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Porphyria diseases are a group of metabolic disorders caused by abnormal func-
tioning of heme biosynthesis enzymes and characterized by excessive accumu-
lation 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), hered-
itary coproporphyria (HCP), variegate porphyria (VP), δ-aminolevulinic acid
dehydratase deficiency porphyria (ADP), porphyria cutanea tarda (PCT), hep-
atoerythropoietic porphyria (HEP), congenital erythropoietic porphyria (CEP),
erythropoietic 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 biosyn-
thesis. Taken together, all forms of porphyria afflict fewer than 200,000 people
in the United States. Based on European studies, the most common porphyria,
PCT, has a prevalence of 1 in 10,000, the most common acute porphyria, AlP,
has a prevalence of �1 in 20,000, and the most common erythropoietic por-
phyria, 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 six cases of ADP are docu-
mented. 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 porphyria diseases.
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INTRODUCTION
This overview of the clinical features, eti-

ology genetics, classification, and pathogen-
esis of the porphyrias provides the back-
ground needed to understand the importance of
biochemical procedures for diagnosing these
diseases.

The porphyrias are a group of at least
nine metabolic disorders caused by alterations
in enzymes involved in heme biosynthesis
(Fig. 17.20.1). The terms porphyrin and por-
phyria are derived from the Greek word por-

phyrus, meaning purple. Urine from porphyria
patients may be dark or reddish in color due
to the presence of excess porphyrins and re-
lated substances, and may darken further after
exposure to light. Porphyrias differ consider-
ably from each other, but a common feature
in all porphyrias is the accumulation in the
body of porphyrins or porphyrin precursors.
Although these are normal body chemicals,
such accumulation is not normal. Precisely
which of these chemicals builds up depends
on the type of porphyria (Anderson et al.,
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Figure 17.20.1 The heme biosynthetic pathway showing intermediates, enzymes, and associated porphyria diseases.

1981; Anderson, 2003, 2014; Desnick et al.,
2013).

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

CLASSIFICATION, INHERITANCE,
AND PREVALENCE OF
PORPHYRIAS

Heme precursors in the various porphyr-
ias initially accumulate in either the liver or
bone marrow, which are the tissues most ac-
tive in heme biosynthesis. This is the basis
for classification of porphyrias as either hep-
atic or erythropoietic. The major clinical man-
ifestations of porphyrias are either neurologic,
usually in the form of acute attacks, or cuta-
neous, resulting from phototoxicity. Based on
these differences, porphyrias are classified as
acute or cutaneous, with two types falling into
both categories. The classifications and major
clinical features of the various porphyrias are
summarized in Table 17.20.1.

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 are found in a minor-
ity of cases. One case of CEP was caused by
a mutation of the transcription factor GATA-1
(Phillips et al., 2007b,c; Puy et al., 2010). Au-
tosomal dominant inheritance with low pene-

trance is seen in AIP, HCP, VP, EPP, and the
familial form of PCT. Homozygous cases of
these disorders have been described, includ-
ing for HEP, which is the homozygous form
of familial PCT. Autosomal recessive inheri-
tance is seen in ADP, CEP, and EPP. X-linked
inheritance is seen in XLP.

Porphyrias are considered rare diseases in
the United States, because they afflict fewer
than 200,000 people. However, their preva-
lence is difficult to estimate. In Europe, the
prevalence of the three most common porphyr-
ias (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 six cases of ADP are documented
(Deybach et al., 2006; Elder et al., 2013; also
see http://www.porphyria-europe.org). Hep-
atic porphyrias rarely cause clinical manifes-
tations 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
(http://www.porphyria-europe.org) estimated
prevalences based on newly diagnosed
cases (335 patients from 11 countries)
collected prospectively over a three-year
period (Deybach et al., 2006; Elder et al.,
2013). Prevalence was calculated from the
incidence and mean disease duration. The
incidence of hepatocellular 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
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Table 17.20.1 Classifications and Principal Clinical Features of Porphyria Diseases

Porphyria Classification Principal clinical features

Acute intermittent porphyria (AIP) Hepatic; acute Neurological

Hereditary coproporphyria (HCP) Hepatic; acute and cutaneous Neurological; blistering
photosensitivity (uncommon)

Variegate porphyria (VP) Hepatic; acute and cutaneous Neurological; blistering
photosensitivity (common)

δ-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 Non-blistering photosensitivity

X-linked protoporphyria (XLP) Erythropoietic; cutaneous Non-blistering photosensitivity

(0.13 per million per year; 95% confidence
interval [CI]: 0.10-0.14) except Sweden
(0.51; 95% CI: 0.28-0.86). The incidence
ratio for symptomatic AIP: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 (Badminton et al.,
2014; Orphanet Report Series, 2014, http://
www.orpha.net/orphacom/cahiers/docs/GB/
Prevalence of rare diseases by alphabetical
list.pdf). The prevalence of EPP was less
uniform between countries, and in some coun-
tries exceeded previous estimates. Fourteen
new cases of HCC (eleven from Sweden) were
reported in patients with acute porphyria.
Sixty seven patients (3 VP: 1 female, 2 males;
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 decreas-
ing, 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 deficien-
cies in these two porphyrias precede porphyrin
formation. However, photosensitivity devel-
ops even in AIP if complicated by advanced
renal disease, which precludes urinary excre-

tion of excess porphyrins. In most cutaneous
porphyrias, porphyrin-induced photosensitiv-
ity causes chronic skin fragility and forma-
tion 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 burn-
ing and itching, but with less chronic in-
jury. Light that corresponds to the Soret band
(300-500 nm) maximally photoactivates por-
phyrins and passes through window glass;
therefore, porphyric patients are not fully pro-
tected from skin photosensitivity by remaining
indoors or in automobiles. In contrast, sunburn
reactions result from light of shorter wave-
length (290 to 320 nm), which is absorbed by
window glass. Release of mediators and en-
zymes from mast cells and polymorphonuclear
leukocytes and activation of complement con-
tribute to inflammatory responses in patients
with cutaneous porphyrias after light exposure
(Bonkovsky, 1982; Bloomer and Bonkovsky,
1989; Anderson, 2003; Bloomer et al.,
2005; also see American Porphyria Foun-
dation, http://www.porphyriafoundation.com/
testing-for-porphyria).

ACUTE HEPATIC PORPHYRIAS
The four acute porphyrias, namely ADP,

AIP, HCP, and VP, are all hepatic. As shown in
Table 17.20.1, effects on the nervous system
occur in each of the acute porphyrias. Diagno-
sis is often delayed because the symptoms are
nonspecific. AIP, HCP, and VP are autosomal
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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 et al., 2009). Enzyme activities
in AIP, HCP, and VP are reduced to �50% of
normal, indicating near or complete haplode-
ficiency, and are much lower in ADP, in which
both alleles are affected (Nordmann et al.,
1997; Badminton and Elder, 2005). Many
individuals who inherit AIP, HCP, and VP
never have clinical manifestations. However,
because porphyric attacks can be severe and
life threatening, 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, 2014; also see
http://www.porphyriafoundation.com/testing-
for-porphyria).

AIP, HCP, and VP are characterized by low
clinical penetrance and environmental factors,
and genes at other loci are probably impor-
tant in increasing susceptibility to the devel-
opment of clinical disease. Family studies in
France (Puy et al., 2010) and the United King-
dom (UK; Badminton et al., 2014) suggest that
about 10-20% of affected individuals develop
symptoms, but figures as high as 50% have
been reported for AIP from Sweden (Bylesjo
et al., 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, as symptomatic in-
dividuals are more likely to be included in such
analyses. No clear genotype-phenotype corre-
lation has yet been established in any auto-
somal dominant porphyria, although there are
reports that some mutations may be associated
with higher penetrance (von und zu Fraunberg
et al., 2002; Bylesjo et al., 2009).

AIP, HCP, and VP are characterized by
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 in HCP. These occur
in 10-50% of patients with VP, and may be
the only clinical manifestation (Puy et al.,

2010). In the UK, �60% of patients with VP
present only with skin lesions that are iden-
tical 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 porphyr-
ias have recently been reviewed (Puy et al.,
2010; Balwani and Desnick, 2012). Preventing
acute attacks by advising patients to avoid por-
phyrogenic drugs (European Porphyria Net-
work, http://www.porphyria-europe.org) and
other potential precipitants is an essential part
of the management of families with AIP, HCP,
or VP (Anderson et al., 2005).

Acute Intermittent Porphyria (AIP)
AIP (sometimes known as Swedish por-

phyria, pyrroloporphyria, or intermittent acute
porphyria) is the most common of the acute
porphyrias worldwide, with an estimated
prevalence of �5 per 100,000 in the United
States, including individuals with latent por-
phyria. The disease was first described in 1889
by the Dutch physician Stokvis, who recog-
nized that symptoms in his patient were pre-
cipitated by the barbiturate-related drug sul-
fonal (Stockvis, 1989). Waldenstrom noted a
high prevalence of AIP in an area of north-
ern Sweden, and found that it was inherited
as an autosomal dominant trait (Waldenstrom,
1957; Tschudy et al., 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 mil-
lion per year, with a calculated prevalence
of 5.4 per one million (Elder et al., 2013).
In Sweden, the incidence and prevalence of
AIP were about four times higher than in
other parts of Europe due to a founder effect
centered in Lappland (Floderus et al., 2002).
The UK may be another high incidence re-
gion, with a prevalence of hydroxymethylbi-
lane synthase (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 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,
2005, 2013; Badminton and Elder, 2002; El-
der et al., 2013).
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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). Symp-
toms are due to effects on the visceral, periph-
eral, autonomic, and central nervous systems.
They usually occur as intermittent attacks
that are sometimes life-threatening (Anderson
et al., 2001, 2005; Herrick and McColl, 2005).
The most common presentation is an attack
of severe abdominal pain without peritoneal
signs, often accompanied by nausea, vomiting,
tachycardia, hypertension, anxiety, and agita-
tion (Herrick and McColl, 2005; Pischik and
Kauppinen, 2009). Dark or reddish urine may
be observed. Central nervous system mani-
festations may progress to confusion, hallu-
cinations, and seizures. The latter may be due
to hyponatremia, resulting from hypothalamic
involvement, and inappropriately high levels
of antidiuretic hormone. Peripheral neuropa-
thy causing pain and weakness can progress
to quadriparesis and respiratory embarrass-
ment. The skin is not ordinarily affected; how-
ever, concurrent advanced renal disease can
limit porphyrin excretion and raise plasma
porphyrin levels sufficiently to cause blister-
ing lesions on sun-exposed skin. Early diag-
nosis is essential to avoid progression of at-
tacks and to institute effective therapy (Herrick
and McColl, 2005; Whatley and Badminton,
2013).

Factors that precipitate attacks include cer-
tain drugs, such as barbiturates, hydantoins, ri-
fampicin and sulfonamide antibiotics, most of
which are inducers of hepatic δ-aminolevulinic
acid synthase (ALAS1) and cytochrome P450
enzymes (CYPs). Some women have attacks
during the luteal phase of the cycle, when
progesterone levels are increased. The repro-
ductive steroids progesterone, medroxypro-
gesterone, and testosterone are particularly
potent inducers of hepatic ALAS1 (Kappas
et al., 1983; Thunell et al., 2007). Fasting
and low-calorie diets can cause attacks due
to ALAS induction, and this effect is me-
diated by peroxisome-proliferator-activated
receptor-γ co-activator-1 (PGC-1α; Phillips
and Kushner, 2005). Increased serum T4 and
thyroxine binding globulin in the absence of
hyperthyroidism, and elevated serum choles-
terol and low-density lipoprotein, are some-
times 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 twen-
ties, and men develop symptoms in their thir-
ties. Attacks often result from a precipitat-
ing factor, which most likely induces ALAS1.
Precipitating factors include drugs (especially
barbiturates, sulfonamides, and hydantoins),
hormonal changes, and fasting. Some women
have cyclic menstrual attacks, during which
progesterone increases heme catabolism, and
synthetic estrogens and progesterones induce
porphyria. Severe abdominal pain is the most
common symptom, and other symptoms may
include nausea, vomiting, constipation, mus-
cle weakness, urinary retention, palpitation
(due to rapid heart rate and often accompa-
nied by hypertension), confusion, hallucina-
tions, seizures, and 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 pa-
tients with AIP are tachycardia, dark urine,
confusion, and peripheral motor deficit. The
white blood cell count may be elevated be-
cause of stress or infection. Other abnormal-
ities include increased serum T4, thyroxine
binding globulin (but AIP patients are usually
euthyroid, only rarely frankly thyrotoxic), and
elevated cholesterol and low-density lipopro-
tein levels, simulating an exaggerated estrogen
effect.

Attacks may be complicated by neuro-
logic findings (mental changes, convulsions,
and peripheral neuropathy that may progress
to respiratory paralysis) and hyponatremia.
Acute attacks, which may be provoked by cer-
tain drugs, alcohol, endocrine factors, calo-
rie restriction, stress, and infections, usually
resolve within two weeks. Most individuals
have one or a few attacks, but �5% (mainly
women) have recurrent attacks (defined as >4
attacks/year) that may persist for years. All in-
dividuals with a genetic change in the HMBS
gene that predisposes to AIP are at risk of de-
veloping acute attacks; however, most never
have symptoms (Badminton et al., 2012).

The major pathologic finding in AIP is
muscle denervation. In patients with neuropa-
thy, 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 demyelin-
ization (Albers et al., 1978; Kuo et al., 2011).
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AIP is associated with increased risk for
HCC, chronic hypertension, and end-stage
renal disease (Chemmanur and Bonkovsky,
2004; Badminton et al., 2012).

Etiology and pathogenesis of AIP
AIP develops in some individuals who

are heterozygous for mutations of porpho-
bilinogen deaminase (PBGD; also known
as HMBS and formerly as uroporphyrino-
gen I synthase), the third enzyme in the
heme biosynthetic pathway (Fig. 17.20.1).
The half-normal enzyme activity found in
all tissues results from the unaffected al-
lele. 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 concen-
trations of PBG during exacerbations of acute
porphyria may inhibit formation of the holo-
deaminase and further reduce hepatic enzyme
activity.

A 50% deficiency of PBGD is not sufficient
by itself to cause AIP symptoms. Other acti-
vating factors that must also be present include
certain steroid hormones, drugs, and dietary
changes. During an AIP attack, the regulatory
heme pool in the liver is depleted and there
is marked induction of the housekeeping form
of ALAS1, the rate-limiting enzyme for heme
synthesis in the liver, leading to accumulation
of ALA and PBG, the two intermediates prox-
imal to the deficient enzyme.

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; Human Gene
Mutation Database [HGMD, http://www.
biobase-international.com/product/hgmd]).
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).

Hereditary Coproporphyria (HCP)
HCP is an inherited autosomal dominant

and a rare recessive form of hepatic porphyria
and is less common than AIP, though latent
HCP and HCP carriers are being increasingly
recognized. The prevalence of HCP in Den-

mark is �2 per million. HCP is the least preva-
lent of the three principal types of acute por-
phyria: AIP, HCP, and VP. Symptoms in HCP
may be less frequent than in AIP or VP. Envi-
ronmental or physiologic factors play a role in
the pathogenesis of acute attack (Badminton
and Elder, 2005).

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 et al., 2012). Attacks
typically start with low-grade abdominal pain
that slowly increases over a period of hours or
days, often with nausea and vomiting. Some-
times pain is predominantly in the back or
extremities. If untreated, a motor neuropathy
may develop over a period of days or weeks.
The neuropathy and weakness is often first
noted proximally in the arms and legs, and
may then progress distally. Respiratory insuf-
ficiency 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 pho-
tosensitivity, although bullae and skin fragility
are much less common than in VP (Ander-
son et al., 2005; Anderson, 2014; also see
http://www.porphyriafoundation.com/testing-
for-porphyria). Of 46 individuals tested in
Germany with acute HCP, 90% had abdominal
pain; only 13% had cutaneous findings despite
substantial overproduction of coproporphyrin
(Kühnel et al., 2000). An earlier British study
of 111 individuals with HCP reported similar
findings (Brodie et al., 1977).

Although disease-causing mutations in
coproporphyrinogen oxidase (CPOX) occur
equally in males and females, acute attacks
are much more frequent in women, mainly be-
tween ages 16 and 45 years (the years of ac-
tive ovulation). Chronic cutaneous HCP is sus-
pected in individuals with bullae and fragility
of light-exposed skin that result in depig-
mented scars; however, cutaneous signs occur
in only a minority of heterozygotes, even dur-
ing 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 deter-
mined to have HCP on the basis of a high fecal
coproporphyrin III/I ratio and/or low lympho-
cyte CPOX enzyme activity, but only one had
clinical symptoms of porphyria (Blake et al.,
1992).
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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, pho-
tosensitivity and chronic neurological mani-
festations begin in childhood, but acute attacks
are seldom described (Schmitt et al., 2005).

Etiology and pathogenesis of HCP
Like AIP and VP, HCP is inherited in an

autosomal dominant manner with low pen-
etrance. Heme production in most heterozy-
gotes appears to be adequate. HCP results from
CPOX deficiency. At least 64 CPOX gene mu-
tations 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, http://www.biobase-interna
tional.com/product/hgmd), as well as a few
large deletions (Whatley et al., 2009; Barbaro
et al., 2012). The enzyme functions as a ho-
modimer, and some CPOX mutations may dis-
rupt dimer formation (Lee et al., 2005). Ho-
mozygous cases of HCP have more severe
CPOX deficiency, with onset of the disease
in childhood.

CPOX catalyzes the two-step decarboxy-
lation of coproporphyrinogen III to protopor-
phyrinogen IX. Certain CPOX mutations re-
lease the substrate after one decarboxylation
as harderoporphyrinogen, a tricarboxylate por-
phyrinogen that is then oxidized to the corre-
sponding 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 indi-
viduals 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 heterozy-
gotes express the clinical disease.

Variegate Porphyria (VP)
This disease is termed variegate because of

its varied symptoms, which can include se-
vere neurovisceral symptoms or chronic blis-
tering skin lesions that are identical to those
seen in PCT (Eales et al., 1980; Kirsch et al.,
1998; Meissner et al., 2003). VP has also
been referred to as porphyria variegata, South
African genetic porphyria, mixed porphyria,
protocoproporphyria, and porphyria cutanea
tarda hereditaria (Kirsch et al., 1998; Meissner
et al., 2003).

VP is an autosomal dominant genetic disor-
der due to partially deficient activity of the mi-
tochondrial enzyme protoporphyrinogen ox-
idase (PPOX; Brenner and Bloomer, 1980;
Singal and Anderson, 2013). Enzyme activ-
ity is �50% of normal in all tissues and
mitochondria-containing cells examined, in-
cluding lymphocytes and cultured fibroblasts
(Meissner et al., 2003). Speculation that King
George III of England and others in the royal
family had VP (Macalpine and Hunter, 1966)
has been discounted (Peters, 2009).

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
South African population of Dutch descent,
due to a founder effect (Eales et al., 1980;
Meissner et al., 1996, 2012; Hift et al., 1997).
A particular PPOX missense 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).

Clinical features of VP
The clinical presentation of VP is variable

in nature and hence its name. Clinical mani-
festations are more common in women than
in men. VP can cause acute attacks iden-
tical to those in AIP, with abdominal pain,
vomiting, constipation, hypertension, tachy-
cardia, and neuromuscular weakness that can
progress to quadriplegia and respiratory weak-
ness (Chemmanur and Bonkovsky, 2004).
Phototoxic manifestations may include bul-
lae, 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 in-
creased pigmentation. Facial hyperpigmenta-
tion and hypertrichosis may occur.

Acute neurovisceral symptoms can occur
any time after puberty and are highly vari-
able, 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 weak-
ness that may progress to quadriparesis and
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respiratory paralysis (Singhal and Anderson,
2013).

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

The diagnosis of VP is established by
biochemical testing and confirmed by identi-
fication of a heterozygous mutation in PPOX
(Singal and Anderson, 2013). Acute attacks
are managed and prevented as in AIP (An-
derson et al., 2005; also see http://www.porp
hyriafoundation.com/testing-for-porphyria).
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 hydro-
xychloroquine) is not helpful in VP and HCP.

Etiology and pathogenesis of VP
The PPOX gene contains 13 exons and is

localized to chromosome 1 (Roberts et al.,
1995). VP is genetically heterogeneous, with
more than 140 different mutations identified
(Whatley et al., 1999; Meissner et al., 2003).
In South Africa, �95% of cases are due to the
R59W missense mutation, due to a well de-
scribed founder effect (Meissner et al., 1996;
Warnich et al., 1996). PPOX mutations in VP
generally express little or no enzymatic activ-
ity. Accordingly, residual enzyme activity is
due to the normal allele that is in trans to the
mutant allele. Although some mutations are re-
ported 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 South Africa. The R59W mutation
was shown to be associated with one of four
potential haplotypes defined by two polymor-
phisms in exon 1 of the PPOX gene, which sup-
ports 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 heterozy-
gous mutation in the PPOX gene (Singal and
Anderson, 2013).

δ-Aminolevulinic Acid Dehydratase
Deficiency Porphyria (ADP)

ADP, also referred to as Doss porphyria af-
ter the investigator who described the first two
cases and subsequently a third, results from a
profound deficiency of δ-aminolevulinate de-
hydratase (ALAD; also known as PBG syn-
thase), the second enzyme in the heme biosyn-
thetic 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 an acute porphyria and is
an autosomal recessive disorder. Patients are
usually compound heterozygotes for ALAD
mutations. Heterozygotes may be more sus-
ceptible to toxicity from lead, which inhibits
this enzyme by displacing zinc (Scinicariello
et al., 2007).

Clinical features of ADP
Patients with ADP have neurovisceral

symptoms, as in other acute porphyrias, and no
cutaneous manifestations. Heterozygous sub-
jects have �50% of normal ALAD activity
and are clinically asymptomatic (Bird et al.,
1979). All six cases documented to date have
been males, four of whom experienced onset
of symptoms at about 14 years of age. An-
other patient was a child with neurological
impairment from birth, and the sixth experi-
enced adult onset associated with a myelopro-
liferative disorder (Sassa, 1998; Maruno et al.,
2001; Doss et al., 2004). Treatment with hemin
was effective in the four young males, but glu-
cose loading was not. ADP is assumed to be a
hepatic porphyria, although liver transplanta-
tion was not beneficial in the 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 in-
clude other hepatic porphyrias (AIP, HCP, and
VP) and toxic states in which ALAD activ-
ity is suppressed, which include lead poison-
ing, hereditary tyrosinemia, zinc deficiency,
smoking, alcoholism, diabetes mellitus, and
chronic renal insufficiency. ALAD activity
is reduced in diabetes mellitus (Fernández-
Cuartero et al., 1999) patients, in dialysis pa-
tients with chronic liver failure (Guolo et al.,
1996), and in smokers and alcoholics (Mc-
Coll et al., 1981). ADP must also be dif-
ferentiated from other causes of ALAD defi-
ciency, such as lead poisoning and hereditary
tyrosinemia type 1, which can cause increases
in ALA, coproporphyrin III, and erythrocyte
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protoporphyrin, with symptoms very much
like those in acute porphyrias. Lead metal in-
hibits ALAD activity by displacing zinc from
the enzyme (Granick et al., 1978; Bergdahl
et al., 1997), and thus individuals with het-
erozygous ALAD deficiency may be more sus-
ceptible to lead poisoning (Doss et al., 1984).
Succinylacetone, a structural analog 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 et al., 1977). It has been es-
timated that �40% of children with hered-
itary tyrosinemia type 1 develop the signs
and symptoms of ADP (Rank et al., 1991).
ALAD activity is reduced in rats exposed to
trichloroethylene (Fujita et al., 1984), styrene
(Fujita et al., 1986), lead (Sassa et al., 1975),
and iron (Bonkovsky et al., 1987).

Etiology and pathogenesis of ADP
ALAD catalyzes the formation of the

monopyrrole PBG from two molecules of
ALA, a precursor committed to synthesis of
porphyrins, heme, and other tetrapyrroles. Hu-
man ALAD is a homo-octomer with a subunit
size of 36,274 Da (Wetmur et al., 1986), and
is encoded by the ALAD gene localized at
chromosome 9q34 (Potluri et al., 1987). There
are two common alleles for ALAD, encod-
ing either lysine or asparagine at residue 59
(Wetmur et al., 1991). The relative frequencies
of these alleles vary among populations (Jaffe
and Stith, 2007). 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. In liver, ALAD activity is 80- to 100-
fold greater than that of ALAS, the first and
rate-limiting enzyme for hepatic heme biosyn-
thesis (Kappas et al., 1995). The normal abun-
dance of this enzyme explains why heterozy-
gotes with �50% of normal ALAD activity
are asymptomatic.

Based on an analysis of a small population,
it has been estimated that the prevalence of
individuals with 50% of normal ALAD activ-
ity, putatively caused by one aberrant ALAD
allele, is 2% in the normal asymptomatic pop-
ulation (Thunell et al., 1987). This study sug-
gested that most instances of compound het-
erozygosity 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 �2%. Although subjects with heterozygos-
ity for ALAD deficiency are asymptomatic,
they may be considered to be at risk for de-

veloping ADP when exposed to environmen-
tal chemicals or toxins, which further inhibit
ALAD activity (Thunell et al., 1987).

ALAD is markedly deficient and ALA sub-
stantially elevated in plasma and urine in pa-
tients with ADP. ALA is further metabolized
to other heme precursors, and as a result co-
proporphyrin III 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.

NON-ACUTE HEPATIC
PORPHYRIAS

PCT is a hepatic porphyria that causes
chronic blistering skin phototoxicity, but has
no neurological manifestations, making it dis-
tinct from the acute hepatic porphyrias dis-
cussed above. HEP is usually a more severe
disease and is the homozygous form of fa-
milial PCT. Both PCT and HEP are due to
deficient activity of hepatic uroporphyrinogen
decarboxylase (UROD), the fifth enzyme in
the heme biosynthetic pathway. Two of the
acute porphyrias (HCP and VP), as well as
mild cases of HEP and CEP (discussed be-
low), can present with skin lesions identical to
those of PCT. Because PCT is the most com-
mon porphyria, it is important to differentiate
it from these less common porphyrias so that
appropriate management can be offered.

Porphyria cutanea tarda (PCT)
PCT is universal and the most common

porphyria, frequently seen in clinical prac-
tice. The prevalence of PCT varies world-
wide, �1 in 10,000 in the general popula-
tion (Frank and Poblete-Gutierrez, 2010; Bad-
minton et al., 2014) The incidence of PCT in
the UK was estimated to be 2 to 5 per mil-
lion (Elder, 1998; Bleasel and Varigos, 2000;
Sarkany, 2001). A registry has been estab-
lished by the NIH-funded Porphyrias Consor-
tium (http://rarediseasesnetwork.epi.usf.edu/
registry/direct.htm) to more accurately enu-
merate cases of various types of porphyrias
occurring the U.S. population. The disease oc-
curs in both sexes, but is somewhat more com-
mon in men, with onset usually during the fifth
and sixth decades.

Clinical features of PCT
Patients usually present with skin fragility

and bullae on sun-exposed skin, most com-
monly on the backs of the hands (Elder, 1990;
Frank and Poblete-Gutierrez, 2010). Evidence
of liver dysfunction is common, and amounts
of iron in the liver are normal or increased.
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Risk of developing HCC is increased in PCT
(Francanzani et al., 2001), and is often related
in part to one or more liver-damaging sus-
ceptibility factors being greater than normal
(Bonkovsky et al., 1998; Frank and Poblete-
Gutierrez, 2010).

PCT is the only porphyria that can de-
velop in the absence of an inherited mutation
of the affected enzyme. Only �20% of pa-
tients with this condition have a heterozygous
UROD mutation, which lowers UROD activ-
ity in all tissues to �50% of normal. These
mutations increase susceptibility to develop
PCT, but acquisition of additional susceptibil-
ity factors are needed to reduce the hepatic
enzyme activity to less than �20% of normal
and cause porphyrin accumulation. Therefore,
PCT is primarily an acquired disorder in which
behavioral, environmental, infectious, and ge-
netic factors interact to cause a substantial de-
ficiency of hepatic UROD activity.

PCT is caused by the partial deficiency
of UROD enzyme activity, inherited or ac-
quired, with resultant accumulation of uropor-
phyrin and 7-carboxyl porphyrinogen, mostly
in the liver (Elder and Roberts, 1995). The
disease usually appears in middle-aged indi-
viduals, the majority of them over 40 years old
(Siersema et al., 1995). In the past, it was found
mostly in men, but the incidence in women has
been increasing due to increasing intake of es-
trogens and alcohol consumption (Grossman
et al., 1979; Bygum et al., 2003; Singal and
Phillips, 2014). The presence of different lev-
els of UROD activity in PCT patients has pro-
moted its subdivision (Kushner et al., 1976)
into the following four types.

Type 1 or sporadic PCT (s-PCT) is symp-
tomatic or acquired. It encompasses 72% to
84% of cases (Held et al., 1989; Elder, 1998;
Elder and Worwood, 1998). There is no fam-
ily history in type 1 PCT. The enzyme de-
ficiency is restricted to the liver, and there
is normal erythrocyte UROD activity (Elder
et al., 1985). The specific enzyme defect is not
caused by mutation in the UROD locus (Elder
and Roberts, 1995), and cDNA sequences of
hepatic and extra-hepatic UROD, as well as
the promoter region of the gene, are normal
(Garey et al., 1993).

Type 2 or familial PCT is inherited. It com-
prises 16% to 28% of cases. UROD activity is
reduced to half normal in all tissues (erythro-
cytes and liver) due to reduction in enzyme
synthesis or stability (Verneuil et al., 1978;
Held et al., 1989; Elder, 1998; Thunell and
Harper, 2000). Differentiation between PCT
types 1 and 2 cannot be based solely on ery-

throcyte UROD activity, which may be at the
lower limit in type 2 and below the normal in-
terval in type 1 (Held et al., 1989; Doss et al.,
1991). DNA testing is preferred for identifi-
cation of familial cases (Bygum et al., 2003).
Mutations in the UROD gene discriminate fa-
milial from sporadic forms. Many UROD mu-
tations (>40) in the 1p34 chromosome dimin-
ish enzyme stability or cause altered pre-RNA
splicing (Thunell and Harper, 2000; Bygum
et al. 2003). Most individuals who inherit
the enzyme defect do not manifest the disor-
der, suggesting that additional genetic or non-
genetic factors are needed for the disease to
be expressed (Thunell and Harper, 2000). The
age at onset, severity of symptoms, sex distri-
bution, and liver enzyme and iron profiles of
type 2 are not different from type 1 (Bygum
et al., 2003).

Type 3 PCT is biochemically indistinguish-
able from type 1 (with normal erythrocyte
UROD levels), but it affects more than one
family member (D’Alessandro Gondolfo et al.,
1989). It occurs in a small number of patients
(<5%). The promoter region and the coding
UROD DNA sequence are normal, suggesting
that other loci are involved, and these may be
genes affecting tissue iron (Held et al., 1989;
Garey et al., 1993). It is not proven that PCT
type 1 is a distinct form of the disease, or this
would be PCT type 1 with an inherited contri-
bution (Elder, 1998).

Toxic PCT (not called as type 4) occurs
after exposure to toxic chemicals such as
hexachlorobenzene (Cripps et al., 1984) and
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
which diminish hepatic UROD activity
(Pazderova-Vejlupková et al., 1981).

PCT is an iron-related disorder — another
feature that is different from other porphyrias.
The disease always occurs with a normal or in-
creased amount of hepatic iron, iron deficiency
is protective, and the prevalence of hemochro-
matosis (HFE) mutations is increased. Re-
peated phlebotomy to reduce hepatic iron is
an 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
alcohol (87%), smoking (81%), hepatitis C
(69%), HIV infection (13%), estrogen (66%
in females), HFE mutations (53%), and UROD
mutations (17%) (numbers in parentheses in-
dicate frequencies in one large US series; Jalil
et al., 2010). HFE mutations, alcohol, and hep-
atitis C are known to decrease hepcidin levels
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and thereby increase iron absorption from the
intestine. A number of these factors also in-
crease oxidative stress and CYPs in hepato-
cytes.

PCT can develop from and be reproduced in
laboratory animals by exposure to certain halo-
genated chemicals. In the late 1950s, over 3000
people in Turkey developed toxic PCT from
ingestion of the fungicide hexachlorobenzene,
used to preserve wheat intended for planting
(Schmid, 1960; Cam and Nigogosyan, 1963;
Cripps et al., 1984). Smaller outbreaks of PCT
from industrial exposures of other polyhalo-
genated hydrocarbons such as dioxins and tri-
azine 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.

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 uroporphyrino-
gen to the four methyl groups of copropor-
phyrinogen. A single gene, mapped to chro-
mosome 1p34, encodes UROD (Verneuil et al.,
1984b, 1986). UROD is a 41-kDa polypeptide
cytosolic enzyme that has no tissue-specific
isoenzymes (Roméo et al., 1986). A por-
phomethene inhibitor of UROD has been iden-
tified in genetically engineered mice with ho-
mozygous HFE mutations and a heterozygous
UROD mutation. The inhibitor is the prod-
uct of oxidation of one of the four methene
bridges of uroporphyrinogen. The oxidative
process involves CYPs and requires ferrous
iron (Phillips et al., 2007a).

Decreased UROD activity leads to three
types of hepatic porphyria, namely types
1 and 2 PCT and HEP (Kappas et al.,
1995; Touart and Sau, 1998). 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 photo-
sensitizers, and 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 re-
active 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 hep-
tacarboxyl porphyrins. Most 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 and Poblete-Gutierrez, 2010). The in-
cidence of HCC in PCT is greater than normal.
PCT is often associated with hepatitis C infec-
tion, which can also cause these liver compli-
cations. However, liver tests are generally ab-
normal even in PCT patients without hepatitis
C infection (Bonkovsky et al., 1998; Frank and
Poblete-Gutierrez, 2010).

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
et al., 1999). Over 80% of PCT patients have
hepatic siderosis and elevated plasma ferritin
(Grossman et al., 1979; Rocchi et al., 1986; El-
der and Roberts, 1995; Siersema et al., 1995).
Iron removal returns UROD activity to nor-
mal in type 1 PCT (Sweeney, 1986; Elder
et al., 1989). Administration of iron acceler-
ates the onset of PCT and produces relapse
in phlebotomy-induced remissions (Lundvall,
1971; Felsher et al., 1973). However, since
PCT is uncommon in hereditary hemochro-
matosis, iron is not thought to be the sole
etiological agent. Iron may increase produc-
tion of peroxides and free radicals, leading to
oxidation of uroporphyrinogen in the cell, di-
rect liver damage, production of an inhibitor
of UROD or direct modification of the enzyme
itself (Mukerji et al., 1984; Bonkovsky, 1989;
De Matteis, 1998).

An association has been found between
PCT and the hemochromatosis gene muta-
tion C282Y (Fodinger and Sunder-Plassmann,
1999; Mehrany et al., 2004; Bovenschen and
Vissers, 2009). This mutation has been found
in �44% of patients with type 1 PCT in the UK
(Roberts et al., 1997), the Netherlands (Santos
et al., 1997) and Australia (Stuart et al., 1998).
An increase in the H63D mutation, but not the
C282Y mutation, was found in Italy (Sampi-
etro et al., 1998). In this population, the fre-
quency of the C282Y mutation was lower, and
the incidence of hepatitis C virus (HCV) was
higher. These observations have led to the hy-
pothesis that the C282Y mutation may trigger
PCT independently of viral disease by promot-
ing the accumulation of iron, whereas HCV
and H63D may synergize to produce clini-
cally manifested PCT (Elder and Worwood,
1998; Sampietro et al., 1998). Hence, inheri-
tance of the C282Y mutation may contribute to
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the genetic susceptibility for PCT, precipitat-
ing PCT in predisposed individuals (Fodinger
and Sunder-Plassmann, 1999).

Over 108 UROD mutations have been iden-
tified 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 nor-
mal 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 et al.,
2009; Badenas et al., 2009). Identifying a
UROD mutation is part of the complete evalu-
ation 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
rare instances when HEP is suspected (Moran-
Jimenez et al., 1996). There is a debate about
whether all patients with PCT should be of-
fered testing to identify those with type 2
PCT (Sarkany, 2008; Aarsand et al., 2009;
Puy et al., 2010). However, mutational anal-
ysis of UROD has greater diagnostic accuracy
than measurement of erythrocyte UROD ac-
tivity for this purpose (Aarsand et al., 2009;
Badenas et al., 2009).

PCT is the most readily treated form of por-
phyria. Phlebotomies to deplete iron, guided
by estimating the serum ferritin level, can be
used to treat PCT. Low-dose hydroxychloro-
quine, which removes excess porphyrins from
the liver, is also highly effective. Hydrox-
ychloroquine (and chloroquine) in amounts
used for other diseases cause hepatotoxicity in
PCT, but this adverse effect is largely avoided
with the low-dose regimen. Time to remission
is approximately the same with these treat-
ments (Singal et al., 2012)

Differentiation of type 2 versus type 1 PCT
has no benefit for the individual patient, be-
cause 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 hydroxy-
chloroquine. Screening of type 2 PCT families
does allow mutation carriers to be counseled
about the need to avoid other susceptibility fac-
tors (Sarkany, 2008; Whatley and Badminton,
2013).

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
HCV and 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 be an important
factor, as 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 par-
tial deficiency of UROD enzyme. However,
such a deficiency in itself is not sufficient
to produce symptomatic PCT; other factors
are also needed (Anderson, 2003; also see
http://www.porphyriafoundation.com/testing-
for-porphyria).

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 (Grossman
and Poh-Fitzpatrick, 1980; De Matteis, 1998).
Alcohol induces hepatic ALAS1 and erythro-
cyte UROD activity in PCT patients. 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,
HCV, HIV, estrogens (for example, used
in oral contraceptives and prostate cancer
treatment), and possibly smoking—combine
to cause a UROD deficiency in the liver.
Hemochromatosis, an iron overload disorder,
can also predispose individuals to PCT (De
Matteis, 1998; Egger et al., 2002; also see
http://www.porphyriafoundation.com/testing-
for-porphyria).

PCT, hepatitis C virus, and human
immunodeficiency virus

HCV and HIV infections have been shown
to be associated with PCT (Tsukazaki et al.,
1998; Gisbert et al., 2003). The role of HCV
in PCT is not well understood, and several
studies have indicated that HCV alone is in-
sufficient to cause PCT (Cribier et al., 1996,
2009; O’Reilly et al., 1996; Gomi et al., 1997;
Bonkovsky et al., 1998). A possible hypothe-
sis was that HCV triggers symptomatic PCT in
genetically predisposed individuals (Pawlot-
sky et al., 1995; Dabrowska et al., 1998;
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Lamoril et al., 1998; Moran et al., 1998;
Chuang et al., 1999; Chiaverini et al., 2003).

The HIV infection is associated with al-
tered porphyrin metabolism and appears to
be an independent risk factor for PCT. Sev-
eral mechanisms have been proposed for the
role of HIV in the development of PCT, in-
cluding direct hepatic damage by HIV (Man-
sourati et al., 1999), altered porphyrin biosyn-
thesis (Boisseau et al., 1991; Sepkowitz et al.,
1995), and impairment of the cytochrome
P450 mixed-function oxidase system (Wissel
et al., 1987; McAlister et al., 1995). The com-
bination of HCV and HIV seems to be more
potent than either virus alone in causing abnor-
malities in porphyrin metabolism (Blauvelt,
1996; O’Connor et al., 1996).

Hepatoerythropoietic Porphyria
(HEP)

HEP is a rare form of cutaneous porphyria
(Romeo and Levin, 1969), with �40 cases re-
ported up to 2010 (Cantatore-Francis et al.,
2010). HEP is a homozygous or compound
heterozygous form of type 2 PCT, and re-
sults from a severe UROD deficiency (Dey-
bach et al., 1981; Elder et al., 1981; Verneuil
et al., 1984b, 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 fe-
males. It is inherited as an autosomal recessive
trait.

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
urine. Sclerodermoid skin changes often be-
come evident over time. Compared to PCT,
the cutaneous features of HEP typically have
earlier onset, increased severity leading to dis-
figurement, and closer resemblance to those in
CEP (Gunther’s disease). Extracutaneous find-
ings, including hemolytic anemia, are more
frequent and severe in CEP than in 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). Bacte-
rial infection, scarring, and photomutilation
can occur. Mild and nonspecific abnormalities
in liver function and histology are common,
usually without siderosis (Desnick and
Astrin, 2002; Anderson, 2003; also see
http://www.porphyriafoundation.com/testing-

for-porphyria). 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).

Hemolytic anemia is less frequent and se-
vere than in CEP, but anemia due at least in part
to hemolysis is common and may be accom-
panied 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 ane-
mia requiring transfusions or administration of
epoetin-α has only been observed in a few in-
dividuals (Horina and Wolf, 2000; Armstrong
et al., 2004; Phillips et al., 2007c; Remenyik
et al., 2008). Some patients present with
hemolytic anemia and splenomegaly. Hemato-
logical abnormalities may include mild, nor-
mocytic, and normochromic anemia due in
part to hemolysis.

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

Onset in adulthood has been reported
(Moran-Jimenez et al., 1996; Horina and Wolf,
2000), and such cases may be misdiagnosed
as PCT. Two young adults (ages 21 and
23) with severe HEP developed generalized
seizures and had neuroimaging evidence of
cerebral cortical atrophy and calcifications in
the frontal lobes, presumably related to hy-
poxic injury, as in other porphyrias (Berenguer
et al., 1997).
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Biochemical abnormalities resemble PCT,
but with substantially elevated levels of ery-
throcyte protoporphyrin (predominantly zinc
protoporphyrin). Thus, molecular mutational
analysis to identify both mutations is indi-
cated for the diagnosis of HEP (Phillips et al.,
2007c).

Etiology and pathogenesis of HEP
UROD activity is usually 10% or less than

normal when measured in erythrocytes of pa-
tients with HEP (Gunther, 1967; Elder et al.,
1981; Day and Strauss, 1982; Lazaro et al.,
1984; Verneuil et al., 1984a,b; Fujita et al.,
1987; Koszo et al., 1990; Meguro et al., 1994;
Elder, 2003; Sassa, 2006; Cantatore-Francis
et al., 2010). The marked reduction of UROD
enzyme activity in HEP leads to accumula-
tion of highly carboxylated porphyrinogens
and porphyrins in liver and possibly other
tissues. HEP is primarily hepatic, although
a marked increase in erythrocyte zinc proto-
porphyrin indicates that the heme biosynthetic
pathway in the bone marrow is also affected.
The excess zinc protoporphyrin in erythro-
cytes is probably formed from pathway inter-
mediates that accumulate during hemoglobin
synthesis and are later metabolized to pro-
toporphyrin, and then complexed with zinc
(Phillips et al., 2007c). HEP is the recessive
form of type 2 PCT, an autosomal dominant
condition in which heterozygous UROD mu-
tations predispose carriers to clinical manifes-
tations (Verneuil et al., 1984a,b).

Patients are either homozygous or com-
pound heterozygous for UROD mutations, and
at least one allele 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,b). Thus, null mu-
tations are much less common in HEP than in
heterozygotes with type 2 PCT (Phillips et al.,
2007c).

Over 40 UROD mutations have been de-
scribed, with some occurring in both HEP
and familial PCT. Fifteen missense mutations,
two deletions, and one nonsense mutation have
been reported in HEP (Phillips et al., 2007c;
Granata et al., 2009). The hepatic UROD in-
hibitor and susceptibility factors that are im-
portant in PCT generally do not have a sig-
nificant role in HEP (Phillips et al., 2007c;
Granata et al., 2009).

Severe cutaneous findings, an HFE H63D
mutation, and elevated ferritin levels were de-
scribed in a 2-year-old boy with HEP (Phillips
et al., 2007c). Although HEP is considered a
homozygous form of type 2 PCT, only one of

the ten mutations identified in HEP has been
shown to be associated with PCT (Garey et al.,
1990; Meguro et al., 1994; Roberts et al., 1995;
McManus et al., 1996; Moran-Jimenez et al.,
1996).

ERYTHROPOIETIC PORPHYRIAS
There are three erythropoietic types of por-

phyria. CEP is rare, with skin manifestations
that resemble PCT, but are 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.

Congenital Erythropoietic Porphyria
(CEP)

CEP (also known as Gunther’s disease) is
a very rare autosomal recessive disease, char-
acterized by blistering cutaneous photosensi-
tivity (Gunther, 1967). CEP is estimated to
affect �3 per 10 million in the UK (European
Porphyria Network, http://www.porphyria-
europe.org). Affected individuals are homozy-
gous or compound heterozygous for uropor-
phyrinogen synthase (UROS) mutations. In
one case the disease was due to mutations in
the gene encoding the transcriptional regula-
tor GATA1 (Phillips et al., 2007b,c; Puy et al.,
2010; Campbell et al., 2013; Whatley and Bad-
minton, 2013).

Clinical features of CEP
The phenotype can vary depending on

the severity of the inherited UROS muta-
tions 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 blistering photosensi-
tivity, hemolysis, splenomegaly, and transfu-
sion dependence. Repeated light exposure can
lead to scarring, infection, and loss of facial
features and digits. Skeletal changes may re-
sult from bone marrow expansion and vita-
min D deficiency (Fritsch et al., 1997). Milder
cases and later-onset forms, sometimes asso-
ciated with a myeloproliferative disorder, can
resemble PCT clinically (Deybach et al., 1981;
Verstraeten et al., 1993; Murphy et al., 1995).
These usually presents with red urine, severe
blistering, and hemolytic anemia in infancy.
Patients may develop photomutilation and be-
come transfusion dependent.

In a study involving 130 cases of CEP, der-
mal deposits of uroporphyrin frequently in-
duced dramatic phototoxic oxygen-dependent
skin damage with extensive ulcerations and
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mutilations. Splenomegaly and hemolytic
anemia were typical internal symptoms. Skele-
tal changes such as osteolysis and calcifica-
tions were frequent (Fritsch et al., 1997).

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 photosen-
sitivity 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. 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; also see
http://www.porphyriafoundation.com/testing-
for-porphyria).

Etiology and pathogenesis of CEP
CEP is an autosomal recessive genetic dis-

order characterized by markedly reduced en-
zyme activity of uroporphyrinogen III syn-
thase (UROIII-S), the fourth enzyme in the
heme biosynthetic pathway. A mutation of the
UROIII-S gene was isolated as a full-length
cDNA sequence (Desnick et al., 1998; Desnick
and Astrin, 2002). CEP is characterized by se-
vere overproduction of uroporphyrin I, which
manifests at birth and in the neonatal pe-
riod. UROS catalyzes the conversion of HMB,
a linear tetrapyrrole, to the cyclic tetrapyr-
role uroporphyrinogen III. In the absence of
UROS, HMB undergoes spontaneous ring clo-
sure to uroporphyrinogen I, which can be fur-
ther metabolized only to coproporphyrinogen
I. Therefore, the isomer-I porphyrinogens are
not heme precursors. They are spontaneously
oxidized to uroporphyrin I and coproporphyrin
I, which are photosensitizing porphyrins and

cause the cutaneous manifestations of CEP
(Romeo and Levin, 1969; Romeo et al., 1970;
Deybach et al., 1981; Tanigawa et al., 1995;
Fritsch et al., 1997).

Multiple UROS mutations have been de-
scribed in different families with CEP, includ-
ing single base substitutions, insertions, dele-
tions, and splicing defects (Warner et al., 1992;
Xu et al., 1995; Ged et al., 1996; Desnick et al.,
1998; Shady et al., 2002; Ged et al., 2004,
2009; Berry et al., 2005). Most mutations were
identified in one or a few unrelated families,
the exceptions being C73R, L4F, and T228M,
which occurred in about 33%, 8%, and 7% of
the mutant alleles studied, respectively. C73R
is often associated with early onset of severe
disease and transfusion-dependent hemolytic
anemia, especially in homozygotes (Desnick
and Astrin, 2002). Prokaryotic expression of
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 of 34
alleles (74%); no mutation was identified on
either allele in three patients. The low sensitiv-
ity of mutation detection in this and other CEP
case series is unexplained (Whatley and Bad-
minton, 2013). Gain-of-function mutations of
ALAS2 (the first enzyme of erythroid heme
synthesis) can also influence the severity of
CEP (Bunn, 2011; To-Figueras et al., 2011).

Erythropoietic Protoporphyria (EPP)
and X-Linked Protoporphyria (XLP)

EPP is the third most common porphyria
(10 to 20 per 100,000 individuals) and the
most common in children, and was first clearly
described by Magnus et al. (1961). The dis-
ease results from a deficiency of ferrochelatase
(FECH) enzyme, leading to accumulation of
protoporphyrin in erythrocytes, skin, liver,
and other tissues. EPP causes a painful, non-
blistering, life-long form of photosensitivity
and, in about 2% of patients, severe liver
disease. XLP is less common but has the
same phenotype as EPP. XLP is the most re-
cently described porphyria, and results from
gain-of-function mutations of the erythroid-
specific form of ALAS2, which catalyzes the
first step in heme biosynthesis in marrow ery-
throid cells. A loss-of-function ALAS2 mu-
tation causes X-linked sideroblastic anemia
(Ducamp et al., 2011). EPP affects all ethnic
groups without any sex predominance, but is
more common in Asians than in Caucasians
and much less common in Africans. The eth-
nic and geographic distribution of XLP has
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been little studied, but XLP may be more com-
mon in the US than in Europe (Whatley and
Badminton, 2013). Many individuals with EPP
have a mild degree of anemia suggesting iron
deficiency (Goerz et al., 1996).

Clinical features of EPP and XLP
Photosensitivity is the major clinical

manifestation of EPP and XLP. Skin manifes-
tations generally begin in early childhood and
persist throughout life, are more severe in the
summer (Anderson, 2003; Chemmanur and
Bonkovsky, 2004; also see http://www.por
phyriafoundation.com/testing-for-porphyria).
Sunlight (and to some extent other sources of
visible light) cause very painful skin photo-
sensitivity; however, the clinical expression
is highly variable, and 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. Burning pain on sun-exposed
areas of the skin ranges from mild to severe.
Usually, these symptoms subside in 12 to
24 hr and heal without significant scarring.
Blistering and scarring are characteristic of
other types of cutaneous porphyria, but are
unusual in EPP. Chronic skin lesions are
minor and skin fragility is absent (Todd, 1994;
Cox, 2003).

The need for affected individuals to avoid
sunlight greatly impairs their quality of life.
The first symptom following sun exposure
is often pain, burning, or itching. Continued
light exposure can cause swelling, redness,
and systemic symptoms that can last for
several days. Patients are sensitive to sunlight
that passes through window glass. There are
usually no lasting skin manifestations, such
as blistering or scarring, although the skin
may become thickened with repeated sun
exposure, especially on the backs of the hands
and the face (Anderson, 2003; Chemmanur
and Bonkovsky, 2004; also see http://www.por
phyriafoundation.com/testing-for-porphyria).
Mild iron deficiency anemia is a common
feature of protoporphyria, and is poorly ex-
plained (Goerz et al., 1996). In the UK, delay
in diagnosis of EPP and XLP is greater than
with any other types 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 ex-
ceeds the canalicular excretion capacity. Ap-

proximately 2% of patients with protopor-
phyria develop protoporphyric hepatopathy, a
severe liver disease that can progress rapidly
and require liver transplantation (Sarkany and
Cox, 1995; Bloomer et al., 2005; McGuire
et al., 2005; Elder et al., 2009; Dowman et al.,
2011).

The most effective treatment is preven-
tion of the photosensitive reaction by avoiding
sunlight and protecting the skin with cloth-
ing and occlusive sunscreen preparations. In-
creasing skin pigmentation with afamelan-
otide, an α-melanocyte-stimulating hormone
analog, can significantly increase sunlight tol-
erance (Holme et al., 2006; Minder, 2010; Lan-
gendonk et al., 2015).

Etiology and pathogenesis of EPP and
XLP

EPP is caused by mutations in the gene en-
coding FECH, a mitochondrial enzyme that
catalyzes the insertion of ferrous iron (Fe2+)
into protoporphyrin to form heme (Todd,
1994; Poh-Fitzpatrick, 1995; Cox, 1997; El-
der, 1999). FECH also catalyzes the inser-
tion of zinc, to form zinc protoporphyrin from
any protoporphyrin that remains after com-
pletion 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 excre-
tion into bile (Bloomer et al., 1991, 2005) and
hepatocytes (Bonkowsky et al., 1975; Samuel
et al., 1988; Bloomer et al., 1991, 2005).
Some protoporphyrin may subsequently be
reabsorbed and undergo enterohepatic circu-
lation (Ibrahim and Watson, 1968). Because
impaired FECH activity reduces formation of
zinc protoporphyrin, more than �85% of pro-
toporphyrin measured in erythrocytes is metal-
free.

More than 130 FECH mutations have
been identified in EPP (HGMD, http://www.
biobase-international.com/product/hgmd).
Less than half are missense, and the rest are
nonsense, frameshifts, large deletions, or RNA
splicing. In the UK, one particular mutation
was identified in 24% of EPP families (What-
ley et al., 2010). Most FECH mutations are
disabling mutations that reduce FECH activity
by �50%, which is not a sufficient reduction
to cause EPP. Most individuals with EPP
have a disabling FECH mutation from one
parent and a low-expression (hypomorphic)
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FECH allele from the other (Gouya et al.,
1996). The low-expression intronic variant
(IVS3-48 C/T) produces a truncated unstable
mRNA, reducing enzyme activity by 20-30%
(Gouya et al., 2002). It is common in the
population, but does not by itself 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. In families with two disabling
FECH mutations, EPP is associated with
palmar keratoderma. The reason for this is
unknown.

EPP rarely develops in adults in the pres-
ence of a bone marrow disorder such as poly-
cythemia vera, and is due to expansion of a
clone of red blood cell precursors in the mar-
row that is deficient in FECH enzyme. In PCT,
liver disease may develop through different
mechanisms (i.e., type 1 and type 2 PCT),
whereas, in EPP, it is the porphyria itself that
leads to liver disease, due to progressive depo-
sition and accumulation of insoluble protopor-
phyrin IX in hepatocytes and bile canaliculi.
Excess accumulation of free protoporphyrin
IX 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 et al.,
1994).

XLP results from gain-of-function muta-
tions of ALAS2, the only enzyme in the heme
biosynthetic pathway encoded by a gene on the
X chromosome. These small, C-terminal dele-
tion mutations lead to synthesis of ALA and
protoporphyrin in amounts that exceed what is
needed for heme synthesis in the bone marrow.
Because FECH is not deficient in XLP, some
of the excess protopophryin measured in ery-
throcytes is zinc-chelated, and only �50% to
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 patients with EPP.
Heterozygous females may have normal or el-
evated levels of protoporphyrin depending on
the degree of inactivation of the X chromo-

some that carries the ALAS2 mutation (What-
ley et al., 2008).

ACKNOWLEDGEMENTS
Support from NIH/FDA (5 R01 FD003720-

02) and NIH (2 U54 DK083909-06) grants (to
K.E.A., principal investigator) are gratefully
acknowledged.

LITERATURE CITED
Aarsand, A.K., Boman, H., and Sandberg, S. 2009.

Familial and sporadic porphyria cutanea tarda:
Characterization and diagnostic strategies. Clin.
Chem. 55:795-803.

Akagi, R., Kato, N., Inoue, R., Anderson,
K.E., Jaffe, E.K, and Sassa, S. 2006. δ-
Aminolevulinate dehydratase (ALAD) por-
phyria: The first case in North America with
two novel ALAD mutations. Mol. Genet. Metab.
87:329-336.

Albers, J.W., Robertson, W.C. Jr., and Daube, J.R.
1978. Electrodiagnostic findings in acute por-
phyric neuropathy. Muscle Nerve 1:292-296.

Anderson, K.E. 2003. Approaches to treatment and
prevention of human porphyrias. In The Por-
phyrin Handbook, Vol. 14: Medical Aspects of
Porphyrins (K.K. Kadish, K.M. Smith, and R.
Guilard, eds.) pp. 247-283. Academic Press, San
Diego, Calif.

Anderson, K.E. 2014. Chapter 152. Clinical and
laboratory diagnosis of the porphyrias. In Hand-
book of Porphyrin Science with Applications
in Chemistry, Physics, Materials Science, Engi-
neering, Biology, and Medicine, Vol. 29: Por-
phyrias and Sideroblastic Anemias (G.C. Fer-
reira, K.M. Kadish, K.M. Smith, and R. Guilard,
eds.) pp. 370-406. World Scientific Publishing,
Hackensack, N.J.

Anderson, K.E., Drummond, G.S., Freddara, U.,
Sardana, M.K., and Sassa, S. 1981. Porphyro-
genic effects and induction of heme oxygenase
in vivo by δ-aminolevulinic acid. Biochim. Bio-
phys. Acta 676:289-299.

Anderson, K.E., Sassa, S., Bishop, D.F., and
Desnick, R.J. 2001. Disorders of heme
biosynthesis: X-linked sideroblastic anemias
and the porphyrias. In The Metabolic and
Molecular Basis of Inherited Disease, 8th ed.,
Vol. II (C.R. Scriver, A.L. Beaudet, W.S. Sly,
et al., eds.) pp. 2991-3062. McGraw-Hill, New
York.

Anderson, K.E., Bloomer, J.R., Bonkovsky, H.L.,
Kushner, J.P., Pierach, C.A., Pimstone, N.R.,
and Desnick, R.J. 2005. Recommendations for
the diagnosis and treatment of the acute porphyr-
ias. Ann. Intern. Med. 142:439-450.

Anderson, K.E., Sassa, S., Bishop, D.F., and
Desnick, R.J. 2011. The Online Metabolic &
Molecular Basis of Inherited Disease (D.F.
Bishop, ed.) pp. 1-153. McGraw-Hill, New
York.

Armstrong, D.K., Sharpe, P.C., Chambers, C.R.,
Whatley, S.D., Roberts, A.G., and Elder, G.H.

Biochemical
Genetics

17.20.17

Current Protocols in Human Genetics Supplement 86



2004. Hepatoerythropoietic porphyria: A mis-
sense mutation in the UROD gene is associated
with mild disease and an unusual porphyrin ex-
cretion pattern. Br. J. Dermatol. 151:920-923.

Badenas, C., To-Figueras, J., Phillips, J.D., Warby,
C.A., Munoz, C., and Herrero, C. 2009. Iden-
tification and characterization of novel uropor-
phyrinogen decarboxylase gene mutations in a
large series of porphyria cutanea tarda patients
and relatives. Clin. Genet. 75:346-353.

Badminton, M.N. and Elder, G.H. 2002. Manage-
ment of acute and cutaneous porphyrias. Int. J.
Clin. Pract. 56:272-278.

Badminton, M.N. and Elder, G.H. 2005. Molecu-
lar mechanisms of dominant expression in por-
phyria. J. Inherit. Metab. Dis. 28:277-286.

Badminton, M.N., Wheatley, S.D., Deacon, A.C.,
and Elder, G.H. 2012. The porphyrias and other
disorders of porphyrin metabolism. In Tietz
Textbook of Clinical Chemistry and Molecular
Diagnostics, 5th ed. (C.A. Burtis, E.R. Ashwoo,
and D.E. Bruns, eds.) pp. 1031-1055. Elsevier
Saunders, St. Louis, Missouri.

Badminton, M.N., Elder, G.H., and Whatley, S.D.
2014. Clinical and molecular epidemiology of
the porphyrias. In Handbook of Porphyrin Sci-
ence with Applications in Chemistry, Physics,
Materials Science, Engineering, Biology, and
Medicine, Vol. 29: Porphyrias and Sideroblas-
tic Anemias (G.C. Ferreira, K.M. Kadish, K.M.
Smith, and R. Guilard, eds.) pp. 119-150. World
Scientific Publishing, Hackensack, N.J.

Balwani, M. and Desnick, R.J. 2012. The porphyr-
ias: Advances in diagnosis and treatment. Blood
120:4496-4504.

Barbaro, M., Kotajärvi, M., Harper, P., and
Floderus, Y. 2012. Identification of an AluY-
mediated deletion of exon 5 in the CPOX gene
by MLPA analysis in patients with hereditary
coproporphyria. Clin. Genet. 81:249-256.

Berenguer, J., Blasco, J., Cardenal, C., Pujol, T.,
Cruces Prado, M.J., Herrero, C., Mascaró, J.M.,
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