N), one parental (He), and one homozygous

deficient cell line (Ho) was denatured and applied to a 1% agarose gel
containing 2.2 Mformaldehyde for electrophoresis. The RNAwas

transferred electrophoretically to a Zeta-probe membrane, hybridized
for 16 h at 420C with nick-translated [32P]cDNA (106 cpm/ml, 1.5
X 10' cpm/Mg) in the presence of 50% formamide and 10% dextran
sulfate and washed at stringent conditions (to 0.1 X saline sodium ci-
trate at 600C). (B) Autoradiograph of dot hybridization of RNAfrom
normal (N) and deficient (Ho) lymphoblast cell lines. 10 Mg of total
RNAand serial dilutions were spotted on a Zeta-probe membrane,
hybridized, and washed as described for the Northern blot.

creased UROdecarboxylase activity (5% of the normal values)
in red blood cells and lymphoblastoid cell lines. The parents of
the patients were second cousins and both of them had a defect
of UROdecarboxylase activity (30 and 34%of the mean normal
value for the father and mother, respectively). These data are

consistent with the hypothesis that the patients are homozygous
and their parents heterozygous for the same gene defect. The
immunological measurement of UROdecarboxylase in red
blood cells from the patients and their parents indicated that
the immunoreactive protein was decreased to a similar extent
as its enzymatic activity (1 1).

The genetic lesion in HEP has its metabolic expression
mainly in erythrocytes and liver cells; it remains possible that
there is a difference in gene expression in different tissues. How-
ever, the enzymatic deficiency has been found in all tissues in-
vestigated (erythrocytes, lymphocytes, and fibroblasts), and
therefore, it is reasonable to assess the functional consequences

1 2 3 4 5
Figure 3. Autoradiograph of a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis of proteins translated in vitro and specifically im-
munoprecipitated by a human UROdecarboxylase antibody. Cell-free
synthesis was performed in a total reaction mixture of 100 id, contain-
ing 25 ug of total RNAfrom the cell lines. Radioactivity incorporated
into trichloroacetic precipitable material was about 2.5 X 106 cpm.
Labeled translation products (800,000 cpm) were immunoprecipitated
with 1 Ml of antiserum and applied to the electrophoresis gel. Lane 1,
'4C-labeled protein markers: bovine serum albumin (relative molecu-
lar weight [Mn] = 67,000); ovalbumin (Mr = 45,000); carbonic anhy-
drase (M, = 30,000); soybean trypsin inhibitor (Mr = 20,100); lactal-
bumin (M, = 14,400). Lane 2, '4C-labeled UROdecarboxylase puri-
fied from human erythrocytes. Lane 3, [35S]URO decarboxylase
neosynthesized with RNAfrom a normal cell line. Lane 4, same as

lane 3, but in the presence of 1 Mg of cold UROdecarboxylase at the
immunoprecipitation step. Lane 5, [35S]URO decarboxylase neosyn-

thesized with RNAfrom a homozygous-deficient cell line (patient 1).

of the gene abnormality using lymphoblastoid cell lines from
patients.

Northern and dot blot analysis indicated the presence of
UROdecarboxylase-specific transcripts of normal size and in
equal amounts as compared with the control lines. The URO
decarboxylase gene is transcribed and the transcript is normally
processed leading to the presence of messenger RNAin patients'
cells. The enzymatic deficiency could be due to a defect in the
translation of the message or to a rapid degradation of the ab-
normal protein in vivo. Analysis of the cell-free translation
products directed by mRNAfrom patient cells clearly eliminated
the first hypothesis; a normal amount of immunoprecipitable
UROdecarboxylase was synthesized in vitro. In contrast, esti-
mation of the UROdecarboxylase turnover in lymphoblastoid
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Figure 4. Turnover rate of [35S]methionine-labeled UROdecarboxyl-
ase. The upper part of the figure shows autoradiograms of UROdecar-
boxylase immunoprecipitates obtained after labeling lymphoblast cells
(30 MCi/ml, 2 h), washing, then incubating in usual medium for 0, 20,
42, 66, and 90 h as described under Methods (0': 0 h chase time point
immunoprecipitated in the presence of 1 gg of cold antigen; ag: pure

'4C-labeled UROdecarboxylase). Autoradiograms were scanned and a

semilog plot is shown (in the lower part) for the percentage of inte-
grated values (relative to the 0 h chase time point) vs. hours of chase.
4 X 106 cpm of trichloracetic precipitable material were used for each
point. 37-43% of the trichloracetic precipitable material remained af-
ter 90 h in chase medium for the different experiments. A, normal cell
line; ., patient cell line; A, patient 2 cell line.

cell lines from patients revealed that the half-life of the protein
was about 12 times shorter as compared with that of UROde-
carboxylase in cell lines from controls. From these results we

can assume that the enzyme defect in this family is accounted
for by a great instability and a rapid degradation of the protein
in vivo. This is likely to be due to a point mutation in the en-

coding part of the gene leading to the substitution of an amino
acid in the protein. However, our results do not rule out the
possibility of an abnormal posttranslation modification of the
protein in the patients. Cloning of a cDNAcomplementary to
UROdecarboxylase mRNAfrom patients and sequencing of
this cDNA should definitively confirm the point mutation hy-
pothesis.

The type of abnormality described here is very similar to
that found in other inherited enzymatic defects, where the most
commontypes of mutation lead to the formation of an unstable
protein or a protein with altered immunological and catalytic
properties (16, 22-24). Most of the inherited diseases studied at
the molecular level are X-linked or autosomal recessive (25).
For an autosomal dominant disease, the characterization of the
molecular defect is complicated by the presence of a normal
copy of the gene. Since there is a possibility that HEPrepresents
a homozygous form of familial PCT(10-12), the characterization
of the mutant gene responsible for HEPin homozygous patients
may be an approach to the study of familial PCT. The use of

oligonucleotide probes complementary to the normal and the
mutant sequences (26-27) should allow us to determine if the
mutations responsible for familial PCTand HEPare identical,
or if a heterogeneity exists, as in most of the genetic disorders
already investigated at the molecular level.
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