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Abstract

The porphyria diseases are a group of metabolic disorders caused by abnormal functioning of
heme biosynthesis enzymes and characterized by the excessive accumulation and excretion of
porphyrins and their precursors. Precisely which of these chemicals builds up depends on the type
of porphyria. Porphyria is not a single disease but a group of nine disorders: acute intermittent
porphyria (AIP), hereditary coproporphyria (HCP), variegate porphyria (VP), delta-
aminolevelunic acid dehyratase deficiency porphyria (ADP), porphyria cutanea tarda (PCT),
hepatoerythropoetic porphyria (HEP), congenital erythropoetic porphyria (CEP), erythropoetic
protoporphyria (EPP), and X-linked protoporphyria (XLP). Each porphyria results from
overproduction of heme precursors secondary to partial deficiency or, in XLP, increased activity
of one of the enzymes of heme biosynthesis. Taken together, all forms of porphyria afflict fewer
than 200,000 people in the United States. Based on European studies, the prevalence of the most
common porphyria, PCT, is 1 in 10,000, the most common acute porphyria, AlP, is about 1 in
20,000, and the most common erythropoietic porphyria, EPP, is estimated at 1 in 50,000 to
75,000. CEP is extremely rare with prevalence estimates of 1 in 1,000,000 or less. Only 6 cases of
ADP are documented.

The current porphyria literature is very exhaustive and a brief overview of porphyria diseases is
essential in order for the reader to better appreciate the relevance of this area of research prior to
undertaking biochemical diagnostics procedures. This unit summarizes the current knowledge on
the classification, clinical features, etiology, pathogenesis, and genetics of these porphyria
diseases.

INTRODUCTION

This overview of the clinical features, genetics, classification and pathogenesis of the
porphyrias provides the background needed for understanding the importance of
biochemical procedures for the diagnosis of these diseases.

The porphyrias are a group of at least eight metabolic disorders caused by alterations in
enzymes involved in heme biosynthesis (Figure 1). The terms porphyrin and porphyria are
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derived from the Greek word porphyrus, meaning purple. Urine from porphyria patients
may be dark or reddish in color due to the presence of excess porphyrins and related
substances, and may darken further after exposure to light. Porphyrias differ considerably
from each other. A common feature in all porphyrias is the accumulation in the body of
porphyrins or porphyrin precursors. Although these are normal body chemicals, they
normally do not accumulate. Precisely which of these chemicals builds up depends on the
type of porphyria (Anderson, 2003 and 2014; Desnick, Balwani and Anderson, 2013).

Each porphyria results from altered activity of a specific enzyme of the heme biosynthetic
pathway, leading to overproduction of heme precursors (Bonkovsky, Healey, and Pohl,
1990; Hahn and Bonkovsky, 1998; Anderson et al., 2011). Enzyme activity is diminished in
all but one of the porphyrias; in X-linked protoporphyria (XLP), increased activity is a
consequence of gain of function mutations of the first enzyme of the pathway (Ducamp et
al., 2013).

1. Classification, inheritance and prevalence of the porphyrias

Heme precursors in the various types of porphyria initially accumulate in either the liver or
bone marrow, which are the tissues most active in heme biosynthesis. This is the basis for
classification of porphyrias as either hepatic or erythropoietic. The major clinical
manifestations of the porphyrias are either neurologic, usually in the form of acute attacks,
or cutaneous, resulting from phototoxicity. Based on these differences, porphyrias are
classified as acute or cutaneous, with two types falling into both categories. The
classifications and the major clinical features of the various porphyrias are summarized in
Table 1.

Mutations in the genes that encode enzymes of the heme biosynthetic pathway cause all
porphyrias except for PCT, in which mutations for the affected enzyme is found in a
minority of cases; one case of CEP was caused by a mutation of the transcription factor
GATA-1 (Phillips et al., 2007b and 2007c; Puy, Gouya and Deybach, 2010). Autosomal
dominant inheritance with low penetrance is seen in AIP, HCP, VP, EPP, and the familial
form of PCT. Homozygous cases of these disorders are described, including HEP, which is
the homozygous form of familial PCT. Autosomal recessive inheritance is seen in ADP,
CEP and EPP, and X-linked inheritance in XLP.

Porphyrias are considered rare diseases in the United States because they afflict fewer than
200,000 people. However, their prevalence is difficult to estimate. In Europe, the prevalence
of the three most common porphyrias, PCT, AIP and EPP is estimated to be 1 in 10,000, 1 in
20,000, and 1 in 50,000 to 75,000, respectively. CEP is extremely rare with prevalence
estimates of 1 in 1,000,000 or less. Only 6 cases of ADP are documented (Deybach et al.,
2006; European Porphyria Network, 2012; Elder et al., 2013). Hepatic porphyrias rarely
cause clinical manifestations before puberty. Because erythropoietic porphyrias are
generally symptomatic early in life, EPP is the most common porphyria in childhood, and is
also the one associated with the longest delays in diagnosis.

The European Porphyria Network estimated prevalences based on newly diagnosed cases
collected prospectively over a 3 year period (335 patients from 11 countries) (Deybach et
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al., 2006; European Porphyria Network, 2012; Elder et al., 2013). Prevalence was calculated
from the incidence and mean disease duration. The incidence of hepato-cellular carcinoma
(HCC) in acute hepatic porphyria and the prevalence of patients with recurrent acute attacks
of porphyria were also investigated (Innala and Andersson, 2011). The incidence of
symptomatic AIP was similar in all countries (0.13 per million per year; 95 % CI: 0.10 —
0.14) except Sweden (0.51; 95 % ClI: 0.28-0.86). The incidence ratio for symptomatic AlIP:
VP: HCP was 1.00:0.62: 0.15. The prevalence of AIP (5.4 per million; 95 % CI: 4.5-6.3)
was about half that previously reported. The prevalence of EPP was less uniform between
countries and, in some countries, exceeded previous estimates. Fourteen new cases of HCC
(11 from Sweden) were reported in patients with acute porphyria. Sixty seven patients (3
VP; 64 AIP: 53 females, 11 males) with recurrent attacks of acute porphyria were identified.
The estimated percentage of patients with AIP that will develop recurrent acute attacks was
3-5 %. The data suggest that the prevalence of symptomatic acute porphyria may be
decreasing, possibly due to improved management or less exposure to harmful drugs,
whereas the prevalence of EPP may be increasing due to improved diagnosis and greater
recognition.

Phototoxicity due to excess porphyrins in the skin or dermal blood vessels may occur in all
porphyrias except ADP and AIP. This is understandable because the enzyme deficiencies in
these two porphyrias precede porphyrin formation. However, photosensitivity develops even
in AIP if complicated by advanced renal disease, which precludes urinary excretion of
excess porphyrins. In most cutaneous porphyrias, porphyrin-induced photosensitivity causes
chronic skin fragility and formation of vesicles or bullae on light-exposed skin. In contrast, a
painful, acute and non-blistering type of photosensitivity is seen in EPP and XLP or acute
erythema with burning and itching but with less chronic injury. Light that corresponds to the
Soret band that maximally photoactivates porphyrins passes through window glass;
therefore porphyric patients are not fully protected from skin photosensitivity by remaining
indoors or in automobiles. In contrast, sunburn reactions result from light of shorter
wavelength (290 to 320 nm), which is absorbed by window glass. Release of mediators and
enzymes from mast cells and polymorphonuclear leukocytes and activation of complement
contribute to inflammatory responses in patients with cutaneous porphyrias after light
exposure (Bonkovsky, 1982; Bloomer and Bonkovsky, 1989; Anderson, 2003; Anderson
and Lee, 2010).

2. Acute porphyrias

As shown in Table 1, effects on the nervous system occur in the four acute porphyrias,
namely ADP, AIP, HCP and VP. Diagnosis is often delayed because the symptoms are
nonspecific. AIP, HCP and VP are autosomal dominant inherited diseases whereas ADP is
autosomal recessive. At the molecular level, all show extensive allelic heterogeneity with
most mutations restricted to one or a few families. In some locations, founder effects have
led to more common mutations; most notable are high prevalences of AIP in northern
Sweden (Lee and Anvert, 1991), VP in South Africans of Dutch descent, and type-2 familial
PCT in Norway (Meissner et al., 1996; Aarsand, Boman and Sandberg, 2009). Enzyme
activities in AIP, HCP and VP are reduced to about 50% of normal, indicating near or
complete haplodeficiency, and are much lower in ADP, in which both alleles are affected
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(Nordmann et al, 1997; Badminton and Elder, 2005). Many individuals who inherit AIP,
HCP and VP never have clinical manifestations. However, porphyric attacks can be severe
and life threatening, so the early diagnosis of carriers and affected individuals is important,
so they can be educated to avoid factors that can trigger acute attacks, such as certain drugs,
alcohol and fasting (Anderson, 2003 and 2014; Anderson and Leg, 2010).

AIP, HCP and VP are characterized by low clinical penetrance and environmental factors
and probably genes at other loci are important in increasing susceptibility to the
development of clinical disease. Family studies in France (Puy, Gouya and Deybach, 2010)
and the UK suggest that about 10-20% of affected individuals develop symptoms but
figures as high as 50% have been reported for AIP from Sweden (Bylesjo, Wikberg and
Andersson, 2009). When minor skin lesions are taken into account, symptoms may develop
in up to 40% of heterozygotes for VP mutations in South Africa (von und zu Fraunberg et
al., 2002; Hift et al., 2004). Ascertainment bias may inflate these figures, since symptomatic
individuals are more likely to be included in such analyses. No clear genotype—phenotype
correlation has yet been established in any autosomal dominant porphyria, although there are
reports that some mutations may be associated with higher penetrance (von und zu
Fraunberg et al., 2002; Bylesjo, Wikberg, and Andersson, 2009).

AIP, HCP and VP are characterized by the episodic occurrence of life-threatening acute
neurovisceral attacks which are identical in all three conditions. In VP and HCP, bullous
skin lesions may occur with or apart from acute attacks. Skin lesions are much more
common in VP than HCP. They occur in 10-50% of patients with VVP, and may be the only
clinical manifestation (Puy, Gouya and Deybach, 2010). In the UK, about 60% of patients
with VP present only with skin lesions that are identical to those of PCT (Whatley et al.,
1999). Acute attacks are rare before puberty and often provoked by identifiable precipitants,
notably certain drugs, endocrine factors and alcohol. The management and prevention of
porphyrias have recently been reviewed (Puy, Gouya, Deybach, 2010; Balwani and Desnick,
2012). Preventing acute attacks by advising patients to avoid porphyrogenic drugs
(European Porphyria Network, 2012) and other potential precipitants is an essential part of
the management of families with AIP, HCP or VP (Anderson et al., 2005).

2.1. Acute Intermittent Porphyria (AIP)

AIP (sometimes known as Swedish porphyria, pyrroloporphyria or intermittent acute
porphyria) is the most common of the acute porphyrias worldwide, with an estimated
prevalence of approximately 5 per 100,000 in the United States, including individuals with
latent porphyria. The disease was first described by Stokvis, a Dutch physician, in 1889,
who recognized that symptoms in his patient was precipitated by the barbiturate-related drug
sulfonal (Wilson, 1990). Waldenstrém noted a high prevalence of AIP in an area of northern
Sweden, and was inherited as an autosomal dominant trait (Waldenstrom, 1957; Tschudy,
Valsamis, Magnussen, 1975).

AIP occurs in all races, but may be most common in northern European countries. In Europe
(excluding Sweden), the incidence of newly diagnosed symptomatic individuals with AIP
has been reported as 0.13 per million per year, with a calculated prevalence of 5.4 per one
million (Elder et al., 2012 and 2013). In Sweden, the incidence and prevalence of AIP were
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about four times higher than in other parts of Europe due to a founder effect centered in
Lappland (Floderus et al., 2002). The United Kingdom may be another high incidence
region, with a prevalence of HMBS mutations as high as 1 per 500, with incomplete
penetrance and an estimated prevalence of symptomatic disease of only 1-2 per 100,000
(Badminton and Elder, 2002). The estimated minimum prevalence of disease-specific
hydroxymethylbilane synthase (HMBS) mutations in France was 597 per million
(Nordmann et al, 1997; Nordmann and Puy, 2002). The penetrance of overt AIP was
recently reported in Europe as 5.4 per million (Whatley and Badminton, 1993-2014;
Badminton and Elder, 2002; Elder et al, 2012 and 2013; Whatley and Badminton, 2013).

2.1.1. Clinical features of AIP—Most heterozygotes remain asymptomatic throughout
life. Symptoms are very rare before puberty, and are more common in women than men
(Whatley and Badminton, 2013). Symptoms in AIP are due to effects on the visceral,
peripheral, autonomic, and central nervous systems. They usually occur as intermittent
attacks that are sometimes life-threatening (Herrick and McColl, 2005; Anderson et al., 2001
and 2005). The most common presentation is an attack of severe abdominal pain without
peritoneal signs, often accompanied by nausea, vomiting, tachycardia, hypertension, anxiety
and agitation (Herrick and McColl, 2005; Pischik and Kauppinen, 2009). Dark or reddish
urine may be observed. Central nervous system manifestations may progress to confusion,
hallucinations and seizures. The latter may be due to hyponatremia, resulting from
hypothalamic involvement and inappropriately high levels of antidiuretic hormone.
Peripheral neuropathy causing pain and weakness can progress to quadraparesis and
respiratory embarrassment. Ordinarily the skin is not affected in AIP. However, concurrent
advanced renal disease can limit porphyrin excretion and raise plasma porphyrin levels
sufficiently to cause blistering lesions on sun-exposed skin. Early diagnosis is essential to
avoid progression of attacks and to institute effective therapy (Herrick and McColl, 2005;
Whatley and Badminton, 2013).

Factors that precipitate attacks include certain drugs, such as barbiturates, hydantoins,
rifampicin and sulfonamide antibiotics, most of which are inducers of hepatic ALAS1 and
cytochrome P450 enzymes (CYPs). Some women have attacks during the luteal phase of the
cycle when levels of progesterone are increased. The reproductive steroids progesterone,
medroxyprogesterone and testasterone are particularly potent inducers of hepatic ALAS1
(Kappas, Sassa and Anderson, 1983; Thunell, Pomp and Brun, 2007). Fasting and low
calorie diets can cause attacks due to ALAS induction, and this effect is mediated by
PGC-1a (Phillips and Kushner, 2005). Increased serum T4 and thyroxine binding globulin
in the absence of hyperthyroidism, and elevated serum cholesterol and low-density
lipoprotein (LDL), are sometimes seen.

Most people do not show symptoms of AIP attacks. Symptomatic AIP attacks, which are
very rare before puberty, are more common in women than men (Whatley and Badminton,
2013). AIP manifests after puberty in women due to hormonal influences. Typically women
develop symptoms after puberty in their twenties; men develop symptoms in their thirties.
Attacks often result from a precipitating factor, which most likely induces ALAS1, such as
drugs (especially barbiturates, sulfonamides and hydantoins), hormonal changes, or fasting.
Some women have cyclic menstrual attacks, progesterone increases heme catabolism, and
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synthetic estrogens and progesterones induce porphyria. Severe abdominal pain is the most
common symptom and other symptoms may include: nausea, vomiting, constipation, muscle
weakness, urinary retention, palpitation (due to a rapid heart rate and often accompanied by
hypertension), confusion, hallucinations, and seizures pain in the back, arms and legs.
Symptoms develop over several hours or days. The skin is not affected (Chemmanur and
Bonkovsky, 2004; Whatley and Badminton, 2013).

The most frequent presenting signs in patients with AIP are tachycardia, dark urine,
confusion, and a peripheral motor deficit. The white blood cell count may be elevated
because of stress or infection. Other abnormalities include increased serum T4, thyroxine
binding globulin (but AIP patients are usually euthyroid, only rarely frankly thyrotoxic), and
elevated cholesterol and low-density lipoprotein (LDL), simulating an exaggerated estrogen
effect.

Attacks may be complicated by neurologic findings (mental changes, convulsions, and
peripheral neuropathy that may progress to respiratory paralysis), and hyponatremia. Acute
attacks, which may be provoked by certain drugs, alcoholic beverages, endocrine factors,
calorie restriction, stress, and infections, usually resolve within two weeks. Most individuals
with AIP have one or a few attacks; about 5% (mainly women) have recurrent attacks
(defined as >4 attacks/year) that may persist for years. All individuals with a genetic change
in the HMBS gene that predisposes to AIP are at risk of developing acute attacks; however,
most never have symptoms and are said to have latent (or presymptomatic) AIP
(Chemmanur and Bonkovsky, 2004; Badminton et al., 2012).

The major pathologic finding in AIP is muscle denervation. In patients with neuropathy,
electromyographic (EMG) studies show a reduced motor nerve conduction velocity, and
histopathology is consistent with axonal neuropathy and secondary demyelinization. Brain
histopathology at autopsy may show vacuolization of neurons and focal demyelinization
(Albers, Robertson and Daube, 1978; Kuo et al., 2011).

AIP is associated with increased risk for hepatocellular carcinoma, chronic hypertension and
end stage renal disease (Chemmanur and Bonkovsky, 2004; Badminton et al., 2012).

2.1.2. Etiology and pathogenesis of AIP—AIP develops in some individuals who are
heterozygous for mutations of porphobilinogen deaminase (PBGD; also known as
hydroxymethylbilane synthase (HMBS), and formerly as uroporphyrinogen | synthase, the
third enzyme in the heme biosynthetic pathway (Figure 1). The half-normal enzyme activity
in all tissues results from the unaffected allele. PBGD catalyzes the assembly of four
molecules of PBG to form HMB, a linear tetrapyrrole. PBGD has a unique cofactor, a
dipyrrolomethane (i.e., a dipyrrole) that binds the pyrrole intermediates at the catalytic site
until four additional pyrroles are assembled, forming a linear hexapyrrole, after which HMB
is released (Jordan, 1990; Anderson et al., 2001). It is possible that high concentrations of
PBG during exacerbations of acute porphyria may inhibit formation of the holo-deaminase
and further reduce hepatic enzyme activity.
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A 50% deficiency of PBGD is not sufficient by itself to cause symptoms of AIP. Other
activating factors that must also be present which include, certain steroid hormones, drugs
and dietary changes. During an attack of AIP, the regulatory heme pool in the liver is
depleted and there is marked induction of the housekeeping form of 8-aminolevulinic acid
synthase (ALASL), the rate-limiting enzyme for heme synthesis in the liver, leading to
accumulation of ALA and PBG, the two intermediates proximal to the deficient enzyme.

All individuals with a genetic change in the HMBS gene that predisposes to AIP are at risk
of developing acute attacks; however, most never have symptoms and are said to have latent
AIP. At least 342 different HMBS mutations have been identified in AIP (Grandchamp et
al., 1989; Di Pierro et al., 2006; Whatley et al., 2009; Barbaro et al., 2012; HGMD 2014).

2.2. Hereditary Coproporphyria (HCP)

HCP is an inherited autosomal dominant and a rare recessive disorder form of hepatic
porphyria and less common than AIP, though latent HCP and HCP-carriers are being
increasingly recognized. The prevalence of HCP in Denmark is approximately 2 per million.
HCP is the least prevalent of the three principal types of acute porphyria: AIP, VP, and
HCP. However, symptoms in HCP may be less frequent than in AIP or VP. Environmental
or physiologic factors play a role in the pathogenesis of acute attack (Badminton and Elder,
2005).

2.2.1. Clinical features of HCP—HCP is an acute hepatic porphyria with neurovisceral
symptoms, usually occurring as attacks that are indistinguishable from those in AIP (Bissell
etal., 2012). Attacks typically start with low-grade abdominal pain that slowly increases
over a period of hours or days, often with nausea and vomiting. Sometimes pain is
predominantly in the back or extremities. A motor neuropathy may develop over a period of
days or weeks if not treated. The neuropathy and weakness is often first noted proximally in
the arms and legs, and may then progress distally. Respiratory insufficiency may result from
impaired innervation of the diaphragm and respiratory muscles. Acute attacks are often
associated with use of certain medications, caloric deprivation, and luteal phase increases in
progesterone. About 20% of those with an acute attack report photosensitivity although
bullae and skin fragility are much less common than in VP (Anderson et al., 2005 and 2014;
Anderson and Lee, 2010). Of 46 individuals tested in Germany with acute HCP, 90% had
abdominal pain; only 13% had cutaneous findings despite substantial overproduction of
coproporphyrin (Kihnel et al 2000). An earlier British study of 111 individuals with HCP
reported similar findings (Brodie et al., 1977).

Although disease-causing CPOX mutations occur equally in males and females, acute
attacks are much more frequent in women, mainly between ages 16 and 45 years (the years
of active ovulation). Chronic cutaneous HCP is suspected in individuals with bullae and
fragility of light-exposed skin which result in depigmented scars; however, the cutaneous
signs occur in only a minority of heterozygotes, even during an acute attack. In general,
HCP is milder than AIP and is associated with fewer attacks. For example, in 32 members of
an Australian family, 14 (including 10 adults) were determined to have HCP on the basis of
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a high fecal coproporphyrin 111/1 ratio and/or low lymphocyte CPOX enzyme activity, but
only one had clinical symptoms of porphyria (Blake et al., 1992).

In rare homozygous cases of HCP, a CPOX mutation is inherited from each parent, with at
least one of the mutant alleles expressing some enzyme activity. Characteristically,
photosensitivity and chronic neurological manifestations begin in childhood, but acute
attacks are seldom described (Schmitt et al., 2005).

2.2.2. Etiology and Pathogenesis of HCP—Like AIP and VP, HCP is inherited in an
autosomal dominant manner with low penetrance. Heme production in most heterozygotes
appears to be adequate. HCP results from coproporphyrinogen oxidase (CPOX) deficiency.
At least 64 CPOX gene mutations involving all seven exons have been identified in different
HCP families, including missense and nonsense mutations, large and small deletions and
insertions, and splice site mutations (Rosipal et al., 1999; Schmitt et al., 2005; HGMD,
2014), as well as a few large deletions (Whatley et al., 2009; Barbaro et al., 2012). The
enzyme functions as a homodimer, and some CPOX mutations may disrupt dimer formation
(Lee et al., 2005). Homozygous cases of HCP have more severe CPOX deficiency, with
onset of the disease in childhood.

CPOX catalyzes the 2-step decarboxylation of coproporphyrinogen Il to
protoporphyrinogen 1X. Certain CPOX mutations release the substrate after one
decarboxylation as harderoporphyrinogen, a tricarboxylate porphyrinogen that is then
oxidized to the corresponding porphyrin. Homozygotes for these mutations have some
distinct features, such as hemolysis early in life, whereas heterozygotes are similar to other
HCP patients.

Because of reduced penetrance, many individuals with a CPOX mutation have no signs or
symptoms of HCP. Given the rarity of acute attacks of HCP relative to AIP, it is suspected
that only a small minority of CPOX heterozygotes express the clinical disease.

2.3. Variegate Porphyria (VP)

This disease is termed “variegate” because it can cause severe neurovisceral symptoms or
chronic blistering skin lesions that are identical to those seen in PCT (Eales, Day and
Blekkenhorst, 1980; Kirsch, Meissner and Hift, 1998; Meissner, Hift and Corrigall, 2003).
VP has also been referred to as porphyria variegata, South African genetic porphyria, mixed
porphyria, protocoproporphyria, and porphyria cutanea tarda hereditaria (Kirsch, Meissner
and Hift, 1998; Meissner, Hift and Corrigall, 2003).

VP is an autosomal dominant genetic disorder due to partially deficient activity of the
mitochondrial enzyme protoporphyrinogen oxidase (PPOX) (Brenner and Bloomer, 1980;
Singal and Anderson, 2013). Enzyme activity is approximately 50 percent of normal in all
tissues and mitochondria-containing cells that have been examined, including lymphocytes
and cultured fibroblasts (Meissner, Hift and Corrigall, 2003). Speculation that King George
I11 of England and others in the Royal Family had VP (Macalpine and Hunter, 1966) has
been discounted (Peters, 2009).
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VP occurs worldwide, but its prevalence is not accurately known because many carriers of
PPOX mutations remain asymptomatic. The prevalence of VP is 1 in 300 among the white
population of Dutch descent in South African population, due to a founder effect (Eales,
Day, and Blekkenhorst, 1980; Meissner et al., 1996; Hift et al., 1997; Meissner, Corrigall
and Hift, 2012). A particular PPOX mutation (R59W) is highly prevalent in this population
(Meissner et al., 1996). Lower prevalences of VP have been estimated in Finland (1.3 per
100,000) (Mustajoki, 1980) and Europe in general (0.3 per 100,000) (Elder, 1997).

2.3.1. Clinical manifestations of VP—The clinical presentation of VP is variable in
nature and hence its name. Clinical manifestations are more common in women than men.
VP can cause acute attacks identical to those in AIP, with abdominal pain, vomiting,
constipation, hypertension, tachycardia, and neuromuscular weakness that can progress to
quadriplegia and respiratory weakness (Chemmanur and Bonkovsky, 2004). Phototoxic
manifestations may include bullae, erosions or ulcers after mild trauma, as in PCT.

The most common manifestation of VP is adult-onset cutaneous blistering lesions
(subepidermal vesicles, bullae, and erosions that crust over and heal slowly) of sun-exposed
skin, especially the hands and face. Other chronic skin findings include milia, scarring,
thickening, and areas of decreased and increased skin pigmentation. Facial
hyperpigmentation and hypertrichosis may occur.

Acute neurovisceral symptoms can occur any time after puberty, are highly variable, but
may be similar from episode to episode in a patient with recurrent attacks. Symptoms may
become chronic. The most common manifestations are abdominal pain, constipation,
tachycardia, hypertension, pain in the back, chest, and extremities, anxiety, agitation,
seizures, and neuromuscular weakness that may progress to quadriparesis and respiratory
paralysis. (Singhal and Anderson, 2013).

Very rare homozygous cases of VP, in which a PPO mutation is inherited from each parent,
manifest cutaneous photosensitivity and severe neurological manifestations beginning in
childhood. At least one of the mutant alleles in the homozygous disease must express some
enzyme activity. Interestingly, acute attacks are seldom described in homozygous cases
(Frank et al, 1998; Kauppinen et al., 2001).

The diagnosis of VP is established by biochemical testing and confirmed by identification of
a heterozygous mutation in PPOX (Singal and Anderson, 2013). Acute attacks are managed
and prevented as in AIP (Anderson et al, 2005; Anderson and Lee, 2010). Treatment of
acute attacks is the same as in AIP. No effective treatment for the skin is available, other
than avoiding sunlight. It is important to distinguish VP or HCP from PCT, because
treatment that is successful in PCT (phlebotomy or low-dose hydroxychloroquine) is not
helpful in VP and HCP.

2.3.2. Etiology and pathogenesis of VP—The PPOX gene contains 13 exons and is
localized to chromosomel (Roberts et al., 1995). VP is genetically heterogeneous, with
more than 140 different mutations identified (Whatley et al., 1999; Meissner, Hift and
Corrigoll, 2003). In South Africa, about 95 percent of the cases are due to the R59W
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missense mutation, due to a well described founder effect (Meissner et al., 1996; Warnich et
al., 1996). PPOX mutations in VP generally express little or no enzymatic activity.
Accordingly, residual enzyme activity is due to the normal allele that is in trans to the
mutant allele. Although some mutations are reported to cause a milder phenotype (von und
zu Fraunberg et al., 2002), genotype-phenotype correlations are less evident in larger studies
(Whatley et al., 1999).

The combined use of restriction enzyme and single-strand conformation polymorphism
analysis allows a rapid and accurate diagnosis of VP in in South Africa. The mutation R59W
was shown to be in association with one of four potential halotypes defined by two
polymorphisms in exon 1 of of the PPOX gene which supports the founder hypothesis for
VP in South Africa (Warnich et al., 1996. The diagnosis of VP is established by biochemical
testing and confirmed by identification of a heterozygous mutation encoding the
mitochondrial enzyme PPOX (Singal and Anderson, 2013).

2.4. 8-Aminolevulinic acid dehydratase deficiency porphyria (ADP)

ADP, also referred to as “Doss porphyria” after the investigator who described the first 2
cases, and subsequently a third, is due to a profound deficiency of ALAD (also known as
PBG synthase) [EC4.2.1.24], the second enzyme in the heme biosynthetic pathway (Doss
and Schmidt, 1972). ADP is the rarest type of porphyria, with only six documented cases
reported worldwide (Sassa, 1998; Akagi et al., 2006; Balwani and Desnick, 2012). It is one
of the acute porphyrias, and is an autosomal recessive disorder. Patients are usually
compound heterozygotes for ALAD mutations. Heterozygotes may be more susceptible to
toxicity from lead, which inhibits this enzyme by displacing zinc (Scinicariello et al., 2007).

2.4.1. Clinical manifestations ADP—Patients with ADP have neurovisceral symptoms,
as in other acute porphyrias, and no cutaneous manifestations. Heterozygous subjects have
approximately 50 percent of normal ALAD activity and are clinically asymptomatic (Bird et
al., 1979). All 6 cases documented to date have been males, 4 of whom experienced onset of
symptoms at about 14 years of age. Another patient was a child with neurological
impairment from birth, and the sixth was an adult and disease onset associated with a
myeloproliferative disorder (Sassa, 1998; Maruno et al., 2001; Doss et al., 2004). Treatment
with Hemin was effective in the 4 young males with ADP, but glucose loading was not.
ADP is assumed to be a hepatic porphyria, although liver transplantation was not beneficial
in a child with severe disease.

In addition to decreased activity due to an inherited genetic defect, ALAD can be inhibited
under a number of circumstances. The differential diagnosis of ADP should include other
hepatic porphyrias (AIP, HCP and VP) and toxic states in which ALAD enzyme activity is
suppressed, which include lead poisoning, hereditary tyrosinemia, zinc deficiency, smoking,
alcoholism, diabetes mellitus, and chronic renal insufficiency. The ALAD enzyme activity is
reduced in diabetes mellitus (Fernandez-Cuartero et al., 1999) patients, in dialysis patients
with chronic liver failure (Guolo et al., 1996), and in smokers and alcoholics (McColl et al.,
1981). ADP must also be differentiated from other causes of ALAD deficiency such as lead
poisoning and hereditary tyrosinemia type 1, which can cause increases in ALA,
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coproporphyrin 111 and erythrocyte protoporphyrin and symptoms very much like those in
acute porphyrias. Lead metal inhibits ALAD activity by displacing zinc from the enzyme
(Bergdahl et al., 1997; Granick, Sassa and Kappas, 1978). Individuals with heterozygous
ALAD deficiency may be more susceptible to lead poisoning (Doss, Laubenthal and
Stoppler, 1984). Succinylacetone, a structural analogue of ALA and a potent inhibitor of
ALAD (Sassa and Kappas, 1983), is increased in plasma and urine of patients with
hereditary tyrosinemia type 1 (Lindblad, Lindstedt and Steen, 1977).

It has been estimated that approximately forty percent of children with hereditary
tyrosinemia type 1 develop the signs and symptoms of ADP (Rank et al., 1987). The ALAD
enzyme activity has also been shown to be reduced when rats were exposed to
trichloroethylene (Fujita et al., 1984), styrene (Fujita et al., 1986), lead (Sassa, Granick,
Kappas, 1975), and iron (Bonkovsky et al., 1987).

2.4.2. Etiology and pathogenesis of ADP—ALAD (ALA dehydratase; PBG synthase
[EC 4.2.1.24]) catalyzes the formation of the monopyrrole PBG from two molecules of
ALA, a precursor committed to synthesis of porphyrins, heme, and other tetrapyrroles.
Human ALAD is a homo-octomer with a subunit size of 36,274 daltons (Wetmur et al.,
1986), and is encoded by the ALAD gene localized at chromosome 9q34 (Potluri et al.,
1987). The enzyme requires an intact sulfhydryl group and one zinc atom (Zn2*) per subunit
for full activity (Sassa, 1982). ALAD is present in vast abundance in mammalian cells; for
example in liver its activity is 80 to 100-fold greater than that of ALAS, the first and rate-
limiting enzyme for hepatic heme biosynthesis (Kappas et al., 1995). The normal abundance
of this enzyme explains why heterozygotes, with ~50 percent of normal ALAD activity, are
asymptomatic.

On the basis of an analysis of a small population, it has been estimated that the prevalence of
individuals with 50% of normal PBGS activity, putatively caused by one aberrant ALAD
allele, is 2% in the normal asymptomatic population (Thunell, Holmberg, Lundgren, 1987).
This study suggested that most instances of compound heterozygosity in ALAD result in
spontaneous abortions. The frequency of genetic carriers for ALAD deficiency (i.e.,
heterozygotes) in the normal population in Sweden was estimated to be approximately 2
percent. Although subjects with heterozygosity for ALAD deficiency are asymptomatic,
they may be considered to be at risk for developing ADP when exposed to environmental
chemicals or toxins, which further inhibit ALAD activity (Thunell, Holmberg, Lundgren,
1987).

ALAD is markedly deficient and ALA substantially elevated in plasma and urine in patients
with ADP. ALA is further metabolized to other heme precursors, and as a result
coproporphyrin 111 is excreted in urine in large amounts and protoporphyrin IX is increased
in erythrocytes. As in other acute porphyrias, the mechanism of neurological damage is not
well understood.
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3. Porphyria cutanea tarda (PCT)

PCT is a hepatic porphyria that causes chronic blistering skin phototoxicity, but has no
neurological manifestations. Therefore, this disease is distinct from the acute hepatic
porphyrias, discussed above. However, two of the acute porphyrias, HCP and VP, as well as
mild cases of CEP and HEP (both discussed below), can present with skin lesions identical
to those of PCT. Because PCT is the most common porphyria, it is important to differentiate
it from these less common porphyrias, so appropriate management can be offered.

Both PCT and HEP (described in the next section) are due to deficient activity of hepatic
uroporphyrinogen decarboxylase, the fifth enzyme in the heme biosynthetic pathway. HEP
is usually a more severe disease, and is the homozygous form of familial PCT.

PCT is the most common of the porphyrias with an estimated incidence of 1 in 10,000 or 2—
5 per million population in the United Kingdom (Elder, 1998; Bleasel and Varigos, 2000;
Sarkany, 2001). The disease occurs in both sexes but is somewhat more common in men,
with onset usually during the fifth and sixth decades.

3.1. Clinical features of PCT

Patients usually present with skin fragility and bullae on sun-exposed skin, most commonly
the backs of the hands (Frank and Poblete-Gutierrez, 2010). Evidence of liver dysfunction is
common, and amounts of iron in the liver are normal or increased. Risk of developing
hepatocellular carcinoma is increased in PCT, and is often related in part to one or more
liver-damaging susceptibility factors being greater than normal. (Bonkovsky et al., 1998;
Frank and Poblete-Gutierrez, 2010).

PCT is the only porphyria that can develop in the absence of an inherited mutation of the
affected enzyme. Indeed, only ~20% of patients with this condition have a heterozygous
UROD mutation, which lowers UROD activity in all tissues to ~50% of normal. These
mutations increase susceptibility to develop PCT, but acquisition of additional susceptibility
factors are needed to reduce the hepatic enzyme activity to less than ~20% or normal and
cause porphyrin accumulation. Therefore, PCT is primarily an acquired disorder in which
behavioral, environmental, infectious and genetic factors interact to cause a substantial
deficiency of hepatic UROD activity. PCT without UROD mutations is referred to as
inherited, or type-2. However, the family history is usually negative for the disease in such
patients. PCT with heterozygous UROD mutation is termed type-1. A type-3, which is rare,
refers to patients with a clear family history of PCT but without UROD mutations.

PCT is also an iron-related disorder — another feature that is different from other porphyrias.
The disease always occurs with a normal or increased amount of hepatic iron, and iron
deficiency is protective, and the prevalence of HFE (hemochromatosis) mutations is
increased. Repeated phlebotomy to reduce hepatic iron is effective treatment, and iron
administration can lead to recurrence of the disease.

Multiple readily identified susceptibility factors are found in individual patients, but none is
found in all (i.e. none is required for PCT to develop. These factors include the following
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(with their frequencies in one large US series in parentheses): alcohol (87%), smoking
(81%), hepatitis C (69%), HIV infection (13%), estrogen (66% in females), HFE mutations
(53%) and UROD mutations (17%) (Jalil, Grady, Lee, and Anderson, 2010). HFE
mutations, alcohol and hepatitis C are known to decrease hepcidin levels and thereby
increase iron absorption from the intestine. A number of these factors also increase oxidative
stress and cytochrome P450 enzymes (CYPSs) in hepatocytes.

PCT can develop and be reproduced in laboratory animals from exposure to certain
halogenated chemicals. In the late 1950s, over 3000 people in Turkey developed toxic PCT
from ingestion of the fungicide hexachlorobenzene used for preserving wheat that was
intended for planting (Schmid, 1960; Cam and Nigogosyan G, 1963; Cripps et al., 1984).
Smaller outbreaks of PCT from industrial exposures of other polyhalogenated hydrocarbons
such as dioxins and triazine herbicides have been observed (Bleiberg et al., 1964, Oliver,
1975). Such exposures are rarely evident in sporadically occurring cases of PCT seen in
clinical practice.

3.2. Etiology and pathogenesis of PCT

PCT results from inhibition of UROD in the liver. UROD is a cytosolic enzyme that
catalyzes the sequential decarboxylation of the four acetic acid substituents of
uroporphyrinogen to the four methyl groups of coproporphyrinogen. A single gene, mapped
to chromosome 1p34, encodes UROD (Verneuil et al., 1984b and 1986). UROD is a 41-
kilodalton polypeptide cytosolic enzyme that has no tissue-specific isoenzymes (Romeo et
al., 1986). A porphomethene inhibitor of UROD has been identified in genetically
engineered mice with homozygous HFE mutations and a heterozygous UROD mutation.
The inhibitor is the product of oxidation of one of the four methene bridges of
uroporphyrinogen. The oxidative process involves CYPs and requires ferrous iron (Phillips
etal., 2007a).

Decreased UROD leads to increased production of 8- to 5-carboxymethyl substituted
porphyrinogens (De Matteis, 1998). These compounds auto-oxidize to porphyrins, which
accumulate in the liver in large amounts and are transported in plasma to the skin where they
act as photosensitizers, and are excreted in urine and bile (De Matteis, 1998). Excess
porphyrins in the skin interact with light of approximately 400 nm-wavelength and are
activated and generate reactive oxygen species that cause skin damage and increased
fragility (Grossman and Poh-Fitzpatrick, 1980; Lim, 1989).

The livers of patients with PCT contain high concentrations of uroporphyrins and hepta-
carboxyl porphyrins. Most of the PCT patients have increased ferritin, serum iron, and iron-
binding saturation suggesting that iron plays an important role in the pathogenesis of PCT.
Liver function abnormalities are common but are usually mild, although they sometimes
progress to cirrhosis and even liver cancer (Frank et al., 2001). The incidence of
hepatocellular carcinoma in PCT is greater than normal. PCT is often associated with
Hepatitis C infection, which can also cause these liver complications. However, liver tests
are generally abnormal even in PCT patients without Hepatitis C infection (Bonkovsky et
al., 1998; Frank and Poblete-Gutierrez, 2010).
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Iron plays a role in the pathogenesis of PCT, although the exact mechanism is unclear. Mild
to moderate systemic or liver iron overload is present in the majority of patients (Sampietro,
Fiorelli, and Fargion, 1999). Over 80% of PCT patients have hepatic siderosis and elevated
plasma ferritin (Grossman et al., 1979; Rocchi et al., 1986; Elder and Roberts, 1995;
Siersema et al., 1995). Iron removal returns UROD activity to normal in sporadic PCT
(Sweeney, 1986; Elder, Roberts, and de Salamanca, 1989). Administration of iron
accelerates the onset of PCT and produces relapse in phlebotomy-induced remissions
(Lundvall, 1971; Felsher, Jones, and Redeker, 1973). However, since PCT is uncommon in
hereditary hemochromatosis, iron is not thought to be the sole etiological agent. Iron may
increase production of peroxides and free radicals, leading to oxidation of uroporphyrinogen
in the cell, direct liver damage, production of an inhibitor of UROD or direct modification of
the enzyme itself (Mukerji, Pimstone, and Burns, 1984; De Matteis, 1998; Bonkovsky,
1989).

An association has been found between PCT and the hemochromatosis gene mutation
C282Y (cysteine to tyrosine substitution at amino acid 282) (Fodinger and Sunder-
Plassmann, 1999; Mehrany et al., 2004; Bovenschen and Vissers, 2009). The C282Y
mutation has been found in approximately 44% of patients with s-PCT in the United
Kingdom (Roberts et al., 1997), the Netherlands (Santos, Clevers, and Marx, 1997) and
Australia (Stuart et al., 1998). An increase in the H63D mutation was found in Italy but not
the C282Y mutation (Sampietro et al., 1998). In this population, the frequency of C282Y
mutation was lower, and the incidence of HCV was higher. These observations have led to
the hypothesis that C282Y mutation may trigger PCT independently of viral disease by
promoting the accumulation of iron, whereas HCV and H63D may synergise to produce
clinically manifest PCT (Sampietro et al., 1998; Elder and Worwood, 1998). Hence, the
inheritance of C282Y mutation may contribute to the genetic susceptibility for PCT,
precipitating PCT in predisposed individuals (Fodinger and Sunder-Plassmann, 1999).

Over 108 UROD mutations have been identified in patients with familial type-2 PCT and in
HEP (Elder et al, 1981; Moran-Jimenez et al., 1996; Elder, 1998; Mendez et al., 1998).
Erythrocyte UROD activity is ~50% of normal in type 2 PCT, but other factors such as
increased erythropoiesis can increase UROD activity. Therefore, UROD gene sequencing
has greater diagnostic accuracy for identifying those with UROD mutations (Aarsand,
Boman, and Sandberg, 2009; Badenas et al., 2009). Identifying a UROD mutation is part of
the complete evaluation of patients for susceptibility factors, and may account for earlier
than usual onset of the disease.

Mutational analysis of UROD may not be needed for the diagnosis of PCT except in the rare
instances when HEP is suspected (Moran-Jimenez et al., 1996). There is a debate about
whether all patients with PCT should be offered testing to identify those with type-2 PCT
(Sarkany, 2008; Aarsand, Boman, and Sandberg, 2009; Puy, Gouya, and Deybach J-C,
2010). But mutational analysis of UROD has greater diagnostic accuracy than measurement
of erythrocyte UROD activity for this purpose (Aarsand, Boman, and Sandberg, 2009;
Badenas et al., 2009).
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Differentiation of type-2 PCT from type-1 PCT has no benefit for the individual patient
since the response to treatment and prognosis of the two forms is similar. DNA results do
not influence treatment, since all PCT types respond to phlebotomy or low-dose
hydroxychloroquine. Screening of type-2 PCT families allow mutation carriers to be
counselled about the need to avoid other susceptibility factors (Sarkany, 2008; Whatley and
Badminton, 2013).

PCT is the most readily treated form of porphyria. Phlebotomies to deplete iron guided by
estimating the serum ferritin level can be used to treat PCT. Low-dose hydroxychloroquine,
which removes excess porphyrins from the liver, is also highly effective.
Hydroxychloroquine (and chloroquine) in the amounts used for other diseases cause
hepatotoxicity in PCT, and this adverse effect is largely avoided with the low-dose regimen.
Time to remission is approximately the same with these treatments (Singal, Kormos-
Hallberg, Lee, Sadagoparamanujam, Grady, Freeman, and Anderson, 2012)

3.3. Risk and other associated precipitating factors for PCT

The major risk factors of PCT are excess alcohol intake, cigarette smoking, increased iron
(iron overload or hemochromatosis), certain chronic viral infections, especially hepatitis C
virus (HCV) and human immunodeficiency virus (HIV), and estrogens. One or more of
these precipitating factors can be found in over 80% of patients with PCT (Grossman et al.,
1979; Elder, 1998; Egger et al., 2002; Gisbert et al., 2003). Genetic predisposition seems to
an important factor since only a small proportion of people exposed to alcohol and estrogens
develop PCT (De Matteis, 1998). About 20 to 25% of persons with PCT also have a genetic
predisposition in the form of an inherited partial deficiency of UROD enzyme. However,
such a deficiency in itself is not sufficient to produce symptomatic PCT; other factors are
also needed (Anderson, 2003; Anderson and Lee, 2010).

There are several suggested mechanisms for the role of alcohol in PCT. Alcohol increases
iron absorption resulting in iron accumulation in the liver, stimulates hepatic ALAS enzyme
and free radical production and is independently hepatotoxic (De Matteis, 1998; Grossman
and Poh-Fitzpatrick, 1980). Alcohol induces hepatic ALAS-1 in PCT patients and
erythrocyte UROD activity. Alcohol also inhibits other enzymes in the heme pathway, and
chronic alcoholism suppresses erythropoiesis and increases dietary iron absorption. Large
amounts of porphyrins build up in the liver when the disease is becoming active. The disease
becomes active when acquired factors, such as iron, alcohol, Hepatitis C Virus (HCV), HIV,
estrogens (used, for example, in oral contraceptives and prostate cancer treatment) and
possibly smoking, combine to cause a deficiency of UROD in the liver. Hemochromatosis,
an iron overload disorder, also can predispose individuals to PCT ((De Matteis, 1998; Egger
et al., 2002; Anderson and Lee, 2010).

3.4. PCT, Hepatitis C and Human Immunodeficiency Virus

HCV and HIV infections have been shown to be associated with PCT (Tsukazaki, Watanabe
and Irifune, 1998; Gisbert et al., 2003). The role of HCV in PCT is not well understood, and
several studies have indicated that HCV alone is insufficient to cause PCT (O’Reilly et al,

1996; Cribier et al., 1996; Gomi et al., 1997; Bonkovsky et al., 1998). A possible hypothesis
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was that HCV triggers symptomatic PCT in genetically predisposed individuals (Pawlotsky,
Dhumeaux, and Bagot, 1995; Dabrowska et al., 1998; Lamoril et al., 1998; Moran et al.,
1998; Chuang, Brashear, and Lewis, 1999; Chiaverini et al., 2003).

The HIV infection is associated with altered porphyrin metabolism and appears to be an
independent risk factor for PCT. Several mechanisms have been proposed for the role of
HIV in the development of PCT, including direct hepatic damage by HIV (Mansourati,
Stone, and Mayer, 1999), altered porphyrin biosynthesis (Boisseau et al., 1991; Sepkowitz et
al., 1995) and impairment of the cytochrome P-450 mixed function oxidase system (Wissel
etal., 1987; McAlister et al., 1995). The combination of HCV and HIV seems to be more
potent than either virus alone in causing abnormalities in porphyrin metabolism (O’Connor
et al., 1996; Blauvelt, 1996).

4. Hepatoerythropoietic Porphyria (HEP)

HEP is a rare form of cutaneous porphyria (Romeo and Levin, 1969), with approximately 40
cases were reported up to 2010 (Cantatore-Francis et al., 2010). HEP is a homozygous or
compound heterozygous form of type-2 PCT, and results from a severe UROD deficiency
(Elder et al., 1981; Deybach et al., 1981; Verneuil et al., 1984b and 1986; Smith, 1986;
Meguro et al., 1994; Elder, 1997; Fritsch et al., 1997; Cantatore-Francis et al., 2010). The
disease occurs worldwide and in both males and females and is inherited as an autosomal
recessive trait.

4.1. Clinical features of HEP

Clinical manifestations usually develop during infancy or early childhood and include
extreme photosensitivity, skin fragility (bullae, erosions, and scarring) in sun-exposed areas,
hypertrichosis, erythrodontia, and pink-to-red colored urine. Sclerodermoid skin changes
often become evident over time. Compared to PCT, the cutaneous features of HEP typically
have earlier onset, increased severity leading to disfigurement, and closer resemblance to
those in CEP (Giinther disease). However, extracutaneous findings including hemolytic
anemia are more frequent and severe in CEP than HEP.

Cutaneous photosensitivity usually begins in early childhood and is usually more severe
than in PCT, and resembles CEP (Elder et al., 1981; Lim and Poh-Fitzpatrick, 1984).
Bacterial infection, scarring and photomutilation can occur. Hemolytic anemia is less
frequent and severe than in CEP, but anemia due at least in part to hemolysis is common,
and may be accompanied by hepatosplenomegaly ((Meguro et al., 1994; Elder, 2003). Mild
anemia due at least in part to hemolysis is common, and may be accompanied by
hepatosplenomegaly ((Meguro et al., 1994; Elder, 2003).

Anemia was present in >50% of HEP patients for whom hematologic status was reported
(15/27), but severe anemia requiring transfusions or administration of Epoetin-a has only
been observed in a few individuals (Horina and Wolf, 2000; Armstrong et al., 2004; Phillips
et al., 2007c; Remenyik et al., 2008). Some patients present with hemolytic anemia and
splenomegaly Hematological abnormalities may include mild, normocytic and
normochromic anemia due in part to hemolysis. Mild and nonspecific abnormalities in liver
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function and histology are common, usually without siderosis (Desnick and Astrin, 2002;
Anderson 2003; Anderson and Lee, 2010). The molecular mutational analysis is also
indicated for the diagnosis of HEP (Phillips et al., 2007c). Developmental delay and seizures
have been reported in HEP. A 4-year-old boy had delayed speech and language skills then
presented with focal seizures and acute left hemiparesis (Parsons et al., 1994).

Onset in adulthood has been reported (Moran-Jimenez MJ, Ged C, Romana M, et al., 1996;
Horina and Wolf, 2000), and such cases may be misdiagnosed as PCT. Two young adults,
ages 21 and 23 years, with severe HEP developed generalized seizures and had
neuroimaging evidence of cerebral cortical atrophy and calcifications in the frontal lobes,
presumably related to hypoxic injury as in other porphyrias (Berenguer et al., 1997).

HEP is clinically manifest by the onset of photosensitivity within the first few years of life,
scarring of sun-exposed skin and hypertrichosis (Elder et al., 1981; Lim and Poh-Fitzpatrick,
1984). Clinical features in milder and later onset cases may be indistinguishable from PCT.
Most patients with HEP develop photosensitive eruptions during infancy or early childhood.
Spontaneous improvement of acute photosensitivity during later childhood with persistent
skin fragility has been described. Some patients have presented in the second or third decade
of life with mild skin fragility or photodistributed annular plaques. Photomutilation can
result in considerable morbidity in patients with HEP via impaired function of the hands and
facial disfigurement, making photoprotection essential. Sclerodactyly, osteolysis and
shortening of the phalanges, and progressive joint deformities can occur as components of
acral photomutilation in patients with HEP, CEP, and homozygous VP. Bacterial infections
and scarring with disfiguring can occur. Sun-induced erythema and blistering occurred by
age 2 years in 75% of reported cases of patients. Sclerodermoid skin changes may be
prominent.

Biochemical abnormalities resemble PCT, but with substantial elevations of erythrocyte
protoporphyrin (predominantly zinc protoporphyrin) level. Molecular studies to identify
both mutations are diagnostically important.

4.2. Etiology and pathogenesis of HEP

UROD activity is usually 10% or less than normal when measured in erythrocytes of
patients with HEP (Gunther, 1967; Elder et al, 1981; Day and Strauss, 1982; Lazaro et al.,
1984; de Verneuil et al, 1984; Fujita et al., 1987; Koszo et al., 1990; Meguro et al., 1994;
Elder, 2003; Sassa, 2006; Cantatore-Francis et al., 2010). HEP is primarily hepatic, although
a marked increase in erythrocyte zinc protoporphyrin indicates that the heme biosynthetic
pathway in the bone marrow is also affected. The excess zinc protoporphyrin in erythrocytes
is probably formed from pathway intermediates that accumulate during hemoglobin
synthesis and are later metabolized to protoporphyrin, and then complexed with zinc.

Patients are either homozygous or compound heterozygous for UROD mutations, at least
one of which must express some UROD enzymatic activity, since a null mutation would be
lethal in the homozygous state (Elder et al., 1981; Verneuil et al., 1984a). Thus, null
mutations are much less common in HEP than in heterozygotes with familial (type 2) PCT
(Phillips et al., 2007c). Fifteen missense mutations, 2 deletions, and 1 nonsense mutation
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have been reported in HEP. The hepatic UROD inhibitor and susceptibility factors that are
important in PCT generally do not have a significant role in HEP (Phillips et al., 2007c;
Granata et al., 2009).

Since the UROD enzyme activity is markedly reduced in HEP, it is sufficient to lead to
accumulation of highly carboxylated porphyrinogens and porphyrins in liver and possibly
other tissues. This UROD deficiency is sufficient to lead to accumulation of highly
carboxylated porphyrinogens and porphyrins in liver and possibly other tissues. HEP is the
recessive form of type-2 PCT, an autosomal dominant condition in which heterozygous
UROD mutations predispose carriers to clinical manifestations (Verneuil et al., 1984a).

HEP is primarily hepatic, although a marked increase in erythrocyte zinc protoporphyrin
indicates that the heme biosynthetic pathway in the bone marrow is also affected. The excess
zinc protoporphyrin in erythrocytes is probably formed from pathway intermediates that
accumulate during hemoglobin synthesis and are later metabolized to protoporphyrin, and
then complexed with zinc (Phillips et al., 2007c).

Over 40 UROD mutations have been described with some occurring in both HEP and
familial PCT. Fifteen missense mutations, 2 deletions, and 1 nonsense mutation have been
reported in HEP (Phillips et al., 2007c; Granata et al., 2009). Severe cutaneous findings, a
HFE H63D mutation, and elevated ferritin levels were described in a 2-year-old boy with
HEP (Phillips et al., 2007c). While HEP is considered as a homozygous form of familial
PCT, only one of the 10 mutations identified in HEP has been shown to be associated with
PCT (Garey et al., 1990; Meguro et al, 1994; Roberts et al., 1995; Moran-Jimenez et al,
1996; McManus et al., 1996).

5. Erythropoietic porphyrias

There are three erythropoietic types of porphyria. CEP is rare with skin manifestations
resembling PCT, but usually much more severe. EPP is the most common porphyria in
children, and on average is perhaps associated with the longest delay in diagnosis. XLP is
less common and has the same phenotype as EPP, and therefore these are described
together.

5.1. Congenital Erythropoietic Porphyria (CEP)

Congenital erythropoietic porphyria (CEP, Gunther’s disease) is a very rare autosomal
recessive disease, characterized by blistering cutaneous photosensitivity (Gunther, 1967).
CEP is estimated to affect about three per ten million of the population in the UK (European
Porphyria Network, 2012). Affected individuals are homozygous or compound heterozygous
for UROS mutations. In one case the disease was due to mutations in the gene encoding the
transcriptional regulator GATAL (Phillips et al., 2007b and 2007c; Puy, Gouya and
Deybach, 2010; Campbell et al, 2013; Whatley and Badminton, 2013).

5.1.1. Clinical features of CEP—The phenotype can vary depending on the severity of

the inherited UROS mutations and levels of porphyrins in plasma and erythrocytes. Severe
disease can present in utero with hydrops fetalis, or shortly after birth with red urine, severe

Curr Protoc Hum Genet. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ramanujam and Anderson Page 19

blistering photosensitivity, hemolysis, splenomegaly and transfusion dependence. Repeated
light exposure can lead to scarring, infection and loss of facial features and digits. Skeletal
changes may result from bone marrow expansion and vitamin D deficiency (Fritsch et al.,
1997). Milder cases and later onset forms, sometimes associated with a myeloproliferative
disorder, can resemble PCT clinically (Deybach et al., 1981; Verstraeten et al., 1993;
Murphy et al., 1995). It usually presents with red urine, severe blistering and haemolytic
anaemia in infancy. Patients may develop photomutilation and become transfusion
dependent.

In a study using 130 cases of CEP, dermal deposits of uroporphyrin frequently induced
dramatic phototoxic oxygen-dependent skin damage with extensive ulcerations and
mutilations. Splenomegaly and hemolytic anemia were typical internal symptoms. Skeletal
changes such as osteolysis and calcifications were frequent (Fritsch et al., 1997). The
disease severity in unrelated patients is markedly heterogeneous, ranging from fetal demise
or severe transfusion dependency throughout life to milder adult cases with only cutaneous
photosensitivity. CEP should be suspected when severe photosensitivity begins in infancy or
childhood, and porphyrins are markedly increased in both erythrocytes and urine. Pink to
dark reddish urine or staining of the diaper noted shortly after birth may be the first clue to
the diagnosis. Clinical severity of CEP is highly variable, ranging from non-immune
hydrops fetalis due to severe hemolytic anemia in utero to milder, later-onset forms, which
may have only cutaneous lesions in adult life. Mild to severe hemolysis is a feature of CEP
and is accompanied by anisocytosis, poikilocytosis, polychromasia, basophilic stippling,
reticulocytosis, increased circulating nucleated red cells, and absence of haptoglobin. Severe
cutaneous photosensitivity usually begins in early infancy and is manifested by increased
friability and blistering of the epidermis on the hands and face and other sun-exposed areas.
Pink or reddish-brown staining of diapers may be the first clue to the presence of this
disorder. Porphyrins deposited in the teeth produce a reddish brown color in natural light,
termed erythrodontia. The teeth may fluoresce on exposure to long wavelength ultraviolet
light (Deybach et al., 1980; Anderson, 2003; Anderson and Lee, 2010).

5.1.2. Etiology and pathogenesis of CEP—CEP is an autosomal recessive genetic
disorder charcterized by markedly reduced enzyme activity of uroporphyrinogen I11
synthase (UROIII-S), the fourth enzyme in the heme biosynthetic pathway. The mutations of
UROIII-S gene were isolated as a full-length cDNA sequence (Desnick et al. 1998; Desnick
and Astrin, 2002). CEP is characterized by severe over-production of uroporphyrin I, which
manifests at birth and in the neonatal period. UROS catalyzes the conversion of
hydroxymethylbilane, a linear tetrapyrrole, to the cyclic tetrapyrrole uroporphyrinogen Iil.
In the absence of UROS, HMB undergoes spontaneous ring closure to uroporphyrinogen I,
which can be further metabolized only to coproporphyrinogen-1. Therefore, the isomer-I
porphyrinogens are not heme precursors. They are spontaneously oxidized to uroporphyrin-I
and coproporphyrin- 1, which are photosensitizing porphyrins, and cause the cutaneous
manifestations of CEP (Romeo and Levin, 1969 and 1970; Deybach et al., 1981; Tanigawa,
Takamura, Yamashita, 1995; Fritsch et al., 1997).

Multiple UROS mutations causing CEP have been described in different families with CEP,
including single base substitutions, insertions, deletions, and splicing defects (Warner et al.,
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1992; Xu, Warner, Desnick, 1995; Ged et al., 1996; Desnick et al., 1998; Shady et al., 2002;
Ged et al., 2004 and 2009; Berry et al., 2005). Most mutations were identified in one or a
few unrelated families with the exception of C73R, L4F, and T228M which occurred in
about 33%, 8%, and 7% of the mutant alleles studied, respectively. The mutation Cys73Arg,
especially in homozygotes, is often associated with early onset of severe disease and
transfusion-dependent hemolytic anemia (Desnick and Astrin, 2002). Prokaryotic expression
of the mutant UROS alleles identified significant variation in residual activity, and
elucidated genotype-phenotype correlation. In the largest series of biochemically proven
CEP patients, UROS mutations were identified on 25 (74%) of 34 alleles; no mutation being
identified on either allele in three patients. Low sensitivity of mutation detection in this and
other case series of CEP is unexplained (Whatley and Badminton, 2013). Gain of function
mutations of 5-aminolevulinate synthase 2 (ALAS2, the first enzyme of erythroid heme
synthesis) can also influence the severity of CEP (To-Figueras et al., 2011; Bunn HF, 2011).

5.2. Erythropoietic Protoporphyria (EPP) and X-linked protoporphyria (XLP)

EPP, the third most common porphyria (10-20 per 100,000 individuals) and the most
common in children, was first clearly described by Magnus and co-workers in 1961
(Magnus et al., 1961). The disease results from a deficiency of ferrochelatase enzyme
(FECH), leading to accumulation of protoporphyrin and a painful, nonblistering form of
photosensitivity. XLP is less common but has the same phenotype as EPP. It is the most
recently described porphyria, and results from gain of function mutations of the erythroid-
specific form on 8-aminolevulinic acid synthase (ALAS2), which catalyzes the first step in
heme biosynthesis in marrow erythroid cells. EPP affects all ethnic groups without any sex
predominance, but is more common in Orientals than Caucasians and much less common in
Africans. Ethnic and geographic distribution of XLP has been little studied, but may be
more common in the US than in Europe (Whatley and Badminton, 2013). Many persons
with EPP have a mild degree of anemia suggesting iron deficiency (Goerz et al., 1996).

5.2.1. Clinical features of EPP and XLP—Cutaneous symptoms of EPP (and XLP) are
usually noted in early childhood and are life long. Sunlight and to some extent other sources
of visible light cause very painful skin photosensitivity. It causes very painful
photosensitivity and can greatly impair quality of life. The clinical expression is highly
variable. The symptoms can vary even among patients within the same family. Swelling,
burning, itching, and redness of the skin may appear during or after exposure to sunlight.
This can cause mild to severe burning pain on sun-exposed areas of the skin. Usually, these
symptoms subside in 12 to 24 hours and heal without significant scarring. Blistering and
scarring are characteristic of other types of cutaneous porphyria but are unusual in EPP.
Photosensitivity is the major clinical manifestation of EPP. Skin manifestations generally
begin early childhood and are more severe in the summer (Anderson, 2003; Chemmanur,
Herbert and Bonkovsky, 2004; Anderson and Lee, 2010)

The need for affected individuals to avoid sunlight greatly impairs their quality of life. With
sunlight exposure, the first symptom is often pain, burning or itching. Continued light
exposure can cause swelling, and redness, and systemic symptoms that can last for several
days. Patients are sensitive to sunlight that passes through window glass. There are usually
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no lasting skin manifestations such as blistering or scarring, although with repeated sun
exposure the skin may become thickened especially on the backs of the hands and the face
(Anderson, 2003; Chemmanur, Herbert and Bonkovsky, 2004; Anderson and Lee, 2010).
Mild iron deficiency anemia is a common feature of protoporphyria, and is poorly explained
(Goerz et al., 1996). At least in the UK, delay in diagnosis of EPP and XLP is greater than
with any other type of porphyria (Whatley and Badminton, 2013). EPP rarely develops in
adults in the presence of a myeloproliferative disorder, due to expansion of a clone of red
blood cell precursors in the marrow that is FECH deficient.

The accumulation of protoporphyrin can cause liver damage when the hepatic load exceeds
the canalicular excretion capacity. Approximately 5% of patients with protoporphyria
develop protoporphyric hepatopathy, a severe liver disease that can progress rapidly and
require liver transplantation (Sarkany and Cox, 1995; McGuire et al., 2005; Dowman et al.,
2011).

Delay in diagnosis is greater than with any other type of porphyria. It affects all ethnic
groups without any sex predominance. EPP is a disorder in which accumulation of
protoporphyrin in erythrocytes, skin, liver and other tissues leads to lifelong, acute painful
photosensitivity and, in about 2% of patients, severe liver disease. Chronic skin lesions are
minor and skin fragility is absent (Todd, 1994; Cox, 2003). The most effective treatment is
the prevention of the photosensitive reaction by avoiding sunlight, skin protection with
clothing and occlusive sunscreen preparations. Increasing skin pigmentation with
afamelanotide, an a-melanocyte stimulating hormone analogue, can significantly increase
sunlight tolerance (Holme et al., 2006; Minder, 2010; Langendonk, Balwani, Anderson, et
al., 2015)

5.2.2. Etiology and pathogenesis of EPP and XLP—EPP is caused by mutations in
the gene encoding FECH, a mitochondrial enzyme that catalyzes the insertion of ferrous iron
(FeZ*) into protoporphyrin to form heme (Todd 1994; Poh-Fitzpatrick, 1995; Cox, 1997;
Elder, 1999). FECH also catalyzes the insertion of zinc, to form zinc protoporphyrin from
any protoporphyrin that remains after completion of heme synthesis. In EPP, metal-free
protoporphyrin accumulates in bone marrow reticulocytes, since formation of both heme and
zinc protoporphyrin is impaired. Metal-free protoporphyrin enters the plasma from the bone
marrow and circulating erythrocytes and is then transported to the skin, causing
photosensitivity, and to the liver for excretion into bile (Bloomer et al., 1991) and
hepatocytes (Bonkowsky et al., 1975). (Samuel et al., 1988; Bloomer et al., 1991). Some
protoporphyrin may subsequently be reabsorbed and undergo enterohepatic circulation
(Ibrahim and Watson, 1968). Because impaired FECH activity reduces formation of zinc
protoporphyrin, more than ~85% of protoporphyrin measured in erythrocytes is metal-free.

More than 130 FECH mutations have been identified in EPP (HGMD, 2014). Less than half
these mutations are missense; the rest are nonsense, frameshifts, large deletions or affect
RNA splicing. In the UK, one particular mutation was identified in 24% of EPP families
(Whatley et al., 2010). These are disabling mutations that reduce FECH activity by ~50%,
which is not a sufficient reduction to cause EPP. It was discovered quite recently that most
individuals with EPP have inherited a disabling FECH mutation from one parent and a low-
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expression (hypomorphic) FECH allele from the other (Gouya et al., 1996). The low
expression intronic variant (I\VS3-48C/T) produces a truncated unstable mRNA, reducing
enzyme activity by 20-30% (Gouya et al., 2002); it is common in the population but by
itself does not cause disease. The combination of two allelic variants reduces overall FECH
activity to 35% of normal or less, causing accumulation of protoporphyrin during
hemoglobin synthesis (Gouya et al., 2006). The low expression FECH allele is found in
~10% of Caucasians, is more common in Asian populations and very rare in Africa, thus
accounting for the rarity of EPP among those of African descent. Rarely, two disabling
mutations are present, with at least one expressing enough FECH protein to complete heme
synthesis, since complete absence of heme synthesis would be lethal. It is not known why in
families with two disabling FECH mutations, EPP is associated with palmar keratoderma.

EPP rarely develops in adults in the presence of a bone marrow disorder such as
polycythemia vera, and is due to expansion of a clone of red blood cell precursors in the
marrow that is deficient in FECH enzyme. In PCT, a number of different liver diseases may
precipitate into the liver disease, whereas, in EPP, it is the porphyria itself which leads to
liver disease, due to progressive deposition and accumulation of insoluble protoporphyrin-
IX in hepatocytes and bile canaliculi. Excess accumulation of free protoporphyrin-I1X results
from partial deficiency of FECH enzyme activity. EPP is an inherited disorder with both
recessive and dominant patterns of inheritance (Went and Klasen, 1984; Lamoril et al.,
1991; Norris et al., 1991; Sarkany, Alexander and Cox, 1994)

XLP results from gain of function mutations of ALAS2, the only enzyme in the heme
biosynthetic pathway encoded by a gene on the X-chromosome. These small, C-terminal
deletion mutations lead to synthesis of ALA and protoporphyrin in amounts that exceed that
needed for heme synthesis in the bone marrow. Because FECH is not deficient in XLP,
some of the excess protopophryin measured in erythrocytes is zinc-chelated and only
50~85% is metal-free. On average, patients with XLP have more severe disease, with higher
protoporphyrin levels and perhaps a greater risk of liver disease than do those with EPP.
Heterozygous females may have normal or elevated levels of protoporphyrin depending on
the degree of inactivation of the X chromosome that carries the ALAS2 mutation (Whatley
et al., 2008).
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Enzyme Type of porphyria
&-Aminolevulinic acid X-linked protoporphyria
synthase
a-Aminolevulinic acid ALAD porphyria
dehydratase
Porphobilinogen Acute intermittent porphyria
deaminase
Uroporphyrinogen Il Congenital erythropoietic
synthase porphyria
Uroporphyrinogen Porphyria cutanea tarda,

decarboxylase

hepatoerythropoietic porphyria

Coproporphyrinogen
oxidase

Hereditary coproporphyria

Protoporphyrinogen
oxidase

Variegate porphyria

Ferrochelatase

Erythropoietic protoporphyria

The heme biosynthetic pathway showing intermediates, enzymes and types of porphyria

associated with each enzyme.
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Table 1
Classifications and principal clinical features of each type of porphyria disease. Standard abbreviations are
also shown.
Porphyria Classification Principal Clinical Features

Acute intermittent porphyria (AIP)

Hepatic; Acute

Neurological

Hereditary coproporphyria (HCP)

Hepatic; Acute & Cutaneous

Neurological; blistering photosensitivity (uncommon)

Variegate porphyria (VP)

Hepatic; Acute & Cutaneous

Neurological; blistering photosensitivity (common)

8-Aminolevulinic acid dehydratase porphyria (ADP)

Hepatic; Acute

Neurological

Porphyria cutanea tarda (PCT)

Hepatic: Cutaneous

Blistering photosensitivity

Hepatoerythropoietic porphyria (HEP)

Hepatic: Cutaneous

Blistering photosensitivity

Congenital erythropoietic porphyria (CEP)

Erythropoietic; Cutaneous

Neurological

Erythropoietic Protoporphyria (EPP)

Erythropoietic; Cutaneous

Nonblistering photosensitivity

X-linked protoporphyria (XLP)

Erythropoietic; Cutaneous

Nonblistering photosensitivity
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