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Type 1 Neurofibromatosis Gene: Identification of a 
Large Transcript Disrupted in Three NF1 Patients 

Von Recklinghausen neurofibromatosis (NF1) is a common autosomal dominant 
disorder characterized by abnormalities in multiple tissues derived from the neural 
crest. No reliable cellular phenotypic marker has been identified, which has hampered 
direct efforts to identlfy the gene. The chromosome location of the NFI gene has been 
previously mapped genetically to 17q11.2, and data from two N F l  patients with 
balanced translocations in this region have further narrowed the candidate interval. 
The use of chromosome jumping &d yeast artificial chromosome technology has now 
led to the identification of a large (-13 kilobases) ubiquitously expressed transcript 
(denoted NFILT) from this region that is definitely interrupted by one and most likely 
by both translocations. ~ r e v i o u s l ~  identified candidate genes, which failed to show 
abnormalities in NF1 patients, are apparently located within introns of NFIL T, on the 
antisense strand. A new mutation patient with NF1 has been identified with a de novo 
0.5-kilobase insertion in the NFILT gene. These observations, together with the high 
spontaneous mutation rate of NF1 (which is consistent with a large locus), suggest 
that NFILT represents the elusive NFI gene. 

T HE h7ARIhBLE AND DA'ERSE M I -  

festations of neurofibromatosis 
(NF1) have puzzled clinicians and 

neurobiologists alike since the condition 
\\.as first described by von Recklinghausen 
in 1882 ( 1 ) .  With an incidence of about 1 in 

IM. R. LVallacc. D. A. hiarchuk, L. 13. Andcrscn. R .  
Letcher. H.  ,M. Odch. A. ,M. Sauho .  J .  hV. Foimtain. A. 
Ilrcrcton. J Nicholson. A. L. hi~tchcll. F. S. Collins, 
Howard Hughes hiedical Insututc and the Departments 
of Internal ~Mcdclne a ld  HimIan Genetics. University of 
hiichigan. ,k ,kbor. hi1 48109. 
B. H .  RroJrnstein. Ccntcr for Genetics in Medicine. 
\Vashinyon University School of hicdicinc. St. Louis. 
h i 0  631 10. 

3000 in all ethnic groups (Z), it is one of the 
most common autosomal dominant disor- 
ders of man. 

Despite considerable efforts, it has not 
been possible to  define a consistent abnor- 
malir). in NF1 tissues that would provide 
sufficient information on the gene product 
to allow direct cloning of the gene. The 
remaining alternative has been to identifi. 
the XF1 gene by positional cloning [former- 
ly referred to  as "reverse genetics" (3, 4 ) ,  
although this may be a misleading designa- 
tor]. In this process, a gene is identified on 
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the basis of its (known) chromosomal map 
position rather than by its functional prop- 
erties; this strategy, although laborious, has 
led to the idenacation of the genes for 
chronic granulomatous disease ci5), Du- 
chenne muscular dystrophy (6), retinoblas- 
toma (3, a gene (DCC) involved in colon 
cancer prog&ion (4 ,  Wilms nunor (9), 
and the gene for cystic fibrosis (10). In all of 
these successes except the last, the identifica- 
tion of gross chromosomal rearrangements 
(either germline or somatic) involving the 
gene greatly aided the search process. 

The first step in the identification of the 
NF1 gene, genetic linkage analysis, led to 
the assignment of NF1 to chromosome 17 
in 1987 (1 1). A subsequent collaborative 
multipoint mapping effok narrowed its ge- 
netic location to about 3 centiMorgans of 
17q11.2 (1 1). Given the substantial physical 
size (2 to 6 x lo6 bp) of this interval, the 
identification of two patients with NF1 and 
apparently balanced translocations provided 
crucial landmarks for h e r  localization of 
NFI. In one ~atient. the translocation in- 
volves chrom&omes. 1 and 17 and in the 
other chromosomes 17 and 22; in both the 
breakpoint on chromosome 17 is in 
17q11.2 (12). The tentative condusion that 
the NF1 gene itself is altered by the rear- 
rangements was given additional credence 
when the translocation breakmints were 
shown, by pulsed-field gel ele&mphoresis 
and the probes 17L1 and lFlO (Fig. 1) 
(13), as well as cosmids (14) and yeast 
artificial chromosomes (YACs) (15, 16) 
spanning this region, to be about 60 kb 
amrt. 

Subsequent doning efforts have been fo- 
cused on the region between the break- 
points. The first NF1 candidate gene was 
identified in mice as a site of kroviral  
integration in murine leukemia (17); the 
human homolog (EVZ2) mapped between 
the NF1 breakpoints (Fig. 1) (14). An adja- 
cent gene of similar genomic structure but 
unknown function was subsequently identi- 
fied by walking and jumping experiments, 
and named NF1-c2 ( h r  NF1 candidate gene 
2) (Fig. 1) (18). Neither of these relatively 
small genes is interrupted by the transloca- 
tions, nor have any abnormalities in these 
genes been identified in NF1 patients (14, 
18), casting some doubt on their potential 
role as the cause of NF1. The discovery of 
more than one gene in this interval forces a 
reevaluation of simple hypotheses, and sug- 
gests that one or more of the following 
sintations must apply: (i) these small ge3es 
are embedded within the true NF1 gene;((@) 
the translocations are creating the NF1 phe- 
notype by a position effect rather than direct 
interruption, in which case EV12 or NF1-c2 
could still be involved; (iii) the NFl pheno- 

type is a complex result of the altered expres- 
sion of more than one gene. We now pre- 
sent evidence that the first of these hypothe- 
ses is likely to be correct: a large, ubiqui- 
tously expressed and highly conserved gene 
in this region, NFILT, is apparently inter- 
rupted by both translocations, contains the 
previous candidate genes within it, is altered 
in a new mutation NF1 patient, and thus 
most likely represents the authentic NF1 
gene. 

Two different strategies were used to de- 
rive cDNA clones that define NFILT. Ini- 
tial experiments with the end-of-jump of 
done EH1, obtained by chromosome jump- 
ing (Fig. l), showed that a single-copy 1.4 
kb Eco RI-Hind III subfragment, which 
lies just telomeric to the t(17;22) break- 
point, is conserved across species and is 
therefore a potentially useful probe in 
searching for transcripts in the region (19). 
This probe was used to screen a human 
peripheral nerve cDNA library (20) result- 
ing in the isolation of clone P5, which has an 
insert of 1.7 kb (Fig. 2). 

Transcripts were also sought with the 

YAC done A113D7, part of an overlapping 
contig of clones from this region (16). As 
this YAC contains the entire breakpoint 
region, direct screening of cDNA libraries 
with this probe, although technically di5i- 
cult, would be expected to yield an entire set 
of expressed transcripts. Clone B3A was 
isolated by means of this procedure (21, 22) 
from a B lymphoblast cDNA library (23), 
and it contained a 0.8-kb insert. Subsequent 
analysis revealed that P5 and B3A overlap 
(Fig. 2B). 

To determine whether the NFlLT locus 
is interrupted by one or both translocation 
breakpoints, the 5' end of P5 was used as a 
probe against a Southern (DNA) blot of the 
translocation hybrids (12). These hybrids 
contain chromosome 17 sequences telo- 
meric to the breakpoints, with the t(1;17) 
break (hybrid DCR1) occurring 60 kb cen- 
tromeric to the t(17;22) break (hybrid 
NF 13). This probe detects two human Eco 
RI fragments of 15 and 4.0 kb (Fig. 3). Two 
bands of 8.0 and 2.5 kb are seen in mouse 
DNA, indicating that this transcript is 
strongly conserved. In the translocation hy- 

Fig. 1. Schematic of the t(1;17) t(17:22) 

NF1 region. The orientation _17ce" lirqter 1 A H 1  .I 

- 
on chromosome 17 is 
shown and the translocation Not I Not I 
breakpoints are indicated by I I 

I 

arrows. l"hc schematic is 17i-1 I 1 6 0  I 

drawn to scale (in kilo- 
bases). The two anonymous H 
probes shown are 17Ll and 20 kb A1 13D7 
IF10 (13), while the previously described candidate genes EVL? (14) and NF1-cZ (18) are shown above 
the map line, with the arrows indicating the direction of tmscription. The jump done EHl (19) is 
indicated by the arc. The 270-kb YAC A113D7 is part of a contig covering this region (16) and was 
obtained from the Center for Genetics in Mdcine at Washington University by d g  their YAC 
Library with a probe derived from cosmid 1F10. 

I I I I I 
0 500 1000 1500 2000 bp 2.3 

Flg. 2. Map of the NFlLT cDNA. (A) A schematic map of part of the NFlLT I ::: 
cDNA. The extent of the open reading frame and 3' untranslated regions are 
shown as well as cDNA clones PS and R3A. (B) Southern blot mapping of cDNA 
clones PS and B3A. Genomic DNA from YAC clone A113D7 was digested with - - l.3 
Eco RI, separated by gel electrophoresis, and transferred to Genescreen. Hvbrid- 
izauon and washing condtions were as described (41) .  The filter was probed 
sequentially with clone B3A (lane 1) and PS (lane 2), with the filter being stripped 
benveen hybridizations. Each clone maps to specific Eco RI fragments in the 
YAC, the sizes of which are shown in kilobases. 
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, DCRl contains both human bands, 
M H 1 7 & $  but NF13 lacks the 4.0-kb band, indicating 

that part of NFlLT lies benveen these 

LC. To determine the transcript size of 
NFlLT, cDNA clone P5 was used to probe 
Northern blots of RNA from various tis- 
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An approximately 13-kb transcript 
1 be visualized in brain, neuroblastoma, 
ry, and melanoma (Fig. 4, A and B). A 
idization signal of similar size was visi- 

nle in RNA from several other tissues, 
)ugh the bands were less discrete, prob- 
due to degradation of the largestran- 
t. Because of differences in degradation 

between RNA samples, it was not possible 
to judge from the band intensities the rela- 
tive level of expression in different tis- 
sues. 

In order to survey the pattern of expres- 
sion of NFlLT in different normal and 
pathologic tissues we used the RNA poly- 
merase chain reaction (PCR), with primers 
from the translated region, to analyze (24) a 
number of tissues. Expression of NFlLT 
was apparent in many human tissues, includ- 
ing those giving signals on Northern 
(RNA) blots, as well as immortalized B 
lymphoblasts (WBC) (both NF1 and non- 
NFl), NF1 skin fibroblasts, spleen, lung, 
muscle, thymoma, neuroblastoma, an NF1 
neurofibrosarcoma cell line, a colon carcino- 
ma cell line, and breast cancer (Fig. 4C). In 
other experiments expression was also de- 
tected in-colon, thyroid, parathyroid adeno- 
ma, lymphoma, endornctrial carcinoma, 

Fig. 3. NFlLT spans the t(17;22) breakpoint. 
For this Southern blot, DNA's were digested with 
Eco RI, transferred to Hybond N, and hybridized 
as previously described (35). The final washing 
was I x  SSC with 0.1% SDS at 65°C for 20 
minutes. The probe was an 0.8-kb 5' end frag- 
ment from the P5 Bluescript subclone, extending 
from the vector polylinker to the Bst EII site (Fig. 
2). M, mouse DNA, H, normal human DNA, 17, 
DNA from hybrid MH22-6, a mouse cell line 
containing human chromosome 17 as its only 
human material (42); DCR1, the mouse hybrid 
containing the der(1) of t(l;l7) (12); and NF13, 
the hybrid containing der(22) of t(17;22) (12). 

remia cell s, and nl 
skin fibroblasts. Leukocvte contamination 
of the solid tissue samples could potentially 
account for the PCR signals, but since 
RNA's from various cell lines show eunrpq- 
sion, it 
pressed. 
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ments amplified a band of similar s 
mouse RNA showing that this wan 
region is conserved. In order to dete 
whether the NFlLT gene is inactival 
three hybrid cell lines from NFl pa 
with cytogenetic rearrangements, we it 
ed one PCR primer from the 3' untran 
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region, expecting that this area would be less 
conserved across species. The three hybrid 
cell lines included in this experiment were 
DCRl and NF13, described above, and 
del(17). This last hybrid contains the de- 
leted chromosome 17 from an NFl patient 
with a deletion of part of the long 
arm of chromosome 17 (25). The ex1 
product is seen in B lymphoblasts (\ 
and human brain, but not in mouse 
(Fig. 4D). A hybrid containing the n 
human chromosome 17  does express h 
NFlLT, but no product is visible 
either NFl translocation hybrid or wi 
del(17) hybrid, indicating that these LLdL- 

rangements abolish expression. 
Identifying mutations in NF1 patients is 

xcted 
m c )  
RNA 
n r m a l  

luman 
with 

th the 
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crucial to identifying the gene from among 
candidate genes. New mutation NF1 pa- 
tients are helpful, since comparison of their 
DNA with that of their parents allows the 
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Fig. 4. Analysis of NFlLT expression. Northern blot results are shown for 
probe P5 in the following human tissues: (A) lane 1, brain frontal lobe; lane 
2, neuroblastoma; lane 3, kidney; and (B) lanes 1 and 2, two independent 
melanoma cell lines. RNA samples were prepared according to standard 
methods (43). Approximately 15 pg of total RNA from each tissue was 
separated on 1% formaldehyde gels and transferred onto Hybond N. The P5 
insert was labeled by the random priming method (22). Exposures were 24 
to 96 hours. The position of the 28s and 18s ribosomal RNA bands as well 
as the 9.5-kb RNA ladder band (BRL) are indicated. The arrows point to the 
- 13 kb transcript, the size of which was estimated by extrapolation from the 
0.24- to 9.49-kb RNA ladder (BRL). Some cross-hybridization with the 
ribosomal RNA bands (28s and 18s) is apparent. (C) PCR analysis of RNA 
expression. An ehdium bromide-stained gel is shown, demonstrating the 
presence of a 401-bp amplied fragment in reverse transcribed RNA from a 
variety of tissues as indicated. A control RNA-PCR amplification with 
neurofibroma RNA and primers from the abl locus (44) gives the expected 

product. Primers A and B from the coding region of NFlLT (Fig. 6) were 
used. Total RNA (0.2 pg) from each tissue was reverse-transcribed with 
oligo(dT) (45) and then amplified by 35 cycles of PCR with 1 minute at 
94"C, 1 minute at 6OoC, and 2 minutes at 72°C. The absence of a band in the 
human DNA control indicates that the primers lie in different &stant exons, 
and that signals derived from RNA-PCR therefore reflect mRNA expres- 
sion. (D) PCR results from RNA from mouse-human hybrid and parental 
cell lines using primers which do not amplify mouse NFlLT RNA. Primers 
C and D (Fig. 6) were used under the same amplification conditions as 
mentioned above. An amplified fragment of 500 bp is visible in lanes 2,3,5, 
and 9. Southern blots of this gel confirmed the presence of a PCR product in 
lane 5 and its absence in lanes 6 to 8. In a control experiment, amplification 
of these hybrid cell line RNA samples with the conserved NF1LT primers 
[described in (C)] produced the expected mouse product, indicating that the 
RNA was intact. 
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distinction between causative mutation and 
polymorphism to be more readily made. 
Since pulsed-field gel studies by several 
groups with probes in the NF1 region have 
failed to reveal large rearrangements (13), 
we used Southern blots to examine patient 
DNA with NF1LT. Accordingly, DNA 
from 35 individuals with NF1 were ana­
lyzed with the probe P5, and the autoradio-
grams were examined for abnormal bands or 
obvious differences in band intensity. 

A single patient showed a difference with 
this assay. This NF1 new mutation patient is 
a 31-year-old white male who exhibits no 
cafe-au-lait spots or axillary freckling, but 
has macrocephaly, Lisch nodules, and multi­
ple cervical nerve root tumors (shown histo­
logically to be neurofibromas) requiring sur­
gical debulking. His parents have been ex­
amined and display no features of NF1 or 
NF2. With Eco RI (Fig. 5A), the patient 
has a normal Southern blot pattern, except 
that his 4.0-kb allele is fainter than expected 
and he also demonstrates an abnormal frag­
ment of 4.5 kb, with approximately the 
same intensity as the 4.0-kb band. This 4.5-
kb band is not present in the parents. Simi­
larly, with three other enzymes, an abnormal 
fragment approximaely 0.5 kb larger than 
expected is seen. For Pst I, the involved 12-
kb fragment is the same one that contains 
the t(17;22) breakpoint (19). These abnor­
mal bands have not been seen in other NF1 
or unaffected individuals so far examined. As 
a confirmation, the family members were 
sampled again, and the same results were 
obtained. The family was studied with three 
highly polymorphic VNTR probes (26), 
which showed no indication of incorrect 
paternity. Collectively, these data imply that 
this patient has a novel mutation that ap­
pears to be an insertion of approximately 0.5 
kb close to or within an exon of NF1LT. 
This new mutation, along with the evidence 
showing that the t(17;22) breakpoint inter­
rupts the gene, and the PCR data showing 
that NF1LT expression is absent in the 
t(l;17) hybrid DCR1, suggests that NF1LT 
is the NF1 gene. 

Complete sequencing of P5 and B3A 
revealed an overlap of 507 bp, with the 
combined sequence being 2012 bp (Fig. 6). 
A single open reading frame extending from 
the beginning of P5 across nearly the entire 
sequence shows mat B3A is located at the 3' 
end and that transcription occurs toward the 
telomere. At the 3' end of B3A, a stop 
codon occurs 181 bp from the end. Howev­
er, no polyadenylation signal or poly(A) tail 
is evident, which implies that part of the 3' 
untranslated region is missing. Comparisons 
of this DNA and protein sequence with the 
entries in Genbank (27) or the NBRF and 
SWISS-PROT databases (28) did not show 
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significant similarity with any known se­
quence. A hydropathy plot (29) of the ami­
no acid sequence revealed a primarily hydro-
philic polypeptide. Other analyses failed to 
reveal any other recognizable motifs except 
for two potential N-glycosylation sites and 
three possible nuclear localization signals 
(Fig. 6). Thus the current sequence holds 
few clues as to the function of this gene. 
However, as the Northern blots indicate, 
much more of this transcript remains to be 
cloned and sequenced. Perhaps then, struc­
tural domains or similarity with other genes 
will become evident. 
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Fig. 5. Southern blots showing a 0.5-kb insertion 
in DNA of a new mutation NF1 patient. DNA 
samples from the patient and parents and a nor­
mal individual were digested with the indicated 
enzymes, transferred to Hybond, and hybridized 
with P5. In all panels, lane 1 contains DNA from 
the father; lane 2 is patient DNA; lane 3 is the 
mother's DNA; and lane 4 (when present) is 
DNA from an unaffected individual. Sizes are 
shown to the left of the bands, in kilobases, and 
the aberrant fragments are indicated by arrows on 
the right. In (D), where the gel has been run 
longer than usual to resolve large fragments, only 
the top bands are shown; P5 also hybridizes to 
numerous smaller Pst I fragments not involved in 
the rearrangement in this patient. No abnormal 
fragments were seen in this patient with Hind HI, 
Xba I, Pvu H, Bel I, Msp I, Nco I, and Nsi I. 

Our conclusion that NF1LT is the gene 
involved in NF1 is based on several lines of 
evidence. First, this gene is disrupted by the 
t(17;22) breakpoint. As shown by RNA 
analysis of the DCR1 hybrid, the NF1LT 
gene is functionally disrupted by the t(l;17) 
NF1 translocation as well. More compelling 
is the identification of a 0.5-kb insertion in a 
new mutation NF1 patient. This insertion is 
located at least 10 kb away from the previ­
ously proposed candidate genes EVL2 and 
NFU2 (14, 18). Also in support of NF1LT 
as the NF1 gene is its large transcript size, 
which is consistent with the hi^i mutation 
rate [approximately 10~4 per allele per gen­
eration (2)] seen in this disease. This rate is 
similar to that for Duchenne muscular dys­
trophy (6), which has a transcript of similar 
size. 

The 2.0-kb cloned portion of the NF1LT 
cDNA contains at least six exons (Fig. 7). 
The 5' exon of the cloned transcript lies 
between the NF1 translocation breakpoints, 
within 12 kb of t(17;22). The size and 
number of genomic fragments detected by 
P5 and B3A on Southern blots indicates 
that the 2.0 kb of cloned cDNA span at least 
33 kb of genomic DNA. Thus it is unlikely 
that the remaining 5' NF1LT exons could 
lie entirely between the translocation break­
points. 

From the RNA-PCR expression analysis 
of hybrids (Fig. 4D), both NF1 transloca­
tions inactivate NF1LT, and the 0.5-kb 
insertion is likely to do so also. This is 
consistent with the hypothesis that NF1LT 
functions as a tumor suppressor gene rather 
than a dominant oncogene, and would place 
NF1LT in the same class as retinoblastoma 
(RE) (7), the putative Wilms tumor gene 
(9), and the P53 gene (30). This inactivation 
mechanism is consistent with the recent 
identification of an NF1 patient carrying a 
constitutional deleted proximal 17q in 
which the deleted fragment forms a mini-
chromosome (25). This minkhromosome, 
which contains the NF1 region, is lost in 
approximately 5 percent of somatic cells, 
leaving those cells hemizygous at the NF1 
locus. On the other hand, heterozygosity 
studies in tumors, which have provided sig­
nificant evidence for the tumor suppressor 
mechanism in retinoblastoma (7) and Wilms 
tumor (9), have not supported this model in 
NF1 (31), potentially for three reasons: (i) 
The benign neurofibromas in NF1 are made 
up of a mixture of cell types and are not 
clonal (32), rendering analysis of loss of 
heterozygosity uninterpretabk in these tu­
mors; (ii) the malignant tumors often do 
show reduction to homozygosity for chro­
mosome 17 (31), but this may reflect events 
at the P53 locus (30) on 17p; and (iii) given 
the large size of NF1LT, it is possible that 

SCIENCE, VOL. 249 



the somatic event that disrupts the normal 
allele in the process of tunlor development is 
co~nmonl\~ an irldependent mutation; this 
would not be reflected by a loss of h e t e r o ~  
gosity for flaxdung markers. 

The apparent ubiquitous expression of 
h'F1LT mRNA, determined by sensitive 
RNA-PCR techniques, is in contrast to the 
predilection for neural crestderived tissues 
to be predominantly involved in the dlsease. 
T h ~ s  s'ame phenomknon has been obsemed 
for RB ( 7 ) ,  which is expressed in a wide 
variety of tlssues, though tumors are prlmar- 
ily restricted to  ret~nal cells and bone. Pre- 
sumably the site speclficlrv of thc disease 
phenorvpe reflects interactions benl-een the 
,YFlLT gene product and other cellular 
proteins, such that homozygous loss of 
SFlLT function is more Ilkel\, to  result UI 

tumor development in neural crest tissues 
than In other environments This wide- 
spread expression of .TFlLT potenually ex- 
pla~ns the modest but signdicant Increase in 
risk of other tumors, such as leukernla, 
rhabdomyosarcoma, and common solid m- 
mors ( 1 ,  33), in NF1 

We have not yet locallzed the 5' end of 
A'FILT, and it 1s conce~vable that hF1LT 
could extend for hundreds of kllobases in 
the 5' d~rec t~on .  Based on the obsena t~on  
that CpG Islands often lie at the 5' ends of 
genes (especially housekeeping genes) ( 3 4 ) ,  
one could look to the next 5' CpG lsland as 
a ~otent ial  site for the promoter of SFlLT 
T h ~ s  island has been pre\ iously cloned in the 
Not I linking clone 17L1 (3.7) (Fig. 1) .  It 
lies approximately 150 kb centromeric to 
the t(1,17) breakpoint and shows strong 
consen ation across specles 

It is reasonable to  conclude that ,VFILT 
represents the ZF1 gene and that the pheno- 
tvpe of the d~sease results solel\ from altered 
expression of this gene product HOT\ el er, lt 
is still possible that the nvo p r o  ~ouslv iden- 
tlfied genes EVI2 and .TI-1-12, or anv other 
genes embedded In the reglon spanned by 
."iFlLT, could plav a role in NF1. There are 
verv few prevlous examples of funct~onal 
genes embedded withul introns m h~gher  
eukanlotes. Genes transcribed from oppo- 
site strands of the sane  region in manunals 

Fig. 6. Partial nucleotide sequence of .\'t;lLT 
cDNA kvith deduced anlino acid sequence. IINA 
sequence was obtained by double-stranded plas- 
mid sequencing of 1'5 and B3A in Bluescript 
using the Sanger dideoxy method Lvith "S as 
outlined in the Sequenase lut (U.S. Biochetnicals. 
version 2.0).  Sequencing Lvas done with T3 and 
T7 primers as Lvell as internal primers designed 
from sequence previously obtained. The nvo sets 
of primers (A, B and C. D )  used in the PCR 
experin~cnts (Fig. 41 arc indicated. Potential N- 
glycosylation sites arc boxed, and three possible 
nuclear localization signals (46) are underlined. 

(36) olerlap at the 5' or 3' ends and 
occas~onalh share some exon sequence 
These pairs of gencs general11 seem unrelat- 
ed, although the\ nlaI share repilaton 
mechanisms A gene of unkrloirn function 
has been iiescrlbed nhlch 1s embedded in 
intron 22 of the hunlal Eactor \'I11 gene, 
on the antlscnsc strand (3- )  Orig~nallv 

found b!. its association n i th  ,I CpG island, 
this embedded genc has its entire 1.8-kb 
transcribed sequerlce contained in one exon, 
but its expression docs not seem to be 
correlated with that of Factor YIII. The 
clearcst prcvious esanplcs of embedded 
genes occur in L)r.clzojiililn (38,  9 ) .  These 
examples raise the poss ib i l i~  that antisense 

1 ACAGAACTAGCTCAAAGATTTGCATTCCAATATAATCCATCCCTGCAACCAAGAGCTCTTGTTGTCTTTGGG 
T E L A Q R F A F Q Y ~ P S L Q P R A L V V F G  

73 TGTATTAGCAAACGAGTGTCTCATGGGCACATAAAGCAGATAATCCGTATTCTTAGCAAGGCACTTGAGAGT 
C I S K R V S H G Q I K Q I I R I L S K A L E S  

145 T G C T T A A A A G G A C C T G A C A C T T A C A A C A G T C A A G T T C T C A A T T A  
C L K G P D T Y N S Q V L I E A T V I A L T K L  

217 CAGCCACTTCTTAATAAGGACTCGCCTCTGCACAAAGCCCTCTTTTGGGTAGCTGTGGCTGTGCTGCAGCTT 
Q P L L N K D S P L H K A L F U V A V A V L Q L  

289 GATGAGGTCAACTTGTATTCACCAGGTACCGCACTTCTTGAACAAAACCTGCATACTTTAGATAGTCTCCGT 
D E V N L Y S A G T A L L E Q N L H T L D S L R  

361 ATATTCAATGACAAGAGTCCAGAGCAAGTATTTATGCCAATCCGGAATCCTCTGGAGTGGCACTGCAAGCAA 
I F N D K S P E E V F M A I R N P L E W H C K Q  

433 ATGGATCATTTTGTTGGACTCAATTTCAACTCTAACTTTAACTTTGCATTGGTTGGACACCTTTTAAAAGGG 
M D H F V G L N F N S N F N F A L V G H L L K G  

505 TACAGGCATCCTTCACCTGCTATTGTTGCAAGAACAGTCAGAATTTTACATACACTACTAACTCTGGTTAAC 
Y R H P S P A I V A R T V R I L H T L L T L V N  

577 AAACACAGAAATTGTGACAAATTTGAAGTGAATACACAGAGCGTGGCCTACTTAGCAGCTTTACTTACAGTG 
K H R N C D K F E V N T Q S V A Y L A A L L T V  

649 TCTGAAGAAGTTCGAAGTCGCTGCAGCCTAAAACATAGAAAGTCACTTCTTCTTACTGATATTTCAATGGAA 
S E E V R S R C S L K H R K S L L L T D I S M E  

721 AATGTTCCTATGGATACATATCCCATTCATCATCCTGACCCTTCCTATAGGACACTAAAGGAGACTCAGCCA 
N V P M D T Y P I H H G D P S Y R T L K E T P P  

793 TGGTCCTCTCCCAAAGGTTCTGAAGGATACCTTGCAGCCACCTATCCAACTGTCGGCCAGACCAGTCCCCGA 
U S S P K G S E G Y L A A T Y P T V G Q T S ~  

865 GCCAGGAAATCCATGAGCCTGCACATGGGCCAACCTTCTCAGGCCAACACTAAGAAGTTGCTTGGAACAAGG 
A R K S M S L D M G Q P S Q A N T K K L L C T R  

937 AAAAGTTTTGATCACTTGATATCASACACAAAGGCTCCTAAAAGGCAAGAAATGGAATCAGGGATCACAACA 
K S F D H L I S D T K A P K R Q E M E S G I T T  

1009 CCCCCCAAAATGAGGAGAGTAGCAGAAACTGATTATGAAATGGAAACTCAGAGGATTTCCTCATCACAACAG 
P P K M R R V A E T D Y E M E T Q R I S S S Q Q  

1081 CACCCACATTTACGTAAAGTTTCAGTGTCTGAATCAAATGTTCTCTTGGATGAAGAAGTACTTACTGATCCG 
H P H L R K V S V S E S N V L L D E E V L T D P  

A 
1153 AAGATCCAGGCGCTGCTTCTTACTCTTCTACCTACACTCCTAAAATATACCACAGATGAGTTTGATCAACGA 

K I Q A L L L T V L A T L V K Y T T D E F D Q R  
___) 

1225 ATTCTTTATGAATACTTAGCAGAGGCCAGTCTTGTGTTTCCCAAAGTCTTTCCTGTTGTGCATAATTTGTTG 
I L Y E Y L A E A S V V F P K V F P V V H N L L  

1297 GACTCTAAGATCAACACCCTGTTATCATTGTGCCAAGATCCAAATTTGTTAAATCCAATCCATGGAATTGTG 
D S K I N T L L S L C Q D P N L L N P I H G I V  

1369 C A G A G T G T G G T G T A C C A T G A A G A A T C C C C A C C A C A A T A C C A A A C A T C T T A C C T G C A A A G T T T T G G T T T T A A ~  
Q S V V Y H E E S P P Q Y Q T S Y L Q S F G F N  

0 

1441 GGCTTGTGGCGGTTTGCAGGACEGTTTTCAAAGCAAACACAAATTCCAGACTATGCTGAGCTTATTGTTAAG 
G L U R F A G P F S K Q T Q I P D Y A E L I V K  

1513 TTTCTTGATGCCTTGATTGACACGTACCTGCCTGGAATTGATGAAGAAACCAGTGAAGAATCCCTCCTGACT 
F L D A L I D T Y L P G I D E E T S E E S L L T  

P 

1657 ATGACCTCACTTGCAACTTCCCAGCATTCCCCACCAATCGACAAGGAGAACGTTGAACTCTCCCCTACCACT 
M T S L A T S Q H S P G I D K E N V E L S P T T  

1729 GGCCACTGTAACAGTGGACGAACTCGCCACGGATCCCCAAGCCAAGTGCAGAAGCAAAGAAGCGCTGGCAGT 
G H C N S G R T R H G S A S Q V Q K Q R S A G S  

1801 TTCAAACGTAATAGCATTAAGAAGATCGTGT$AAGCTTGCTTGCTTTCTTTTTTAAAATCAACTTAACATGG 
F K R N S I K K I V  n 



lei 

5 

Fig. 7. Schematic exon map of SF1LT. The S k 1  
region is represented, shokving the locations of 
translocation breakpoints and genes EL.12 and 
NFI-c2. Exons of .'L'FlLT (not  to scale) arc 
represented by the black boxes belo~v the solid 
line; the lines connecting these indicate splicing 
events. Since P5 hybridizes t o  seven genomic Eco 
RI fragments (Fig. 2 )  and contains a single Eco 
Rl site, it includes at least six exons. The dashed 
h e s  and question mark indicate that the precise 
location of h r ther  5 '  exon sequences is ~ u ~ k n o w n ,  
but it is likely that at least some cxons are 
centromeric to the t i  1; 17) brekpoint. The 0.5- 
kb insertion in the nc\v mutation N F  1 patient is 
located lvithin the hatched region. 

RNA may regulate the expression of com- 
plex loci, a phenomenon that is \veil docu- 
mented in prokaryotes (40). In the case of 
i'iF1L T,  one can envision steric hindrance in 
simultaneous transcription of ,YF1 L T and 
the other nvo genes, or alternatively, dou- 
ble-stranded RNA could form by E VI2 or 
l\F1-c2 RNA binding to the unprocessed 
IZ'FILT transcript, resulting in degradation 
of the duplex. Thus homozygous loss of 
NF1 L T expression might lead to increased 
expression of ~18'12 and .'iF1-cZ, and these 
gene products might ultimatclv be recponcl- 
ble for some of the NF1 phenotvpic fea- 
tures A simpler mechanism \\hereby 
IZ'FILT alterations alone lead to the NF1 
phenon~pe is, ho\\ elrer, probablv more likelv 
(13, 17, 18) 
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