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EMQN best practice guidelines for the molecular
genetic diagnosis of hereditary hemochromatosis (HH)

Graga Porto*12, Pierre Brissot?, Dorine W Swinkels* Heinz Zoller’, Outi Kamarainen®, Simon Patton®,

Isabel Alonso!, Michael Morris®” and Steve Keeneyé’8

Molecular genetic testing for hereditary hemochromatosis (HH) is recognized as a reference test to confirm the diagnosis of
suspected HH or to predict its risk. The vast majority (typically >90%) of patients with clinically characterized HH are
homozygous for the p.C282Y variant in the HFE gene, referred to as HFE-related HH. Since 1996, HFE genotyping was
implemented in diagnostic algorithms for suspected HH, allowing its early diagnosis and prevention. However, the penetrance of
disease in p.C282Y homozygotes is incomplete. Hence, homozygosity for p.C282Y is not sufficient to diagnose HH. Neither is
p.C282Y homozygosity required for diagnosis as other rare forms of HH exist, generally referred to as non-HFE-related HH. These
pose significant challenges when defining criteria for referral, testing protocols, interpretation of test results and reporting
practices. We present best practice guidelines for the molecular genetic diagnosis of HH where recommendations are classified,
as far as possible, according to the level and strength of evidence. For clarification, the guidelines’ recommendations are
preceded by a detailed description of the methodology and results obtained with a series of actions taken in order to achieve a
wide expert consensus, namely: (i) a survey on the current practices followed by laboratories offering molecular diagnosis of HH;
(ii) a systematic literature search focused on some identified controversial topics; (iii) an expert Best Practice Workshop
convened to achieve consensus on the practical recommendations included in the guidelines.
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AIM AND SCOPE

The aim of the current guideline is to provide recommendations on:
(i) criteria for testing, (ii) strategies for testing and (iii) reporting
results for the molecular genetic testing of hereditary hemochroma-
tosis (HH). It is intended to guide decisions related to genetic testing
and interpretation of test results for clinical biochemists, geneticists,
genetic counselors, physicians, other health-care providers, individuals
with suspected or confirmed HH and their family members.

BAKGROUND

Classification and pathophysiology

HH is a term generally used to define a group of autosomal recessive
genetic disorders characterized by iron accumulation in parenchymal
organs, primarily the liver, which can potentially result in impaired
organ structure and function. In recent years, hepcidin has been
identified as the key hormone that controls the saturation of plasma
transferrin with iron (transferrin saturation). Hepcidin deficiency
causes increased transferrin saturation, which is the unifying feature
and principal biochemical finding of all forms of HH. Homozygous or
compound heterozygous defects in the hepcidin gene (HAMP) and in

genes that stimulate hepcidin production such as HFE, HJV and TFR2
are therefore associated with hemochromatosis. Ferroportin disease is
not classified as hemochromatosis because it is classically not
associated with high transferrin saturation (TS) or low hepcidin
concentrations (reviewed in Fleming and Ponkal). It is an autosomal
dominant disorder caused by genetic defects in SLC40A1, which in its
classical form, is associated with loss of its exporting function and
consequent hepatic and splenic iron overload. In some rare cases,
however, iron overload may occur in patients carrying SLC40A1 gene
defects with a gain of its exporting function. In this case of non-
classical ferroportin disease, patients may exhibit a hemochromatosis
phenotype and are classified as HH.> A summary of HH classification,
nomenclature, pathogenesis and major clinical features is provided in
Table 1.

HFE-related HH

By far the most common, well-defined and prevalent form of HH is
HFE-related HH, associated with homozygosity for the A allele in the
single nucleotide variant rs1800562, NG_008720.2:2.10633G > A;
NM_000410.3:¢.845G > A; NP_000401.1:p.Cys282Tyr), most commonly
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referred in the literature as C282Y (p.C282Y according to the
recommended nomenclature). This form of HH is particularly
common in Caucasians where 1 in 200-300 individuals are homo-
zygous for p.C282Y (reviewed in European Association for the Study of
Liver,? Bacon et al* and van Bokhoven et aP). The disease’s penetrance is
low, affecting predominantly males between 40 and 60 years of age.
Despite the remarkable genetic homogeneity of HFE-related HH, the
clinical expression is variable, and 75-85% of p.C282Y homozygous
individuals do not develop the disease.> This low penetrance of the
genotype emphasizes the need to better define genetic modifiers and
environmental factors which contribute to iron overload and to severe
clinical expression in these individuals.

Epidemiology, clinical diagnosis, management and treatment of HH
was recently reviewed and discussed in several published practice
guidelines and reports.>™ Those guidelines were specifically directed to
the common HFE-related HH and do not include the rarer non-HFE-
related forms of HH for which there are still sparse clinical and
epidemiological data available, so that their biochemical or clinical
penetrance is still not known.

Rare forms of HH and ferroportin disease

The rare forms of HH (reviewed in Mayr et al? Camaschella and
Poggiali,'® and Brissot et al'l), generally classified as Rare Hereditary
Hemochromatosis  (http://www.orpha.net/consor/cgi-bin/Disease_-
Search_Simple.php) comprise the non-HFE-related HH forms such
as juvenile hemochromatosis, associated with variants in the hemo-
juvelin (HFE2 or HJV) or hepcidin (HAMP) genes, and hemochroma-
tosis of adult onset resulting from variants in the gene for transferrin
receptor 2 (TFR2). In addition to these ‘non-HFE-associated hemo-
chromatosis’ variants, rare HFE variants in combination with p.C282Y
have been reported!? as well as the homozygous HFE deletion which
is a common cause of HH in Sardinia.!® As discussed above, genetic
defects in ferroportin (SLC40AI) are associated with ferroportin
disease, an autosomal dominant disorder of iron overload not
generally classified as HH except when associated with gain of function
variants.

Some rare forms of HH, as well as ferroportin disease, are
increasingly found in patients who have been clinically characterized
as HH and that test negative for p.C282Y homozygosity in HFE. They
present with phenotypically proven hepatic iron overload with no
other explanation. They have a much broader geographical distribu-
tion than the classical HFE-related HH, namely in Asian populations
where they may represent the main non-hematological cause of
hereditary iron overload.'*"'® This fact has important implications
for practical molecular diagnostic strategies in countries where the
allele frequency of the p.C282Y variant of the HFE gene is low.

In addition to the genes described above, further genes have been
associated with iron overload. A novel variant in the Iron-Responsive
Element motif of the H-ferritin mRNA was described in a Japanese
family affected by dominantly inherited iron overload,'” but the
impact of this variant as a more widespread cause of HH in
other populations is still not known. Furthermore, genes encoding
endogenous regulators of hepcidin expression, such as the bone
morphogenetic protein 6 (BMP6) or the SMAD 6 and 7 proteins
are candidates for non-HFE-related hemochromatosis in humans.'31
So far, however, there are no described cases of HH associated with
variants in any of these proteins.

Other genetic iron overload disorders unrelated to HH
It is important to note that other genetic causes of severe iron overload
exist, but these should be distinguished from HH because of their
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distinct clinical and pathological presentation. These include
iron-loading anemias due to ineffective erythropoiesis (thalassemia
syndromes, hemoglobinopathies, sideroblastic anemias, congenital
dyserythropoietic anemia) or due to hemolysis, defects in iron
acquisition by the erythroid precursors (hypotransferrinemia, defect
in DMT1, aceruloplasminemia (reviewed in Fleming and Ponka! and
Donker et al?®) or repeated blood transfusions. All these disorders
demand a distinct clinical and molecular diagnosis workup that is out
of the scope of the present document.

Clinical presentation and reasons for genetic testing referral
Early symptoms of HH are non-specific and may include weakness,
lethargy, weight loss and arthralgia. Other suggestive, but also not
specific, signs of more advanced disease include skin pigmentation,
liver cirrhosis, chondrocalcinosis, arthritis, diabetes, hypogonadism,
hepatocarcinoma or cardiomyopathy. If any of these conditions is
related to HH, they will be necessarily associated with biochemical
evidence of iron overload, namely an increased TS and elevated serum
ferritin. Biochemical disease expression is usually present in
presymptomatic disease stages, where elevated TS is the first indicator
of iron overload. Therefore, patients with consistently increased TS
and serum ferritin (SF) in the absence of hematological diseases are
suspected to have HH and should be referred for molecular genetic
testing. HFE genotyping is the first step for diagnosis, confirming or
excluding the diagnosis of HFE-related HH. In patients presenting
with phenotypically proven iron overload (ie, with severely increased
liver iron stores demonstrated by biopsy, magnetic resonance imaging
or quantitative phlebotomies) and a negative test for p.C282Y
homozygosity, genetic testing for other HH-related variants is
indicated if other hepatic or hematological causes have been excluded.
This should be requested from referral centers offering expert advice
on iron overload disorders and appropriate molecular diagnosis.
Particular types of non-HFE-related HH have specific phenotypic
signs that allow a rational approach to genetic testing in patients with
suspected non-HFE HH. Juvenile hemochromatosis (Hemochroma-
tosis type 2) is generally characterized by its early onset and a
particularly severe phenotype.?! Patients with juvenile hemochroma-
tosis typically present before the age of 30 with severe systemic iron
overload, heart failure and hypopituitarism as common clinical
manifestations. TFR2-related HH is clinically similar to HFE-related
HH and may be suspected in any phenotypically proven HH adult
patient, and even younger patients,?? in the absence of HFE p.C282Y
homozygosity.>> A well-documented unexplained classical iron
overload phenotype in a patient found heterozygous for p.C282Y
should raise the suspicion of other rare variants/deletions in HFE.>
The classical ferroportin disease (type A) is characterized by
a dominant mode of transmission and hepatic and spleen iron
overload mainly in Kupffer cells and macrophages (because of ‘Tloss
of function’ variants) reflected by hyperferritinemia with high/normal
or low TS.2° This disease requires a more careful differential diagnosis
with other very common causes of hyperferritinemia such as the
Dysmetabolic Iron Overload Syndrome associated with insulin resis-
tance and liver steatosis.”® The non-classical form of ferroportin
disease (type B), also with an autosomal dominant mode of
transmission, is characterized by additional hepatocellular iron
deposits and high TS (due to ‘gain of function’ variants) and requires
a differential diagnosis with other forms of HH.?’

Strategies for enhanced case detection
Because of the unspecific nature of the reported signs or symptoms,
effective case detection in HH is largely dependent on a strong clinical
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awareness and motivation to request the appropriate biochemical tests
and subsequent genetic testing in suspected cases. The initial approach
to diagnosis in any suspected case is the determination of TS.
Although not absolutely necessary, it is advisable to confirm elevated
TS with a second determination on a fasting specimen.* It should be
noted that, in spite of being the most widely accepted screening test for
systemic iron overload and a very well-standardized laboratory
parameter, there is no universally defined TS cutoff value to identify
patients eligible for further testing and a variety of cutoff values have
been used in different studies (reviewed in European Association for
the Study of Liver?®). A review of studies in several populations using
cutoffs of TS ranging from 45 to 60% was presented in Table 5 of the
2010 EASL Clinical Practice Guidelines for HFE Hemochromatosis®®
and the positive predictive value of elevated TS for the detection of p.
C282Y homozygotes was estimated to vary from 4.3 to 21.7%.%
Besides TS, SF is a surrogate of iron stores and hyperferritinemia is
an indicator of iron overload, when inflammatory/malignant condi-
tions are excluded. Although SF is a well-standardized laboratory
parameter, there is also no universally accepted reference range.
A review of studies in several populations using cutoffs of SF ranging
from 250 to 428 ug/l in males and from 130 to 302 g/l in females is
also shown in Table 5 of the 2010 EASL Clinical Practice Guidelines
for HFE Hemochromatosis, showing a positive predictive value for
detecting p.C282Y homozygosity ranging from 1.6 to 17.6%.28 It
should be stressed that SF can be influenced by local environmental
factors such as the lifestyle habits of the population (particularly
alcohol consumption, weight gain and sedentary lifestyle) or geogra-
phical region.” Ideally, cutoff values should be always established
according to local values for the upper limit of the reference range.?
If SF is used as a predictor of HH, it should also be noted that it can be
elevated in the absence of increased iron stores in patients with
chronic inflammatory conditions, particularly in patients with liver
disease (alcoholic liver disease, chronic viral hepatitis and
non-alcoholic fatty liver disease).* Studies have shown that patients
with hyperferritinemia are less likely to be p.C282Y homozygotes if
they have abnormal liver transaminase activities,> this paradox being
explained by the low yields of hemochromatosis screening reported by
some liver clinics. In this context, it should be noted that iron overload
is not the most common cause of an elevated ferritin, and the finding
of hyperferritinemia without an increased TS is not a criterion for HFE
genetic testing, demanding a different approach for differential
diagnosis.®!

When a diagnosis of HFE-related hemochromatosis is established in
a proband, genetic screening of asymptomatic siblings, or other
first-degree relatives, is a cost-effective strategy to enhance case
detection and early diagnosis.>>* Genetic screening of the general
population is not recommended because of the low penetrance of the
disease. Although biochemical evidence of iron overload usually
precedes symptomatic disease, biochemical population screening for
iron overload is also not recommended because large studies have
failed to show its cost-effectiveness.’*3> However, the true prevalence
of symptomatic HH in the general population, in particular in
European populations, is also unknown, which increases the uncer-
tainty of cost-efficiency analyses.

METHODOLOGY AND RESULTS

To achieve a wide expert consensus for these guidelines, a drafting
group compiled the evidence to support recommendations, prior to a
wider consultation. In that context, a survey on the current practices
used by laboratories offering molecular diagnosis of HH was
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undertaken, as well as a systematic literature search focused on some
identified controversial topics. Finally, a group of clinicians and
scientists involved in HH diagnostics and iron disorders, supported
by the European Molecular Genetics Quality Network (EMQN), met
on 14-15 May 2014 at a workshop in Porto, Portugal to consider
the collected evidence and to formulate best practice guidelines.
Discussions at the workshop focused on testing criteria and protocols,
interpretation of results and reporting. Consensus guidelines were
established. To comply with current standards for evidence assess-
ment, recommendations have been weighted according to the Grading
of Recommendations Assessment, Development and Evaluation sys-
tem (GRADE).>* If the level of published evidence was very low,
decisions were taken based on the experts’ opinion.

Results of the survey on current practices of genetic diagnosis

of HH

In order to assess current practices on the molecular diagnosis of HH,
a survey was conducted by means of a standard questionnaire posted
online (using the SurveyMonkey platform) by the European Molecular
Quality Network (EMQN) from the 20 April to 8 June 2012 and
advertised not only among EMQN members, but also through a
network of clinical and research experts on hemochromatosis and
other iron overload disorders, promoted by the European Federation
of the Associations of Patients with Hemochromatosis (EFAPH). For
the recruitment process, a link to the online survey was emailed out to
all the groups mentioned above asking them to participate. For the
purpose of analysis, a pre-analytical validation was performed with
exclusion of incomplete questionnaires or respondents who did not
declare to perform testing for HFE variants. Descriptive statistical
methods were used to report quantitative data, and content analysis
was used for the replies to the open questions. Validated question-
naires were obtained from a total of 113 participating laboratories
from 26 different countries (Australia, Austria, Belgium, Canada,
Cyprus, Czech Republic, Estonia, France, Germany, Greece, Hungary,
India, Ireland, Israel, Italy, Latvia, Netherlands, Norway, Poland,
Portugal, Slovakia, South Africa, Spain, Sweden, Switzerland and
United Kingdom). The vast majority of responding laboratories were
Clinical Diagnostic Laboratories (89%), 75% of these were members
of the EMQN and 10% participated in other Quality Control schemes
either International Quality Networks (UKNEQAS, Equalis) or local
External Quality Control. A small proportion of respondents (4%)
represented research laboratories and 7% self-reported as Reference
Centers. Participants routinely perform HFE genotyping either at a
local (36%), and/or regional (49%), and/or national (44%) and/or
international (13%) levels. The average volume of requests in the
majority of laboratories (52%) is more than 200 per year, in half of
these being reported a volume of more than 500 requests per year. In
addition to standard p.C282Y/p.H63D HFE genotyping, 22% (n=25)
of responding laboratories are also offering full gene sequencing for
HFE and the other iron genes required for the diagnosis of non-HFE-
related HH. Most of the laboratories offering these tests receive
requests at a national (72%) or international (28%) level. Some of the
laboratories (n=10) reported to test for non-HFE HH an average of
more than 20 tests/year, two of them receiving more than 100 or 200
requests/year (respectively, in UK and France). The remaining
reported a volume of 6-20 (1=10) or 1-5 (n=5) tests/year.

Current practices on ‘criteria for testing’

The majority of participants in the survey reported that HFE
genotyping is mainly requested for diagnosis of a suspected index
case (ranging from 50 to 75% of requests) and the number of requests



for predictive (asymptomatic) or carrier testing varies from less than
10 to 50% of all requested tests. The majority of the participating
laboratories do not have specific prerequisites for HFE genotyping
indicated in the referral form, accepting for testing all requests with a
valid clinical referral. Some laboratories (27%) provide in their referral
forms specific testing prerequisites which are established either at local
(43%), regional (23%) or national (43%) levels. Regarding the practice
of testing for non-HFE-related HH, the majority (64%) of the
laboratories offering these tests reported to have defined strategies
for the selection and order of tests, but only a few (n=6) refer to
published guidelines available on their national reference websites.
Prerequisites indicated in the referral form are used in some
laboratories (n=9) which were either established locally (n=3) or
at a national level (n=6).

In general, referrals for testing that do not meet the established
criteria are accepted or not according to different local policies. When
asked about their practice regarding the follow-up of missing clinical
prerequisites, the majority of respondents report contacts with the
referring clinician either by telephone or E-mail (45%) or sending
back the referral form asking for the requisites (36%). The remaining
respondents declared that they searched for information on other
available databases (9%), simply accepted the requests (9%) or added
comments on the report form (18%).

When asked about the number of HH cases identified with p.C282Y
homozygosity, one-third of respondents (33%) reported a detection
rate of less than 5% and only a minority (13%) reported a detection
rate superior to 20%. The majority (54%) reported a detection rate
between 5 and 20%. This rate is similar to the reported prevalence of
p-C282Y homozygosity among patients presenting with elevated TS in
several primary health-care surveys.?® No significant differences were
found in terms of detection rates between laboratories who established
prerequisites in the referral forms and those who do not have written
prerequisites, suggesting that the practice of using prerequisites does
not necessarily increase efficiency. Owing to its rarity and complexity,
efficacy regarding the diagnosis of non-HFE-related HH was not
addressed in this survey.

Current practice on ‘methods and testing strategies’

Methods used for HFE testing.  All the laboratories responding to this
survey routinely screen for the HFE variants p.C282Y and
p.H63D, although some of them (12%) report to have a policy of
testing for p.H63D only in the situation of clinically affected patients
with a previous result showing p.C282Y heterozygosity. In addition,
64% of respondents also test routinely for the p.S65C variant, some of
them reporting that the test is performed occasionally and only on
specific demands. A minority of laboratories (6%) reported to also
routinely test for other genetic variants included in commercially
sourced Kits.

A large number of different methods are used by laboratories. The
four methodological approaches most frequently reported were:
real-time PCR (41%), PCR and RFLP (16%), PCR and reverse
hybridization (14%), and direct sequencing (11%). In addition, other
less commonly used (4.5-5.5%) include: allele-specific PCR, PCR
and high-resolution melting or single-strand conformational poly-
morphism, pyrosequencing and single base extension. According to
this survey, allelic discrimination real-time PCR was the most
commonly described method for HFE genotyping.

About the need to test for p.H63D for the diagnosis of HFE-related
HH. When questioned about the ‘real need” and implications of
testing for p.H63D, no consensual opinions were obtained among
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respondents. Some respondents declared serious doubts as to whether
they should or should not test for p.H63D (16.7%), whereas others
declared unambiguously that there is no need to test for p.H63D
(19.4%), the most common arguments being that it is not clinically
relevant, it has a high frequency in the normal population with
uncertain implications, or that results may raise anxiety unnecessarily.
The fact that they go on offering this test is, in many cases, explained
by the pressure of requesting clinicians. The majority of laboratories
(48.6%), however, still considered that testing for p.H63D is needed
and/or important, although some of them stressed the importance of a
careful wording on reports, which should be put in context,
particularly in the absence of p.C282Y. The most consistent justifica-
tion for p.H63D testing was the increased risk of iron overload in
p.C282Y/p.H63D compound heterozygotes, a minority also admitting
a risk for p.H63D homozygotes. Some pointed to the importance of
giving lifestyle recommendations in these cases.

Methods used for non-HFE-related HH testing. A total of 25 labora-
tories reported to perform full gene sequencing for the diagnosis of
non-HFE-related HH, the majority of these (52%) offering a panel of
tests for HJV, HAMP, TFR2, SLC40A1 (FPN) and HFE-whole gene.
Some laboratories (24%) also offer testing for FTHI (for hyper-
ferritinemia), and two of the responding laboratories perform a more
complete panel of tests for other iron overload-related genes adding
S5’UTRFTL (for hyperferritinemia), TF (for hypotransferrinemia),
SLCI1A2 (for anemia and iron overload), CP (for aceruloplasminemia)
and BMP6 (so far not associated to human HH). The most common
method used is direct DNA sequencing of the coding regions of
selected genes, some laboratories reporting other methods such as
single-strand conformation polymorphism analysis followed by direct
sequencing of the detected variants and next-generation sequencing
(NGS)-based approaches. Multiplex ligation-dependent probe ampli-
fication has been used in cases where a large gene deletion is suspected.

Current practices on ‘reporting’

The reporting of HFE genotyping results is generally performed by
standard pre-defined templates, most commonly (63%) adapted
according to specific reasons for referral. The reporting models and
interpretative comments included are usually based on established
guidelines, some laboratories referring to more general guidelines for
genetic testing®’*! but the majority referring to specific HH guidelines
established either at a national level*>® or from other published
clinical**~?8 or molecular diagnosis guidelines.*’ The majority of
respondents (69%) recommend or suggest predictive/carrier testing
for first-degree relatives of detected cases, the majority of these (88%)
specifically recommending genetic counselling for that purpose.
Among respondents who recommend predictive/carrier testing to
relatives of patients with HFE variants, 16% recommend it only for
first-degree relatives of p.C282Y homozygous patients and 57% also
recommend for relatives of p.C282Y heterozygous carriers. In addi-
tion, 28% of the respondents also recommended predictive/carrier
testing to relatives of patients carrying any allele variant combination,
including p.H63D and sometimes p.S65C. About one-third of
respondents (31%) do not recommend in their reports predictive/
carrier testing of relatives of patients with identified HFE variants.

Current practices on testing minors and value of risk assessment by
testing spouses

When questioned about their policy regarding testing of minors for
HFE-related HH, the majority of respondents (81%) declared to have
a general policy of not testing minors (recommending postponement
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of the genetic test until the subject has reached the age of legal
consent) or testing ‘young subjects (not younger than 16 years) as
long as they understand the meaning and implications of the test.
Exceptions to the rule were rare cases referred for diagnosis when
there is a clear clinical indication, in conditions of altered iron status
or evidence of liver disease, and when requested by a specialist (clinical
hematologist or clinical geneticist). The remaining 19% of respondents
declared to test samples from minors whenever requested, deferring
responsibility to the requesting physician and written consent from the
parents. When questioned about the value of offering testing to
spouses to assess risks in offspring, opinions were divided. Opinions
ranged from the total rejection, considering it useless or nonsense, to
the acceptance as an important testing strategy. Arguments used in
favor were mainly as a question of cost-effectiveness, because ‘festing
one spouse is cheaper than testing all the children’ and the possibility of
reassurance to offspring if the spouse does not carry p.C282Y, avoiding
further follow-up arrangements. Some respondents also referred to
satisfying couples who actively seek genetic advice and ask for that test,
and others to the importance of having extended pedigree information
for phenotype interpretation. Arguments against testing spouses
included the inappropriate waste of resources because it is a late-
onset disease and offspring can be offered advice at the appropriate
time; the problems raised by false paternity findings; and variable
penetrance of the p.C282Y/p.C282Y and p.C282Y/p.H63D genotypes,
making it difficult to predict outcomes for offspring who therefore
should be monitored.

Results of a systematic literature search on controversial topics
The expert team drafted a document that served as the discussion basis
for the final guidelines. For most issues addressed, the quality of
evidence and strength of recommendations had been already assessed
elsewhere”?® according to the system developed by the Grading
of Recommendations Assessment, Development and Evaluation (short
GRADE) Working Group (http://www.gradeworkinggroup.org/index.htm).
For consistency, those scores were used in this guidelines document
accordingly. For some controversial topics, however, we performed a
systemic review of the literature. These topics were: (i) The clinical
value of testing for p.H63D; (ii) Role, efficacy and efficiency of cascade
screening; and (iii) Follow-up of unaffected p.C282Y homozygotes
and p.C282Y/p.H63D compound heterozygotes. For the systematic
review, research questions were formulated for each topic. For each
specific question, search terms were phrased as PICO (Patient,
Intervention, Control and Outcome) that guided the searches in both
MEDLINE and EMBASE using Medical Subject Headings (MESH)
and free text words. Searches were limited to those written in English,
but were not restricted to date.

The clinical value of testing for p.H63D

This was a pending question since the publication of the previous
guidelines for the molecular genetic diagnosis of Type I (HFE-related)
HH?® where the authors raised the question of an eventual call for an
‘iron overload’ genetic screen as opposed to an HFE genetic screen. As
evidenced by the present survey results concerning the question about
testing for p.H63D, there is still much confusion among clinicians and
laboratory scientists regarding the use of HFE variants (particularly p.
H63D) as disease susceptibility markers.

In order to determine the diagnostic utility of p.H63D testing, a
systematic review of the literature was performed. Search terms
according to the following PICO were phrased: Patients (P) were
individuals with hemochromatosis or patients with iron overload.
Intervention (I) was genotyping of the p.H63D variant of the HFE
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gene. Controls (C) were newborns or population based screening and
Outcome (O) was the report of genotype frequency. With this search
strategy, 931 references were retrieved. From these, 33 studies were
selected as case—control studies where the hemochromatosis case
definition was considered appropriate. In addition, 37 population-
based screening studies were selected.

The association with hemochromatosis of the p.H63D variant
in HFE (rs1799945, NG_008720.2:g.8671C>G; NM_000410.3:
¢.187C>G; NP_000401.1:p.His63Asp) was in question since its first
description.*® Subsequent case—control studies have reported a median
p-C282Y/p.H63D compound heterozygous genotype frequency
among clinically characterized hemochromatosis cohorts of 4.6%
(0-21.7%),878 which is significantly higher than the compound
heterozygote frequency of 1.7% (0-7.7%) reported in screening
studies.®%6379-109 Although this observation suggests that compound
heterozygosity is associated with hemochromatosis, longitudinal
studies have shown that the risk of disease progression is low in
compound heterozygotes identified by screening.!'® A more recent
report of the evolution of iron indices in 180 compound heterozygotes
for p.C282Y and p.H63D identified in the HealthlIron study'!!
concluded that in these, the mean iron indices do not change during
middle age in males but SF increases in females. Although maintaining
elevated iron indices during middle age, documented iron overload-
related disease in compound heterozygotes is rare. Furthermore,
p.C282Y/p.H63D compound heterozygote hemochromatosis patients
with clinical disease expression frequently have additional risk factors
for iron overload or liver disease.!’>11> In conclusion, although
p.C282Y/p.H63D compound heterozygosity is a risk factor for slightly
higher serum iron parameters and mildly increased hepatic iron
stores, 1121167118 this genotype is considered insufficient to cause
hemochromatosis. Likewise, homozygosity for p.H63D is also rarely
associated with hemochromatosis and also not considered to be a
disease-associated genotype.!! This is the reason why genotyping for
p-H63D is not reimbursed in France.

Role, efficacy and efficiency of cascade screening

The responses obtained in the survey to the question ‘to whom do you
recommend predictive or carrier testing?’ disclosed a strong divergence
in reported practices. To address this question, a systematic literature
search was performed. Search terms were phrased as PICO where (P)
was defined as patients with HFE-hemochromatosis; interventions (I)
were screening by diagnostic test, measurement of serum iron
parameters (TS, ferritin and/or testing for p.C282Y (p.H63D) variants
in the HFE-gene; compared (C) with no screening; and the expected
outcome (O) was cost, versus prevention of iron overload and
prevention of symptoms. All systematic reviews or meta-analyses,
comparative designs (cohort studies, case—control studies and cross-
sectional studies) and observational studies were eligible for inclusion.
A total of 180 publications were identified, of which only 14 were
scored as being relevant to answer the research question.

Cascade or family screening in HH can be defined as a genotypic
screening strategy that targets relatives of previously identified
p-C282Y homozygotes. It is offered to individuals with an increased
risk, usually with some knowledge about the disease, and is aimed to
detect covert homozygotes. In general, it can be considered as less
efficacious (proportion of covert homozygotes detected) but more
efficient (proportion of covert homozygotes detected in relation to the
screening effort) than population screening, and requires the avail-
ability of an index case.'?!

Data from controlled and uncontrolled family studies demonstrate
that the majority of p.C282Y homozygotes detected by screening of
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first-degree relatives of homozygous patients have elevated ‘iron
parameters’ more commonly in men than in women.*>»!?2"127 Data
from uncontrolled family studies indicate that ‘morbidity’ in p.C282Y
homozygous family members of HH patients is considerable, with up
to 42% of them having fibrosis or cirrhosis.>»127128 This is confirmed
by some, but not all, controlled studies that found an elevated risk of
diseases (particularly rheumatic disorders) in family members of
patients with FHH.!22129130

Data are not consistent on whether iron parameters of relatives of
clinically detected p.C282Y homozygotes differ from relatives of
p.C282Y homozygotes detected by genotyping,!>#12¢ whereas disease
penetrance in p.C282Y homozygotes identified through family screen-
ing was not found to differ from those identified by population
screening in both studies on this subject.'?»!?* Finally, we retrieved
two studies showing that mortality of parents, siblings and children of
p.C282Y homozygotes identified by clinical presentation or other
means is not higher than that in the general population,!?>!3!

From a study of 291 children of p.C282Y homozygotes, Adams'3
recommended that the most cost-effective strategy is to screen spouses
to avoid unnecessary investigation of offspring of probands. In another
(hypothetical) cohort of siblings and children of an affected proband,
and assuming that 80% of HH subjects accumulate iron (of whom
50% develop tissue damage), El-Serag®®> compared the cost benefit
analysis of no screening against four screening strategies that
incorporate HFE testing or serum iron indices. They conclude that
in family screening, it is more cost-effective: (i) to screen the spouse
before children when testing two or more children, (ii) to screen the
spouse when children are below the age of consent and (iii) to use
HFE testing instead of serum iron indices. However, it should be
noted that the conclusions of this study strongly depend, among other
factors, on the model assumptions for the prevalence of p.C282Y
carriers in the population, the risk for p.C282Y homozygotes to
develop iron overload and complications and the setting (country).

The prevalence of p.C282Y homozygosity among siblings (~25%),
offspring (~5%) and parents (~5%) of p.C282Y homozygous
probands is increased in comparison with the general Caucasian
population (~0.5%). If we estimate the average risk of the develop-
ment of severe morbidity (eg, liver cirrhosis) for a p.C282Y
homozygote as being 4% (5.6% in males and 1.9% in females),'?’
the morbidity risk for siblings and offspring of a p.C282Y homozygous
proband can be calculated as 1.0% and 0.2%, respectively. This implies
that 100 siblings, 500 children and 500 parents, respectively, need to be
screened to detect 1 case of cirrhosis. These numbers for family
screening for HH are more favorable than numbers needed to detect a
case in current population screening programs for breast, colon and
cervical cancer, that is 1 in ~ 1500-2000.133-135

Finally, we retrieved a study showing that greater awareness of HH
and its potential consequences among probands and family members
are important motivators for them to undergo screening for the
disorder.!3¢

In aggregate, there is sufficient evidence (i) to support screening for
the p.C282Y variant in HFE in first-degree family members (siblings,
children and parents) of clinically detected p.C282Y homozygotes or
p-C282Y homozygotes detected otherwise, and (ii) to consider screen-
ing spouses when testing two or more children.

Follow-up of unaffected p.C282Y homozygotes or compound
heterozygotes

It is recognized that early treatment to normalize iron stores increases
the likelihood that the potential serious complications of the disease
are effectively prevented, morbidity and mortality are reduced, and
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quality of life is increased.3012212613LI37-139 Noreover, it was recently
shown in a cohort of 1086 p.C282Y homozygous patients treated at
early stages that they have a long-term survival superior to the general
population, with a decreased number of deaths by cardiovascular
disease or extra-hepatic cancer,'# further supporting the benefit of
sustained phlebotomy treatment of iron overload in HH. The question
remains, however, as to whether preventive treatment should or not be
recommended to all unaffected but genetically confirmed individuals
because there is no evidence that all of these subjects will necessarily
develop iron overload-related morbidity. To address this question, a
systematic literature search was performed as described above. Search
terms were phrased as PICO where patients (P) were defined as
clinically or biochemically unaffected p.C282Y homozygotes or
p-C282Y/p.H63D compound heterozygotes; interventions (I) were
the follow up of iron indices (TS, SF) and phlebotomy treatment in
comparison (C) with no intervention, and the expected outcome (O)
was the evolution of iron indices and/or development of clinical
symptoms. All systematic reviews or meta-analyses and comparative
designs (cohort studies, case—control studies and cross-sectional
studies) were eligible for inclusion. Case studies and case series with
fewer than 20 patients were excluded. A total of 244 identified studies
were first evaluated for further retrieval based on the question and a
clear definition of the target population, focusing on population-based
studies of unaffected subjects. The main reasons for exclusion were:
(i) inappropriateness for the question, that is, associations of HFE
genotypes as risk factors for other disease endpoints, studies in
children, prevalence of HFE variants in other clinical settings or in
case-finding studies and studies of genetic modifiers or (iii) possible
bias or indirectness (populations highly selected for geographical
region, blood donors or primary care-based). Of 27 papers kept for
full revision, 10 reported screening studies in the normal
population®*-88:103,141-146 and have been already included in previous
reviews or meta-analyses addressing the penetrance of HFE
genotypes.283H 11814771499 Four studies reported screening studies in
elderly populations, all confirming the detection of previously
undiagnosed p.C282Y homozygotes with biochemical evidence of iron
overload but no significant morbidity.!>*~1>* Finally, and for the
purpose of the specific outcome of this element (ie, the natural history
of untreated HFE-related hemochromatosis), we selected only studies
with long-term follow-up of untreated subjects. Only six studies
fulfilled this criterion: one retrospective!>* and two prospective!?>1%3
HH cohort studies of untreated cases; and two prospective population-
based cohort studies; one in Denmark!!® and one in Australia
(results published in Gurrin et al''“'%® and Allen et al'*’). The
Copenhagen City Heart Study'!'® genotyped 9174 individuals and
identified 23 p.C282Y homozygotes who had been followed for
25 years, none of them having developed clinically overt hemochro-
matosis. The authors conclude that p.C282Y homozygotes identified
during population screening, and not because of clinically overt HH,
at most need to be screened for manifestations of hemochromatosis
every 10-20 years. The HealthIron study in Australia is a subsample of
the Melbourne Collaborative Cohort Study-MCCS which enrolled
41514 subjects aged 40-69 years from 1990 to 1994 with
a comprehensive active follow-up from 2003 to 2007 (12 years
follow-up). The results were described in three independent papers.
In 2008, Gurrin and co-workers'*® analyzed 86 untreated p.C282Y
homozygotes and predicted the probability of SF and TS at follow-up
exceeding the clinical thresholds from baseline under a multivariate
normal model. They concluded that the probability of a baseline SF of
300-1000 ng/ml to progress to values higher than 1000 ng/ml is
13-35% in males and 16-22% in females. The probability of a normal
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baseline to progress for SF > 1000 ng/ml if untreated is less than 15%.
Finally, they concluded that the majority of p.C282Y homozygotes
who are likely to develop a SF higher than 1000 ng/ml will have done
so by the age of 55 years. The same authors also analyzed the evolution
of iron indices in 180 compound heterozygotes for p.C282Y and
p.H63D identified in the HealthIron study.'!! They concluded that in
these, the mean iron indices did not change during middle age in
males but SF increases in females. Although maintaining elevated iron
indices during middle age, documented iron overload-related disease
in compound heterozygotes is rare. Finally, in 2010, Allen and
co-workers!> analyzed the evolution of 102 untreated p.C282Y
homozygotes and no evidence was found that those with SF
concentrations below 1000 ng/ml at either baseline or 12 years later
were at increased risk of HH-associated signs and symptoms. These
results raise the question as to whether p.C282Y homozygotes with
SE concentrations <1000 ng/ml should be managed aggressively or
simply monitored to prevent SF rising over the critical threshold.
Ideally, a randomized controlled trial of phlebotomy versus a ‘watchful
waiting’ approach should be performed, but the time required to
produce definitive results may be prohibitively long.

In conclusion, there is enough evidence to support the notion that
iron indices may progress in some p.C282Y homozygotes or p.C282Y/
p-H63D heterozygotes, supporting the recommendation for a
biochemical follow-up. There is no evidence, however, to support a
specific follow-up time or schedule. There is insufficient evidence to
recommend phlebotomy treatment in unaffected (ie, without evidence
of hemochromatosis) homozygotes or p.C282Y/p.H63D compound
heterozygotes, but there is still a need for high-quality observational
data on the treatment of HH.

The best practice meeting

In order to develop the initial guidelines draft into a consensus
document, a workshop in the format of an EMQN Best Practice
Meeting (BPM) was held in Porto, Portugal on 14 and 15 May 2014.
The BPM was advertised using the same procedure as for the survey
(see above) and this draft document, together with the topics for
discussion, were made available before the BPM to the respondents
who agreed to participate. The list of meeting attendees and respective
affiliations is given in Supplementary Table 1.

As a result of the meeting, an agreed set of best practice guidelines
was updated for genetic diagnostic and predictive testing for HFE-
related HH and for reporting the results of such testing. In addition,
some basic guidelines were also developed for testing and reporting the
rarer forms of non-HFE-related HH. Resulting recommendations are
based on available published evidence scored according to the GRADE
system for quality and strength of evidence. If the quality of evidence
was low or very low, the proposed recommendations resulted from the
experts’ collective decision, this information being provided in the
document. A final version of the consensus document (corrections
and amendments performed according to the results of the BPM) was
reviewed by the drafting team, circulated among the BPM participants
for revision and further amendments and was finally approved by the
EMQN board.

The BPM provided the opportunity not only to discuss the
controversial topics previously reviewed through the systematic
literature search and its implications for future research (described
above), but also to discuss some other relevant topics described here.

Questions regarding nomenclature and case definition
It became apparent during the BPM that questions regarding the
nomenclature and case definition of HH are among the major causes
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of confusion when dealing with the interpretation of test results and
reporting practices. Some participants pointed to the fact that, in face
of the increasing awareness and knowledge of the pathogenesis of iron
overload disorders, some concepts relating to HH definition should be
revised.

The term Hemochromatosis was first coined by von
Recklinghausen!>® in 1889 following the description of its iron-
related pathology. The clinical characteristics of the disease were later
described by John Sheldon159 in 1934 after a systematic review of
autopsy cases, and the autosomal recessive mode of transmission was
demonstrated by Simon and co-workers'®® in 1977 following the
discovery of its association to HLA. Since that time, a typical
phenotypic characterization of patients was necessary to define HH,
including the demonstration of severe liver iron overload. The
selection of HH patients based on a strict phenotypic case definition
was fundamental to permit the positional cloning of the HH-
associated gene. After the discovery in 1996 of the genetic defect in
HFE, which explained over 80% of previously phenotypically
characterized cases,*8 a genetic definition of HH became available,
and a pre-symptomatic diagnosis in subjects with less severe forms of
iron overload became feasible. These advances, however, also brought
some confusion among clinicians about what constitutes the case
definition of HH.?” Although a purely genetic definition cannot be
accepted, owing to the low penetrance and variable clinical expression
of p.C282Y homozygosity in HFE, a purely phenotypic case definition
is also not acceptable because it will necessarily combine many
different types of iron overload (genetic and acquired) defeating the
original purpose of having a case definition, that is, to characterize the
natural history, disease prognosis and, most importantly, to guide its
treatment and/or prevention.”” For the purpose of nomenclature
harmonization, we refer in this document to HFE-related HH
according to the case definition agreed on the 2010 EASL Clinical
Practice Guidelines for HFE Hemochromatosis, that is, as the
occurrence of increased body iron stores associated with homozygosity
for the p.C282Y HFE variant, with or without clinical symptoms.*®
The other rare forms of HH are here classified as non-HFE-related
HH in harmonization with the classification agreed in the AASLD
Practice Guideline of 2011.# They can be generally defined as increased
body iron stores not associated with homozygosity for the p.C282Y HFE
variant but attributed to pathogenic variants in other iron-related genes,
namely hemojuvelin (HJV), hepcidin (HAMP) and transferrin
receptor 2 (TFR2). For all of these genes, the pathogenesis of HH
involves inadequate or ineffective production or hepcidin-mediated
downregulation of ferroportin with consequent increase in iron
absorption and iron export from macrophages. In the case of
ferroportin variants, when they are associated with an excessive
ferroportin-mediated iron export (gain-of-function variants, or type
B), they cause a phenotype similar to the one observed in the classical
HFE-related HH with elevated TS, hyperferritinemia and iron
overload mostly affecting hepatocytes, but with normal or elevated
(rather than low) hepcidin levels.?> In this case, ferroportin disease is
included in the differential diagnosis of non-HFE-related hemochro-
matosis. In the case of the most common loss-of-function ferroportin
variants (type A), the interaction between hepcidin and ferroportin is
altered affecting iron export from cells with consequent accumulation
in Kupffer cells and other macrophages, and is expressed by
hyperferritinemia with high/normal or low TS.!! Although originally
described as autosomal dominant hemochromatosis!®? and referred to
in the OMIM database as type 4 hemochromatosis, strictly speaking, it
does not fit into the classical definition of HH which implies an



inappropriately high absorption of iron by the gastrointestinal mucosa
with consequent increased iron storage.

Controversy remains regarding the definition of HH associated with
HFE variants other than p.C282Y, and no established consensus has
been published before. The most frequently found HFE variant in all
populations is p.H63D, and this was originally described by Feder and
co-workers*® as a common variant associated with iron overload in
patients who were p.C282Y heterozygotes. It should be noted that the
two variants are always inherited in trans (on separate alleles) because
they arose as independent founder alleles. After this original report, it
was common practice to classify individuals with the p.C282Y and
p-H63D variants inherited in compound heterozygosity as an HH-
associated genotype. This practice, however, was later challenged by
the growing evidence that p.C282Y/p.H63D compound heterozygous
subjects have a distinct iron overload phenotype (mild to moderate)
normally associated with the presence of other comorbidity factors,
namely alcohol abuse or dysmetabolic iron overload syndrome 281!
Therefore, notwithstanding a role of p.H63D as a susceptibility factor
for increased iron overload,!!®147:163 for practical clinical purposes,
p-C282Y/p.H63D compound heterozygotes and p.H63D homozygotes
are not classified as HFE-associated HH (following the most recent
EASL guidelines), and it is recommended that in patients with these
genotypes and iron overload, other genetic or environmental risk
factors should be examined.?® Another variant, p.S65C, reported as a
normal variant in the European population,'®* has also been described
as a susceptibility allele in patients with iron overload, particularly in
association with heavy alcohol consumption,!4»1%> but no evidence
has ever been provided to support a causative role in HH. Therefore,
neither testing nor reporting the presence of p.S65C is recommended
in the diagnosis of HFE-related HH. Some very rare HFE variants or
deletions associated with disruption of the HFE protein function have
been described in compound heterozygosity with p.C282Y in severe
cases of HH.!? Although such patients can be classified as HFE-related
HH, because of their rarity and necessary specific molecular workup
for diagnosis, we suggest distinguishing these hemochromatosis
variants from classical HFE-associated HH and including them in
the classification of Rare Hereditary Hemochromatosis. Finally, it
should be noted that in many clinical reports and disease databases,
different nomenclatures have been used to classify HH and this fact
may lead to confusion among clinicians and laboratory geneticists.
A summary of the nomenclature used in this document, the disease
names, synonyms, symbols, databases reference numbers (ORPHA-
NET and OMIM (the Online Mendelian Inheritance of Man
database)), the respective genes/loci and cytogenetic positions, as well
as their major pathological and clinical defining characteristics, is given
in Table 1.

The value of recognized Expert Centers

The French Reference Centre for Rare Iron Overload Diseases of
Genetic Origin was created in 2007, as part of the first French National
Plan for Rare Diseases (which started in 2005). Located at the
University Hospital Pontchaillou in Rennes, and benefiting from a
specific budget, it works in close collaboration with nine centers of
competence spread across the country. The goal of this network of
expertise is to contribute to the equity of medical care and research
activities within the broad spectrum of rare diseases. The specific
diseases involved correspond essentially to non HFE-related genetic
iron overload diseases (type 2, 3 or 4 hemochromatosis), and to some
other entities such as hereditary aceruloplasminemia and atransferri-
nemia. It also includes exceptional forms of HFE-related hemochro-
matosis involving rare variants. From the diagnostic viewpoint, the
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reference center analyzes all referred cases of unexplained iron excess
using a multidisciplinary approach, in order to select those who
warrant targeted genetic exploration. The center leads in proposing
diagnostic and therapeutic recommendations to be disseminated to the
medical community. With regard to basic and clinical research, the
center proposes and coordinates various themes covering epidemio-
logical, diagnostic and therapeutic aspects, in association with the
recognized centers of competence. One of the hot topics today,
considering increasingly efficient techniques in the field of molecular
genetics, is to develop functional tests to aid in the prediction of
deleterious effects associated with previously unclassified variants.
A major aim is the integration, as soon as possible, of the reference
center within a European network for rational sharing of diagnostic
tools, homogenization of diagnostic and therapeutic practices, and
coordination of research actions. There remains a great disparity in
Europe regarding the policy on rare diseases, from countries that have
recently decided to develop a plan/strategy to those whose national
plans and strategies are fully implemented. However, many European
medical, scientific and patient organizations are actively engaged in
this cause, which gives confidence in future improvement of the
management of rare diseases, including those related to genetic iron
overload.

The future of NGS in clinical practice

Historically, genetic testing for HH has developed from detection of
the common HFE variants through to conventional DNA sequencing
of the HFE gene, and/or other genes implicated in rarer hereditary
iron overload disorders. With the advent of NGS, it is now possible to
investigate, on a research basis, the genetics of rare or complex
disorders, based on whole-exome or -genome analyses. The technol-
ogy for sequencing multiple genes simultaneously is developing
rapidly, with no firm consensus on approaches to diagnostic testing.
However, guidance on consensus standards for identifying and
reporting variants identified using NGS approaches has been
produced.'®® In a diagnostic context, NGS based on targeted gene
analysis is being introduced, including panels linked to disorders of
iron metabolism. For routine type 1 HH analysis the current
approach, based on recognized phenotypic parameters to identify
index cases that have a phenotype meriting p.C282Y genotyping prior
to relevant predictive or diagnostic testing in appropriate family
members, is likely to remain in place for the foreseeable future.
Where NGS gene panel analysis will increasingly have a role is in those
rare cases where there is documented evidence of iron overload and
initial screening approaches do not detect recognized variants or
variants associated with the phenotype. This will apply not only to type
1 HH but also to the other forms discussed in this document. In such
circumstances, iron metabolism gene panels can be applied to facilitate
detection of rare variants, ultimately contributing to our under-
standing of these disorders. For this strategy to be successful, such
investigations will be best performed by referral to a small number of
specialist centers in order to ensure both a cost-effective approach and
the availability of the necessary expertise in the interpretation of results
obtained, particularly when interpreting the likely significance of any
unclassified variants detected.

A final remark: the patients’ expectations and the role of General
Practitioners in the management of HH

In the frame of the present guidelines, a survey was also conducted by
the European Federation of Associations of Patients with Hemochro-
matosis (EFAPH) on the perceptions of patients about genetic
information namely on the sources used or trusted. The results of
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the survey provided, for the first time, a basis for recommendations
intended to improve communication between patients and health-care
providers regarding genetic information and suggests that more efforts
should be put in awareness, motivation and education among General
Practitioners regarding HH management.'®”

THE GUIDELINES—EVIDENCE-BASED RECOMMENDATIONS
These guidelines offer an overview of the recommended basis for
genetic testing referral where there is a suspicion of type 1 HH or rare
forms of HFE-related and non-HFE-related HH, along with predictive
testing of adult first-degree relatives of subjects confirmed to have HH
by molecular analysis. They illustrate the minimum expected inter-
pretation standards for these disorders where the correlation between
the clinical phenotype and genotype must be considered prior to
referral for investigation and reporting.

Methods and testing strategies

A variety of methods for HFE genotyping are in use by laboratories
participating in the EMQN EQA scheme for HFE HH. The most
common testing strategies in use detect the p.C282Y (c.845G>A) and
p-H63D (c.187C>G) variants and are based on PCR/restriction
enzyme digestion or various allele-specific amplification strategies.

The vast majority of HFE-related hemochromatosis is associated
with homozygosity for p.C282Y. p.C282Y/p.H63D compound
heterozygosity may be a risk factor predisposing to mild or
moderate forms of iron overload when in association with
comorbidity factors, for example, alcohol or metabolic
syndrome.»!!! The association of homozygosity for p.H63D with
iron overload is debated and requires further clinical research, but
it is now recommended that other risk factors or other genetic
causes should be sought and investigated in patients with this
genotype and demonstrated iron overload.? Testing for these two
HFE variants can be performed either sequentially or simulta-
neously. Sequential testing, starting with p.C282Y, will avoid
detection of p.H63D homozygotes, and this has been considered
by most experts as an advantage. However, this reflex testing
approach increases the turn-around time and overall cost. A
simultaneous testing strategy should be weighed against the
possibility of creating anxiety or unnecessary investigation. The
laboratory should take these factors into account when deciding to
use this strategy. In any case, when a method detects both variants
concurrently, which is generally the case, there is an obligation to
report the complete result.

There is no supporting evidence for a role of the p.S65C variant
(c.193A>T) in clinically manifest HH (p.S65C is a normal variant in
the general European population).!4%164168 Therefore, testing for the
p.S65C variant is not recommended for diagnostic purposes; if
detected as an incidental finding, it should not be reported to avoid
possible over-interpretation of its significance.

Guidelines from the European Society of Human Genetics and the
American College of Medical Genetics recommend not testing minors
for carrier status for late-onset disorders. When requested by parents
in this situation, local and international practice and regulations
should be followed/recommended by the health careers.

Quality assurance framework

The EMQN external quality assessment (EQA) scheme for HFE
continues to detect both genotyping errors and variable quality of
interpretive comments. This indicates the continued importance of
quality assurance and improvement. It is recommended that testing
laboratories are accredited to international standards (ISO 15189 or
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equivalent).!9*170 The techniques used should be validated in-house
with appropriate sample types and numbers. If CE-marked IVD kits
are used, in-house verification should be performed. Laboratories
reporting HFE testing results should participate annually in EQA. EQA
provides a long-term, retrospective assessment of laboratory perfor-
mance, allowing laboratories to demonstrate consensus with their
peers and providing information on inter-method comparability.
Unless dictated by legislation, the choice of EQA provider lies with
the laboratory, but the use of an EQA programme that assesses
reporting as well as genotyping and that is accredited to ISO 17043 is
recommended, wherever possible.
Recommendations for HFE testing strategies:

Laboratories providing testing for HFE-associated HH should test
for p.C282Y (1A).

According to local practice, p.H63D can be a considered an optional
complementary test that can be offered sequentially or simulta-
neously to p.C282Y testing (2C).

Testing for p.S65C should not be offered; if detected as an incidental
finding, it should not be reported (1B).

It is recommended that testing laboratories are accredited according
to international standards (ISO 15189 or equivalent).

It is recommended that genetic testing for suspected rare forms of
hemochromatosis should be performed by specialist centers.

Criteria for diagnostic and predictive testing

These have been extensively covered in published clinical guidelines
and reports (summarized in 'Results of the survey on current practices
of genetic diagnosis of HH', see Swinkels et aP and Berwouts et al'”?).
In current clinical practice, patients are often referred for HH genetic
testing based on a diverse range of indicators. These include isolated
raised SF (hyperferritinemia), raised transaminases, type 2 diabetes
and arthralgia. This situation has arisen owing to overestimations of
the penetrance and clinical impact of p.C282Y homozygosity and these
patient groups are no longer considered to be appropriate for HFE-
HH genetic testing. In the absence of raised TS, there is no evidence to
support genetic testing for the p.C282Y variant in an index case solely
for clinical reasons.

Given the importance of the TS result, it should be noted that the
concept of ‘elevated transferrin saturation’ varies, ranging from levels
of 45 to 60%. A higher cutoff value is expected to have a superior
positive predictive value and is useful in populations where reference
values are higher, usually associated with lifestyle habits including
regular daily alcohol consumption.?’ Lower cutoff values are more
sensitive (with a higher negative predictive value), but less specific.
They may facilitate earlier detection of iron overload but will increase
false-positive detection rates.1”! Elevated SF (ie, exceeding the local
upper limit of the reference range) is a potential biochemical marker
of iron overload but is not specific for HH. Therefore, confirmed
hyperferritinemia should prompt testing for TS before genetic testing.
If TS is normal, alternative causes of hyperferritinemia should be
sought, such as indicators of inflammation and liver disease, most
commonly observed in the presence of metabolic syndrome or fatty
liver disease.>! Conversely, in the presence of high TS with normal SF
values, a genetic test should be considered. Testing for rare variants in
HFE, or other genes associated with non-HFE-related HH, should be
reserved for highly selected cases with documented, unexplained iron
overload (increased body iron stores) that test negative for p.C282Y
homozygosity. These rare cases should be referred to specialist centers



offering appropriate molecular diagnosis and expert advice on iron
overload disorders.

Predictive testing of first-degree relatives of subjects confirmed to
have HH by molecular analysis

Because the prevalence of individuals at risk to develop morbidity is
increased among first-degree relatives of index cases, their identifica-
tion through predictive testing is appropriate. Genetic testing of adult
asymptomatic individuals should be undertaken only after appropriate
counselling addressing the pros and cons of testing as well as the
possible clinical consequences relating to the test result.

p.C282Y homozygotes. Genetic testing of adult first-degree relatives of
p-C282Y homozygous cases aims to identify covert homozygotes in the
family so that appropriate management can then be instigated. The
low penetrance of p.C282Y homozygosity should be clearly explained
before testing. When a p.C282Y heterozygote is identified by this
process, further cascade testing of his first-degree relatives is not
recommended. This rationale is based on low morbidity when the
further reduced risk for inheritance of p.C282Y homozygosity in these
individuals is combined with the low penetrance of the clinical
phenotype of HH in homozygotes.

p.C282Y/p.H63D compound heterozygotes. Owing to the relatively low
risk of morbidity and the consequently low clinical efficiency of
screening, consensus was not reached in order to recommend genetic
testing of clinically asymptomatic adult first-degree relatives of
p.C282Y/p.H63D compound heterozygotes.

Other HFE genotypes. Owing to the relatively low risk of morbidity
and the low penetrance, genetic testing of clinically asymptomatic
adult first-degree relatives of p.C282Y heterozygotes or p.H63D
homozygotes is not recommended.

Rare forms of HFE- or non-HF- related HH

Genetic testing of clinically asymptomatic adult first-degree relatives of
individuals with these rare conditions aims to identify additional
individuals at risk of these rare forms of HH and it is therefore
recommended.

Recommendations for diagnostic and predictive testing:

e Population screening for the p.C282Y variant is not currently
recommended (1B).

o It is considered to be good practice to confirm elevated TS before
HFE genetic diagnosis testing (1B).

o Testing adult siblings (brothers and sisters) of p.C282Y homo-
zygotes is recommended owing to the increased risk of p.C282Y
homozygosity and related increased morbidity (1B).

o Testing adult offspring of p.C282Y homozygotes is recommended
owing to increased risk of p.C282Y homozygosity and related
increased morbidity (1C).

o Testing asymptomatic parents of p.C282Y homozygotes is not
recommended systematically but rather as a clinical decision
depending on their age, sex and ferritin, all three influencing the
probability to develop severe iron overload (1C).

o Systematic testing of adult first-degree relatives of p.C282Y hetero-
zygotes is not currently recommended, in the absence of evidence of
benefit (2C).

o HFE testing of minors is not recommended (1B).

o Prenatal diagnosis is not appropriate in HFE-related HH because it
is a treatable, adult onset condition (1C).

Hereditary hemochromatosis guidelines
G Porto et al

o Genetic testing of first-degree relatives of rare HFE-related and non-
HFE related HH should be performed by specialist/reference
centers/laboratories (2C).

Reporting of HFE genotyping results

The primary role for HFE genetic testing is to confirm or exclude a
diagnosis of HFE-related HH, or to predict the risk for this condition.
No solid evidence has been provided to support the clinical utility of
HFE genotyping as a susceptibility test for iron overload in general.
Analysis of current practice in HFE molecular testing reveals that a
growing number of clinicians routinely request this genetic test but
that it confirms a diagnosis of HFE-related HH in only a small
proportion of cases. If not properly informed as to the relative
significance of each genotype combination, it is possible that some
clinicians may incorrectly assume a diagnosis of HH for genotypes
other than p.C282Y homozygosity, with undesirable consequences
relating to both patient management and counselling information
provided to relevant family members. It is therefore recommended
that when reporting HFE genotyping results, a clear statement be given
regarding the requested reason for testing, and that interpretative
comments are given in a case-specific context. This implies, of course,
that a clear indication of the reason for testing is provided by the
requesting clinician.

Additional interpretative comments on reports may refer to: the
implications of the test result for other family members, the need to
establish differential diagnosis with other forms of iron overload and
suggested follow-up strategies in the case of predictive detection. For
example, the identification of an asymptomatic or previously
undetected p.C282Y homozygous family member should prompt
evaluation of their iron indices and establishment of an appropriate
follow-up program. If asymptomatic p.C282Y/p.H63D compound
heterozygotes are detected, recommendations regarding monitoring
of iron indices are more controversial and a consensus was not
reached yet. The fact that individuals with this genotype may go on to
exhibit a mild-to-moderate iron overload phenotype, normally
associated with other comorbidity factors such as alcohol abuse or
metabolic syndrome,>'!! may constitute an argument to recommend
referral to a specialist for monitoring of iron indices and lifestyle habits.
Nevertheless, care should be taken not to create unnecessary anxiety in
apparently healthy subjects with a compound heterozygous genotype.
Although they might have elevated iron indices, documented iron
overload-related disease in subjects with this genotype is rare.'!!

Reporting scenarios

The following provides basic guidelines for reporting HFE test results
based on reasons for referral and resulting genotypes. Points regarded
as essential are highlighted in italics. It should be stressed that these
guidelines are presented under the assumption that HFE genotyping is
performed to confirm, exclude or predict the most common HFE-
related forms of HH and they do not cover rare or population-specific
alternative variants in HFE. Other forms of iron overload and other
types of HH exist and further investigation may be suggested where
relevant clinical and biochemical features indicate. In those rare cases
with a strongly suggestive phenotype that are not confirmed to be p.
C282Y homozygous, investigation for other genetic forms of HH or
referral to a specialist unit may be suggested. However, it must be
stressed that these are rare and should only be considered in cases
where there is a documented severe iron overload that remains
unexplained after exclusion of other causes. Reference to the implica-
tions of the HFE test result for other adult family members and
recommendations for genetic counselling should be reserved only for
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individuals carrying the p.C282Y variant; otherwise it may create
unnecessary anxiety. In cases where screening is performed with
additional genetic and/or phenotypic data, reporting recommenda-
tions may be adapted to reflect individual case scenarios more closely.
A summary of basic interpretive comments relating to HFE-related
HH is given in Table 2.

Diagnostic reporting scenarios

Diagnostic referral (ie, affected individual); homozygous p.C282Y.
The individual is homozygous for the p.Cys282Tyr variant in the
HFE gene.

Reports should state that, in the presence of a suggestive phenotype, this
genotype supports the diagnosis of HFE-related HH. Formal diagnosis
requires demonstration of increased hepatic iron stores.

Additional comments may refer to implications of the result for
other adult first-degree family members and recommend genetic
counselling for predictive/carrier testing. It is not appropriate to
simply state that all relatives must/should be tested. Genetic testing
for p.C282Y and biochemical testing for iron overload is recom-
mended in first-degree adult family members.

Diagnostic referral (ie, affected individual); compound heterozygous
p.C282Y/p.H63D C282Y. Patients with this genotype may have iron
overload but to a much lesser degree than p.C282Y homozygous HH
patients, and usually in association with other risk factors.!!! Although
compound heterozygotes might maintain elevated iron indices during
middle age, documented iron overload-related disease is rare and this
genotype should therefore have a different interpretation than for a
p.C282Y homozygote referred on the same basis. The genotype is
common among the general European population and a reference to
the local estimated frequency may be given.

The individual is a carrier of both the p.Cys282Tyr and the
p.His63Asp variants in the HFE gene.

Reports should state that the diagnosis of the most common
HFE-related HH is excluded. This genotype may predispose to
mild / moderate iron overload. In patients with iron overload, other
contributing factors should be considered (most commonly, alcohol
consumption, fatty liver disease, and/or metabolic syndrome).

In patients with a severe iron overload phenotype, other rare forms of
HH cannot be excluded.

Additional comments may refer to implications of the result for other
adult first-degree family members, and genetic counselling may be
considered. It is not considered appropriate to recommend predictive/
carrier testing to all relatives (cascade family screening). Biochemical
testing of first-degree adult family members should be considered.

Diagnostic referral (ie, affected individual); heterozygous p.C282Y. It
has been documented that some p.C282Y heterozygotes may exhibit
mild to moderately raised indices of iron overload,'® although
complications due to iron overload are very rare and may be
influenced by additional factors, both genetic and environmental.

The individual is a carrier of the p.Cys282Tyr variant in the HFE gene.

Reports should state that the diagnosis of the most common HFE-
related HH is excluded.

In patients with a severe iron overload phenotype, other rare forms of
HH cannot be excluded.

Additional comments may refer to implications of the result for other
adult first-degree family members, and genetic counselling may be
considered. It is not considered appropriate to recommend predictive/
carrier testing to all relatives (cascade family screening). Biochemical
testing of first-degree adult family members may be considered.
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Diagnostic referral (ie, affected individual); homozygous p.H63D. It
has been suggested that p.H63D homozygotes may have a slight risk of
iron overload.!'8147:163 Despite some geographical variation'!® this
genotype is present in about 3% of the general European population
and its significance as a susceptibility factor remains uncertain.

The individual is homozygous for the p.His63Asp variant in the
HFE gene.

Reports should state that the diagnosis of the most common HFE-
related HH is excluded. This genotype may be associated with a slight
increase of ferritin and TS. Other causes of iron overload should be
considered.

In patients with a severe iron overload phenotype, other rare forms of
HH cannot be excluded.

Additional comments may refer to the uncertainty and controversy
regarding the role of p.H63D as a risk factor for mild to moderate iron
overload, in the presence of other causes of iron overload (eg, fatty
liver disease and/or metabolic syndrome). It is not appropriate to refer
to implications of this genotype for other adult family members.

Diagnostic referral (ie, affected individual); heterozygous p.H63D.
The individual is a carrier of the p.His63Asp variant in the HFE gene.
This variant is present at a high frequency in the general population. The
diagnosis of the most common HFE-related HH is excluded and other
causes of iron overload should be considered.

In patients with a severe iron overload phenotype, other rare forms of
HH cannot be excluded.

It is not appropriate to refer to implications of this genotype for
other family members.

Diagnostic referral (ie, affected individual); detection of the p.S65C
variant.  Given the absence of any clinical merit, testing for p.S65C is
not recommended. If p.S65C is detected by the analysis method in use,
this variant should not be reported. Therefore, report wording should
treat such diagnostic cases as ‘p.C282Y and p.H63D variants not
detected’ (see below).

Diagnostic referral (ie, affected individual); p.C282Y and p.H63D
variants not detected. Reports should state that the diagnosis of the
most common HFE-related HH is excluded and other causes of iron
overload should be considered.

In patients with a severe iron overload phenotype, other rare forms of
HH cannot be excluded.

Predictive reporting scenarios. The guidance for reporting predictive/
carrier testing results are written under the assumption that the iron
status of the individual is not known and that appropriate genetic
counselling has been performed prior to testing.

In cases where screening is performed with additional genetic
and/or phenotypic data, reporting recommendations may be adapted
to reflect individual case scenarios more closely.

Predictive referral (ie, individual currently unaffected); homozygous
p-C282Y. The individual is homozygous for the p.Cys282Tyr variant in
the HFE gene. He is at an increased risk of developing HFE-related HH,
and it is recommended that serum iron parameters (TS and ferritin) be
monitored.

The report may refer to implications of the result for other adult
family members and suggest that genetic counselling be considered if
not previously performed. Given the variable penetrance of p.C282Y
homozygosity, it is not considered appropriate to state that the
individual has, or will go on to develop, HH if no evidence of
phenotypic expression is given.
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Table 2 Summary of diagnostic and predictive interpretation comments for the HFE gene p.C282Y and p.H63D related genotypes?®

Genotype Interpretation (diagnostic test)

Interpretation (predictive test)

Homozygous p.C282Y NM_000410.3:c.
[845G > AL;[845G>A]

Compound heterozygous p.C282Y/p.H63D
NM_000410.3:c.[187C >G];[845G > Al

Compatible with the diagnosis of HFE-related HH in the
presence of documented evidence of iron overload.

Excludes the diagnosis of the most common form of HFE-related
HH; genotype consistent with mild to moderate iron overload;
Prompt the search for other causes (eg, alcohol consumption,

At risk of developing HFE-related HH. Prompt
assessment of iron parameters indicated.

At low risk for development of significant iron
overload. May be at-risk of developing mild to moderate
iron overload in association with comorbid factors.

fatty liver disease and/or metabolic syndrome).

Heterozygous p.C282Y NM_000410.3:c.
[845G>A][=]

Homozygous p.H63D NM_000410.3:c.
[187C>G];[187C>Gl

Heterozygous p.H63D NM_000410.3:c.
[187C>G][=1

p.S65C detected NM_000410.3:
c.193A>T

Excludes the diagnosis of the most common HFE-related HH.
Other causes of iron overload should be considered.

Excludes the diagnosis of the most common HFE-related HH.
Other causes of iron overload should be considered.

Excludes the diagnosis of the most common HFE-related HH.
Other causes of iron overload should be considered.

Carrier for HFE-related HH. Is at no increased
risk of developing HFE-related HH.

At no increased risk of developing HFE-related HH.

At no increased risk of developing HFE-related HH.

In the absence of supporting evidence for a role in HH, testing
for the p.S65C variant is not recommended for diagnostic purposes.

If detected as an incidental finding it should not be reported but

treated as ‘no variant detected’.

2This table summarizes key interpretation points only and should be read in conjunction with the main ‘diagnostic reporting scenarios’ text.

Predictive referral (ie, individual currently unaffected); compound
heterozygous p.C282Y/p.H63D.  The individual is a carrier of both the
p.Cys282Tyr and p.His63Asp variants in the HFE gene and is at low risk
of developing significant iron overload. He may be at risk of developing
mild-to-moderate iron overload if there is an association with other
comorbidity factors (eg, alcohol abuse, fatty liver disease and/or metabolic
syndrome).

Additional comments may suggest monitoring of iron indices.

It is not considered appropriate to recommend predictive/carrier
testing to relatives.

Predictive referral (ie, individual currently unaffected); all other non-p.
C282Y-carrying genotypes. The individual is not a carrier of the
p.Cys282Tyr variant in the HFE gene and he is at no increased risk of
developing HFE-related HH.

Predictive referral (ie, individual currently unaffected); heterozygous p.
C282Y. The individual is a carrier of the p.Cys282Tyr variant in the
HFE gene and he is at no increased risk of developing HFE-related HH.

It is not considered appropriate to recommend predictive/carrier
testing to relatives.

Reporting results for rare forms of HFE- or non-HFE-related HH
General information on requirements for variant reporting can be
found in appropriate nomenclature guidelines. It is reccommended that
Human Genome Variation Society (HGVS) convention is followed
when reporting variants and unclassified variants.!”>!73 Information
on previously described variants can be found in available
databases,'”* however, the creation of locus-specific databases listing
pathogenic and non-pathogenic variants is encouraged. The following
represents some basic guidelines for reporting test results based on
possible scenarios.

Reporting on a known causative variant in the tested genes (HFE2
(HJV), HAMP, TFR2 or SLC40A1) in an affected index case

The report should state that a causative variant(s) has been detected
and that this confirms the clinical diagnosis.

The report should include a description of the reason why a
particular variant(s) is considered causative, drawing on all relevant
supporting data including the scientific published data.

Determination of the parental origin of the detected variant(s) is
advised.

Predictive/carrier testing of relatives at risk should be offered after
appropriate genetic counselling.

Ferroportin disease exhibits autosomal dominant inheritance asso-
ciated with, in its usual form (type A), hepatic and splenic iron
overload in the absence of increased TS. In the type B form, its
phenotype mimics that of classical HH. Heterozygous SLC40AI
variants may be sufficient to cause these particular phenotypes and
this should be taken into account when conducting family screening.

Reporting on a novel variant in the tested genes (HFE, HFE2 [HJV],
HAMP, TFR2 or SLC40A1) in an affected index case

If the genetic testing procedure has identified an unclassified variant as
the only sequence change, this should be interpreted according to
reporting of unclassified variants guidelines.!”?

GENERAL GUIDELINES FOR REPORTING

General information on requirements for variant reporting can be
found in ISO 15189,!70 the OECD Guidelines for Quality Assurance in
Molecular Genetic Testing and the Swiss Medical Genetics Society
guidelines for reporting.*®17>

General report contents

According to the international standards for accreditation, reports
should be written in a clear, concise, accurate, fully interpretative,
credible and authoritative format. Importantly, they should specify the
scope of the investigation, that is, if testing is for HFE-related HH, or if
the rarer forms are being considered.

Nomenclature
It is considered essential that reports follow HGVS guidelines for
reporting variants.'’> Use of HGVS requires coding changes at the
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nucleotide level and citation of the appropriate reference sequence. In
addition, protein-based coding is permissible (three-letter). However,
this should not be at the expense of a clear and succinct description of
the genotype. Where both common and formal names for variants are
used, these should be formatted in such a way as to avoid confusion to
the report recipient.

The correct HGVS coding of the principal genotypes is given in
Table 2. HGVS nomenclature can be checked using the freely-

accessible program Mutalyzer.!76

CONCLUSION

An agreed set of best practice guidelines has now been updated for
diagnostic, predictive and carrier testing for HFE-related HH and for
reporting the results of such testing. In addition, some basic guidelines
have been developed for testing and reporting rarer forms of non-HFE-
related HH. Consensus and consultation processes for this document
occurred within the framework of a best practice meeting where,
following prior dissemination of related literature, relevant topics were
discussed by a group of experts. The resulting recommendations are
based on the available published evidence, and the GRADE system for
scoring the quality of evidence and strength of recommendations was
applied.3® This process has been translated into guidance when
reporting variants associated with iron overload disorders.
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