European Journal of Human Genetics (2001) 9, 473-483
© 2001 Nature Publishing Group  All rights reserved 1018-4813/01 $15.00

@

www.nature.com/ejhg

The spectrum of Familial Mediterranean Fever (FMF)
mutations

Isabelle Touitou*"
"Hopital A de Villeneuve, Montpellier, France

Familial Mediterranean Fever (FMF) is the prototype of a group of inherited inflammatory disorders. The
gene (MEFV) responsible for this disease, comprises 10 exons and 781 codons. Twenty-nine mutations, most
located in the last exon, have been identified so far. It is unclear whether all are true disease-causing
mutations. Five founder mutations, V726A, M694V, M694l, M6801 and E148Q account for 74% of FMF
chromosomes from typical cases (Armenians, Arabs, Jews, and Turks). Rare mutations are preferentially found
in populations not usually affected by FMF (eg Europeans not from the above ancestries). The various
combinations of MEFV mutations define severe to mild genotypes. The trend is that genotypes including two
mutations located within mutational ‘hot-spots’ (codons 680 or 694) of the gene are associated with severe
phenotypes, whereas mild phenotypes are associated with some other mutations, E148Q being the mildest
and least penetrant. Understanding the correlation between the FMF phenotype and genotype is further
obscured by the existence of complex alleles, modifier loci, genetic heterogeneity and possible epigenetic
factors. Additionally, mutations in the MEFV gene are thought to be involved in non FMF disorders. Carrier
rates for FMF mutations may be as high as 1:3 in some populations, suggesting that the disease is
underdiagnosed. This review update emphasises that both clinical and genetic features are to be taken into
account for patient diagnosis, colchicine treatment and prognosis. European Journal of Human Genetics (2001) 9,

473 -483.
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Introduction

The name of Familial Mediterranean Fever (FMF) has been
given to this disease because it is a hereditary inflammatory
disorder particularly common in populations from Mediter-
ranean ancestry: Armenians, Arabs, Jews, and Turks.! Short
self resolving attacks of fever and serositis are the key
elements of clinical diagnosis. FMF is classically transmitted
as an autosomal recessive trait but rare cases of dominant
transmission have been described. The molecular basis of
dominant transmission (that was actually most often a
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pseudodominant transmission) was accounted for by (i) a
high rate of consanguinity in populations with endogamy
habits such as those commonly affected by FME, (ii) a high
carrier rate in those populations, enhancing the risk that the
spouse of a FMF patient is a carrier,> and (iii) the particular
severity of some mutations.*

The FMF gene, MEFV, is located on chromosome 16p13.3.
It has been identified by positional cloning in the summer of
1997%¢ and comprises 10 exons. The tenth exon contains the
first four mutations reported in FMFE. Only 25 novel MEFV
mutations have been identified during the last 3 years since
the cloning of the gene.>*”~!5 Many explanations may be
proposed. Firstly, until now, FMF was only clinically
recognised in classically affected populations, in which the
disease is due to a limited number of mutations which then
expanded through a founder effect. Second, none of the 12—
15 laboratories providing FMF genetic testing throughout the
world, screens the entire sequence of the gene routinely.
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Finally, genes other than MEFV may be responsible for
clinical pictures resembling FMF (FMF-like diseases). Of the
29 known MEFV mutations, 26 are missense mutations, one
is a recently found nonsense mutation (Y688X),'? and two
are small deletions (1692del, M694del).”!! No gross rearran-
gements have been found so far, presumably because they are
lethal or correspond to another phenotype.

The protein encoded by MEFV was called Marenostrin by
the French group in reference to the Latin name of the
Mediterranean sea, and Pyrin by the International con-
sortium in reference to the Greek name of fever. Marenostrin/
Pyrin is a 781 amino acid protein of a predicted 86 kd
molecular weight. It has been thought for a while that
Marenostrin/Pyrin was a transcription factor, because of the
presence of two nuclear localisation sites in the gene
sequence, and because of a strong homology of the predicted
protein sequence with a group of zinc-finger DNA binding
proteins.>® However, immunofluorescent staining studies
showed that, unexpectedly, the protein was cytoplasmic and
colocalised with microtubules.'® These data have been
challenged recently by the finding of a deleted isoform that
specifically binds to the nucleus.!” Understanding of the
pathophysiology of the disease has also been sought through
the study of other species. The predicted rodent proteins
have considerable homology with humans,'® but do not
have an intact C terminal domain, in which most FMF-
associated mutations have been found in humans! Identifica-
tion of the protein function thus remains a difficult task.

The aim of this review is to provide an update of the
spectrum of FMF mutations, of the relationship between
phenotype and genotype that are beginning to be under-
stood, and of the implications for genetic testing. Since the
series dealing with FMF mutations reported in the literature
are not perfectly comparable in terms of criteria for patient
inclusion'? and in terms of mutation screening strategies, a
true meta-analysis is not feasible from existing publications.
Calculations were thus performed from the data available to
date, and include the largest and/or most detailed series
published per each investigation centre. Although the mean
percentages given here are to be interpreted as rough
estimates, they give a comprehensive overview of the
situation 3 years after the cloning of the gene.

The spectrum of FMF mutations

Location of MEFV mutations

Mutations have been found in exons 1, 2, 3, 5, 9 and 10 of the
MEFV gene (Figure 1). There are two apparent mutational
‘hot spots’: one in exon 2 and one in exon 10. Remarkably,
two hot spots are also contained within exon 10, one at
codon 680" and one at codon 694,” without any explanation
proposed yet. Three mutations have been identified at each
of these two codons, and interestingly Y688X,'? the sole
premature stop codon found to date in a FMF patient, is
located between these two codons. This observation supports
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the view that this small region is critical for the function of
MEFV. In exon 2, two mutations have been found at codon
148.7%

Five frequent mutations

Haplotype analysis has demonstrated that many modern-day
FMF chromosomes are descended from common ancestors,
probably dating to pre-biblical times. This founder effect
likely accounts for the high prevalence of five rather
conservative FMF mutations (Figure 1). The other 24 known
mutations are found in no more than 1% of FMF chromo-
somes. About a quarter of all FMF alleles are yet to be
identified! It is quite likely that a broad number of cases are
not MEFV linked and suffer from ‘FMF-like’ symptoms.

Four classically affected ethnic groups
The first studies on MEFV mutations had focused on
commonly affected populations, namely: Arabs (North
Africans ie Maghrebins, and Orientals), Armenians, Non-
Ashkenazi Jews (NAJ ie Sefardim and Orientals) and Turks.
The disease is possibly more recognised in these four ethnic
groups not only because the prevalence of MEFV mutations is
high, but also because their clinical picture is usually
complete. M694V is the most frequent mutation in all four
populations, ranging from 20 to 65% (Figure 2).
Comparative studies are now available which further
address the spectrum of mutations according to the
geographic origin of these patients. In North African Jews
(Figure 3), M694YV is over represented (71%), while in East
European Jews (Ashkenazim), a milder mutation V726A
(see below), is the most frequent (38%). Interestingly, the
prevalence of these two mutations in Oriental Jews is in
between that of North African Jews and Ashkenazim,
suggesting that M694V and V726A likely spread from the
middle East. Arabs have a very diverse mutational pattern
depending on their origin. Oriental Arabs have more
V726A than Arabs from North Africa, while M6941 seems
to be relatively specific to Maghrebins (Figure 4). Only
16% of Armenian patients have unidentified MEFV
mutations (Figure 2). No differences in the distribution
of MEFV mutations has been detected between Armenian
patients from Yerevan and those living in California® or
France.?!

Other ethnic groups

More recent studies extended MEFV mutation screening to
patients from other origins (Figure 5), mostly Europeans not
from the ancestries quoted above. Italians, especially those
from the South of Italy and Sicily, should no longer be
considered as rarely affected populations. A broad range of
mutations is found in Italians, the most frequent being
E148Q (18%). In Spanish patients, M694V and E148Q are the
first (32%) and second (14%) most frequent mutations
respectively, as in NAJ. This is not surprising since most of
the NAJ are descendants of Sefardi Jews who were forced to
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Figure 1 The spectrum of MEFV mutations. The MEFV gene is composed of 10 exons. Twenty-nine disease-associated mutations have
been recorded so far. The five most frequent mutations are underlined. Mutations in hot spots are in bold letters. Deletions are with italics

letters. The sole nonsense mutation is boxed.

flee Spain in the 15th century (Sefardi means Spain in
Hebrew). A number of Portuguese patients have been referred
for genetic testing, but V726A was the only mutation found
in 17% of them (data not shown). The distribution of MEFV
mutations in Greeks resembles that of Arabs and Italians.
Three British FMF families have been described with probably
true dominant FMF.* Patients of Indian, Chinese, Afghan and
Hungarian origin have also been described,”!' (and I
Touitou, personal unpublished data).

Rare mutations and complex alleles

Mutations other than the five described above are each found
in <1% FMF chromosomes, some of them being private
(discovered in only one patient). Some rare MEFV mutations
tend to be over represented in peculiar populations, but have
been occasionally detected in other countries (Table 1).
R761H is rather prevalent in Armenians and Turks, K695R in
Jews (NAJ and Ashkenazim), A744S in Arabs and F479L in
Armenians. The rare form of M680I (M680IG/A) seems to be
quite frequent in Oriental Arabs and Italians. Private
mutations are preferentially found in patients not from
classic ancestries. In some cases, more than one mutation has
been found in a single copy of the MEFV gene. To date, nine
complex alleles have been detected, seven including E148Q
(Table 1).

Phenotype-genotype correlation

Clinical heterogeneity is frequent in FMF and relies at least
partly on genetic heterogeneity. The clinical panel that has
been associated with MEFV mutations ranges from total

absence of symptoms (incomplete penetrance), through
variable expressivity to severe complications such as amyloi-
dosis.

Allelic heterogeneity
Severe mutations Currently, the most numerous pheno-
type-genotype data available relate to M694V (Figure 6). The
penetrance of M694V homozygosity is very high (99%). This
genotype has been demonstrated to be correlated with a
severe disease course in NAJ, Arabs and Armenians.>®22-30
Some clinical features are reproducibly more frequent in
M694V homozygous patients (amyloidosis, early disease
onset, arthritis), whereas others (frequency of attacks,
thoracic pain, erysipelas) depend on the series. High fever,
splenomegaly, and protracted myalgy were also more
frequent in those patients.*'** Unexpectedly though, the
presence of M694V was not found to be associated with a
severe form of the disease or the development of amyloidosis
in an independent series from Ankara.**** This group
recently reported that patients with the G138 polymorphism
in exon 2 were more prone to amyloidosis.>

Other mutations at codon 694 and mutation M680I are
also possibly severe ones. Patients homozygous for M694I,
M680I or carrying a combination of mutations at codons 694
and 680 have a disease course as severe as those homozygous
for M694V.26~38 In three British families, deletion of this
codon gave rise to a true dominant transmission.*

Mild mutations E148Q, one of the five most frequent
MEFV mutations, is the least penetrant FMF mutation and
is recognised to have a mild effect on FMF patients in all
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Figure 2 Repartition of MEFV mutations in populations commonly affected by FMF. Data are compiled from personal unpublished
sources and references for: (Arabs),3®/11:24,36,38,42,69.70.71 (Armenjans), >3 114529 (Jews),>*2438:67 and (Turks).>*82:11.2>.29,30,33,68
N=number of FMF chromosomes scored. Ranges are represented in parenthesis. Zeros refer to either absent or not studied mutations.

reports.>”3°=%! Especially when it is in a homozygous
state, individuals are asymptomatic in 55% of the cases,
and amyloidosis has never developed in those patients
(Figure 6). However, when E148Q is part of a complex
allele, it has been suggested to have an aggravating effect:
dominant transmission when allelic to M694]1 with a
second wild type allele,* amyloidosis when allelic to
V726A with a second mutated allele.?®> V726A prevalence
is generally higher in populations with mild disease,®*>*?
but genotypes including this mutation may be found in
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patients with amyloidosis.>*3* In one Jordanian series
however, genotypes including V726A were associated with
a more severe disease than those with M680L** Mild
phenotype or incomplete penetrance have also been
described in patients with K695R or P369S.%7

Results of MEFV screening studies in the general popula-
tion are compiled in Table 2. Mutations in exon 10 are far
more prevalent in FMF patients than in non FMF individuals.
Mutation E148Q in contrast, is slightly more frequent in the
general population than in FMF patients, and unexpectedly,
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Figure 3 Repartition of MEFV mutations in Jewish FMF patients. Data are compiled from personal unpublished sources and references
for: (North-Africans), 24395857 (Ashkenazim),>*'1-*8:67 (Iraqji),?**%>® and (Others).?>*>%:57 Others include Lybian, Egyptian, Syrian,
Turkish, and Greek Jews. N =number of FMF chromosomes scored. Ranges are represented in parenthesis. Zeros refer to either absent or

not studied mutations.

is present in 21% and 15% of MEFV genes from Punjabi
Indian and Chinese controls respectively, two populations
not classically affected by FME.** It has been proposed that
the E148Q mutation is a sequence variant rather than a
disease-causing mutation.?® Since it may affect the patient
phenotype under some still undefined genetic and epigenetic
circumstances, we propose to designate it as a ‘functional
polymorphism’.

Modifiers
Modifiers are genetic factors that have a mild effect and
are not mandatory for the outbreak of the disease. In

complex alleles, one mutation may have a modifying
effect on the other one. Two MEFV-independent modify-
ing loci have been identified recently. MICA, the Major
Histocompatibility Complex class I chain-related gene A,
is one of them.*> The impact of M694V homozygosity on
the age at onset was aggravated if patients also inherited
MICA A9, whereas MICA A4 was found to be associated
with a milder form of the disease. Another French team
demonstrated that susceptibility to renal amyloidosis was
enhanced in patients with the SAA-1 alpha/alpha
genotype and in males, each factor acting indepen-
dently.*¢
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Figure 4 Repartition of MEFV mutations in Arab FMF patients. Data are compiled from personal unpublished sources and references for:
(Maghrebins),® (Lebaneses),®*¢ (Israeli),?*>® and (Others).3411:38:42,60-62.67 Others include Jordanians, Lybian, Egyptian, Syrian, Iranian,
Iragi Arabs, Druzes and Bedoins. N=number of FMF chromosomes scored. Ranges are represented in parenthesis. Zeros refer to either

absent or not studied mutations.

Locus heterogeneity

In addition, it has been proposed that another gene may be
responsible for some cases of FMF,*” since some clinically
diagnosed families were not linked to the chromosomal
region containing MEFV.

MEFV mutations and other inflammatory diseases

A growing set of data led to the hypothesis that the MEFV gene
may be involved in non FMF conditions. A high prevalence of
MEFV mutations has been demonstrated in patients suffering
from Behcet disease, ***° non-FMF secondary amyloidosis (eg
Rheumatoid Arthritis),>® recurrent abdominal pain.>* More-

European Journal of Human Genetics

over, some polyfactorial inflammatory diseases are more
frequent in FMF patients than in the ethnically matched
general population: Inflammatory bowel disease,**>* Behcet
disease.>* It has been suggested that some MEFV mutations
may non-specifically upregulate the inflammatory re-
sponse.** This hypothesis is further supported by the fact
that acute phase reactants are enhanced in asymptomatic
individuals with one®® or two>® MEFV mutations.

Conclusion
A number of observations, if confirmed, will have direct
implication for FMF diagnosis, treatment and prognosis. The
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Figure 5 Repartition of MEFV mutations in European patients with possible FMF. Data are compiled from personal unpublished sources,
R Manna and O Vougiouka (in preparation), and references for: (French),’ (ltalians),>° (Spaniards),3"9'10 and (Greeks).>? 1" These patients
are not from classical ancestry. N=number of FMF chromosomes scored. Ranges are represented in parenthesis. Zeros refer to either

absent or not studied mutations.

number of mutations known to date is relatively limited and
only five of the 29 mutations are present in more than 1% of
all FMF chromosomes, all patient ancestries pooled. In
commonly affected countries, a limited screening leads to
genetic confirmation in half to two thirds of the patients.
However, the preferential occurrence of private mutations in
patients from uncommon ancestry and the constant increase
in mixed marriages make it necessary to carry out full MEFV
screening to genetically confirm the diagnostic. The genetic
test has to be interpreted cautiously if less than one mutation
per inherited allele is found, especially in populations where
the carrier rate reaches as much as 1:3 (Table 2). Some

authors have suggested that mutations in the MEFV gene
may confer certain advantages to the individual that could
account for the very high carrier rate in these populations.®>’

Severity of the disease course would basically depend on
the combination and the number of mutated alleles involved
in the patient genotype. Additional alleles within and/or
outside the gene would further modify the phenotype,
promoting or preventing chronic complications. The trend
drawn from the compilation of published data is that
mutations occurring within a small region between codon
680 and 694 in exon 10 have a high penetrance, and a severe
impact on the FMF course and presentation, and genotypes

European Journal of Human Genetics
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Table 1 Distribution of rare MEFV mutations and complex alleles

Mutation Total Classically affected Not from classic ancestry References
R42W 1 1 Armenian whx
L110p 3 1 Turk 1 French, 1 Spaniard 10
E128V 2 2 Turks 8
E167D 2 1 Armenian, 1 NA] 3
E230K 1 1 Armenian 14
T267I 2 1 Arab, 1 NAJ 7,36
P369S 6 2 Armenians, 1 NAJ 2 Americans

1 Ashkenazi 39,58
F479L 6 5 Armenians

1 Arab 25,70

1591T 1 1 French *x
R653H 1 1 Arab bk
E656A 1 1 French *
S675N 1 1 ltalian °
G678E 1 1 English 15
M6801 (G/A) 10 6 Arabs 4 Italians 3,13,38,69,
M680L 2 1 Arab 1 French 9,63
T6811 1 1 Arab n
Y688X 1 1 ltalian 12
1692del 1 1 Arab °
Mé694del 3 3 English 411
K695R 15 4 NAJ, 4 Turks, 1 Arab 2 Ashkenazim, 2 Americans,

1 ltalian, 1 Spaniard 3.9.36,58,68
V7041 1 1 English s
A744S 10 5 Arabs, 1 NAJ 2 Ashkenazim, 1 French, 1 Italian 3,58,70
R761H 19 10 Turks, 2 Arabs 1 French, 1 ltalian

4 Armenians, 1 NAJ 23,8,9,68

E148Q-1692del 1 1 Arab
E148Q-M694I 2 1 Turk 1 Indian
E148Q-M694V 1 1 Arab 69
E148Q-P369S 2 2 Ashkenazim 39
E148Q-P3695-R408Q 1 1 Armenian 2
E148Q-V726A 8 3 Arabs 4 Ashkenazim, 1 Italian 3,23,42
E148Q-A744S 1 1 Arab *
E167D-F479L 1 1 Armenian 7
P369S-R408Q 1 1 Armenian 7
Total rare alleles 91 60 31
Total complex alleles 18 10 8

NAJ=Non Ashkenazi Jews. *| Touitou, personal unpublished data. **D Cattan, E Throo, | Touitou, personal communication. ***| Aksentijevich,
personal communication.

Table 2 Screening of the MEFV gene in the general population (healthy individuals)

Classically affected Not from classic ancestry
Armenians Iraqi-Jews NAJ Turks Arabs Indians Chinese Ashkenazim British
Gene frequency (%)
Exon 10 mutations 16.2 8.8 10.2 9 8.25 ND ND 6 ND
Other mutations 8.1 9.6 4 ND ND 21 15 7.25 1
Total 243 18.4 14.2 >9 8.25 >21 >15 13.2 >1
Carrier frequency (%) 37 30 24.4 >16.4 15.1 >33.2 >25.5 22.9 >2
Expected FMF prevalence (%) 5.9 3.4 2 >0.8 >0.7 >4.4 >2 1.7 >10*
14 58,64 39,58,64 29 38,65 44 44 3,58,66 44

References

Calculations were performed using the approximation of the Hardy-Weinberg law. NAJ: Non-Ashkenazi Jews, NDL not determined. Other
mutations refers to E148Q for all populations. In Armenians and Ashkenazim, this line also includes other non exon 10 mutations.

including either V726A, P369S or E148Q are associated with a patients homozygous for M694V, emphasise the importance
low penetrance and risk of amyloidosis. Some authors of screening family members for MEFV mutations, and
recommend early prophylactic colchicine life treatment in consider the possibility of neonate systematic screening in
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Figure 6 Phenotype-genotype correlation in FMF. This histogram is a compilation of published data
and personal data. The two extreme phenotypes associated with the most frequent MEFV genotypes are represented. The

64,66,68,70,71

2-4,7-9,20,22,24,25,28,29,33,36,38,39,58,

percentage of patients presenting with FMF symptoms can easily be deduced from the percentage of patients with incomplete
penetrance (for example, 100% —55% =45% for E148Q/E148Q; 100% — 1% =99% for M694V/M694V). Note: Although interpretation
of the data depicted here strongly depends on colchicine therapy, this information could not be implemented in this figure since it was

lacking in most publications.

populations where this mutation is frequent.?>255% In

patients with no severe genotype and a mild clinical disease,
the question is whether a close follow-up of the renal
function would be sufficient.

The overall phenotype of FMF patients is also likely to be
influenced by non-genetic factors. This has been suspected
for a long time following twin studies®® and from estimation
of the prevalence of amyloidosis in untreated Armenians
living in various countries: <2% in California,®® 6% in
Lebanon,®’ >20% in Armenia.®> Indeed, the spectrum of
MEFV mutations in Armenians was similar in all countries,
demonstrating that the differences in the amyloidosis rates
were not exclusively due to this genetic factor.?**! Keeping
this in mind, and the discordant results that have been
described in Turks and Arabs series,3*3*** comparative
statistics implementing possible confusing factors such as
access to treatment, consanguinity, ethnicity, etc..., are
necessary to definitively elucidate the question of pheno-
type-genotype correlation in FMFE. Therefore, both clinical
and genetic data have still to be taken into account for the
patient care.

Note added in proof

While this paper was in press, Schaner et al (Nature Genetics
2001; 27: 318-321) demonstrated that some amino acids
that cause human disease are often present as wild type in
primates. They suggest that the mutant represents the
reappearance of an ancestral amino acid state in response
to positive selection yet undefined.
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