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Refined Localisation of the Genes for 
Nebulin and Titin on Chromosome 2q 
Allows the Assignment of Nebulin as a 
Candidate Gene for Autosomal 
Recessive Nemaline Myopathy 

.................................................................................................. 
Abstract 
A locus for autosomal recessive nemaline myopathy (NEM2) has been 
assigned by linkage analysis to a 13-cM region between the markers D2S150 
and D2Sl42 on 2q21.2-q22. The genes for the giant muscle proteins nebulin 
and titin have previously been assigned by FISH to 2q24.l-q24.2 and 2q3l, 
respectively. By using radiation hybrid mapping, we have reassigned the nebu
lin gene close to the microsatellite marker D2S2236 on 2q22 and the titin gene 
to the vicinity of the markers D2S384 and D2S364 on 2q24.3. The genomic 
orientation of the nebulin gene was determined as 5'-3' and of TTN as 3'-5' 
from the centromere. We conclude that the nebulin gene resides within the 
candidate region for NEM2 on the long arm of chromosome 2, while the titin 
gene is located outside this region. 

The nemaline myopathies are muscle disorders charac
terised by muscle weakness and hypotonia, and histologi
cally by the presence in the muscle fibres of threadlike 
nemaline bodies composed mainly of a-actinin and actin 
[1]. The mode of inheritance is either autosomal recessive 
or autosomal dominant. An autosomal dominant form of 
nemaline myopathy is caused by a mutation in the a
tropomyosin gene TPM3 residing on chromosome 1 [2]. 
An autosomal recessive form of nemaline myopathy 
(NEM2) has been assigned by genetic linkage analysis to a 
13-cM region between the markers D2Sl50 and D2Sl42 
on 2q21.2-q22 [3]. 

Whole-genome radiation hybrid (RH) panels, con
structed by the fusion of irradiated diploid human fibro
blasts and recipient hamster cells, are efficient tools for 
gene mapping. Each independent RH clone retains be
tween 15 and 20% of the human genome, as rearranged 
chromosomes of human origin and as human chromo
some fragments integrated into hamster chromosomes 
[4]. This stable retention of random fragments of human 
chromosomes in the absence of selection provides the 
basis for RH mapping [5]. 

RH mapping has proven to be useful for determining 
both the order of genetic loci and distances between them. 
The results obtained by RH mapping and other mapping 
methods, i.e. FISH and pulse-field gel electrophoresis, 
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have been found to be in good agreement with each oth
er [6]. 

The genes for the giant muscle proteins nebulin and 
titin have previously been assigned by FISH to chromo
somes 2q24.1-q24.2 and 2q31, respectively [7]. In appar
ent conflict with this, recent RH data place the titin gene 
in a 7-cM region between markers D2S382 and D2S335 
on 2q23 [8]. 

We have used two different RH panels to refine the 
localisation of the genes for nebulin and titin in order to 
include or exclude them as candidate genes for NEM2. 
EVX2, a homeobox gene related to the Drosophila-even
skipped gene, was included in the study since it has been 
localised near the titin gene on 2q31 [7]. 

Materials and Methods 

RHPanels 
The Whitehead Institute Genebridge4 [8] and the Stanford Hu

man Genome Center G3 [5] RH panels were used in the study. Both 
panels were purchased from Research Genetics (Huntsville, Ala., 
USA). The Genebridge4 RH panel consists of93 hybrids constructed 
by irradiating human fibroblasts with 3,000 rad [8]. The Stanford G3 
RH panel consists of 83 hybrids, and the x-ray dose used in the con
struction of the panel was higher, i.e. 8,000-10,000 rad, making it 
useful for determining the order of more closely located markers [5]. 
The map positions of sequence-tagged sites (STS) screened in RH 
panels are expressed in centirays (cR); 1 CR3,OOO corresponds to a 1 % 
frequency of breakage between two markers after exposure to 3,000 
rad of x-rays [4]. For chromosome 2, 1 cR3,ooo corresponds to a physi
cal distance of approximately 225 kb [8]. 

DNA Primers 
For nebulin, three primer pairs were used to localise the nebulin 

gene; one primer pair (NEB3'UTR) amplified a 339-bp fragment from 
the 3' untranslated region ofnebulin (bp 20,461-20,800, EMBL data 
library AC X83957). The second primer pair (NEB-AC) was derived 
from an intron, which was identified during the search for potential 
polymorphic markers. This intron sequence contains a non-polymor
phic (AC)14 repeat and is located within the central differentially 
spliced region of the nebulin gene. The third primer pair (NEBS') 
amplified a 154-bp sequence from within the first 500 bp ofthe nebu
lin 5' coding region. For titin, also we used two primer pairs to localise 
the gene; one primer pair (TTN3', WI-9271) amplified a 114-bp frag
ment from the 3' untranslated region oftitin (bp 14,569-14,683, gene
bank AC X69490). The second primer pair (TTNS') is from an intron 
located near the 5' end of the titin gene. Information on the nebulin 
and titin primer pairs and the PCR conditions used is available un
der http://www.embl-heidelberg.de/ExternaiInfo/Titin/. The EVX2 
primers EVX2F1:S'-GTATCAATTCCAGTGCATGCCTG-3' and 
EVX2R1:5'-CGTGTTCCCAGCTCGTGTCC-3' were chosen from 
the sequence for the EVX2 intron (Genbank M59983) since the intron 
was stated to be smaller in mouse than human [9], providing the likeli
hood of differentiating the human gene on rodent backgrounds. Fif
teen known microsatellite markers [10] spanning a 67-cM region on 
chromosome 2q22-q33 were included in the study. 
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PCRAnalysis 
Standard PCR procedures were applied for the determination of 

the presence or absence of the selected chromosome 2 markers in the 
RH panels. The annealing temperature was 55°C for all markers 
except D2S364 (54°C), GCT16H02 (56°C), WI-2531 (56°C), NEB
AC (56°C), NEB3'UTR (58°C) and TTNS' (58°C). The PCR reac
tions were performed using DynaZyme™ DNA polymerase (Finn
zymes Oy, Espoo, Finland) for amplification in a reaction volume of 
10 III including 25 or 50 ng RH DNA. PCR amplification of the 
EVX2 STS was performed using 5 units Amplitaq (Perkin-Elmer), 
using the supplied buffer for 40 cycles at 60 ° C annealing tempera
ture. Each RH was scored for the presence or absence ofthe markers 
by visual assessment ofPCR-amplified DNA in ethidium-bromide
stained agarose gels. The TTN3' PCR products were analysed in sil
ver-stained polyacrylamide gels in order to distinguish the human 
products from the hamster background. Each marker was assessed at 
least twice in the RH panels. 

Analysis of RH Data 
The screening results for the Genebridge4 panel were analysed 

using the automated mapping service at the Whitehead Institute/ 
MIT Center for Genome Research RH server at the web site http:/ 
/www-genome.wi.mit.edul. As recommended in the instructions, the 
lod score for linkage to the framework map was selected as 15. The 
mapping results are based on the screened STS positioned on the RH 
framework maps and give estimates in cR of the distance from the 
closest framework marker to the marker under study. Similarly, the 
results from the Stanford G3 panel were analysed on the RH server at 
the Stanford Human Genome Center at the web site http://www
shgc.stanford.edul. As the mapping services did not give assignments 
for all markers under study, a stepwise ordering of the markers based 
on the observed RH positivity pattern was also done. 

Results 

The Whitehead Insitute RH automated mapping ser
vice gave map positions for 14 of the 21 STS screened in 
the Genebridge4 RH panel (table 1, fig. 1). The map posi
tions of the markers are expressed as cR from the top of 
the chromosome 2 linkage group. The automated map
ping service gave an assignment for NEBS' and 
NEB3'UTR, but not for NEB-AC on the basis of our 
screening data. NEBS' was localised 795 cR from the top 
of the chromosome 2 linkage group. NEB3'UTR was 
localised 0 cR from the Whitehead framework marker 
WI-4798, i.e. 796 cR from the top of the chromosome 2 
linkage group. We obtained the same localisation (796 cR) 
for the micro satellite marker D2S2236 (table 1, fig. 1), 
placing nebulin very close to this marker. According to 
these results, the genomic orientation of the nebulin gene 
is centromere-S'-3'-telomere. The closest micro satellite 
marker on the distal side of nebulin is D2S356, which was 
localised 810 cR from the top of chromosome 2 (table 1, 
fig. 1). The order of the markers for which the auto-
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Table 1. RH mapping results in the 
Genebridge4 panel Chr2 

cR:;,ooo eM 

D2S381 ND 173 
D2Sl5l 784(7871) 173 
GCTl6H02, NEBS'795ND 795 ND 
D2S2236 796 176 
NEB3'UTR 796 ND 
NEB-AC ND ND 
WI-2531 ND ND 
D2S356 810 (7941) 175 
D2S321 ND 179 
D2S141 ND 183 
D2S335 ND 198 
TTN3' 892 ND 
D2S384 894 208 
EVX2 897 ND 
TTNS' 899 ND 
D2S364 910 209 
D2S350 913 210 
D2S118 947 (945 1) 213 
D2S322 ND 227 
D2S301 1027 240 

Distances are given in cR and cM from 
the top of the chromosome 2 linkage group. 
ND = No data. 
1 Whitehead Institute RH data. 
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Fig. 1. Graphic presentation of the RH mapping results in the Genebridge4 panel, show
ing the localisation of the nebulin gene (NEBS', NEB-AC and NEB3'UTR) within the candi
date region for NEM2 on 2q2l.2-q22. Distances in cR and cM from the top of the chromo
some 2 linkage group. 

mated mapping service was unable to give a localisation 
was deduced from the RH positivity pattern and is shown 
in table 2. 

For titin, the TTN3' marker was placed 892 cR and the 
TTN5' marker 899 cR from the top of the chromosome 2 
linkage group. According to these results, the genomic 
orientation of the titin gene is centromere-3'-5'-telomere. 
The closest microsatellite markers, D2S384 and D2S364, 
were placed 894 and 910 cR from the top ofthe chromo
some 2 linkage group, respectively. The localisation for 
EVX2 was 897 cR from the top of chromosome 2 in the 
Genebridge4 panel (table 1, fig. 1) and close to D2S2314 
(between the markers D2S335 and D2S300) in the Stan
ford G3 panel (table 3). 

The results from the Stanford G3 RH panel are shown 
in table 3. Thirty-six of the 83 RH were positive for at 
least one of the markers tested. On the basis of these 

Radiation Hybrid Mapping of Nebulin and 
Titin 

results it is possible to deduce the order of the markers 
and the localisation of the nebulin gene, which indeed 
appears to be between the markers D2S2236 and 
D2S356. The Stanford automated mapping service was 
able to localise the markers D2S132, D2S381, D2S151, 
D2S298, D2S2277 and EVX2 on the basis of our screen
ing results. The order ofthe markers is shown in table 3. 

Discussion 

Nebulin is a filamentous protein expressed exclusively 
in vertebrate striated muscle. The full-length eDNA is 
20.8 kb and predicts a molecular weight of about 800 kD 
for the protein. The upper limit for the size of the genomic 
region comprising the nebulin gene has been assessed as 
400 kb [11]. Nebulin is mainly composed of small repeats, 
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Table 2. RH mapping data for nine markers, including two STS for nebulin (NEB'UTR and NEB-AC), screened in the Genebridge4 RH 
panel 

RHNo. 028381 028151 GCTl6H02 NEB5' 02S223() NEJil..AC· WI .. 2531NEB3'VTR D28356 D28321 028141 028335 

1 + + + + + + + + + + 
3 + + + 
7 NO NO + + NO + + NO NO NO NO 

12 NO NO + + NO + + + NO NO NO NO 
15 + + + + + + + + + + 
17 + + + + + + + + + + 
18 + + + + + + + + + 
22 NO + + + + + + 
23 + + + + + + + + + 
25 + + + + + + + + + + + 
26 + + + + + + + + 
37 + + + + + + + 
39 + + + + + + + + + + + 
42 + + + + + 
45 + + + + + + + 
51 + + + 
65 + + + + + 
67 + + + + + + + 
68 + + + + + + + + 
69 + + + + + + + + + + + 
81 + + + + + + + + + + 
86 + + + + + + + + + 
88 + + + + + + + + + 
91 + + + + + + + + 
93 + + + + + + + + 

Only hybrids positive for NEBS', NEB3'UTR or NEB-AC are shown. 
NO=Nodata. 

about 35 amino acids long, which interact with actin. Sev
en small repeats are assembled to form a super-repeat 
[12]. The correlation of its size with thin filament lengths 
in vertebrates suggests that nebulin may function as a 
molecular ruler to determine thin filament length. Fur
thermore, it has been proposed that different types of 
nebulin molecular rulers are expressed in the different 
types of skeletal muscles by differential splicing [11]. 

The other giant muscle protein, titin, has a cDNA of 82 
kb and a predicted molecular weight of 2,993 kD. Ninety 
percent of the mass is contained in a repetitive structure 
composed of 244 copies of 100-residue repeats. The titin 
gene appears to span about 300 kb of genomic DNA. Sim
ilarly to nebulin, variable-length versions of titin are 
expressed as the result of differential splicing. Since both 
nebulin and titin are present in thin filaments, correct 
assembly of the I-band seems to require co-ordinated 
splicing of the titin and nebulin precursor mRNA [13]. 
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Our results refine the localisation of the genes for nebu
lin and titin on the long arm of chromosome 2. The nebu
lin gene is located in the vicinity of the micro satellite 
marker D2S2236 in a 5' to 3' orientation from the cen
tromere. The marker D2S356 is located 14cR distal of 
D2S2236. The ratio between physical and breakage dis
tance has been reported as 225 kb/cR3,ooo for chromosome 
2 [8]. Accordingly, the 14-cR region between the markers 
D2S2236 and D2S356 would correspond to 3,150 kb. The 
markers D2S2236 and D2S356 can be tentatively as
signed to 2q22 [14]. 

Titin is located in the vicinity of the microsatellite 
markers D2S384 and D2S364, in a 3'-5' orientation from 
the centromere. The markers D2S384 and D2S364 can be 
tentatively assigned to 2q24.3 [14]. Our RH map localisa
tion oftitin is not in complete agreement with that ofGya
pay et al. [8] (titin between markers D2S382 and 
D2S335), as D2S384 and D2S364 are situated distal to 
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Table 3. Mapping data for 18 markers, including NEB3'UTR, NEB-AC and TTNS', screened in the Stanford G3 RH panel. Results for 37 
of 83 hybrids positive for at least one marker shown 

2 + + 
4 
8 + 

11 + 
12 
13 
14 
16 + + + + + + + 
17 + + + 
20 + + + + + + 
21 + + 
24 + 
25 + 
28 + + + + + + + 
31 
33 
36 + + + 
39 
40 + 
41 + + 
44 + + 
49 + + 
51 + + 
52 + + + + + 
54 + 
59 + + 
61 
64 + + + + + ND 
65 + 
66 + + + 
69 + 
70 + 
72 
74 + + + + 
77 + + + + + + + 
78 
80 + + 

ND=Nodata. 

the region limited by 02S382 and 02S335 on the genetic 
linkage map. Furthermore, our RH data indicate that 
02S384 and 02S364 are located distal of02S335. On the 
other hand, the human gene map launched by Science in 
October 1996 [available at http://ncbi.nlm.nih.gov/ 
Science96/] contains five different titin expressed STS 
located close to the marker 02S324 (at 887 cR from the 
top of the chromosome 2 linkage group), which is in agree
ment with our results. 

The EVX2 STS was placed between 02S384 and 
02S364 in the Genebridge4 panel, 2 cR from TTN5'. A 
slightly different localisation was obtained in the Stanford 
G3 panel, where EVX2 was placed near 02S2314, which 

Radiation Hybrid Mapping ofNebulin and 
Titin 
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+ + 
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+ ND + 
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+ 
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+ + ND + + 

+ + + + 

+ 
+ 

+ + + + 
+ + + + + 

+ 
ND 

is 1 cM centromeric of02S300. According to O'Esposito 
et al. [9], EVX2 is located a few kilobase pairs upstream of 
the HOXO locus, which is centromeric to titin. On the 
human gene map [http://ncbi.nlm.nih.gov/Science96/], 
one of the HOXO genes is placed between the markers 
02S335 and 02S385, i.e. in the same region as our local
isation for EVX2. 

Although our localisation of nebulin, titin and EVX2 
appears more proximal than the FISH results of Rossi et 
al. [7], our data on the distance between the nebulin gene, 
EVX2 and the titin gene and the order of them seem to be 
in good agreement with their results. 
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Three of the markers we used (D2S151, D2S356, 
D2S 118) have been localised previously by RH mapping 
and are included on the RH map available from the 
Whitehead Institute [http://www-genome.wi.mit.edul]. 
Our results are in good agreement with the Whitehead 
data, except for the marker D2S356, for which a 16-cR 
(3.6 Mb) difference in mapping position was obtained. 
Our localisation of D2S356 is, however, based on a link
age odds ratio of 1,000:1, whereas D2S356 is positioned 
on the RH map with an odds ratio of less than 10: 1. The 
results obtained in the G3 RH panel also support a locali
sation of D2S356 between the markers D2S2236 and 
D2S321 (table 3). D2S356 is placed between the markers 
D2S2277 and D2S2275 on the Genethon genetic linkage 
map [available at http://www.genethonJr/]. The results 
regarding the localisation of the microsatellite markers in 
the Genebridge4 and the G 3 RH panels, with the excep
tion of D2S356, are in good agreement with the genetic 
linkage map (table 1). 

mosome 2q22 and the titin gene in the vicinity of the 
markers D2S384 and D2S364 on 2q24.3. Thus, the nebu
lin gene resides within the candidate region for NEM2, 
while the titin gene seems to be located outside this 
region. Therefore, we have initiated a search for muta
tions in the nebulin gene of affected persons. Identifica
tion of the faulty gene may provide insights into the 
molecular nature of rod formation and the cause of mus
cle weakness in nemaline myopathy. 
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By using RH mapping, we have assigned the nebulin 
gene close to the microsatellite marker D2S2236 on chro-
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