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Summary

Extraocular muscle exhibits higher-velocity and lower- myosin is not derived from the adult fast skeletal muscle
tension contractions than other vertebrate striated myosins, but was the first member of the fast/
muscles. These distinctive physiological properties are developmental MYH gene cluster to diverge and
associated with the expression of a novel extraocular specialize, (i) that the motor and rod domains of the
myosin heavy chain (MYH). Encoded by the MYH13 gene, MYH13 have evolved under different selective pressures
the extraocular myosin heavy chain is a member of and (iii) that the MYH13 gene has been largely insulated
the fast/developmental MYH gene cluster on human from genomic events that have shaped other members of
chromosome 17 and the syntenic MYH cluster on mouse the fast/developmental cluster. In addition, phylogenetic
chromosome 11. Comparison of cDNA sequences reveals footprinting suggests that regulation of the extraocular
that MYH13 also encodes the atypical MYH identified in  MYH gene is not governed primarily by myogenic factors,
laryngeal muscles, which have similar fast contractile but by a hierarchical network of regulatory factors that
properties. Comparing the MYH13 sequence with the relate its expression to the development of extraocular
other members of the fast/developmental cluster, the muscles.
slow/cardiac MYH genes and two orphan skeletal MYH
genes in the human genome provides insights into the
origins of specialization in striated muscle myosins. Key words: extraocular myosin, MYH13, myosin, phylogeny,
Specifically, these studies indicate (i) that the extraocular exon-intron organization, gene structure.

Introduction

Extraocular muscles (EOMs) are of special interest becausmportantly, they exhibit distinctive physiological properties,
they differ from other skeletal muscles in ontogeny,in particular, superfast contractions (Close and Luff, 1974; Li
innervation and contractile physiology. For these reasons, they al., 2000) that are linked to the expression of a novel
are likely to provide novel insights into the origin of superfast myosin heavy chain.
specialized vertebrate muscles and into the evolution of striated In many ways, the superfast EOM myosin is a molecular
muscle itself. reflection of EOM'’s distinctive ontogenic, structural and

EOMs arise from unsegmented head mesenchyme rathghysiological features. First, its expression is tissue-restricted:
than somites, which give rise to trunk and limb musclesside from extraocular muscle, it is found only in laryngeal
(Noden et al., 1999). They are innervated by cranial, rathenuscles (Briggs and Schachat, 2000; Lucas et al., 1995).
than spinal, motoneurons and are organized into motddecond, in many EOM fibers, it is co-expressed with other
units composed of fibers with different molecular andmyosins (Briggs and Schachat, 2001; Rubinstein and Hoh,
ultrastructural properties (Goldberg and Shall, 1999)2000). And third, its localization to the central end-plate band
Ultrastructural analyses have identified six fiber types imegion where EOM fibers are innervated links its expression
extraocular muscle (Peachey, 1971; Spencer and Portelirectly to innervation (Briggs and Schachat, 2001; Rubinstein
1988), and the majority of EOM fibers are singly-innervatecand Hoh, 2000). Here, the MYH13 gene that encodes this
and phasic, like limb and trunk skeletal muscles, while alistinctive molecular marker is analyzed by genomic mapping,
minority are multiply-innervated and tonic. But, irrespectivesequence-based phylogenetic techniques and phylogenetic
of their innervation, almost all are heterogeneous in myosifootprinting to gain insights into the evolution of diversity and
expression (Jacoby et al., 1990; McLoon et al., 1999specialization in striated muscle myosins and the factors that
Rubinstein and Hoh, 2000) and none corresponds to the Typeobably account for the tissue-restricted expression of
I and Il fibers found in other skeletal muscles. MostMYH13.
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Fig. 1. Physical map and exon organization of the fast/developmental myosin heavy chain genes. (A) The position, oriesiagoof &mel

MYH genes that compose the fast/developmental cluster. (B) The exon organization of each of the MYH genes. The position and exo
organization of the fast/developmental MYH genes are based on analysis of the MYH region of human chromosome 17 usingdaeneQuest
the known cDNA sequences of the rat embryonic MYH gene (Strehler et al., 1986) and the rabbit MYH13 gene (Briggs and280bathat,

define exon boundaries. Only the positions of the coding exons (3—40 for the embryonic and MYH13 gene and 3-41 for thebetlesfmem

the cluster) are presented. The predicted coding sequences exhibited greater than 99 % identity with the cDNA sequenbgs\/¥ejssted

al. (1999b). Regions of homologous organization (exon—intron size and spacing) are indicated by distinctive colors. Tthesle struc
homologies primarily reflect the order of gene duplication, although some, such as the two conserved patteraegichebthe MYH13

gene, are more probably the result of gene conversion events. This is readily evident for the segment from the begimméhtpdhexend of

exon 5, which is identical to the corresponding sequence in the adjacent perinatal MYH gene.

The superfast extraocular myosin heavy chain gene is a The structure of the MYH13 gene implies it has been
member of the fast/developmental MYH gene cluster ‘insulated’ from the other members of the
Cloning of the 3untranslated region of the extraocular fast/developmental cluster

(EO) myosin heavy chain mRNA from rabbit and rat EOM The sequence of a full-length cDNA for the rabbit EOM
enabled us to design primers to amplify theiBtranslated MYH enabled us to identify the superfast myosin gene MYH
region (3-UTR) of the human and mouse EO MYH genesfrom the human genome project sequences and to define its
and localize them to human chromosome 17 on the Stanfoekon organization using GeneQuest (Briggs and Schachat,
G3 radiation hybrid panel and mouse chromosome 11 on tH&©99, 2000; Schachat and Briggs, 1999). The exon boundaries
EUCIB (European Backcross) panel (Winters et al., 1998)of the other members of the fast/developmental MYH cluster
Neighboring sequence-tagged sites more specifically the embryonic, 1A, IIX, IIB and perinatal MYH genes —
localized the human EO MYH gene to 17p13.1 to pl2were similarly identified (Schachat and Briggs, 1999). The
placing it within 4 centimorgans of the fast/developmentafresulting map of the fast/developmental MYH cluster is
MYH gene cluster identified by Yoon et al. (1992), andpresented in Fig. 1. These maps reveal that the MYH13 gene
further screening showed that the EO MYH gene resides adiffers significantly from its neighbors in two ways. First, it
YAC B120C11, which contains other members of thespans almost 64 kb, more than twice the length of any other
fast/developmental cluster. These chromosomal analysesember of the cluster (Fig. 1A); and second, with the
led to the designation of the human and mouse EO MYHxception of two short'Fegions, MYH13 lacks the internal
genes as MYH13 and myh13, respectively (Winters et alsimilarities in exon organization evident in other members of
1998). the cluster (Fig. 1B).
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Table 1.The phase (reading frame) and length of the coding exons of the fast/developmental MYH genes

Exon length
Coding
exon Phase Embryonic 1A 11X IIB Perinatal MYH13
3 (0,0) 204 183 204 204 210 204
4 (0,0) 144 144 144 144 144 144
5 (0,1) 157 157 157 157 157 157
6 1,2) 28 28 28 28 28 28
7 (2,0) 109 115 115 115 109 112
8 (0,0) 93 93 93 93 93 93
9 0,1) 64 64 64 64 64 64
10 (1,2) 99 99 99 99 99 99
11 (1,0) 104 104 104 104 104 104
12 0,1) 139 139 139 139 139 139
13 (1,0) 119 119 119 119 119 119
14 (0,0) 150 150 150 150 150 150
15 (0,0) 171 171 171 171 171 171
16 0,1) 307 310 310 310 310 310
17 (1,0) 71 68 71 71 68 74
18 0,1) 88 88 88 88 88 88
19 (1,2) 118 118 118 118 118 118
20 (2,0) 124 124 124 124 124 124
21 0,2) 137 137 137 137 137 137
22 (2,0) 256 256 256 256 256 256
23 (0,0) 243 243 243 243 243 243
24 (0,0 177 177 177 177 177 177
25 0,2) 146 146 146 146 146 146
26 (2,0) 91 91 91 91 91 91
27 (0,0) 390 390 390 390 390 390
28 0,1) 127 127 127 127 127 127
29 (1,0) 119 119 119 119 119 119
30 0,2) 197 197 197 197 197 197
31 (2,0) 184 184 184 184 184 184
32 0,1) 166 166 166 166 166 166
33 (1,0) 125 125 125 125 125 125
34 (0,0) 309 309 309 309 309 309
35 (0,0) 204 204 204 204 204 204
36 (0,0 126 126 126 126 126 126
37 (0,0 171 171 171 171 171 171
38 (0,0) 105 105 105 105 105 105
39 (0,0) 96 96 96 96 96 96
40 (0,0) 138 150 150 150 147 135
41 (0,0) 24 12

The exon structure of these genes is highly conserved. The pattern of split codons is identical among all the genesh&xna &sgt
identical, with four exceptions. The exons encoding the N and C termini reflect known differences in amino acid sequeade tamditih 6
MYH13 and the embryonic MYH are encoded by two exons, whereas the homologous sequences of the other MYHs are encoded by a sinc
exon.

Additional length variations occur in the exons that encode the variable-length loop 1 and loop 2. The variation in |@p tbdgpdue to
exon slippage at thé Boundary of exon 7, as does the variation in loop 2, which occurs at the boundary of exons 16 and 17.

The conservation of exon size and phase (reading frameyobably reflect lineage (e.g. gene duplications) and genetic
among members of the fast/developmental MYH clusteexchanges between neighboring members of the cluster, both
(Table 1) enables regions of homologous intron—exon spacirtge size and the non-homologous intron—exon organization of
to be identified. In Fig. 1B, these regions are indicated bYH13 indicate that it has been largely ‘insulated’ from
common color; only two common patterns in theggion are  events that have shaped the current organization of the other
present in MYH13. Because these common spatial pattermsembers of the fast/developmental MYH gene cluster.
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Fig. 2. Alignment of the fast/developmental and IIM MYH genes. To construct a sequence phylogeny, the amino acid sequehoesaof th
embryonic, A, 11X, 1IB, 1IM, perinatal, cardiact and3 and MYH13 MYH gene sequence were aligned using Clustal X (Thompson et al.,
1997). The high level and continuity of sequence conservation among striated muscle myosins made it possible to usesbvopgaplti
introduction and extension without introducing spurious gaps. Low values were necessary to properly align both the N-randl C-ter
sequences. *, colon and stop mark positions with identical, strongly or weakly conserved amino acids, respectively. @tder thelic
chemical characteristics of amino acids: light blue, hydrophobic; purple, acidic; dark blue, H and Y; green, N, Q, S arfatdwnlaR, K

and C; light brown, G; yellow, P. A white background marks non-conserved residues.

The EO MYH occupies a pivotal position in the phylogeny  and, as depicted in the figure, bootstrapping analysis indicates
of mammalian striated myosin heavy chains that the phylogenetic tree is well-supported. In this phylogeny,
Ten striated myosin heavy chain genes have been localizélYH13 occupies a critical position. It arose from the precursor
in the human genome: the six members of theof the fast/developmental MYH genes shortly after the
fast/developmental MYH gene cluster (the embryonic, IIAfast/developmental and slow cardiac precursors diverged.
11X, 1IB, perinatal and extraocular genes) (Weiss et al., 1999a)fhus, MYH13 represents an ancient MYH lineage. It appears
two slow/cardiac MYH genes and3 on human chromosome to be the first member of the fast/developmental cluster to
14 (Mahdavi et al., 1984; Saez et al., 1987); the masticatodiverge and specialize, having arisen even before the
myosin (lIM), an orphan striated muscle MYH gene ondevelopmental MYH genes.
chromosome 7 (Hoh et al., 1999), which appears to be a Support for that ancient lineage is suggested by phylogenetic
pseudogene encoding the IIM myosin in humans (Schachat aadalysis of the two functionally distinct domains of striated
Briggs, 1999), and a gene that probably encodes the slow-tomtuscle myosin. Previous studies have found that the sequences
MYH on chromosome 20 (Berg et al., 2001). Fig. 2 presentsf other striated muscle myosin head or motor domains and
an amino acid sequence alignment of the striated MYHSs usintypeir coiled-coil rod or tail domains generate similar
Clustal X (Thompson et al., 1997), and Fig. 3 shows th@hylogenetic relationships — implying that the these
phylogeny inferred by neighbor-joining analysis. MYH 1IM, functionally distinct domains have evolved at similar rates
the most divergent MYH gene sequence, was used as an outl{&orn, 2000). However, as shown in Fig. 4, the motor and rod
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domains of MYH13 do not follow this relationship: the rod is
more closely related to the slow/cardiac MYHs than to the
fast/developmental genes, while the motor domain is more
similar to the fast/developmental MYHs. Coupled with the
sequence phylogeny, this finding implies that the MYH13 gene
arose before the fast/developmental and cardiac MYH genes
had significantly diverged, possibly at a time when the
precursors of the slow/cardiac and fast/developmental gene
clusters were linked.

Independent support for the early divergence of the
MYH13: exon organization

The exon organization of the MYH13 gene provides
independent support for its strategic position in the radiation
of mammalian striated muscle MYH genes. Its exon
boundaries are identical in position and phase (reading frame)
with those previously described for the rat and human
embryonic MYHs (Stedman et al., 1990; Strehler et al., 1986).
However, MYH13 differs from the adult fast and perinatal
MYH genes in its 3coding exons (Fig. 1B; Table 1). The 49
C-terminal amino acid residues of MYH13 are encoded by two
exons, exons 40 and 41; but the homologous sequences of the
adult fast and perinatal MYHs are encoded by a single exon,

Fig. 4. Differences in selective pressures on the two functiong#x0n 40. This single-exon pattern is also shared with the
domains of myosin. Sequence relatedness analysis using the entil@w/cardiac genes (Epp et al., 1993; Liew et al., 1990),

amino acid sequence for the fast/developmental MYH geneproviding independent support for the inference from sequence

generated different phylog(_enetic _relatic_mships for (A) the myosimphylogeny that MYH13 and the slow/cardiac genes arose from

head or motor domain, amino acid residues 1-841, and (By-the duplications of a common ancestor — one that possessed a
helical coiled-coil rod or tail domain, residues 842 to approximatelyprimitive: 3'-exon organization rather than the ‘derived’

1938. The motor sequences were more similar to the adult fast MYE‘ingIe-exon organization of the perinatal and adult fast MYHs
genes, indicative of both the role of the MYH13 gene in the SUperfaibchachat and Briggs, 1999)

contractions of extraocular muscle and the two regions of exo
homology evident in Fig. 1. In contrast, the rod domain exhibited a
closer relationship to the and3 cardiac sequences, reaffirming the
inference that MYH13 diverged and specialized before the
precursors of the slow/cardiac and fast/developmental clusters had
significantly diverged. This is a modified version of a figure from
Briggs and Schachat (2000). emb, embryonic; PN, perinatal.

Distinctive features of full-length MYH13 transcripts
suggest an early divergence and specialization

In addition to its 3exon organization and the ‘insulation’

suggested by its exon spacing, MYH13 exhibits distinctive
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Exon 1 Exon 2 Exon 3
A \I:I/D:I

us]

Fig. 5. MYH13 uses multip

C
transcription initiation sites al I:I\ ST~
generates alternatively splic Exon 1 ATG
MRNAs. The alternative splici — A

patterns  of three full-leng Rabbit AGAGAGATCAGGGCTACGACGCATTTACATCTAGCAAGTAAATGGTGATCCECCAAATATAGCCAAGCTAGAGTGCTGGC
) Human TGAGAGATCAGGGCTACGACGCATTTACATCTAACAAGTAAATGGTGCTCCCCCAAATATAGCCAAGTTAGAGTGCTGG!
cDNAs of extraocular myosin &
B> —>c

shown. Transcript A skips €xon 1,5 AGATTTGGGAGTATAAAGAGAGCTGGGGGACCACACTCCT GAAATTGCTCCTACCGCAGCATCTCAAG---—-
Transcription of B and C be(  CTGGCAGATTTGGGAGTATAAAGAGAGCTGGGGGGTCACACTCCTGAAATTGCTGTGACCGCAGCATCTCTAGgtaag..
downstream of A in exon 1, a

they both include exon 2. T Exon2

nucleotide sequence of the lon¢ gy GAAGAAGCTTTTTTTTTCTGAAGGACACTCACCATCACTTGGGAAACCAACAAG -

rabbit cDNA is aligned with tt Human ..intron 1...atccccagGAAGACGCTTTATT--CCTGAAGGACACTGACTGTCACTTGGGAA-CCAAGAAGAL aag
human gene sequence to show

predicted exon boundaries. St Exon 3

stretches of the introns are sht  gappi CCACCTGCAGTCATGAGCTCCGAC.......

in lower case, and the conser Human ..intron 2...cttcccagCCCTCTGCAGTCATGAGCTCCGAC.......

splice sites are marked wy MssSD

underlining. The locations of the transcription start sites A, B and C are indicated by horizontal arrows, and the TATgstveres of B and
C are boxed. Only part of exon 3 is shown. From Briggs and Schachat (2000).

transcriptional features that distinguish it from the othe: mAT1 mMAT2 MEF2 CArG E-boxTATA |_>
members_of the fast/developmental_gene clust(_er and from t|, 5 | H . 1] 1 ]
slow/cardiac MYH genes. Analysis of rabbit full-length

MYH13 cDNAs (Briggs and Schachat, 2000) indicates tha TAITA |'> |'>
transcription can initiate at three sites (Fig. 5). Transcripts /O 1 I

and B generate’8JTRs that are significantly longer than the _. . . . L

. - Fig. 6. Comparison of the density of myogenic factor binding sites in
single ‘Ijj"UTRS reporteq for other MYH genes. Comparison Ofthe proximal promoter regions of the [IB and MYH13 genes.
transcripts B and C with A shows they are shorter and €a(ppy|ggenetic footprinting shows that the extraocular (EO) MYH

incorporates an additional 50-nucleotide  insertion  thaproximal promoter lacks most of the functionally important binding
corresponds to a-mon-coding exon present in the human EOsites for myogenic factors identified in the 11B gene.

myosin cDNA (Weiss et al., 1999b). Although alternative
splicing of the 5UTR sequences and multiple transcription
initiation sites have been described for several muscle gen&&F, SP1 and Octl (Bouvagnet et al., 1987; Firulli and Olson,
including enolase, cardiac troponin T and acetylcholinesteras&997; Gossett et al., 1989; Gupta et al., 1998; Shimizu et al.,
where they are important for the developmental or regiondal992; Swoap, 1998; Takeda et al., 1992). Generalizing from
regulation of gene expression (Giallongo et al., 1993; Jin et athe organization of regulatory elements described for the 11B
1995; Li et al., 1993; Takechi et al., 1994), this is the onlyand cardiac MYH genes, as well as many other genes
striated muscle MYH gene for which it has been described. (Blackwood and Kadonaga, 1998), the binding sites for these
factors generally cluster in a proximal promoter within several
hundred nucleotides upstream of the transcription initiation site
Phylogenetic footprinting suggests that transcription of  and distal regions that function as transcriptional enhancers or
MYH13 is regulated by a specialized network of suppressors. These regions typically lie 1-2 kb upstream of the
transcriptional activators promoter and in the first or second intron, although they may
Genomic sequence analysis also provides insights into threside beyond the @nd of the gene, as is the case for myosin
mechanisms that may account for the tissue-restricted patteright chain 1f/3f (Donoghue et al., 1988). The initial inspection
of MYH13 expression. Promoter and enhancer analysis of th&f these regions of the MYH13 gene in the human genome
embryonic, cardiac and [IB MYH genes has identifiedsuggested that it was regulated differently (Briggs and
transcription factors that regulate striated-muscle-specifi§chachat, 2000). Strikingly, only a single binding site for these
expression. These include the myogenic factors MyoDfactors, an E-box, was present in the proximal promoter region
myogenin and myf-5, which bind E-box sequences, andFig. 6). This led us to propose that MYH13 expression might
binding sites for other key transcription factors such as MEF2Xe directed by a novel set of transcription factors.
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Human 1 2 3
Fig. 7. The position of potential MYH] N | | 1] [
regulatory regions based on phylogen _D U LI]_ka u [I] ¢ u éké I_
footprinting.  Phylogenetic  footprintir Mouse
identifies  several  highly  conserv _D n [I[[I |] D I
upstream and intronic regions between u
human and mouse extraocular (EO) M 1kb

genes. Conserved regions are depicte: !

open boxes. The positions of exons 1, 2 and 3 are indicated as filled boxes. The mouse genomic sequence spanning the myh13 ge
(AC019008) was identified using Blast, and the exon boundaries were determined using GeneQuest.

Fig. 8. A model for th Proximal
MYH13 gene chromosom Perinatal LCR UREs promoter
domain. Conserved sit CpG isIan} |—| EO MYH gene (CpG islan@

identifieq by phylogenet MYH gene
footprinting (see Fig. 7) ana

two bounding CpG island domains revealed by GeneQuest are shown on a map of the human chromosomal region from the stinelaofi the up
perinatal gene to a region downstream of the MYH13 gene. Here, the sites are tentatively assigned functions as the prmtenal pro
upstream regulatory elements (UREs) and a locus control region (LCR) by analogy with the model for gene organization hyesented
Blackwood and Kadonaga (1998). This region is drawn to scale.

Because its expression is restricted to extraocular antb99), NKX2.5, which is a mammalian homolog of tinman, a
laryngeal muscle, regulation of the EO MYH must differ fromregulator of cardiac development (Schwartz and Olson, 1999),
that of the other fast/developmental and slow/cardiac MYHSTCF11, which binds a DNase-hypersensitive site ifstgebin
Minimally, this means that factors other than the myogenicluster (Johnsen et al., 1998), and delta EF1, which inhibits
transcription factors must also be involved in determiningnyoD-promoted myogenesis (Sekido et al., 1994). Some
when and where MYH13 is transcribed. The co-expression ahyogenic factor binding sites are also present, but they do not
MYH13 with adult fast myosins in extraocular muscle andgenerally occur in the clusters that allow for myogenic factor
laryngeal muscle fibers, coupled with its absence from limldimerization that is critical for activating other MYH genes. The
fibers expressing the adult fast myosins, serves to emphasiRéx2, NKX2.5, TCF11 and delta EF1 consensus binding sites
its requirement for regulatory factors other than those that drivare particularly interesting given the early specialization of the
the trunk and limb muscle MYH genes. EO MYH13 gene, its phylogenetic relationship to the

Insights into the nature of that regulation come from theslow/cardiac MYH genes, whose transcription is not regulated
identification of conserved sequences in thdladnking and by myogenic factors, and the myoD-independent development
intronic regions of the human MYH13 and mouse myhl3f EOM revealed in studies on the myoD/myf5 knockout mouse
genes. This comparative genomic technique, known a@ajbakhsh et al., 1997). The presence of these conserved sites
phylogenetic footprinting, is based on the observation thatuggests that MYH13 expression may be integrated into a
important regulatory sequences are conserved across spediesader more primitive developmental program that directs the
and has been used to detect muscle-specific regulatofgrmation of EOMs or of the eyes themselves. This is consistent
sequences (Wasserman and Fickett, 1998). Using BLAST W®ith the finding that NKX2.5, which regulates cardiac
(Tatusova and Madden, 1999), several highly conservedevelopment, is expressed at high levels in extraocular muscle
regions were identified, including a likely proximal promoter,and the fact that mammalian homologs of factors that control
which includes 250 bp upstream of the transcription start sitesye development iDrosophilg including Dach2, Six1, Eya2
as well as several possible enhancer or repressor regioasd Pax3, have been found to participate in a regulatory network
upstream and in the first two introns (Fig. 7). that directs myogenic factor expression in vertebrate somites

The potential transcription factor binding sites in these region@Heanue et al., 1999).
were characterized with the matinspector 2.2 (Quandt et al.,

1995) and GeneQuest (DNAstar, Madison, WI, USA) programs,

which compare a test sequence with a large database of Indications of hierarchical regulation of MYH13 by
consensus binding sites. Many potential sites are clustered in the chromatin structure

conserved regions. Among the most frequent consensusin addition to promoter and enhancer elements, some genes
sequences present in both the mouse and human genoraie regulated by additional elements that control their
sequences are those for NF1, which directs aldolase expressidiwomatin conformation. An open chromatin conformation is
in a subset of fast fibers (Salminen et al., 1996), Pitx2, which & necessary prerequisite for transcription. Open conformations
necessary for EOM embryonic development (Kitamura et almmay be generated locally in the proximal promoter by the
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Slow/cardiac Fast/developmental
precursor precursor

(1) Chromosomal translocaion separaesthe fast/developmental and slow/cardiacprecursor genes

Slow/cardiac Fast/developmental
precursor precursor

(2) Duplication of the fast precursor generatesthe
MYH 13 gene and embryonic precursor

Embryonic

precursor MYH13

(3) Embryonic precursor duplication
generatesthe perinatal precursor

i Perinatal
Embryonic precursor MYH 13

(4) Perinatal duplication generates
the precursor of Typell MYHs

Adult fast

precursor Perinatal MYH13

Embryonic

(5) Adult fast precursor duplications generate
the precursors of Il A, 11X/D and I[IB

Embryonic 1A I1X/D B Perinatal MYH 13

Fig. 9. Modeling the natural history of the muscle fast/developmental gene cluster. This model of gene duplication inteegetesnit
organization (Fig. 1) and phylogeny of the fast/developmental MYH cluster.

action of histone deacetylases associated with the transcription A model for the natural history of the skeletal muscle
complex, but the chromatin conformation of some tissue- fast/developmental gene cluster

specific genes is controlled by distinct upstream and |n Fig. 9, the phylogenetic relationships and gene order of
downstream elements that specify the conformation of entirgye fast/developmental cluster are modeled as a series of
chromosomal domains of 30—-100kb or more (Blackwood an€patially ordered gene duplications that can generate the
Kadonaga, 1998). The boundaries of these chromodomains (@st/developmental MYH cluster (Fig. 1A). Beginning with the
well as active proximal promoters) are characterized by DNasguplication of the precursor of the slow/cardiac and
hypersensitivity and may also be marked by CpG islandgst/developmental clusters, it proceeds to duplications that
(Blackwood and Kadonaga, 1998; Lewin, 1994). Phylogenetigenerate the extraocular MYH gene, then the developmental
footprinting of MYH13 gene structure reveals the presenc®|YH genes and finally the adult fast MYH genes. This model
of such chromodomain-delimiting CpG islands (Fig. 8).for the origin of the fast/developmental MYHs differs from
Interestingly, the upstream CpG island (11kb upstream frorgrevious models for the origin of the fast/developmental cluster
the human proximal promoter) overlaps with theegjion of  pecause it takes into account the critical position of MYH13

an 800-nucleotide non-coding sequence that exhibits greatgear the divergence of the slow/cardiac and fast/developmental
than 75% sequence identity between human and mouse. TiNsyH genes.

surprising homology, coupled with the apparent ‘insulation’ of
the extraocular myosin heavy chain gene from the other we wish to thank Mr Amar Nijagal for his assistance and

members of the fast/developmental MYH cluster, suggestie National Eye Institute (USA) for award EY11377 which
that MYH13 may reside in a chromodomain that occurs ifynded this research.

a constitutively closed conformation that represses its
transcription in trunk and limb muscle. The analysis of the
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