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Abstract

Congenital erythropoietic porphyria (CEP) is a rare autosomal recessive disorder characterized by
photosensitivity and by hematologic abnormalities in affected individuals. CEP is caused by
mutations in the uroporphyrinogen synthase (UROS) gene. In three reported cases, CEP has been
associated with a specific X-linked GATAZ mutation. Disease-causing mutations in either gene
result in absent or markedly reduced UROS enzymatic activity. This in turn leads to the
accumulation of the nonphysiologic and photoreactive porphyrinogens, uroporphyrinogen | and
coproporphyrinogen I, which damage erythrocytes and elicit a phototoxic reaction upon light
exposure.

The clinical spectrum of CEP depends on the level of residual UROS activity, which is determined
by the underlying pathogenic loss-of-function UROS mutations. Disease severity ranges from non-
immune hydrops fetalis /in uteroto late-onset disease with only mild cutaneous involvement. The
clinical characteristics of CEP include exquisite photosensitivity to visible light resulting in
bullous vesicular lesions which, when infected lead to progressive photomutilation of sun-exposed
areas such as the face and hands. In addition, patients have erythrodontia, brownish discoloration
of teeth, and can develop corneal scarring. Chronic transfusion-dependent hemolytic anemia is
common and leads to bone marrow hyperplasia, which further increases porphyrin production.

Management of CEP consists of strict avoidance of exposure to visible light with sun-protective
clothing, sunglasses, and car and home window filters. Adequate care of ruptured vesicles and use
of topical antibiotics is indicated to prevent superinfections and osteolysis. In patients with
symptomatic hemolytic anemia, frequent erythrocyte cell transfusions may be necessary to
suppress hematopoiesis and decrease marrow production of the phototoxic porphyrins. In severe
transfection-dependent cases, bone marrow or hematopoietic stem cell transplantation has been
performed, which is curative.. Therapeutic approaches including gene therapy, proteasome
inhibition, and pharmacologic chaperones are under investigation.
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1. Introduction

The inherited porphyrias are a diverse group of inborn errors of heme biosynthesis, each
resulting from the deficient activity of a specific enzyme in the pathway [1-3] [Fig 1].
Porphyrias are classified as either hepatic or erythropoietic, according to whether the excess
production of porphyrin precursors and porphyrins occurs primarily in the liver or in the
erythron. Patients with the erythropoietic porphyrias have elevated bone marrow and
erythrocyte porphyrins, and their clinical manifestations usually include anemia and/or
cutaneous photosensitivity causing mild to severe dermatological involvement. The
erythropoietic porphyrias include congenital erythropoietic porphyria (CEP), erythropoietic
protoporphyria (EPP), and X-linked protoporphyria (XLP). While EPP and XLP have a very
similar clinical presentation, CEP has a distinct phenotype and typically presents with
significantly more severe cutaneous involvement and debilitating complications [1-3].

CEP is a rare, autosomal recessive, panethnic disease, resulting from deficient activity of the
fourth enzyme of the heme biosynthetic pathway, uroporphyrinogen Il synthase (UROS),
which is encoded by the uroporphyrinogen 111 synthase (UROS) gene [1-4]. The enzyme
deficiency results in the accumulation of the non-physiologic porphyrinogen | isomers,
uroporphyrinogen | and coproporphyrinogen | in bone marrow erythroid precursors and
erythrocytes [Fig 2]. The isomer | porphyrinogens undergo auto-oxidation to the
corresponding porphyrins, which are photo-activated, damage erythrocytes, and are
deposited in tissues and bones. Since they are photocatalytic compounds, exposure of the
skin to sunlight and other sources of long-wave ultraviolet light elicits a phototoxic reaction,
resulting in blistering and vesicle formation as well as increased friability of the skin [1, 5].

In most cases, CEP is caused by UROS mutations and follows an autosomal recessive
inheritance pattern. One specific mutation in the GATAZ gene, located on the X
chromosome, has also been linked to the CEP phenotype in 3 male individuals [6, 7]. So far,
about 250 CEP patients have been described in the literature [8] and their clinical
manifestations are markedly heterogeneous, ranging from non-immune hydrops fetalis to
milder, later-onset forms characterized by mild cutaneous involvement without hematologic
symptoms in adult life [1, 9]. Severely affected patients are transfusion-dependent
throughout life, have secondary hypersplenism and significant cutaneous involvement.
Severe complications such as secondary skin infections with subsequent bone resorption and
photomutilation, leading to loss of digits and facial features are common [10]. Chronic
infections have caused osteomyelitis in some CEP patients [11, 12]. Successful bone marrow
(BMT) or hematopoietic stem cell (HSCT) transplantation is the only curative approach.
Management otherwise consists of strict avoidance of sun and light exposure as well as
erythrocyte transfusions to maintain the hematocrit >35 to decrease reticulocytosis in
transfusion-dependent patients [13, 14].
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2. Pathophysiology

2.1 The Enzymatic Defect

The pathogenesis of CEP is readily explained by markedly deficient, but not absent, UROS
activity. Consistent with its autosomal recessive inheritance, a very low level (<1% of
normal) appears to be sufficient for life. A UROS knockout mouse model was a fetal lethal
in the early embryo, indicating that the absence of UROS activity is not compatible with life
[15]. Deficient UROS activity leads to the accumulation of the enzyme’s substrate,
hydroxymethylbilane (HMB), most of which is converted non-enzymatically to
uroporphyrinogen | [Fig 2]. Although uroporphyrinogen I can undergo decarboxylation by
uroporphyrinogen decarboxylase (UROD) to form hepta-, hexa- and pentacarboxyl-
porphyrinogen I, and, finally, coproporphyrinogen I, further metabolism cannot proceed
because the next enzyme in the pathway, coproporphyrinogen oxidase (CPOX), is
stereospecific for the 111 isomer. The isomer | porphyrins are non-physiologic, phototoxic,
cannot be metabolized to heme, and are pathogenic when they accumulate in large amounts
[10, 16, 17].

Uroporphyrin | accumulation in bone marrow, erythrocytes, plasma and urine is the
biochemical hallmark of the disease. Large amounts of isomer | porphyrinogens in bone
marrow erythroid precursors (especially normoblasts and reticulocytes) and erythrocytes
undergo auto-oxidation to the corresponding porphyrins, which damage erythrocytes and are
deposited in tissues and bones. Photosensitivity occurs because these porphyrins are
photocatalytic and cytotoxic compounds [16]. Exposure of the skin to sunlight and other
sources of long-wave ultraviolet light results in blistering and vesicle formation and
increased friability of the skin [5]. Damage to the erythrocytes leads to hemolysis, which is
almost always present, but may not be accompanied by anemia if erythroid hyperplasia is
sufficient to compensate for the increased rate of erythrocyte destruction. The degree of
compensation may vary over time but in severe cases, chronic hemolysis and ineffective
erythropoiesis may result in transfusion dependence [10].

Accumulated porphyrins are excreted in large amounts in urine and feces and pink to dark-
reddish urine is typically noted in the diaper shortly after birth [Fig 3]. Urinary porphyrin
concentrations are markedly increased (100-1000 times normal; up to 50-100 mg/d) and
consist mostly of the uroporphyrin | and coproporphyrin | isomers, with lesser increases in
hepta-, hexa- and pentacarboxylporphyrins | isomers [18]. Although type | urinary porphyrin
isomers predominate, type Il isomers also are increased. Fecal porphyrins are also markedly
increased with a predominance of coproporphyrin 1. Fecal isocoproporphyrins are not
increased [19]. As opposed to the acute hepatic porphyrias, there is no elevation of urinary
aminolevulinic acid (ALA) or porphobilinogen (PBG).

2.2 The Genetic Defect

With one notable exception, CEP results from biallelic UROS mutations. Since 2007, three
male patients presenting with CEP symptoms have been reported with a specific mutation in
GATA1, an important erythroid transcription factor [6, 7]. Since the GATAI gene is located
on the X chromosome, the affected males developed CEP manifestations, while the female
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heterozygotes were mostly asymptomatic [6, 7, 10]. In a small percentage of CEP patients
(>10%), a disease-causing mutation has not been detected in the UROS or GATAI genes,
raising the possibility that additional gene(s) may play a role in CEP pathogenesis [8].

UROS Gene—The UROS gene is located on chromosome 10026.2. The gene is ~34 kb
long and contains 10 exons, including two non-coding untranslated exons 1 and 2A, and
nine coding exons 2B to 10 [20][Fig 4]. There are two promoters, a housekeeping promoter
upstream of exon 1 and an erythroid-specific promoter upstream of exon 2A, which generate
housekeeping and erythroid-specific transcripts, respectively. The housekeeping transcript
contains the 5" untranslated exon 1 fused to coding exons 2B through 10 and is present in
all tissues and cells, while the erythroid-specific transcript contains the 5 -untranslated exon
2A fused to coding exons 2B through 10 and is present in fetal and adult erythropoietic
tissues. Since the start codon is located in exon 2B, which is common to both the
housekeeping and erythroid UROS messages, the enzymes encoded by both promoters are
identical.

Expression studies revealed ubiquitous presence of the housekeeping form, although at
relatively low levels. This can be explained by the absence of TATA and SP1 sites needed for
initiation of transcriptional activity in the housekeeping-specific promoter region upstream
of exon 1. The erythroid-specific promoter upstream of exon 2A contains erythroid
transcription factor binding sites including GATA1 and CP2 and high levels of erythroid
expression of UROS were detected in fetal liver, bone marrow, and fetal spleen [20-22].

As of July 2018, 51 pathogenic UROS mutations have been listed in the Human Gene
Mutation Database (HGMD, http://www.hgmd.cf.ac.uk/ac/index.php)[23][Fig 5]. Most
(59%) of these mutations are missense variants (n=30), followed in frequency by regulatory
mutations (n=6; 12%) and mutations affecting splice sites (n=4; 8%). In addition, rare
nonsense mutations, small and large insertions as well as deletions, and more complex
rearrangements have been reported.

The most common UROS mutation is the missense mutation ¢.217C>T (p.C73R) [8, 10, 24],
which was present in ~30% of disease-causing alleles in a series of 40 patients [12]. Of note,
this mutation does not occur at a CpG dinucleotide, a known hotspot for mutations [25] nor
was it a founder mutation as most probands were not related. The p.C73R enzyme was
shown to have markedly decreased enzymatic stability (<1% of wild-type) due to its
unfolding, instability, and rapid degradation [26, 27]. Other missense mutations such as
those encoding p.S47P, p.V99A, and p.T228M were found to be more stable with higher
enzyme activity [28, 29]. Among the regulatory mutations, four particular variants were
found clustered in a 20 bp region of the erythroid-specific promoter [22] [Fig 6]. Two of
those mutations, —70T>C and —90C>A, are located in a putative GATA-1 consensus binding
site and in a putative CP2 binding motif, respectively, which leads to significant impairment
of erythroid-specific heme biosynthesis. The other two erythroid-specific promoter
mutations, —=76G>A and —86C>A, are not directly interfering with the transcriptional
binding elements, and therefore, have less of a deleterious effect [22].
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GATA1 Gene—The GATAI gene encodes the erythroid-specific transcription factor
GATAL1, which plays a critical role in the normal development of hematopoietic cell lineages
[30]. As such, GATA1 regulates the expression of numerous erythroid-specific genes, such
as erythropoietin receptor, a- and B-globins, ALASZ, and UROS, during erythroid
differentiation. GATA1 is located on chromosome Xp11.23 [31] and disorders caused by
GATAI mutations therefore are inherited as X-linked traits.

GATAL1 is a zinc finger protein and consists of three functional domains: an N-terminal
activation domain, an N-terminal zinc finger, and a C-terminal zinc finger. While the N-
terminal zinc finger plays a crucial role in the formation of complexes with cofactors and
stabilization of DNA binding [32], the C-terminal zinc finger is responsible for the
recognition of the GATA consensus sequence and binding to DNA [33, 34].

Germline as well as somatic mutations in GATAI are known to cause hematologic disorders.
Somatic GATAI mutations are associated mainly with acute megakaryoblastic anemia and a
transient myeloproliferative disorder in children with trisomy 21 [35]. Germline mutations
are less common and cause several different phenotypes such as thrombocytopenia with
beta-thalassemia, thrombocytopenia with/without dyserythropoietic anemia, or anemia with/
without neutropenia and thrombocytopenia. The disease-causing germline mutations cluster
in the region that forms the protein’s N-terminal zinc finger and result in altered affinity of
GATAL1 for either its cofactor, Friend of GATAL (FOGL), or with palindromic DNA GATA
recognition sites [36]. Since there are two GATAL sites in the UROS erythroid-specific
promoter region, it is conceivable that mutations leading to an altered structure of the
GATAL N-terminal zinc finger could interfere with GATA1L binding and hence alter UROS
expression [22].

So far, one GATAI missense mutation encoding p.R216W was detected in three unrelated
males who presented with the typical features of CEP as well as beta-thalassemia and
thrombocytopenia [6, 7]. The highly conserved R216 residue is located in the N-terminal
zinc finger and a different substitution at the same residue (R216Q) results in thalassemia
with thrombocytopenia without any CEP symptoms [37].

3. Clinical Features

The age at onset and clinical severity of CEP are highly variable, ranging from non-immune
hydrops fetalis due to severe hemolytic anemia /n uteroto milder, later-onset forms, which
have only cutaneous lesions in adult life [38]. In most cases, photosensitivity develops in
early infancy and one of the earliest signs is the presence of reddish urine in the diaper
which fluoresces with a Woods lamp [Fig 3]. Due to the hematological complications and an
increased risk of infection, overall life expectancy may be markedly diminished in more
severely affected patients [10]. In addition, long-term damage, such as loss of digits and
facial cartilage or contractures of the hands, can have a significant impact on patients’
quality of life, psychiatric well-being, and functional status with regard to daily life and
ability to work.
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Several cases of late-onset CEP have been reported in patients older than 50 years of age
who presented with cutaneous CEP symptoms and increased porphyrin metabolite excretion,
albeit at a lower level than in patients with the classic infantile-onset CEP presentation. In
several cases, the occurrence of CEP symptoms was associated with the presence of
myelodysplastic syndrome (MDS) and neither germline nor somatic mutations in UROS or
GATAI were detected [39-41]. However, low-level mosaicism in the bone marrow may not
be picked up by sequencing methods, but may be sufficient to cause an accumulation of
porphyrin metabolites resulting in an attenuated phenotype [39-41].

Recently, one 60 year-old male patient was described with late-onset cutaneous porphyria
symptoms and a urinary porphyrin metabolite pattern consistent with CEP. He was
heterozygous for the common UROS mutation encoding p.C73R, but a second mutation was
not detected. He did not have MDS or another underlying hematologic abnormality. While
the exact pathophysiology was unclear in the absence of a second disease-causing mutation,
acquired mosaicism in the bone marrow affecting the UROS gene was hypothesized to be
the underlying cause [42].

3.1 Dermatologic Involvement

Cutaneous photosensitivity usually begins shortly after birth and is characterized by
increased friability and blistering of the epidermis on the hands and face and other sun-
exposed areas. Bullae and vesicles containing serous fluid which fluoresces due to their
porphyrin content. Blisters are prone to rupture and become infected. Recurrent vesicle
formation and secondary infection can lead to cutaneous scarring and deformities, as well as
to loss of digits and facial features such as the eyelids, nose and ears [Fig 7]. The skin may
be thickened, with areas of hypo- and hyper-pigmentation and hypertrichosis of the face and
extremities [43]. Adult-onset patients have milder clinical symptoms and often exhibit only
the skin manifestations of the disease [44-49]. Photosensitivity symptoms are provoked
mainly by visible light (400-410 nm Soret wavelength) and to a lesser degree by
wavelengths in the long-wave UV region. Affected individuals are also sensitive to sunlight
that passes through window glass that does not filter long-wave UVA or visible light as well
as to light from artificial light sources [50].

3.2 Hematological Involvement

Mild to severe hemolysis is accompanied by anisocytosis, poikilocytosis, polychromasia,
basophilic stippling, reticulocytosis, increased nucleated red cells, absence of haptoglobin,
increased unconjugated bilirubin and increased fecal urobilinogen. Plasma iron turnover also
is increased [51]. Hemolysis presumably results from the accumulated uroporphyrin I in
erythrocytes. Secondary splenomegaly develops in response to the increased uptake of
abnormal erythrocytes from the circulation, which may contribute to the anemia and also
may result in leucopenia and thrombocytopenia. The latter is sometimes associated with
significant bleeding and splenectomy may be beneficial in such cases. Anemia due to
hemolysis can be severe. Erythroid hyperplasia and markedly ineffective erythropoiesis
usually accompany hemolytic anemia in transfusion-dependent patients [18, 47, 52].
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In the three male patients with CEP due to GATAI mutations, hematologic abnormalities
including dyserythropoietic anemia, B-thalassemia intermedia, thrombocytopenia, and
hereditary persistence of fetal hemoglobin have been described [6, 7].

3.3 Other Clinical Features

Deposition of porphyrins can cause corneal ulcers and scarring, which can ultimately can
lead to blindness. Other ocular manifestations can include scleral necrosis, necrotizing
scleritis, seborrheic blepharitis, keratoconjunctivitis, sclerokeratitis, and ectropion [53-55].
Porphyrins deposited in the teeth produce a reddish-brown color, termed erythrodontia. The
teeth may fluoresce on exposure to long-wave ultraviolet light [Fig 8].

Deposition of porphyrins in bone causes osteopenia due to demineralization [14, 18, 40, 56].
The risk for osteopenia and osteoporosis is further increased by vitamin D deficiency, which
individuals with CEP are prone to due to avoidance of sun exposure. Porphyrin
accumulation in the bone can also cause expansion of the bone marrow, which can lead to
hyperplastic bone marrow observed on biopsy [1, 43].

4. Diagnosis

The diagnosis of CEP may be suspected /in utero, at birth, in infancy or childhood, or even in
adulthood. CEP should be considered in the differential diagnosis of non-immune hydrops
fetalis, in which case the amniotic fluid surrounding the fetus will be pink, dark-red or
brown, and should examined for porphyrins [57]. Neonates with pink to dark-red urine-
stained diapers [Fig 3] should immediately have diagnostic studies. CEP also should be
considered in children or adults who have porphyrinuria or skin blistering following
exposure to sunlight or other sources of long-wave ultraviolet light. In some cases, the
disease is less severe and presents in adult life with mild anemia and/or skin lesions.

The biochemical diagnosis of CEP is established by detection of markedly elevated levels of
uroporphyrin | and coproporphyrin | in urine, erythrocytes, or amniotic fluid as well as high
fecal coproporphyrin | concentrations. Once the diagnosis of CEP is made or suspected
based on quantitative porphyrin analyses, sequencing of the UROS gene should be
performed to confirm the diagnosis. Knowing the disease-causing mutations permits
genotype-phenotype correlations and provides information with respect to expected disease
severity, which in turn may help guide management decisions [10].

5. Genotype-Phenotype Correlation

A number of factors are responsible for the phenotypic variability among CEP patients, most
importantly the amount of residual URQOS activity, which depends on a patient’s specific
UROS mutations. When correlating genotype with clinical manifestations, it becomes
apparent that mutations with absent or very low residual enzyme activity tend to have a more
severe clinical picture with increasing degrees of hemolytic anemia, organomegaly,
osteopenia, and cutaneous involvement [10, 58].
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In an effort to determine the effect of different UROS mutations on residual enzyme activity
in vitro, prokaryotic expression and gene promoter—reporter systems with wild-type and
mutant UROS constructs have been used [Table 1]. For different missense mutations, the
residual enzyme activity ranged from essentially non-detectable to about 35% of the mean
activity expressed by the wild-type allele [10, 38, 59-65].

The most common UROS mutation which encodes p.C73R, exhibited <1% of the enzyme
activity expressed by the wild-type allele [62][Table 2]. This finding is reflected in the
clinical presentation of individuals homozygous for this mutation, who present with the most
severe phenotype including non-immune hydrops fetalis and/or transfusion dependency from
birth. Patients heteroallelic for the mutation encoding p.C73R and a mutation that expressed
little residual activity, such as the lesion encoding p.A69T, also resulted in a severe or
moderately severe phenotype. Patients heteroallelic for mutations that expressed higher
residual activities such as the mutations encoding p.V82F (35% of normal activity),
p.A104V (7.7% of normal activity) and p.A66V (14.5% of normal activity) had milder
forms of CEP, even if the allelic mutation encoded p.C73R or did not express detectable
activity (e.g., nonsense and frameshift mutations) [10, 60]. For example, a teenage boy who
was biallelic for mutations encoding p.C73R and p.A66V, only had mild cutaneous
involvement [58].

The effect of the four erythroid promoter mutations on transcription was also assessed /17
vitro using a luciferase assay [22][Fig 6]. Results revealed approximately 8% residual
enzyme activity of two of the promoter mutations (=70C, —90A) and 43% residual activity
of the other two promoter mutations (-86A, —76A) when compared to wild-type. This
difference is explained by the observation that —70C and —90A directly alter GATA1 and
CP2 binding, respectively, while the —-86A and —76A mutations do not interfere with these
transcriptional binding elements and therefore have less effect on erythroid-specific heme
biosynthesis. Genotype—phenotype correlations for CEP probands with erythroid promoter
mutations revealed that a proband with a promoter mutation that resulted in low activity
(=70C) on one allele and the mutation encoding p.C73R on the other allele had severe non-
immune hydrops fetalis. In contrast, another proband who was heterozygous for the
mutation encoding p.C73R and a promoter mutation with more activity (-=76A) had a mild
cutaneous disease phenotype [22].

In addition to residual enzyme activity, the CEP phenotype is also likely influenced by
variants in other genes of the heme biosynthesis pathway [66—68]. It was found that the
presence of an exon 11 gain-of-function mutation in the erythroid-specific ALASZ gene,
which can independently cause X-linked protoporphyria (XLP), can significantly increase
disease severity. A female patient with CEP due to compound heterozygous UROS
mutations encoding p.C73R and p.R248Q had a much more severe phenotype than her three
affected siblings. She was found to carry a heterozygous ALASZexon 11 gain-of-function
mutation in addition to the two UROS mutations. The ALASZ mutation was not detected in
her siblings. This likely explains the more severe disease manifestations in her due to
increased erythroid heme synthesis, which in turn leads to excess erythroid protoporphyrins
and hence symptoms of XLP [69]. As additional mutations are identified and expressed,
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more information will become available to further establish genotype/phenotype
correlations.

6. Management

At this time, the only curative treatment approach for CEP is BMT or HSCT, which is
associated with significant morbidity and mortality. The indication for transplantation,
therefore, needs to be considered carefully, weighing the risks of the procedure against the
risks associated with potential complications of CEP. Therefore, knowing the patient’s
UROS genotype is helpful to predict disease severity, particularly when the mutation has
been expressed /n vitro. If the patient is not transplanted, the most important aspect of
disease management is the avoidance of sun/light exposure.

6.1 Hematopoietic Stem Cell Transplantation

BMT or HSCT is the only curative approach for CEP which have been performed
successfully. When successful, BMT and HSCT have resulted in marked reduction in
porphyrin levels to normal if fully engrafted and patients have not experienced cutaneous
blistering after sun exposure without protection [61, 70-78].

6.2 Sun Avoidance and Skin Protection

In patients who have not undergone BMT or HSCT, exposure to sunlight, ultraviolet light as
well as light emitted by fluorescent sources, should be avoided. Sunscreen lotions containing
zinc oxide or titanium oxide can be beneficial, but do not replace strict avoidance of sun and
light exposure [79]. Most individuals with CEP try to adjust their daily life in order to
reduce light exposure as much as possible, which in some cases includes choosing a
profession which allows work during the night. This leads to a very restricted family and
social life and quality of life is often significantly decreased.

Skin trauma should be avoided and the use of skin antiseptics should be encouraged to
prevent bacterial superinfections that can complicate cutaneous blisters and result in scarring
and mutilation. Further measures in an effort to minimize bacterial colonization if affected
areas and decrease the risk for cutaneous complications could include bleach baths as well
as topical treatment with hypochlorous acid solution [80]. Severe infections such as cellulitis
and bacteremia may have to be treated with intravenous antibiotics and long-term oral
antibiotic therapy to suppress chronic skin infections may be required.

Pharmacologic photoprotection has been explored in erythropoietic protoporphyria (EPP),
which is the third most common porphyria [81]. While beta-carotene has been reported to
provide some photoprotective effect in EPP patients, it has not proven to be beneficial in
CEP [81, 82]. Recently, afamelanotide (Scenesse®) — a synthetic melanocortin stimulating
hormone analog - was approved for EPP patients by the European Medicines Agency in
2014. This hormone is implanted subcutaneously and promotes melanin synthesis via the
melanocortin-1 receptor. Beneficial effects have been reported in clinical trials with EPP
patients [83], however its use in CEP patients has not been investigated thus far and it is
unclear if the CEP cutaneous complications can be prevented. One recent case report
describes an adult patient with severe CEP who underwent treatment with afamelanotide
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over a period of one year. While improved tolerance of sun exposure was reported by the
individual, no protective effect was observed in already scarred areas of hands and face [84].

Newborns with a known diagnosis of CEP who develop hyperbilirubinemia should not
receive photodynamic therapy to avoid its harmful photosensitizing effects and subsequent
severe cutaneous blistering and scarring [19].

6.3 Bone Marrow Suppression

In cases of severe hemolysis, frequent blood transfusions may be necessary. Chronic
transfusions (every 2—4 weeks) can suppress erythropoiesis and and decrease porphyrin
production, which reduces porphyrin levels and photosensitivity [14]. Such therapy is likely
to be successful if the hematocrit remains above 32% and parenteral or oral chelators can be
administered to reduce the resulting iron overload [85]. Treatment with hydroxyurea to
reduce the bone marrow porphyrin synthesis has been used in some severe CEP cases and
may be considered [86]. Splenectomy may be considered for patients with splenomegaly and
hemolytic anemia, thrombocytopenia and leukopenia. Removing the spleen may correct
blood dyscrasia, improve the red blood cell lifespan and substantially reduce transfusion
requirements in some patients. It may indirectly also lead to reduced photosensitivity [14].

Efforts to reduce porphyrin levels by administration of hydroxychloroquine, by
plasmapheresis, and by intravenous hematin have not shown a clear benefit. Oral charcoal
may increase fecal loss of porphyrins [87] and may be considered for patients who are not
transfusion-dependent and have milder disease. It seems less successful in more severe cases
[88, 89]. Iron deficiency induced by treatment with deferasirox led to better erythroid
differentiation in the bone marrow and improved hemolysis as well as photosensitivity in
one patient [90].

6.4 Treatment of Other Manifestations

To avoid ocular complications and damage to the eyelids, wrap-around sun glasses should be
worn. Corneal ulcers, scleritis, and blepharitis should be treated with topical antibiotics. In
patients with ectropion, corrective surgery of the eyelid to help protect the cornea from
injury may be indicated [76]. To avoid demineralization of the bones, vitamin D
supplementation is indicated and bisphosphonates can be considered in individuals with
osteoporosis [76].

7. Conclusion and Future Therapeutic Prospects

CEP is an inborn error of heme biosynthesis characterized by the deficient activity of UROS,
which leads to massive porphyrin | isomer accumulation in erythroid cells, and causes
chronic hemolysis and severe cutaneous photosensitivity. The clinical presentation is
heterogeneous and disease severity is associated with the amount of residual UROS activity.
Treatment is mainly symptomatic and consists of diligent light protection and erythrocyte
transfusions for the hemolytic anemia. BMT or HSCT is the only curative approach for CEP,
but it is associated with morbidity and mortality, and is therefore, currently performed
primarily in severe transfusion-dependent patients. Other treatment modalities have been or
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are currently being investigated, but to date, no clinical trials have been performed in
humans.

Gene therapy in a murine CEP model (UrosMut248/mut248) sing genetically modified
hematopoietic stem cells (HSC) showed correction of enzymatic, metabolic, and phenotypic
improvements in CEP mice as well as improved survival of the corrected erythrocytes [91].
To circumvent some of the difficulties of HSCT gene therapy, induced pluripotent stem cells
(iPSC), derived from a CEP patient’s keratinocytes, were corrected by lentiviral transduction
of a therapeutic vector containing the UROS cDNA. Corrected iPSC clones free of
potentially oncogenic reprogramming genes were obtained and erythroid cells derived from
these corrected iPSC cells showed correction of the UROS defect. However, no clinical trials
have been performed in humans [92].

Recently, another approach has been investigated which attempts to increase the activity of
UROS mutant enzymes encoded by missense mutations. Altered protein folding has been
shown to lead to thermodynamic instability and premature degradation of via the proteasome
[27, 93]. The use of proteasome inhibitors in UROS-deficient mice (({rosMut248/mut248)
resulted in a partial metabolic correction with a significant decrease in porphyrin
accumulation and improvement of cutaneous photosensitivity. However, the lack of
improvement of the hematologic phenotype and potential neurotoxicity at higher doses were
limiting factors of this approach [94]. /n vitro studies aiming at stabilizing the UROS
mutation at the p.C73 hotspot have restored catalytic activity as well as improved kinetic
stability of the enzyme [27]. These observations suggest that pharmacologic and molecular
approaches such as gene therapy or chaperone-based enzyme stabilization may be viable
future therapeutic options.

While promising treatment approaches are under investigation, improved understanding of
the underlying pathophysiology of CEP on a molecular and biochemical level is necessary in
order to optimize current therapeutic modalities, establish new treatment concepts, and
advance the field so that more therapeutic options become available to CEP patients in the
near future.
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7
HEME

The human biosynthetic pathway and the porphyrias resulting from the indicated heme
biosynthetic enzyme defect. There are eight enzymatic steps in the conversion of glycine and
succinyl-CoA to heme. The heme biosynthetic enzymes are italicized, their substrates and
products are indicated, and the resulting porphyrias are shown in boxes. Note that there are
two aminolevulinic acid synthase (ALAS) isozymes: a housekeeping enzyme, ALASL,
encoded by a gene that is regulated by negative feedback repression by heme, and an
erythroid specific enzyme, ALAS2, that is regulated by the iron response proteins and
erythroid transcription binding proteins.
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Fig 2.
Urgoporphyrinogen synthase (UROS) normally converts hydroxymethylbilane (HMB) to
uroporphyrinogen Ill. When the UROS activity is markedly decreased, HMB is non-
enzymatically converted to uroporphyrinogen I, which is then enzymatically converted to
oproporphyrinogen | by uroporphyrinogen decarboxylase. The accumulated
uroporphyrinogen | and coproporphyrinogen | are oxidized to their respective porphyrins,
which are photoactive and cause the sun/light-induced hemolysis and cutaneous
manifestations of CEP.
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Fig 3.

Diaper of an infant with CEP. The patient’s urine has stained the diaper a reddish color due
to the accumulated uroporphyrin | and coproporphyrin | (left). The accumulated porphyrins
fluoresce when illuminated with ultraviolet light (right) [95].
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Fig 4.

Organization of the UROS gene. The UROS gene has unique housekeeping (Py) and
erythroid-specific (Pg) promoters. The dotted lines indicate the exons transcribed by each
promoter. However, both promoters encode the same enzyme polypeptide.
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Molecular lesions in the UROS gene causing CEP. Coding exons are shown as solid black
rectangles. ATG is the initiation of translation codon of the housekeeping and erythroid
transcripts. Missense and nonsense mutations are indicated by the one-letter amino acid code
and codon position, e.g. Q155X = glutamine codon (Q) at position 155 replaced by a
termination codon (X). Deletions are indicated by A and insertions by ins. Note that the
mutation encoding C73R is the most common lesion found in ~30-35% of reported patients

[10].
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Fig 6.

Pagrtial sequence of the human and murine UROS erythroid-specific promoters showing the
GATAIand CP2transcription factor binding sites. The location and orientation (<, >) of the
GATA1, E-box, and CPZerythroid binding elements are indicated, as are the four novel
promoter mutations causing CEP (=70C, —76A, —86A and —90A). Dots are placed every
tenth nucleotide. The homologous CPZsite from the a-globin gene promoter and the
GATA1 site from the human stem cell leukemia (SCL) gene promoter are shown.
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Fig 7.

Mgle 34 year-old CEP patient with severe cutaneous manifestations of face (left) and hand
(right). Note the extensive skin erosions in the face, destruction of the nasal cartilage,
sclerodermoid changes of the mouth, and erythrodontia. The patient also has significant
shortening of the digits due to photomutilation and contractures of the joints, along with
erosions and scleroderma-like thickening of the skin.
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T

Fig 8.
Photographs showing the brownish color of the teeth on an infant with CEP in daylight (left)
and fluorescing when illuminated with ultraviolet light from a Woods lamp (right) [96].
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Table 1.

Expression of UROS Mutations in £. Coli

Mutation % of Mean Normal Activity ~ Reference Number
V3F <1.0 58
L4F 1.8 61
Y19C 11 61
P53L <1.0 37
T62A <1.0 37
ABBV 145 37
AGIT 14 59
C73R <1.0 37,9
E81D 30 59
V82F 35.8 61
VI9A 5.6 61
A104V 7.7 61
H173Y <1.0 62
Q187P <1.0 62
G188R 4.3 60
G188W 1.7 59
633insA 1.2 61
S212P <1.0 63
1219S 13 59
G225S8 1.2 61
T228M <1.0 37
P248Q <1.0 62
Q249X 11 61
148del98  <2.0 64
660ins80  <2.0 64
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Table 2.

Congenital Erythropoietic Porphyria: Types of UROS Mutations

Mutation Types Number % of Total
Missense 30 58.8
Nonsense 1 2.0
Splicing 4 7.8
Frameshift:
Small Deletions 2 3.9
Large Deletions 2 3.9
Small Insertions 2 3.9
Small Indels 1 2.0
Large Insertions/Duplications 2 3.9
Complex Rearrangements 1 2
Regulatory 6 11.8
Total 51 100 %

Human Gene Mutation Database 2018.2: www.hgmd.org, [21]
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Table 3.

Genotype/Phenotype Correlations in Congenital Erythropoietic Porphyria:

Residual Activity Expressed in

Phenotype Genotype E.coli Alleles/Total

Hydrops Fetalis/Newborn Demise:

C73R/C73R <0.1/<0. =<0.1
Transfusion Dependent:
Severe C73R/T228M <0.1/<0.1 =<0.1

Transfusion Independent:

Moderate ~ T62A/E249X <0.1/18 =18
G225S5/T228L  2.1/<0.1 =21
L4AF/C73R 29/<0.1 =29
L4F/Deletion 29/0 =29
L4AF/IVS2+1 29/7? =29

Mild Y19C/G225S 27121 =438
V99A/Ins211A 3.7/1.7 =54
C73R/A104V <1.0/5.6 =56
AB6V/CT3R 145/<0.1 =145
LAF/\V/82F 29/24.2 =271

Desnick, RJ & Astrin, [10]
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