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We present the Human Muscle Gene Map (HMGM), the first comprehensive and updated high-resolution
expression map of human skeletal muscle. The 1078 entries of the map were obtained by merging data retrieved
from UniGene with the RH mapping information on 46 novel muscle transcripts, which showed no similarity to
any known sequence. In the map, distances are expressed in megabase pairs. About one-quarter of the map
entries represents putative novel genes. Genes known to be specifically expressed in muscle account for <4% of
the total. The genomic distribution of the map entries confirmed the previous finding that muscle genes are
selectively concentrated in chromosomes 17, 19, and X. Five chromosomal regions are suspected to have a
significant excess of muscle genes. Present data support the hypothesis that the biochemical and functional
properties of differentiated muscle cells may result from the transcription of a very limited number of
muscle-specific genes along with the activity of a large number of genes, shared with other tissues, but showing
different levels of expression in muscle.

[The sequence data described in this paper have been submitted to the EMBL data library under accession nos.
F23198–F23242.]

In the last few years the identification of ESTs has
resulted in an unprecedented development of hu-
man molecular genetics. However, little attention
has so far been paid to the building of single-tissue
expression maps, if we exclude a few tissue-specific
ESTs databases: LENS (Linking ESTs and their asso-
ciated Name Space, http://agave.humgen.u-
penn.edu/lens), Human Gene Index at TIGR (http://
www.tigr.org/tdb/hgi/searching/hgi xpress-
search.html), BodyMap (http://www.imcb.osaka-

u.ac.jp/bodymap/welcome.html), and sporadic
attempts to construct low-resolution genomic maps
(Polymeropoulos et al. 1993; Hwang et al. 1997) or
transcript maps of individual chromosomal regions
(Callen et al. 1995; Yaspo et al. 1995; Jensen et al.
1997).

Tissue-specific genomic transcript maps are
needed, because they might reveal the existence of
chromosomal regions characterized by specific tran-
scriptional activity, thus shedding light on the rules

governing tissue differentiation. In addition, these
maps may provide powerful tools for a variety of
studies, ranging from the ‘‘cyberscreening’’ of cDNA
libraries to the positional cloning of disease-genes.
In particular, 44 inherited disorders of skeletal
muscle might benefit from this new approach, be-
cause their map position has been defined, but the
corresponding DNA sequence is still unknown.

We recently produced a preliminary transcript
map of human skeletal muscle, based on 509 differ-
ent transcripts from a cDNA library produced in our
laboratory, showing that some chromosomes might
be richer in muscle genes than expected (Pallavicini
et al. 1997).

With the present work we have built a second-
generation, high-resolution expression map, by in-
tegration of data from UniGene (Boguski and Sch-
uler 1995) with additional data recently obtained
from our skeletal muscle cDNA library. This map,
anchored on the framework of markers provided by
the Location Data Base (LDB) (Collins et al. 1996),
should enable the investigation of the possible non-
random chromosomal and subchromosomal distri-
bution of genes expressed in skeletal muscle.

3Corresponding author.
E-MAIL danieli@civ.bio.unipd.it; FAX 39 49 8276209.
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RESULTS

Among the adult muscle libraries available in Uni-
Gene, we selected the three most abundant in se-
quences (no. 500, no. 272, and no. 24). Fetal muscle
and rhabdomyosarcoma libraries were excluded
from this study. The library referred to as no. 500 in
UniGene corresponds to a part of a larger skeletal
muscle cDNA library available in our laboratory.
The entries of this local library reported in UniGene
can be found in the EMBL database under the acro-
nym HSPD (Human Sequence of Padua Database).
The database including all the sequences produced
in our laboratory is accessible on-line at the Web
site GRUP (http://eos.bio.unipd.it).

The total number of nonredundant individual
transcripts obtained from libraries no. 500, no. 272,
and no. 24 was 1778. Among them, 1032 showed a
precise, unique map localization (58% of the total).
Three hundred and fifty-one transcripts were ob-
tained from library no. 500, accounting for 34% of
the mapped entries.

Forty-six additional transcripts showing no
match with any of the known sequences were re-
cently obtained from our human skeletal muscle
cDNA library. They were mapped by the radiation
hybrid (RH) method. Table 1 reports the list of the
corresponding ESTs, along with their relative PCR
primers and their resulting map positions. The map-
ping information on ESTs corresponding to these
novel transcripts was then added to the mapping
data of the 1032 retrieved UniGene clusters, giving
rise to a final set of 1078 map entries.

From this new data set, we produced a tran-
script map of the human skeletal muscle tissue,
named HMGM (Human Muscle Gene Map). Each
gene was assigned to its chromosomal location ac-
cording to the available map information on the
two closest DNA markers, obtained from the LDB.
The localization was defined in megabase distance
units from the short-arm telomere of each chromo-
some. The confidence limits of each localization,
corresponding to half of the average length of the
mapping intervals for the entire series of entries, are
2.5 Mb.

The HMGM is available on-line (http://bio.
unipd.it/∼telethon). An example of this map is
shown in Figure 1.

At the present time, the HMGM set includes 592
known human genes and 486 ESTs, including the
46 novel HSPDs that show no similarity to any
known sequence; in total, 298 ESTSs (27.6% of the
entire set) correspond to putative novel genes.

Less than 3% of the 1778 muscle transcripts

considered in this study appear to be expressed ex-
clusively in this tissue, because all the sequences
included in the corresponding UniGene clusters
were obtained exclusively from human skeletal
muscle cDNA libraries. Only four of them showed a
precise map localization (Hs.101337: uncoupling
protein 3 mitochondrial, 11q14; Hs.85358: protein
phosphatase 1, regulatory inhibitor, subunit 3,
7q31.31; Hs.89739: cholinergic receptor, nicotinic b

polypeptide 1, 17p11.2; Hs.66735: ectodermal dys-
plasia protein, Xq13).

In addition, the 46 HSPD novel transcripts
should be considered putative muscle-specific
genes, as they were found only in the skeletal
muscle cDNA library obtained in our laboratory.
Therefore, in total, HMGM contains 50 putative
muscle-specific genes. This number is possibly over-
estimated, because in the future some transcripts
might be detected in other tissues.

Table 2 reports the distribution of transcripts by
chromosome in the HMGM data set and the pro-
portion of known genes and putative novel genes
per chromosome.

Table 3 reports the distribution by chromosome
of genes expressed in muscle reported in the HMGM
data set. The distribution is compared with the ex-
pectation according to the Human Gene Map data-
base. In the same table, the distribution of genes by
chromosome is reported for the three skeletal
muscle libraries (no. 500, no. 272, and no. 24) con-
sidered in the present study.

The observed genomic distribution in the
HMGM data set significantly deviates from the ex-
pectations (x2 = 49.0, df = 22, P = 0.0008). Also the
distributions in library no. 500 and in library no.
272 show significant deviations (x2 = 56.3, df = 22,
P = 0.0001 and x2 = 47.7, df = 22, P = 0.0012, respec-
tively). The deviation is also significant for specific
chromosomes that appear to contain a higher than
expected number of muscle genes. In particular,
chromosome 17 consistently shows an excess of
genes in all the skeletal muscle libraries considered
by this study and in the HMGM data set, which
corresponds to the nonredundant pool of the three
libraries. In Table 3, data from library no. 245 (adult
human pregnant uterus) and no. 241 (human
heart), obtained from UniGene, are reported for
comparison. A significant deviation from the ex-
pected distribution is only observed for chromo-
some 17 in library no. 245 (x2 = 9.7, df = 1,
P = 0.0018), whereas the overall distributions are
not significantly different from the expectation.

An attempt was made to analyze the subchro-
mosomal distribution of mapped ESTs. In this case,
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the expected distribution by the cytogenetic band
of the 1078 muscle genes was calculated. The map
location of each band boundary was obtained from
the LDB. In total, 290 bands were considered (data
not shown), but the analysis was restricted to the
ones in which the presence of five or more genes
was expected. Five bands (1.7% of the total) showed
a significant excess of genes expressed in muscle:
6p21 (22 observed, 10.5 expected, x2 = 12.6, df = 1,
P = 0.0004), 10q22 (17 observed, 8.4 expected,

x2 = 8.7, df = 1, P = 0.0032),
12q24 (23 observed, 10.8 ex-
pected, x2 = 13.8, df = 1,
P = 0.0002), 14q31 (14 ob-
served, 6.4 expected, x2 = 9.0,
df = 1, P = 0.0027), and 19p13
(20 observed, 11.4 expected,
x2 = 6.5, df = 1, P = 0.0108).

DISCUSSION

The aim of the present work
was the construction of a com-
prehensive and updated map
of human skeletal muscle
genes.

The present version of the
HMGM includes all of the
transcripts from the most
abundant cDNA libraries from
adult skeletal muscle reported
in UniGene, plus 46 newly
mapped transcripts, presum-
ably corresponding to novel
genes, derived from the skel-
etal muscle cDNA library no.
500, produced in our labora-
tory.

The pooling of the differ-
ent libraries was arbitrary, but
it was essential to give the best
possible inventory of the genes
expressed in the selected tis-
sue. Because the UniGene da-
tabase is regularly updated by
the integration of GenBank,
EMBL, and dbEST, the HMGM
data set is likely to be the most
advanced and complete repre-
sentation of the transcrip-
tional activity of skeletal
muscle tissue.

In this data set, 54.9% of
the entries are represented by

already known human genes, 17.4% by ESTs show-
ing similarity with known genes, and 27.6% by ESTs
corresponding to putative new genes.

The genomic distribution of the entries in the
present map confirmed the previous finding of a
selective gene concentration in chromosomes 17,
19, and X (Pallavicini et al. 1997). However, the
overall deviation from the expectation in the
HMGM (1078 mapped entries) appeared less pro-
nounced than in the sample of 509 ESTs reported

Table 1. List of 46 Novel HSPD Transcript

EST
Forward primer

sequence
Reverse primer

sequence

Ampl.
product
length
(bp) Chr.

Mb
from
p-tel

These ESTs were obtained from skeletal muscle cDNA library No. 500 and showed no match
with any DNA sequence so far reported. They are listed together with their forward and
reverse amplification primers, the length of the amplification product (in bp), and their
respective map position (chromosome no. and Mb distance from the top).

HUMAN SKELETAL MUSCLE TRANSCRIPT MAP
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previously (x2 = 49.0 vs. x2 = 140). This difference
may be partially explained by the pooling of differ-

ent libraries (see Table 3). On the other hand, the
discrepancy might also be owing to the fact that the

Figure 1 The HMGM of chromosome 17. The distance from the short-arm telomere, expressed in Mb, is shown
in correspondence of each entry specified by the UniGene catalog number.
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release of UniGene used in the present study did not
include all of the transcripts from library no. 500,
used for building the previous muscle transcript
map.

The Human Gene Map was selected as the ref-
erence database, because it is the most complete col-
lection of genes available so far, accounting in total
for up to 20,000 entries obtained from numerous
libraries and from different tissues. This database is
probably the best possible source for calculating the
expected genomic and chromosomal distribution of
genes. Therefore, the observed relative abundance
of muscle genes in specific chromosomes may really
reflect a chromosomal concentration of genes
strongly expressed in muscle.

Although the HMGM shows the presence of
several regions in which the genes appear to be
densely concentrated, only five bands were found to
be significantly enriched for muscle genes. This may

be owing to the relatively poor ratio between the
total number of genes on the map and the number
of genomic segments considered by the study. Be-
cause of the relatively limited number of available
map entries, we were forced to use a rather large
window. We selected as intervals the cytogenetic
bands, because, in spite of their variability in length
and the relative imprecision in the mapping of their
boundaries, euchromatic and heterochromatic re-
gions have definitely a functional significance.

On the other hand, it is possible that the con-
centration of muscle genes in specific chromosomal
regions might reflect, with a few exceptions, the
overall distribution of genes along the chromo-
somes. If this were the case, the transcriptional pat-
tern of the adult skeletal muscle could not corre-
spond to the selective activity of muscle-specific
gene clusters but rather to a quantitatively different
expression of genes within the chromosomal re-

Table 2. Muscle Gene Distribution by Chromosome in the HMGM Data Set

Chr.

Entries
in

HMGM Genes

ESTs

HSPDs
similar to

new highly moderately weakly total

1 115 54 35 5 3 11 54 7
2 79 41 17 7 3 9 36 2
3 82 46 15 7 3 6 31 5
4 36 20 10 3 2 1 16 0
5 47 20 13 4 1 4 22 5
6 50 25 12 4 1 3 20 5
7 40 22 9 4 0 4 17 1
8 49 25 16 2 1 2 21 3
9 40 19 11 3 3 4 21 0

10 51 25 11 2 5 4 22 4
11 63 42 8 4 2 4 18 3
12 51 33 9 3 0 4 16 2
13 16 9 4 0 0 0 4 3
14 40 22 11 3 1 3 18 0
15 38 19 14 1 0 4 19 0
16 41 25 5 4 0 7 16 0
17 62 36 15 4 2 5 26 0
18 17 12 2 2 0 1 5 0
19 54 35 8 4 2 3 17 2
20 35 16 10 3 3 2 18 1
21 7 5 2 0 0 0 2 0
22 24 16 5 0 1 0 6 2
X 41 25 10 1 1 3 15 1

1078 592 252 70 34 84 440 46

In columns, from left to right: (1) total number of transcripts included in the map; (2) the number of transcripts
corresponding to already known human genes, (3) the number of ESTs corresponding to putative new genes
and (4) to already known genes, with different degrees of similarity; (5) the total number of ESTs per
chromosome, and (6) the number of HSPDs.
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gions available for transcription. Hence, the bio-
chemical and functional properties of differentiated
muscle cells may result from the transcription of a
very limited number of muscle-specific genes plus
the activity of a large number of genes that are also
transcribed in other tissues but at quantitatively dif-
ferent expression levels. Our data show that the pro-
portion of muscle-specific transcripts is very low,
thus apparently supporting this hypothesis.

METHODS

Muscle Libraries

The library, which is reported in UniGene [National Center
for Biotechnology Instruction (NCBI)] as no. 500, was pro-
duced in our laboratory from human female pectoralis major
muscle, as described previously (Lanfranchi et al. 1996). Pres-
ently, this library accounts for 13,192 ESTs that resulted from
the quality control screening (minimum length 50 bp, after
trimming and masking for SINEs, LINEs, mitochondrial ge-
nome, and retroviral sequences). Masking was performed by
PHRED software and by CROSSMATCH (Phil Green and Arian
Smith at NCBI), both integrated in the software ESTRAI, de-
veloped in our laboratory.

The 13,192 sequences were grouped by similarity and
produced 3209 individual transcripts. These were compared
by BLAST 2.5 with EMBL no. 51, UniGene no. 18, and Swiss-
Prot no. 34 to investigate their similarity with any DNA se-
quence reported so far (cut off for similarity P = e120 1 e140

for Swiss-Prot and P = e130 1 e160 for the others). Four hun-
dred and thirty-two transcripts showed no match and corre-
sponded presumably to novel genes.

Among the muscle libraries available in UniGene (Bo-
guski and Schuler 1995), for the present study we selected the
most abundant libraries obtained from adult skeletal muscle
(no. 500, including 2666 sequences; no. 272, including 5609
sequences; and no. 24, including 2835 sequences) to con-
struct the HMGM data set.

RH Mapping—Primer Design

Primers, synthesized by Genset (France), were specifically de-
signed on the original DNA sequence of ESTs representative of
novel transcripts, using the software PRIMER3 (Rozen and
Skaletsky 1996). Primers were generally 18–22 bp long with a
GC content between 40% and 60%. The Tm range was 57–
61°C. In the primers selection, we excluded as target se-
quences regions very close to the poly(A) tract, where signals
of polyadenylation could be present.

Amplification of Radiation Hybrids
and Electrophoresis

The radiation hybrid mapping was performed by the Gene-
Bridge4 whole-genome Radiation Hybrid Panel (Research Ge-
netics) consisting of 93 genomic DNAs from the same number
of human-on-hamster somatic cell lines, plus the two control
DNAs (HFL donor and A23 recipient) (Walter et al. 1994).

Twenty nanograms of genomic DNA were used for am-
plification in 10 µl of PCR buffer [16.6 mM (NH4)2SO4; 67 mM

Tris-HCl (pH 8.3), 0.01% Tween 20, and 1.5 mM MgCl2] con-
taining 800 nM of each of the forward and reverse primers, 0.2
units of DNA polymerase (RTB polymerase; Bioline, Italy), and
25 µM each of the four dNTPs. The mix was overlaid with 5 µl
of mineral oil.

After primer optimization, the reactions were performed
in 96-well plates (93 GeneBridge lines, plus three controls).
The preparation of the reaction mixtures and the delivery of
the DNA samples on the plates were performed using a Beck-
man Biomek 2000 robotic station. The PCR reactions were
performed in a PTC-225 Peltier Thermal Cycler (MJ Research).

Cycling conditions were 75 sec at 94°C, followed by 35
cycles for 15 sec at 94°C, 25 sec at the working annealing
temperature, and 30 sec at 72°C, and a final extension step for
90 sec at 72°C.

The PCR products were mixed with 5 µl of loading buffer
(30% glycerol; 0.25% Orange G; 25 mM EDTA) and separated
on 2.5% horizontal agarose gel in TAE buffer (40 mM Tris-
acetate and 1 mM EDTA) stained with ethidium bromide. The
gel was electrophoresed in the same buffer at 100 V for 1 hr.

Analysis of the Retention Profiles

The retention profiles, deduced from the results of the elec-
trophoretic separations, were submitted to the Whitehead In-
stitute/MIT Center for Genome Research (USA). They were
processed by the program RHMAPPER (Slonim et al. 1998)
and placed in the Whitehead framework of markers.

One centiRay (cR) corresponds to a 1% frequency of
breakage between the involved markers, at a given dose of
radiation, used for the chromosome fragmentation. The Gene-
Bridge panel was obtained with a dosage of 3000 rad, and 1 cR
roughly corresponded to 300 kb (Hudson et al. 1995).

Databases and Data Retrieval

Data on transcripts used in the present work were retrieved
from the UniGene database (release no. 37).

This release contains the information on 673,533 se-
quences, corresponding to all the known genes included in
GenBank no. 106 (May 10, 1998) and to all the ESTs included
in dbEST (release May 17, 1998). In UniGene, sequence data
are automatically processed to cluster the overlapping se-
quences and to produce the so-called ‘‘UniGene clusters.’’
Presently, the database includes 41,944 UniGene clusters,
with a 98.7% coverage of known genes by ESTs.

Each UniGene cluster is identified by an individual entry
and characterized by sequence, expression pattern (the librar-
ies in which the transcript was found), map position, and best
protein hit information.

The UniGene database can be searched by library, by
chromosome, or by keyword.

A dedicated software, named UGS (UniGeneScan), was
specifically designed in our laboratory to collect automati-
cally complete sets of UniGene data and to analyze them by
an independent query engine that uses the Boolean operators
‘‘not’’ and ‘‘or,’’ besides the operator ‘‘and,’’ originally avail-
able in UniGene. In particular, the operator ‘‘or’’ allows the
function ‘‘union without redundancy’’ of different but par-
tially overlapping data sets. We applied this method to the
three libraries considered in this study.

The LDB (Collins et al. 1996) provides a very rich frame-
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work of markers of the human genome and the integration
between genetic and physical maps.

The number of genes by chromosome or by chromo-
somal band, used for the statistical analysis, was obtained
from The Human Gene Map at NCBI. This is still the richest
collection of mapped genes, accounting for 20,036 entries.
The information on the number of genes reported to map in
a given chromosome was obtained by using the option ‘‘select
markers’’ set ‘‘from p-tel to q-tel.’’ Similarly, the information
on gene content per chromosomal band was obtained by
specifying in the same option of Human Gene Map the mark-
ers bordering on the given band, as reported in the LDB.

Map Construction

For each UniGene library, data were collected and matched to
avoid redundancy; the transcripts were then sorted by chro-
mosome, excluding the Y. An index of UniGene entries for
each chromosome was thus generated. Each entry, along with
its identification number, included the information on the
two closest markers. By retrieving from the LDB the position
of each marker, expressed in megabase pairs (Mb) from the
top of the chromosome, we were able to place each UniGene
entry to the center of the interval defined by the two closest
markers.

In a limited number of cases, the UniGene database re-
ported the mapping information as cytogenetic interval.
These entries were included in this study if the interval’s size
was comparable with the average one obtained when the po-
sitions of the two flanking markers were available.

ESTs obtained from library no. 500, corresponding to pu-
tative novel genes and RH-mapped in our laboratory, were
placed in the same linear map, by locating the flanking mark-
ers according to the LDB. The cR distance from the closest
marker was then converted in Mb distance from the chromo-
some telomere.

A text file was prepared for each chromosome, in which
the entries and their map position in Mb were listed.

These text files were used as input for the program
IDX2HTML, developed in our laboratory, to produce the pic-
torial representation of the maps of different chromosomes.
The maps are available on-line at the Web site MUSCLENET
(www.bio.unipd.it/∼telethon).

Statistical Treatment of Data

Data from The Human Gene Map database were used to cal-
culate the expected distribution of genes by chromosome
and, within each chromosome, by chromosomal band.

When analyzing the genomic distribution of genes, the
statistical significance of the deviation of the observed distri-
bution from the expectation was tested by a x2 goodness-of-fit
test, with 22 degrees of freedom and the level of significance
established at 0.002 (i.e., 0.05/23), according to the Bonfer-
roni correction (Simes et al. 1986).

When considering single chromosomes, the statistical
significance of the deviation was tested both by a x2 test (obs/
exp) with 22/23 degrees of freedom and by a x2 test in which
the deviation for that specific chromosome was compared
with the deviation observed for the whole genome (excluding
the chromosome involved), with 1 degree of freedom.

Also in these tests, the level of statistical significance was
established as specified above.

On the other hand, when analyzing the subchromo-
somal distribution of genes, the observed number of ESTs per
cytogenetic band was compared with the expected gene den-
sity in that given band, according to The Human Gene Map
data base. The statistical significance of the deviation from
the expectation was tested by a x2 test with one degree of
freedom. Classes in which the expected number was less than
five were not considered. The threshold of significance was
established at P = 0.01 with one degree of freedom.

Collection of Data from Remote Databases

Data were collected from different databases: dbEST (http://
w w w 3 . n c b i . n l m . n i h . g o v / d b E S T ) ; E M B L ( h t t p : / /
www.ebi .ac .uk/ebi home.html) ; GenBank (http://
www3.ncbi.nlm.nih/Entrez); The Human Gene Map (http://
www.ncbi.nlm.nih.gov/SCIENCE96/); LDB (http://
cedar.genetics.soton.ac.uk/public html); and UniGene
(http://www.ncbi.nlm.nih.gov/UniGene).
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