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Fatal familial insomnia (FFI) and a subtype of familial Creutzfeldt-Jakob disease (CJD), two 
clinically and pathologically distinct diseases, are linked to the same mutation at codon 178 
( A ~ n l ~ ~ )  of the prion protein gene. The possibility that a second genetic component 
modified the phenotypic expression of the Asn178 mutation was investigated. FFI and the 
familial CJD subtype segregated with different genotypes determined by the Asn178 mu- 
tation and the methionine-valine polymorphism at codon 129. The Met129, Asn178 allele 
segregated with FFI in all 15 affected members of five kindreds whereas the Asn178 
allele segregated with the familial CJD subtype in all 15 affected members of six kindreds. 
Thus, two distinct disease phenotypes linked to a single pathogenic mutation can be 
determined by a common polymorphism. 

I n  several Mendelian disorders, distinct 
phenotypes are linked to different point 
mutations in a single gene. Two forms of 
p-amyloid-related diseases, the hereditary 
cerebral hemorrhage with amyloidosis- 
Dutch type (HCHWA-D) and subtypes of 
familial Alzheimer's disease, are associated 
with different mutations in the amyloid 
precursor protein (APP) gene (I). Double 
point mutations in a single allele have been 
described in several conditions including 
sickle cell anemia, xeroderma pigmento- 
sum, and GMI gangliosidosis (2). In these 
disorders, the second mutation triggers the 
disease or modifies its severity (2). 
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A group of inherited and sporadic disor- 
ders known as spongiform transmissible en- 
cephalopathies, or infectious amyloidoses, 
or prion diseases, are characterized by the 
presence of an abnormal isoform of the 
prion protein (PrP) that is resistant to 
proteases (3). PrP . is encoded by a gene 
(PRNP) located on the short arm of human 
chromosome 20 (3). On the basis of clinical 
and pathological characteristics, three in- 
herited forms of spongiform encephalopa- 
thies have been recognized: Gerstmann- 
Straussler-Scheinker syndrome (GSS) , 
characterized by chronic cerebellar ataxia 
and dementia in association with the pres- 
ence of multicentric amyloid plaques (4) ; 
Creutzfeldt-Jakob disease (CJD), a subacute 
dementing illness with widespread spongi- 
form degeneration (4); and the recently 
described fatal familial insomnia (FFI) , a 

Table 1. Major phenotypic characteristics 

Characteristics FFI* CJD* 

Age of onset (years) 
Duration (months) 
Ataxia 
Myoclonus 
Insomnia 
Selective thalamic 

atrophy* 
Spongy 

degeneration 
Transmission to 

primates 

49 * l lt 
15 * 8 t  

1311 5 
1511 5 
1311 5 
1311 3 

of Michigan ~ e d i c a i  School. Ann ~rbor,-MI. 
B, Schrank, Department of Genetics, Washington Uni- *References for characterization of the FFI and CJD 

versity School of Medicine, St. Louis, MO 631 10. families are (8) and (9),  respectively, tMean + 
SD. *Refers to neuronal depopulation and reac- 

*The first two authors contributed equally to this study. tive astrogliosis exceeding those present in other 
tTo whom correspondence should be addressed. cerebral regions. 

subacute condition with untreatable insom- 
nia, dysautonomia, and severe selective 
atrophy of thalamic nuclei (5). Several 
mutations in the coding region of PRNP are 
linked to these phenotypes. Subtypes of 
GSS are linked to mutations at codons 102, 
117, 198, and 217 (3, 6). Several subtypes 
of familial CJD are associated with a vari- 
able number of octapeptide coding repeats 
in the region of codons 5 1 to 91 (3). One 
subtype of familial CJD is linked to a point 
mutation at codon 200 (3). Surprisingly, 
the same GAC + AAC mutation in codon 
178 of PRNP, resulting in the substitution 
of asparagine (Asn17') for aspartic acid, is 
linked to one of the subtypes of familial 
CJD, and to FFI (5, 7). 

We have studied 30 affected members of 
11 kindreds with the Asn"' mutation. The 
subjects affected by FFI had clinical, patho- 
logical, and transmissibility features that 
were different from those of the subjects 
with Asn17' CJD (Table 1) (5, 7-10). 

The coding region of PRNP has a poly- 
morphism at codon 129 that results in two 
variant alleles, one coding for methionine 

Table 2. Genotypic characteristics 

Codon 129 
Kindred- 
subject* Mutant Normal Patternt 

alleles alleles 

FFI-1 -IV-37 Met Met 1 
IV-21 Met Met 1 
IV-34 Met Met 1 
IV-75 Met Met 1 
IV-16 Met Val 2 
V-58 Met Val 2 

FFI-2-IV-26 Met Met 1 
FFI-3-111-5 Met Met 1 

IV-7 Met Met 1 
V-14 Met Met 1 
IV-12 Met Val 2 

FFI-&Ill-1 Met Met 1 
111-2 Met Met 1 

FFI-5-IV-1 Met Met 1 
IV-4 Met Met 1 

CJD-Str-111-6 Val Met 3 
111-9 Val Met 3 
111-1 1 Val Met 3 
111-14 Val Met 3 
111-15 Val Met 3 
111-1 7 Val Met 3 
111-19 Val Met 3 
IV-14 Val Val 4 

CJD-Wui-IV-4 Val Met 3 
CJD-Lap-Ill-11 Val Met 3 
CJD-Bel-11-1 Val Val 4 
CJD-Day-IV-2 Val Val 4 

IV-5 Val Val 4 
IV-6 Val Val 4 

CJD-Kui-111-8 Val Val 4 

'Kindreds FFI-1 and FFI-2 are Italian; FFI-3 and FFI-5 
are American of British and German extractions; FFI-4 
is French (5). CJD-Str is Finnish: CJD-Wui and CJD- 
Bel are French; CJD-Day. CJD-Kui, and CJD-Lap are 
American of Dutch, Hungarian, and French-Canadian 
origins, respectively (7). Subject identification as de- 
scribed (5, 7). tSee Fig. 1 for examples. 
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(Met'29) and the other for valine (Val'29) 
(1 1). The 129 polymorphism is common in 
the normal Caucasian population; the re- 
ported frequencies of the methionine and 
valine alleles are 0.62 and 0.38, respective- 
ly (1 I). Homozygosity for either allele pre- 
disposes individuals to infectious forms of 
spongiform encephalopathies such as kuru 
and iatrogenic CJD as well as to sporadic 
CJD (1 1, 12) or affects the age of onset in 
inherited forms such as GSS and a subtype 
of spongiform encephalopathy associated 
with a 144-bp insertion (6, 13). We have 
tested the hypothesis that the polymor- 
phism at codon 129 is involved in deter- 
mining the disease phenotype, FFI or CJD, 
expressed by the pathogenic mutation. 

The PRNP coding region was examined 
by sequencing and restriction analyses in 
the two groups of 15 subjects each with 
established FFI or CJD phenotype 
(14, 15) (Table 2). We confirmed the 
presence of the mutation in all 30 
subjects (14). Codon 129 of the 
allele was found to encode Met in all FFI 
subjects and Val in all those with the 
 AS^'^^ CJD phenotype (14) (Fig. 1 and 
Table 2). Sequencing of the coding region 
of both alleles from 11 subjects representing 
three FFI and three CJD kindreds 
revealed no genotypic variations, other 

than those related to the polymorphism at 
codon 129 (15). Therefore, the FFI and 

CJD phenotypes are linked to two 
distinct haplotypes: Met'29, for FFI 
and Val'29, for CJD (P < 0.005, 
two-tailed Fisher's exact test). 

Analysis of codon 129 in both PRNP 
alleles (Fig. 1 and Table 2) showed that 12 
FFI-affected subjects were homozygous for 
methionine (Pattern I), and three were 
heterozygous with Met'29 on the 
allele (Pattern 2). Nine CJD-affect- 
ed individuals, most of which were contrib- 
uted by the "Str" kindred, were heterozy- 
gous with Val'29 on the allele (Pat- 
tern 3), and the remaining six were ho- 
mozygous for valine (Pattern 4). 

The three FFI subjects heterozygous at 
codon 129 had a significantly longer mean 
duration of the disease than the 12 homozy- 
gous subjects for methionine whereas the 
age of onset was not significantly different 
between the two groups (Table 3). Disease 
onset was significantly later and duration 
significantly longer in heterozygous than 
homozygous CJD subjects. Thus, by 
prolonging the duration or delaying the 
onset of the disease, heterozygosity at 
codon 129 apparently slows the disease 
process in both FFI and CJD provid- 
ing partial protection against the disease as 

Fig. 1. Analysis of FFI A - m w t r a g n e n t  
and CJD genotypes. (A) -C 

A 393-bp fragment be- 
tween nucleotides 320 
and 713 of the PRNP IR / q mm~ 
coding region was ampli- 
fied and digested with 
Mae I I  or Tthlll 1 (14). 
Diaestion ~roducts are 

MM1=MIda ?a lcd SI) Am'".Iw. --- -- 
V.I~=IIIW. Q m ion ois ln m r n * ~ .  

shown. (B)' Gel analysis B 
of restriction digests. M,  m WD 

Mae I I ;  T, Tthlll 1. Pattern Panem I P m m  P panem 3 Psttem 4 

1. FFI subject homozy- MWALVI WAS" VOY+ VOYI\O VaQAS" vw- 

gous for Metqz9; pattern m. . - - -'. -. . 
-393- 

2, FFI subject heterozy- 28s- - Q 
- -2PR15 .r gous at codon 129; pat- - .178- 'It '?F5 

tern 3, CJD subject het- lm. - - 
erozygous at codon 129; 
pattern 4, CJD subject 43 

homozygous for Val129. M T M T  M T M ,  M T M T  M T M T  
In the heterozygous cas- 
es the Asr~l'~ segregates with MetlZ9 in FFI and ValIz9 in CJD. Sizes are in base pairs. 

has been suggested for the sporadic and 
inherited forms of prion diseases (6, 11- 
13). Spongiosis of cerebral cortex was ob- 
served only in heterozygous FFI subjects, 
raising the possibility that valine at residue 
129 is needed to express spongiosis in FFI. 

These findings indicate that in the kin- 
dreds examined the presence of methionine 
at position 129 of the PrP molecule encod- 
ed by the mutant allele results in a 
disease Drocess ~rimarilv localized to the 
thalamus (FFI phenotype), whereas valine 
at the same position is associated with a 
more widespread disease process (CJD phe- 
notype). In contrast, the amino acid spec- 
ified at codon 129 of the normal allele 
modifies the severity rather than the topog- 
raphy of the disease process, affecting dura- 
tion and age of onset in both FFI and 

CJD. Thus, a common polymor- 
phism can modify both qualitatively and 
quantitatively the phenotypic expression of 
a pathogenic mutation linked to a Mende- 
lian disorder. 

The primary event in the pathogenesis 
of sporadic prion diseases is thought to be 
an acquired conformational change of the 
normal PrP isoform that acts as a tem~late. . - 
engendering the formation of insoluble PrP 
aggregates (3). In inherited prion diseases, 
mutant PrP isoforms would spontaneously 
assume different conformations depending 
on the mutation (3, 4). An interaction 
between methionine or valine at position 
129 and asparagine at position 178 might 
result in two abnormal PrP isoforms that 
differ in conformation and cause distinct 
lseases. d' 
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Ikaros, an Early Lymphoid-Specific Transcription 
Factor and a Putative Mediator for T Cell 

Commitment 

Katia Georgopoulos,* David D. Moore, Bruce DerFler 
In a screen for transcriptional regulators that control differentiation into the T cell lineage, 
a complementary DNA was isolated encoding a zinc finger protein (Ikaros) related to the 
Drosophila gap protein Hunchback. The lkaros protein binds to and activates the enhancer 
of a gene encoding an early T cell differentiation antigen, CD36. During development, 
Ikaros messenger RNAwasfirst detected in the mouse fetal liver and the embryonic thymus 
when hematopoietic and lymphoid progenitors initially colonize these organs; no expres- 
sion was observed in the spleen or the bone marrow. The pattern of Ikaros gene expression 
and its ability to stimulate CD36 transcription support the model that lkaros functions in the 
specification and maturation of the T lymphocyte. 

T cell progenitors originate in the bone 
marrow of the adult and the fetal liver of 
the embryo and migrate to the thymus 
where they undergo T cell maturation or 
apoptosis (1 -5). Restriction of a pluripo- 
tent progenitor to the lymphoid lineage is 
the first steu toward T cell commitment and 
occurs outside the thymus. This lymphoid 
progenitor then commits to the T or the B 
cell lineage. The mechanisms that control 
the outcome of these early developmental 
decisions remain unclear. 

Early events in T cell differentiation may 
be characterized by studying the regulation 
of transcription of T cell-restricted antigens 
(6). We examined the transcriptional con- 
trol of one of the earliest definitive T cell 
differentiation markers, the CD36 gene of 
the CD3-T cell receptor (TCR) complex 
(5, 7). In order to identify a transcription 
factor expressed at, or earlier than, T cell 
commitment, which could function as a 
genetic switch regulating entry into the T 
cell lineage, we characterized the T cell- 
specific enhancer mediating CD36 gene 
expression (8, 9). This enhancer contains 

K. Georgopoulos and B. Derfler, Cutaneous Biology 
Research Center, Harvard Medical School, Massa- 
chusetts General Hospital, Charlestown, MA 021 14 
D D. Moore, Department of Molecular Biology, Har- 
vard Med~cal School, Massachusetts General Hospl- 
tal, Boston. MA 021 14. 
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two functionally distinct elements, 6A and 
SB, with T cell-restricted activity (9). Mu- 
tational analvsis of the 6A element has 
defined two trinscriptionally active binding 
sites which are required for full activity of 
the 6A element and the CD36 enhancer 
(Fig. 1, A and B), a CRE [cyclic AMP 
(adenosine 3' ,5'-monophosphate) response 
element]-like region and a G-rich se- 
quence. Three isoforms of the ubiquitously 
expressed CRE-binding protein (CRE-BP) 
were cloned from T cells for their ability to 
interact with the CRE-like binding site of 
the 6A element (10). Although dominant 
negative mutations in CRE-BP down-regu- 
late the activity of this enhancer element in 
T cells, the expression of this transcription 
factor in all hematopoietic and non-he- 
matopoietic cells suggests that it is unlikely 
to be the switch that activates the CD36 
enhancer in the early prothymocyte pro- 
genitor (1 0). 

A variant of the 6A element with a 
mutated CRE binding site (GAmul-CRE) 
was used to screen a T cell expression 
library as described (1 0). A lymphoid-re- 
stricted cDNA was cloned that encodes a 
previously uncharacterized zinc finger pro- 
tein (Ikaros) . The Ikaros protein contains 
431 amino acids and five CX,CX,,HX,H 
zinc finger motifs organized in two separate 
clusters (Fig. 2A). The first cluster of three 
fingers is located 59 amino acids from the 
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