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Abstract. Sequences encoding 1,235 bp of the human myo-
sin heavy chain 12 (MYH12) genc have been cloned from a
human brain cDNA library by PCR amplification. The human
sequence is 95.8 % identical to the mousc sequence at the ami-
no acid level, indicating that the MYH 12 gene has been evolu-

tionarily well conserved. Somatic cell hybrid analysis and in
situ hybridization place the MYH12 gcne on human chromo-
some |5, at band q21, and extend distally the known region of
chromosome 15 linkage homology on mouse chromosome 9.

The recessive murine dilute coat-color mutation is an old
mutation of the mouse fancy that has been incorporated into
many inbred strains of mice. The dilute phenotype results from
the adendritic morphology of dilute melanocytes. which leads
to an abnormal release of melanosomes into the developing
hair shaft (reviewed by Silvers. 1979). The dilute gene has becn
shown to encode a novel myosin heavy chain (Mercer et al.,
1991), designated myosin heavy chain 12 (Mvyhl2). The
Myh12 gene has also been cloned from chicken (Espindola et
al., 1992; Espreafico et al.. 1992: Sanders et al.. 1992). where it
has been designated myosin V., and a related myosin, MYO2,
has been cloned from yeast (Johnston. 1991).
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Both myosin V and MYO?2 proteins contain an actin-bind-
ing N-terminal head domain; a “neck” region that has six
imperfect tandem repeats. which in the case of myosin V has
been shown to bind calmodulin (Espindola et al., 1992); an
alpha-helical coiled-coil region that promotes dimerization
(Cheney and Mooseker, 1992): and a globular C-terminal tail of
unknown function. The myosin V protein has been shown to
act as a nonfilamentous dimer that binds to and motivates F-
actin (Cheney et al.. 1993). The overall amino acid homology
between the murine Myhl/2 and chicken myosin V genes is
91%, although when subdivided by regional domains, this
homology can be as high as 94 % (Espreafico et al.. 1992). When
compared to yeast MYO2, the strongest homology is to the
myosin hcad domain. being 52 % identical. The tail domain is
less well conserved, being 28% identical (Espreafico et al.,
1992).

Recently. sequencing of a cDNA selected from a human
fetal brain expression library using a monoclonal antibody
raised against the variable region of the N-ras protein revealed
that the cDNA encoded part of the human homolog of mouse
Myh 12 (Engle and Kennett, 1994). The overall homology at the
amino acid level between mouse A7yh12 and human MYH 12
in these studies was 95%. This cDNA was mapped to human
chromosome 15 by somatic cell hybrid analysis (Engle and
Kennett, 1994).
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In the studies described here we have used PCR primers
based on the mouse AMyhl2 sequence to amplify MYHI2
sequences from human brain and to more precisely localize
MYH12 on human chromosome 15. This mapping informa-
tion allows us to further refine the regions of homology between
mouse Chromosome 9 and human chromosome 15. The map-
ping studies also allow us to determine whether mutations in
MYH |2 are associated with human genetic diseases.

Materials and methods

Library screening

Human MYH 2 sequences were isolated from a 2-yr-old female human
cerebellum cDNA library cloned in lambda ZAP (Stratagene). Initial screen-
ing of the library was done by PCR amplification. Primer pairs were designed
solely from the mouse scquence (Mercer et al., 1991). The PCR conditions
used were 30 cycles of denaturization at 94°C for 1 min, annealing at 55°C
for | min, and extension at 74° C for 2 min. PCR products, which conformed
to the expected size, were isolated from the PCR reactions. run over a Centri-
con 30 spin dialysis column (Amicon. Danvers. MA), and sequenced. using
kinased oligomers, according to the manufacturer’s (Sequenase) directions.
One of the PCR products. Pcr3. was then used to probe plaque lifts of the
plated human cDNA library. Two million plaques were screened, and eight
positive clones obtained. Of these eight clones. seven were 1dentical. The two
different clones were sequenced using the Sequenase Version 2.0 sequencing
kit (United States Biochemical).

Human MYH 12 genomic clones were obtained from a A DASH library,
which was a gift from Dr. G. Vande Woude (ABL-Basic Rescarch Program.
Frederick, MD). Five genome equivalents were screened, and four clones
were obtained. The clones were restriction endonuclease mapped relative to
one another, and unique sequence probes were isolated in order to rescreen
the library. Another four clones were obtained in this manner. In all, 47.5 kb
of continuous MYH 12 genomic DNA was obtained.

Mouse mapping

Interspecific backcross (1B) mice were generated by mating (C57BL/6J x
Mus spretus)F | females and C57BL/6J males as previously described (Cope-
land and Jenkins, 1991). Genomic DNAs were isolated from the spleens of
backcross mice as described by Jenkins et al. (1982). Backcross DNAs were
digested with 8 U EcoRI (New England Biolabs) per microgram of DNA in a
high-salt buffer containing 5 mM spermidine. The digested DNAs were elec-
trophoresed through 0.8 % agarose gels and processed as described earlicr
(Jenkins et al.. 1982), except that Zetabind (AMF Cuno) was substituted for
nitrocellulose. Hybridization conditions were as described (Jenkins et al.,
1982). except a temperature of 60°C was used for both hybridization and
washing.

Probes

The murine Myhi2 cDNA probe. pdA68. is a 2.45-kb cDNA isolated
from a B16 melanoma cell line. The sequence starts at position 2,208 bp in
the published murine sequence (Mercer et al., 1991). The second murine
probe, pdC23, isa 2.35-kb cDNA. which overlaps with pdA68. but extends 5°
by an additional 565 bp.

The two human MYH 12 cDNA clones isolated in this study are referred
to as pHdil3 and pHdilé. The pHdil6 clone is 700 bp in size and is entircly
contained within pHdil3, which 1s 1,235 bp in size. For somatic cell hybrid
analysis, an 855-bp subfragment of pHdil3 was used as hybridization probe.
This was necessary because high background hybridization was scen when
the full-length pHdil3 was used as a hybridization probe. The region span-
ning 781 to 981 bp of pHdil3 was later found to have some regions of high
homology with human A/u sequences. The 1,235-bp EcoRI insert of pHdil3
was isolated and cut with Xhol. The resultant fragments were runon a 1 %
agarose gel. and an 855-bp fragment was isolated. This fragment was used
directly as a probe for somatic cell hybrid analysis.

Unique sequence human genomic MYH12 probes were identified by
probing restriction endonuclease digested and blotted human MYHI12
genomic lambda clones with nick-translated total human genomic DNA.
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Any band that did not hybridize was subsequently subcloned into Bluescript
KS (Stratagene) and used as probe against restriction endonuclease-digested
and blotted total human genomic DNA. Those subclones that gave discrete
bands were used in subsequent analyses. Two such subclones, pHudSR1.9
and pHud2R1.2. were identified in this manner (Fig. 3). pHud5R1.9 is a
1.9-kb EcoR1 subclone derived from the 5’ end of one of the clones. Conse-
quently, the 5" EcoRl site of pHud5R 1.9 is from the vector and is not present
in gecnomic DNA. pHud2R 1.2 1s a 1.2-kb EcoR|I subclone.

Somatic cell hybrid analysis

Human chromosomal mapping of MYH 12 was accomplished by hybrid-
1zing the 32P-labeled 855-bp human cDNA fragment derived from pHdil3 to
Southern blots of EcoRI-digested genomic DNA of normal human and Chi-
nese hamster control and 14 human x Chinese hamster somatic cell hybrids
from six different fusion experiments (Francke et al.. 1986). For regional
chromosomal assignment, a panel containing human x Chinese hamster
somatic cell hybrids that retained defined portions of human chromosome
15 (Bnissenden et al., 1986). also digested with EcoRI, was used. These
hybrids were generated from human fibroblasts carrying a balanced recipro-
cal translocation, t(15;22)(q14:q13.3) (Oliver et al., 1978).

Somatic cell hybrid studies performed with human MYH12 genomic
clones were done using both the pHud5R1.9 and pHud2R1.2 probes. The
Chinese hamster x human somatic hybrid cell linc (15A) carrying only
human chromosomes 15 and 1p (Tasset et al.. 1988) was a gift from Dr. F.-T.
Kao (Eleanor Roosevelt Institute. Denver, CO). The cell lines with deriva-
tives of the t(15;17)(q22:q1 1) translocation were gifts from Dr. D. Ledbetter
(National Institutes of Health, Bethesda. MD). The der(17) cell line carries
the translocation derivative |7pter— 17q11::15q22 — 15qter. The der(17),
der(15) cell line carries this and the reciprocal translocation derivative
15p—15q22::17q1 1 — 17qtcr and the following chromosomes: 1. 3.5, 7. 11,
13, 16, 18, 20, and 21. Fifteen to twenty-five percent of the cells also carry
one or multiple copies of the following chromosomes: 6. 12. 15, 19, 22, and
X. Two human x mouse somatic cell hybrid cell lines were also examined:
1750-4 carried human chromosomes 8 and |7 (25 % of cells also had chromo-
some 11), and 1750-11 carried human chromosomes 4, 6, 7q. 8, 12, 17, and
18 (a few of the cells also carried one or more of the following chromosomes:
10. 14, and X).

In situ hybridization

Human metaphase spreads were prepared from phytohemagglutinin-
stimulated peripheral blood lymphocytes. Cells in the exponential growth
phase were synchronized by treatment with S-bromodeoxyuridine (0.18 mg/
ml, Sigma) for 16 h. and then the cells were rcleased from the block by incu-
bation in fresh medium containing thymidine (2.5 pg/ml) for 6 h (Fan et al.,
1990). Metaphase cells were harvested and chromosome spreads prepared
according to standard procedures.

In situ hybridization with radiolabeled probes was performed as de-
scribed by Harper and Saunders (1981). Metaphase spreads were hybridized
at 5 and 20 ng of probe per milliliter of hybridization mixture. In the first
experiment, pHud2R 1.2 was nick translated and used as a probe. In the sec-
ond experiment, the 1.2-kb EcoR1 insert was isolated from pHud2R 1.2 and
random primed (Prime-it, Amerskam). Hybridized slides were washed at
40°C. Autoradiographs were exposcd for 1-8 d at 4° C and then developed.

Fluorescence in situ hybridization (FISH) was carried out according to
Pinkel et al. (1986), with minor modifications (Testa et al., 1992). Nonisoto-
pically labeled pHud5R 1.9 was prepared by nick translation of the entire
plasmid. using biotin-1 1-dUTP, which was then denatured in 70 % formam-
ide in 2 x SSC at 70°C for 2 min and hybndized to chromosome prepara-
tions (40 pl hybridization mixture containing 20 ng of probe per slide) at
37°C overnight. Hybridization was detected with fluorescein isothiocyanate
(FITC)-conjugated avidin. Chromcsomes were counterstained with propid-
ium iodide and 4',6-diamidino-2-phenylindole (DAPI) and observed with a
Zeiss Axiophot fluorescence microscope. Propidium iodide and FITC signals
were observed simultaneously through Zeiss filter combination 487709,
whereas DAPI banding of the same field was observed scparately with Zeiss
filter combination 487701. Metaphase spreads were photographed using
Kodak Ektachrome ASA 400 film.
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Results and discussion

A high level of evolutionary conservation was seen when a
2.45-kb murine Myh12 cDNA probe, pdA68, was used on Sou-
them blots of EcoRI-digested DNA from a variety of species,
including other rodents (rat, guinea pig, Syrian hamster), other
mammals (mink, rabbit, dog, cat, sheep. human), and birds
(chicken. phcasant) (Fig. 1). This suggested that it might be pos-
sible to clone human MYH12 sequences by PCR amplification
using primers based on the mouse sequence. Ten oligomer
primer pairs that collectively span base pairs 3,212 to 5,523 of
the published murine Myh12 sequence (Mercer et al., 1991)
were used to PCR amplify the homologous sequence from a
human brain ¢cDNA library. Two primer pairs gave appro-
priately sized PCR products. These products were sequenced
directly using kinased oligomers as primers and found to con-
tain Myh12-related sequences (data not shown).

One PCR product, which spans base pairs 3.820 to 3,988 of
the murine sequence, was then used to screen the human brain
c¢DNA library. Two clones were obtained and sequenced
(Fig. 2). The smaller of the two cDNA clones (pHdil6) (base
pairs 38 to 738 in Fig. 2) was completely contained within the
larger clone of 1,235 bp (pHdil3). Comparative translations of
the human and murine sequences across this region are shown
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Fig. 1. The Myh 12 gene is evolutionarily well conserved. Genomic DNAs
from two inbred mouse strains, DBA/2) and C57BL/6J, as well as other
mammalian and avian species, were digested with EcoRI. Southern blotted.
and hybridized with a 32P-labeled murine Myhl2 cDNA probe, pdA68. The
molecular weight. in kilobases, of HindlIl-digested lambda DNA is shown on
the left.
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Fig. 2. Amino acid sequence comparison of human and murine MYH12. The human MYH 12 cDNA sequence determined in
this study is shown on the top line. The second line shows the amino acid translation of this human sequence, and the third line
shows the translation of a corresponding murine Myh 12 brain cDNA sequence (Mercer et al., 1991). Only those amino acids that
differ from the human sequence are indicated for mouse. The arrow indicates the location of a 25-amino acid insertion in the
mouse brain cDNA sequence that was not found in the human brain cDNA sequence. The mouse and human sequences have been
aligned by omitting this sequence from the mouse. A comparison of this partial human cDNA sequence to that reported by Engle

and Kennett (1994) is described in the text.
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Fig. 3. A panal genomic restraction endonuclease map of the human
MYH 12 gene Genomic segions that hybridize (o vatious human und inouse
MYI1112e¢DNAs are indicated as boxes below the map The first line of hoxes
represents thuse fragments thot hybndize with the mouse Myhl2 ¢DNAs,
pJAGR and pdC21 The <ecand line of boxes repre<ents thase fragments that
hybndize with the partial human MYH 12 cDNA, pHdil3. ‘I he location of
unique soquence genomic probes. pHudSR19 and pHuJ2R.2. are also
shown. The direction of MY1112 transcnption 1s indicated by an arrow. R =
EcoRl: X = Xbal: H = Hindlll, Restriction sies indicuted by a doi are
derived fram the cloning vecior
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Fig. 4. Southern blot of EcoR]1-digested genumic DNA from human and
the somatic cell hyhnd lines: der(17); der(17), dert!$); 15A; 1750-4; and
1750-11 ptobed wnh pHud2R 1.2. The 1.2-kb band specific for MYH 12 scen
in the human control lane is also seen in the lanes fromi the cell lines der(17).
den(1%), and 1SA

in Fig. 2. The two sequences are 95.8% identical, and 98.3%
similar a1 thc amino acid level. suggesting that these cDNA
clones contain sequences from the human MY H 12 genc One
notable difference in 1he 1wo sequences was a stretch of 25 ami-
no acids that was present in the mousc brain ¢DNA, but not 1n
the human scquence. (The position of the inscrt 1s shown by the
arrow in Figure 2.) The murine 25-amino acid insert was also
not observed in the chicken brain myosin V sequence (Espreafi-
coetal., 1992) or in the human sequence reported by Engle and
Kennett (1994). This 25-amino acid scquence is preceded by a
goad potential splice site (data not shown), raising the possibili-
ty that this coding diffcrence results from altemative spheing
(Shapiro and Scnapathy, 1987). ‘The human ¢cDNA sequence
reported by Engle and Kennet (1994) extends 421 amino acids
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mare S° than the sequence of pHdil3. lHawever plidil3 extends
36 amino acids further ¥ Comparison of the scquence re-
ported here and that reponicd 1n Lngle and Kennett (1994)
reveals two base-pair differences. We find codon 1 to be
TTA(L) and codon 86 to be TGT(C): Lngle and Kennett
(1994) found GTA(V) and CGT(R), respectively. These ditYer-
ences may result from natural polymorphisms within the hu-
man population.

The murine chromosomal location of the locus encoding
pHdil3 was determined by interspecific backcross analysis. No
recombinants between this locus and the mouse Myh 12 (dilute)
locus were observed in 108 animals typed in common (datas not
shown), providing additional confirmation that pHdil3 con-
tains sequences from the human MYH 12 gene.

Genomic clones

IFour human MYI12 gcnomic clones were obtained by
screening 3 human A DASH library with murine probe pdA68.
Four additional genomic clones were obtained 1in a sccond
round of library screening using two unique sequence genomic
probes. pHud2R1.2 and pHudSR1.9. generated in the first
round of library screening (Fig. 3). Restriction endonuclease
mapping of these cight clones produced a 45.7-kb genomic map
of a portion of the human MYHI12 gene (Fig. 3). Regions that
hybridize to the murine and human MYH12 ¢DNAs are indi-
cated by boxes below the genomic map.

Somatic cell hybrid analysis

A human MYHI12 cDNA probe (sec Matcrials and meth-
ods) detected five human-specific fragmentsof 10, 7.6. 54, 5.0.
and 2.6 kb (the 2.6-kb fragment could not be scored 1n hybrids
because 1t comigrated with a Chinese hamster fragment) when
hybridized to EcoRI-digested normal human and human
Chincse hamster somatic cell hybrid DNAs containing a hu-
man chromosome 5. There were at Icast two discordances for
all other human chromosomes (data not shown). This result is
in lull accordance with the localization of human MYHI2 10
human chromosome 1S (Engle and Kennett, 1994).

When a chromosome 1S regional pancl was hybridized with
the samc sequence. human-specific fragments were detecied in
hybrids that retained an intact human chromosome 185 as well
as in a hybrid that contained the distal region of human chro-
mosome 15, specifically 15q14-»qter. These fragments were
not observed in a hybrid that contained the proximal region of
human chromosome 15§ (15pter = ¢ 14) (data not shown).

The unique sequence genomie probes pHud2R1.2 and
pHudSR 1.9 were also used as prohes on somatic ccll hybrid
DNAs. pHud2R1.2 dciccied a 1.2-kb EcoR1 fragment, and
plludSRI.9 detecied a 4.0-kb LcoRI fragment, when hybrid-
1zed to normal human DNA. pl{ud2R 1.2 also hybnidized faint-
ly 10 a 1.4-kb fragment 1n mouse and Chinese hamster DNA.
pHudSR1.Y did not hybridize to rodent DNA. Neither probe
hybridized to the mouse » human somatic cell hybrid lines
1750-4 or 1750-11, excluding human chromosomes 3. 4. 6. 7p.
8. 12, 17, and 18 for the human MYH 12 locus. Roth probes
hybridized to DNA from a human x Chinesc hamster ccll
hybrid (15A). which contains only human chromosomes 1§
and 1p. Additionally. both probces hybridized to DNA from the
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Fig. 6. | ocalization of MY 1112 10 human me-
taphase chromosomes by FISH. Chromosomcs
were stained simullanevusly with propidium io-
dide and DAPL Lefh, propidium 1adide s1aining.
shawing FITC hybnidization signuls on both chro-
mosome 15 homalogs ar band 15q21 (arrows)
Right. DAI'l staiming of the samc mctaphase
sptead demonstrating a Giemsa-like banding pal-
tem

mousc x human somatic ccll hybrid der(17). der(15) that con-
tains both translocation derivative chromosomes. 17pter—
17q11::15q22 » 15qter. and the reciprocal |3pter— 15q22::
17411 - 17qter but not to DNA from a somatic cell hybrid
der(17) that carries only the der(17) translocation denvative
17pter — 17q11:: 18¢22 - 1 Sqter. Figure 4 shows the hybridi-
zation of pHud2R 1.2 to human genomic DNA and the follow-
ing somatic cell hybrid cell lines: dea(t 7): der(17), der(18). 15A;
1750-4; and 1750-11.

Collcctively, these daia indicate that the human MYHI12
locus maps to chromosome 15 in the region q14 —+q22.

In sitn hybridization

Imtially, radiolabeled pHud2R1.2 was used 10 map the
MYH 12 gene on human chromosomes by 1n sifu hybridization.
A 1012] of 220 mctaphasc spreads were examined to determine
the distribution of silver grains among the chromosomes. Of
these 220 cells. 50 (23 %) showed labeling on chromosome 15,
Among 6485 labeled sites. 85 (9 %) grains were located on chro-
mosome 1S Thirty-five of these 5§ grains (64%) clustered to
bands 15q14—q22. The lareest number of grains (16) was
located at band 15q21

The hybridization detection cfficiency was considerably
higher in subsequent FISH expenments using a nonisotapically
labeled pHudSRI1.9 probe. Fluorescent signals were detected on
chromosome 15in 22 (63%) of 35 metaphase cells. Fluorescent
signals on chromosome 15 were distributed as follows: one
chromatid (scven cells). two chromatids (nine ¢ells). three chro-
matids (three cells). four chromatids (three cells). Labeling on
buth hamalogs was abserved in nine cells. Forty-four of 46 sig-
nals an chromosame 15 werce located at hand 21 (Fig. S).

Comparative mapping

‘he ncarest proximal marker to MyA 12 (diluse. d) on mouse
Chromosome 9. which has been mapped in humans, is pyru-
vate kinase 3 (Pk3) (Kingsley ct al.. 1989). PKM2 (the human
homolaoy of PA3) maps to human chromosome band 15424

Cytogenet Cell Genel, Val 69, 1994

42S (Popescu and Cheng. 1990). The mapping of MYHI12 1o
chromaosame band 1521 extends distally the known region of
homology between mouse Chromosome 9 and human chromo-
some 15, The ncarest distal marker (o Mvhl2 which has been
mapped in humans is bonec morphogenetic protein S (Bmp$)
BMPS has been assicned 10 human chromaosome 6 (Hahn e1 al.,
1992). BmpS$ has also been shown 10 be encoded by the short-
car mutanion (Kingsley ct al., 1992), which resides 0.16 cM dis-
1al of dilute (Myh12) (Russell, 1971). Thus. the mapping of
MYHI12t10band 15921 narrows 10 0.16 ¢M the interval within
which the break in homology between human chromosomes
15q and 6 must oceur on mouse Chromasome 9.

MY 12 and human disease

Finally. it is of intcrest to ask whether MYHI12 could be
associated with any human discase syndromes. The only hu-
man discascs known 10 map on human chromosome 15q that
have any phenotypic similanty to the difute mouse arce the
Prader-Willi (PWS) and Angelman syndromes (AS), which
sometimes producce a hypopigmented phenotype. However, the
MYHI12 locus appears to map distal to the region (15q!11 -
15413) associated with PWS and AS (Kaplan ct al.. 1987;
Knoll et al.. 1989: Magenisct al.. 1990). and it has recently been
shown thar the hypopigmentation phenotype associated with
PWS and AS is duc to mutations in the human P gene (Rinchik
cral.. 1993).

Many other tyrosinasc-positive albinism syndromes 1n man
have also been recognized. but have not yet been mapped.
These syndromes, whose phenotypes bear a resemblance to
mouse dilute. include Cross syndrome. Elejalde syndrome, and
Griscelli syndrome (Witkop. 1984, Engle and Kennett, 1994).
As more is undenstood about the cell biology and gene mapping
of such syndromes. it may become possible to associate
MYH 12 with a human genctic discase.
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