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Abstract

Familial Mediterranean fever (FMF) is an inherited disorder characterized by

recurrent episodes of fever accompanied by sterile peritonitis, arthritis, and

pleuritis. Many mutations in the MEFV gene have been identified as causing

FMF. However, accompanying epidemiological information remains quite

scarce except in some Mediterranean countries, and the degree of penetrance

has been a subject of controversy. Here, I established a genetic epidemiology of

full FMF mutations using two population exome studies. Of 57 mutations asso-

ciated with FMF, 22 were detected in a total of 9007 individuals from two ex-

ome sequences. Exome-based epidemiology revealed the carrier rates of FMF in

28 populations in 19 countries by individual mutation and showed strong pop-

ulation specificity for the MEFV mutations. Unexpectedly high carrier rates sug-

gested that some mutations are benign variants with no pathological

significance and highlighted the need for caution in analyzing MEFV mutations.

Similar approach could be used to uncover the incomplete or no penetrance of

mutations in most inherited disorders.

Introduction

Familial Mediterranean fever (FMF; MIM# 249100) is an

inherited disorder characterized by recurrent short episodes

of fever, sterile peritonitis, arthritis, and pleurisy (Sohar

et al. 1967; Livneh et al. 1997; Ben-Chetrit and Levy 1998).

The febrile attacks are accompanied by a strong acute phase

response, and the most severe complication is the develop-

ment of renal amyloidosis (Sohar et al. 1967; Livneh et al.

1997; Ben-Chetrit and Levy 1998). FMF occurs most com-

monly among people from the Mediterranean basin (such

as non-Ashkenazi Jews (Lazarin et al. 2013), Arabs (Majeed

et al. 2005), Armenians (Cazeneuve et al. 1999), Greece

(Konstantopoulos et al. 2003), and Turks (Dundar et al.

2011; Neocleous et al. 2015), and also in other countries

(Sohar et al. 1967; Ben-Chetrit and Levy 1998).

The causative gene for FMF, MEFV, was first identified

by two independent groups in 1997 (The French Interna-

tional FMF consortium 1997; The International FMF Con-

sortium 1997). The MEFV gene is located on chromosome

16p13.3 and encodes a 781-amino acid protein (10 exons)

known as pyrin (The French International FMF consortium

1997; The International FMF Consortium 1997). Previous

studies on FMF patients and animal models suggest that

MEFV mutations lead to gain of pyrin function, resulting

in increased IL-1b secretion by monocytes and a prolonged

inflammatory response when stimulated with lipopolysac-

charide (Chae et al. 2011; Omenetti et al. 2014).

To date, over 50 MEFV mutations have been identified

in FMF patients (Touitou 2001; Giancane et al. 2015). The

five founder mutations, E148Q, M680I, M694I, M694V,

and V726A, were reported to account for approximate 70%

of cases of FMF from the Mediterranean origin and the

nonfounder mutations would constitute the remaining

proportion (Touitou 2001) although the pathogenic role of

some mutations including E148Q remains debatable

(Tchernitchko et al. 2003, 2006; Giancane et al. 2015).

Draft guidelines for the genetic diagnosis of FMF were also

prepared based on the current practice and data from the

literature (Shinar et al. 2012). However, despite the recent

advances in FMF studies, the epidemiological information

is still insufficient and inconclusive, except in some
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Mediterranean countries. In addition, the degree of pene-

trance of many mutations has not been a subject of research

for many years. The aim in this study was to establish the

global epidemiology of autosomal recessive FMF (MIM#

249100) mutations using the population exome sequences

and to evaluate the penetrance of eachMEFV mutation.

Methods

Analysis of genetic variants using two
representative exome projects

Genetic pipelines from 1000G (http://www.ncbi.nlm.nih.

gov/variation/tools/1000genomes/) and NHLBI (http://

www.nhlbi.nih.gov/) datasets were collected in VCF format.

The datasets consisted of a total of 18,014 alleles from high-

coverage exome sequences derived from 28 ethnic groups

in 19 countries. The MEFV mutations for FMF were

retrieved and selected from literature sources in PubMed

(www.ncbi.nlm.nih.gov/pubmed), OMIM (http://www.

ncbi.nlm.nih.gov/omim) and the autoinflammatory muta-

tion database INFEVERS (http://fmf.igh.cnrs.fr/ISSAID/in-

fevers/index.php) (Milhavet et al. 2008). The detected

variants were then classified by pathogenicity, mutation

type, allele frequency, countries, and racial groups. Infor-

mation on mutation types, positions, reference sequences,

and pathogenicity was retrieved from OMIM and NCBI

dbSNP (http://www.nlm.nih.gov/SNP/) to generate exome-

based epidemiology. ExAC Browser (http://exac.broadinsti-

tute.org/) was additionally searched for the mutation alleles

ofMEFV.

Pairwise proportion tests of data
consistency between two different exome
resources

To project the performance of risk prediction based on

analyses of exome sequence studies, exome-based estimates

were statistically compared with the clinical prevalence sur-

vey. Evidence of data consistency was based on significant

differences in pairwise comparisons between populations if

two estimates differed significantly (two-sample test for

equality of proportions with continuity correction). The

standard hypothesis test was H0: p1 = p2 against the alterna-
tive (two-sided) H1 : p1 6¼ p2. The pairwise prop test can be

used to test the null hypothesis that the proportions (proba-

bilities of success) in two groups are the same. This test is

referred to as a z-test because the statistics were as follows:

Z ¼ ðp̂1 � p̂2Þ=½p̂ð1� p̂Þð1=n1 þ 1=n2Þ�1=2;

where p̂ ¼ ðp1 þ p2Þ=ðn1 þ n2Þ and indices (1, 2) refer to

the first and second line of the table. In a two-way con-

tingency table where H0: p1 = p2, this should yield com-

parable results to those of the ordinary v2 test.

Results

Strategy for epidemiological research on
MEFV mutations using population exome
sequences

As a first step toward determining the genetic epidemiology

of recessive FMF, genotyping datasets were collected from

the 1000G and NHLBI projects for the causative variations

(Fig. 1). The datasets included the exome and its surround-

ing intronic sequences for 2504 individuals of 26 ethnic ori-

gins (ACB, African Caribbeans in Barbados; ASW,

American’s of African Ancestry in SW; BEB, Bengali from

Bangladesh; CEU, Utah Residents (CEPH) with Northern

and Western European ancestry; CHB, Han Chinese in

Beijing, China; CHS, Southern Han Chinese; CDX, Chinese

Dai in Xishuangbanna, China; CLM, Colombian from

Medellin; ESN, Esan in Nigeria ; FIN, Finnish in Finland;

GBR, British in England; GIH, Gujarati Indian from Hous-

ton, Texas; GWD, Gambian in Western Divisions in The

Gambia; IBS, Iberian population in Spain; ITU, Indian Tel-

ugu from the UK; JPT, Japanese in Tokyo, Japan; KHV,

Kinh in Ho Chi Minh City, Vietnam; LWK, Luhya in We-

buye; MSL, Mende in Sierra Leone; MXL, Mexican ancestry

from Los Angeles; PEL, Peruvians from Lima, Peru; PJL,

Punjabi from Lahore, Pakistan; PUR, Puerto Rico from

Puerto Rica; STU, Sri Lankan Tamil from the UK; TSI, Tos-

cani in Italia; YRI, Yoruba in Ibadan) and 6503 individuals

of two ethnic origins (AA, African Americans; EA, Euro-

pean Americans) (Table 1). Caucasians constituted 20.1%

and 66.1% of subjects from the 1000G and NHLBI groups,

respectively, whereas Africans constituted 26.4% and 33.9%

of subjects, respectively (Table 1). East Asian, South Asian,

and Hispanic populations, which were represented only in

the 1000G project, constituted 20.1%, 19.5%, and 13.9% of

the group, respectively (Table 1). Six samples were from

within the United States, and others were from 16 coun-

tries, such as China, Japan, Colombia, Mexico, Puerto Rico,

England, Germany, Kenya, and so on (Table 1).

Genetic screening for a possible carrier state was indi-

cated for all individuals. A total of 299 (September 2014)

nucleotide variants in MEFV have been reported in INFE-

VERS (Milhavet et al. 2008), but only a subset is found

in patients with typical FMF disease and others are

benign polymorphisms including synonymous and non-

synonymous variants. Of 57 MEFV mutations for FMF,

22 were detected in one or both of the two population

exome datasets (Fig. 1) (the list of MEFV mutations was

retrieved from NCBI OMIM, INFEVERS, and PubMed;

see also supplementary references). These mutations were
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present above the minimum variant allele frequency

threshold (5.55E-05). MEFV mutations were classified by

mutation type, derived allele frequency (DAF), countries,

racial group, and clinical impact (Fig. 1 and Table 2).

The other 35 mutations were not detected owing to their

low DAF in a total of 9007 individuals (Fig. 1).

Carrier rate variability by mutation type
and ethnicity

Among the 22 MEFV mutations detected, the most com-

mon was E148Q, with a frequency of 1 in 22.7 (4.40%)

(Table 2). The allele frequencies of the other four founder

mutations were as follows: M680I, 0.00555%; M694I, 0%;

M694V, 0.0222%; and V726A, 0.139% (Table 2). The prev-

alence rates are theoretically estimated to be equivalent to

the squares of these carrier rates. Previous studies demon-

strate that E148Q is not likely to be a disease-causing muta-

tion (Tchernitchko et al. 2003, 2006; Giancane et al. 2015)

and the high carrier rate of E148Q in this research (Table 2)

was consistent with the previous data. Thus, E148Q is

excluded from following analysis.

Carrier frequencies for disease-causing variants vary sig-

nificantly by racial and ethnic groups (Lazarin et al. 2013).

Figure 2 shows a global map of the DAF distribution of the

21 MEFV mutations for FMF except E148Q. Among the

other four founder mutations, M680I was Caucasian-spe-

cific, and V726A was much more prevalent in Caucasian

(Table 2). In East Asian populations, the average DAF was

18.7% (CDX, 19.4%; CHB, 17.5%; CHS, 17.6%; JPT,

19.7%) (Fig. 2 and Table 2). Also, the major variant in

Europeans (NHLBI: 1.52%; 1000G: 1.79%) and Hispanics

(1000G: 0.432%) was I591T. A recently available database,

ExAC, with more than 60,000 exomes was additionally

searched for 57 MEFV mutations (Table 3) although this

database does not provide the detailed information about

country and ethnic group of individuals. A total of 31

MEFV mutations were detected (Table 3) and the similar

DAF distribution was obtained between ExAC and 1000

Genome + NHLBI data (Table 2 and 3) as a whole.

Familial Mediterranean fever

1000 Genomes 

NHLBI 

NCBI

Epidemiological analysis 
 Carrier rates
 Racial/regional differences
 Priority for causative mutations

PubmedINFEVERS
57 mutations

 Comparison with previous data

OMIM

6,503 exomes

2,504 exomes

Exome detection 

Yes

No

22 mutations

35 mutations

18,014 alleles

E84K
A89T

Exons

1,667bp33bpp

PRYSPRY domain (aa 597-776)

33bp116bp23bp231bp96bp350bp633bp317bp

A105E
S108R
L110P
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S179N
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Figure 1. Strategy of epidemiological research on FMF using population exome sequences. A flowchart used to study epidemiology shows the

process of mutation detection using the 1000G and NHLBI datasets. A total of 18,014 alleles were screened for 57 MEFV mutations linked to

FMF. A schematic representation of FMF-associated mutations in the MEFV gene is shown below. MEFV mutations most frequently found in FMF

patients reside in exon 10 (depicted in green), which encodes the C-terminal PRYSPRY domain. Exons 2, 3, and 5 contain a substantial number of

rare mutations (depicted in green). The five founder mutations are indicated in red. # R408Q and P369S mutations had been reported in cis as a

single allele resulting in a variable clinical symptoms and R408Q is not likely to be a disease-causing variant (Bell et al. 2011).
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Consistency of data between two different
exomes

To determine the validity of this methodology, I exam-

ined the extent of differences in the two exome-based

prevalence rates by comparing DAFs in African and

European ancestries between the 1000G and NHLBI

datasets (Table S1). A pairwise proportions test was

used to test the null hypothesis that the proportions in

the two estimates were identical. This formula is

referred to as a Z test because the statistic is as

follows:

Z ¼ ðp̂1 � ðp̂2Þ=½p̂ð1� p̂Þð1=n1 þ 1=n2Þ�1=2;
where p̂ ¼ ðp1 þ p2Þ=ðn1 þ n2Þ and the indices (1, 2) refer

to the first and second lines of the table. A pairwise pro-

portion test between the two exome resources showed no

significant differences between the two different exomes

(43 cases; P ≫ 0.05), except in one case (P < 0.05) (Table

S1). This finding suggests that exome-based predictions

are free of most confounding factors (such as diagnostic

criteria, instrument, skill, and screening rate) and may be

a more objective indicator.

Table 1. Population disposition (ethnicity and male/female ratio).

Population Total no.

Percentage

(in each project)

Percentage

(in total)

1000 genomes

AFR (African) 661 26.4 7.34

AMR (Ad Mixed American) 347 13.9 3.85

EAS (East Asian) 504 20.1 5.60

EUR (European) 503 20.1 5.58

SAS (South Asian) 489 19.5 5.43

ACB (African Caribbeans in Barbados) 96 3.83 1.07

ASW (Americans of African Ancestry in SW USA) 61 2.44 0.68

BEB (Bengali from Bangladesh) 86 3.43 0.95

CDX (Chinese Dai in Xishuangbanna, China) 93 3.71 1.03

CEU (Utah Residents (CEPH) with Northern and Western European ancestry) 99 3.95 1.10

CHB (Han Chinese in Bejing, China) 103 4.11 1.14

CHS (Southern Han Chinese) 105 4.19 1.17

CLM (Colombians from Medellin, Colombia) 94 3.75 1.04

ESN (Esan in Nigeria) 99 3.95 1.10

FIN (Finnish in Finland) 99 3.95 1.10

GBR (British in England and Scotland) 91 3.63 1.01

GIH (Gujarati Indian from Houston, Texas) 103 4.11 1.14

GWD (Gambian in Western Divisions in The Gambia) 113 4.51 1.25

IBS (Iberian population in Spain) 107 4.27 1.19

ITU (Indian Telugu from the UK) 102 4.07 1.13

JPT (Japanese in Tokyo, Japan) 104 4.15 1.15

KHV (Kinh in Ho Chi Minh City, Vietnam) 99 3.95 1.10

LWK (Luhya in Webuye, Kenya) 99 3.95 1.10

MSL (Mende in Sierra Leone) 85 3.39 0.94

MXL (Mexican Ancestry from Los Angeles USA) 64 2.56 0.71

PEL (Peruvians from Lima, Peru) 85 3.39 0.94

PJL (Punjabi from Lahore, Pakistan) 96 3.83 1.07

PUR (Puerto Ricans from Puerto Rico) 104 4.15 1.15

STU (Sri Lankan Tamil from the UK) 102 4.07 1.13

TSI (Toscani in Italia) 107 4.27 1.19

YRI (Yoruba in Ibadan, Nigeria) 108 4.31 1.20

NHLBI

EA (European American) 4300 66.1 47.7

AA (African American) 2203 33.9 24.5

Total 9007 100
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Discussion

Although genetic research into FMF began in 1990s (The

French International FMF consortium 1997; The Interna-

tional FMF Consortium 1997), we still lack a complete

picture of its genetic variation, carrier frequency, and pen-

etrance. Exome-based epidemiology is a promising alter-

native method for genetic epidemiology because it

provides information on both common and rare muta-

tions in large numbers of individuals. Using exome data

from a total of 9007 individuals from the two largest pop-

ulation exomes, I established a reliable epidemiology of

FMF mutations with a small margin of error.

Estimated prevalence rates are considerably
higher than those seen in clinical practice

There are only little data of carrier frequencies for

comparison with this study because previous studies

analyzed individuals mainly from some Mediterranean

countries. Hofer et al. (2006) reported FMF prevalence

rates in individuals from Western countries on a mass

scale. The relative frequencies of the mutations found

in this study [NHLBI EA, 4.98% (3.87%; except

E148Q); 1000G EUR, 5.27% (4.38%; except E148Q)

(Table 2)] are considerably higher than the results of

Hofer et al. (2006) who reported a prevalence of as 2.5

per 100,000 (0.004%) people even if E148Q is excluded

in this research. In another study in Japanese popula-

tions, carrier frequencies [1000G JPT, 41.3% (19.7%;

except E148Q) (Table 2)] were much higher than the

clinical incidence rate (0.000417%; http://www.nanb-

you.or.jp/entry/3238). The variant T267I was frequently

detected in Bangladesh (0.581% Table 2), where FMF

patients were not reported. These results suggest that

some MEFV mutations, including E84K, L110P, E148Q,

T267I, P369S, R408Q, S503C, and I591T, are polymor-

phisms, not disease-causing mutations. It has been pro-

posed that E148Q is likely to be a polymorphism, not

a disease-causing mutation, and has low penetrance

(Tchernitchko et al. 2003, 2006) and my findings agree

with these research results. Furthermore, the result here

suggested the nonpenetrance of some other mutations.

There is often the case where the causative mutations

are determined too easily without analyzing potential

effect of mutations (Cooper et al. 2013; van Rheenen

et al. 2014; Siemiatkowska et al. 2014). Discordance

between DAF and incidence rate may be caused by

another infrequent mutation closely linked to these

mutations. Another promising hypothesis is that FMF is

a multifactorial and polygenic genetic disorder associ-

ated with the effects of multiple genes in combination

with lifestyle and environmental factors.

In conclusion, exome-based epidemiology revealed the

country-by-country carrier rates of FMF with respect to

each mutation and provided a clue to understand the

penetrance and screening priority of each mutation. An

unexpectedly high carrier rate of FMF in Europeans and

Asians raises the strong possibility that some MEFV

mutations may be benign variants with few or no patho-

logical significance. This study highlights the need for

caution in interpreting genetic tests in FMF patients.

Similar method could be used to uncover the incom-

plete or no penetrance of mutations in genetic disorders.

Acknowledgments

The author thanks the 1000 Genomes Project, the NHLBI

GO Exome Sequencing Project and ExAC project for the

available datasets.

Conflict of Interest

None declared.

References

Bell, C. J, D. L. Dinwiddie, N. A. Miller, S. L. Hateley, E. E.

Ganusova, J. Mudge, et al. 2011. Carrier testing for severe

childhood recessive diseases by next-generation sequencing.

Sci. Transl. Med. 3:65ra4.

Ben-Chetrit, E., and M. Levy. 1998. Familial mediterranean

fever. Lancet 351:659–664.

Cazeneuve, C., T. Sarkisian, C. Pêcheux, M. Dervichian, B.
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