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Summary

We report the isolation of 3 new marker (56.1) from band pl1.2 of buman chromosome 17 by differcorial
Aly—polymerase chain reaction (Afu-PCR) of both a monochromasomal hybrid retaining a single buman
chromosome 17 and a hybrid retainiog a del{17)(p11.2pll.2) in addition to other human chromasomes.
The method is based on che preferenual PCR amplification of human DNA in rodent/humaa hybrids
when primers specific to dhe human Alu repeat element are used. Mspl and Ssil RFLPs associated with
56.1 were identified and used in linkage analysis of both a previously reported and a newly identified
Freuch-Acadian kindred segregating aatosomal dominant Charcot-Marie-Iooth disease (CMT). A cumula-
tive peak lod score of 3.41 at a peak recombinatiaon fraction of .12 indicates that this marker is linked to
the CMT 1A locus but is at a distance from the discase gene. Thus, the marker §6.1 will be uscful in fur-

ther delineating thie candidate region for the CMT gene when its Jocation with respect 1o pAl10—41 and
1516, vwo other markers from 17p11.2 which have previously demonstrated close linkage to the CMT

locus, has beea determined.

Introduction

Charcot-Marie-Tooth disease (CMT) is one type of
hereditary motor and sensory neuropathy (HMSIN)
which is characterized by absent deep tendon reflexes
and pragressive muscle wasting, particularly in mus-
cles innervated by the peronecal nerves (Charcot and
Marie 1886). The disease can be inherited in an au-
tasomal dominant, autosomal recessive, or X-linked
manner {McKusick 1988). CMT type 1A (CMT 1A),
which is the most prevalent form of this disease, has
been recently mapped to the pericentromeric region af
chromosome 17 (Raeymaekers et al. 1989; Vance et al.
1989; Middleton-Price et al. 1990; Patel et al. 1990Q),
while CMT type 1B, also inherited in an autosomal
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dominant manner, has been shown to be linked to the
Duffy locus in the q23-q25 region af chramosome 1
(Bird ct al. 1982).

We have studied a large French-Acadian pedigree
segregating CMT 1A by using markers from the pericen-
tromeric region of chrumosome 17 {Patel et al. 1990).
Two markers, pAlG-41 (D17571) and 1916 {(D175258),
are closely linked to the CMT locus and map to 17pill.2
(vadTuinen et al. 1987; Parel et al, 1990), This chro-
mosomal region is deleted in patients wich Smith-
Magenis syndrome, a syndrome characterized by mul-
tiple comgenital anomalies including developmental
dclay, facial dysmarpholagy, attention-deficit disorder,
and, in some patients, absence of REM sleep (Smith
et al. 1986; Stratton et al, 1986), We have used a hybrid
cell line, DH110-D1 (Patel et al. 1990), constructed from
a Smith-Magenis patient tu selectively isolate u marker
from 17pll1.2 far use in further linkage smdies. The
probe isolatton method is based on the polymerase chain
reaction (PCR)-mediated amplification of human DNA
in hybrid cell lines by using primers directed to the Adu
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repeat sequence (Nelson et al. 1920} and by the com-
parison of Alk-PCR products from hybrid ccll lines re-
taining ¢ither an intact or deleted chromosome 17 as
described recently for markers in the Xq28 region {Led-
better e al, 1990). The probe $6.1 was then wutilized
1u linkage analysis with two large CMT 1A pedigrees,
Our prabe isolation method should have application
to the identification of novel probes from specific
regions, for use 1 linkage analysis and diseasc-gene

mapping.

Material and Methods

Celf Lines

The rodent parent of each hybrid cell line s clone
1D, a thymidine kinase—defictent mouse fibroblast cell
line. All hybrid cell lines have been described elsewhere
(vanluinen et al. 1987, 1988; Patel et al. 1990). The
hybrid MH22-6 rewains a single chromosome 17 as its
only human material. The hybrids P12.3B, HO-11, and
JW-4 retain 17pter—ql1.2 or 12, 17p13.100—*qter, and
17pl13.105-+qter, respectively. The hybrid DiH110-D1
is derived from a Smith-Magenis patient and retains
17pter—pll. 2::pll. 2—qter.

PCR Reactions and Primers

The PCR was conducted using the Alu primer, 'TC-
65, and the condiuons used were essentially thosc de-
scribed by Nelson et al, (1989}, except that the final
concentration of dNTDPs was 250 uM.

Gel Electropharesis and Sauthern Hybridization

DINAs were visualized with ethidium bromide after
clectrophoresis in agarose gels. Size markers are a mix-
ture of A DNA digested with Hindll and OX174
digested with Haelll, Southern cranster and hybridiza-
tion followed procedures described elsewhere (Patel et
al. 1990). When PCR products were 10 be used as
probes, they were either echanol predpitated with am-
monium acetate (¢ remove ANTPs or were puribied af-
ter electrophoreric separation in low-melting-tempera-
rure agarose. All probes were preassociated with human
placental DNA prior to us¢ in hybridizations. In brief,
Southern blots were incubated in a three-fourths vol-
ume of prehybridization solution {1 M NaCl, 10% dex-
cran sulfare, 1% 5DS) containing 9.1 mg sonicated hu-
man placental DNA/ml and used at a final valume of
1 ml/16 cm? of membrane. The radialabeled probe,
used at a final concentration of 1 x 10¢ cpm/ml of
prehybridization solution, was mixed with one-fourth
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volurne of the prehybridization solutivn containing .2
mg of human placental DINA/ml, was boiled for 5 min
to denature the DNA, and was incubated at €5°C for
2 h to preassociate repeat sequences in the probe prior
to use in hybridizations.

Claning of Alu-PCR Froduct

The Alu-PCR product, $56.1, was digested with
HindIII to purify it from any comigrating contaminants.
Two major subfragments, $6.1-HB1 (1.2 kb) and 56.1-
HB2 (1.1 kb), were each purified from agarose by using
the GeneClean kit (B1O101} and were ligated into Hincli-
digested p[Z19R vector (Mead et al, 1936) at a vec-
tor:insert molar ratio of 132 afrer repainng the ends.
Theligatian was performed in One Phor-All Plus buffer
with T4 ligase (Pharmacia) for 16 h at £69C. Esche-
nichia coliK-12 strain DHSa competent cells were trans-
formed with the ligation produces and plated on LB
plates containing 100 pg ampicillin/ml.

CMT Pedigrees

All available members of pedigrees scgregating au-
tosomal dominant CMT were subjected to a thorough
clinical and electrophysiological examinatign. Since we
had previgusly demonswrated reduced nerve conduction
veloaities (NCVs) in asympromatc mdividuals (Patel
et al. 1990}, all individuals uscd in linkage analysis wene
examined for NCV. In these kindreds, the diagnasis
of CMT LA was established by the presence of markedly
slowed median and ulnar motor NCVs. A single nor-
mal motor NCV of the pergneal nerve excluded the
diagnosis in padencs older than age 5 years.

Pedigree 1 1s a 299-person bFrench-Acadian pedigree
which has been previously described and of whick 33
members have been used in the linkage analysis (Patel
ctal. 1990). Pedigree 42 is a 149-person French-Acadian
pedigree of which 35 members were studied (fig. 1).
After informed consent was obtained, biood was col-
lected from each participating family member and was
used to establish Epstein-Barr virus=transformed lym-
phoblasts (Anderson and Gusella 1984) and for 150la-
tion of high-malecular-weight DNA (Miller er al. 1988).

Linkage Analysis

The parameters and methods used for linkage anal-
ysis for pedigrees 1 and 42 have been described else-
where {Patel et al. 1990), with the exception that the
age-dependent risk of affection was removed, since all
critical members of this pedigree were evaluated for
NCV. A final penctrance of .99 was assumed for CMT
gene carriers, -
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Schematic diagram of method used for isolation of markers from 17pl1.2. The bybrids zre descabed in Marerial and Methods.
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Resuits
Isolation of Marker 56.1 from 17pll.2

The method used for isolation of markers mapping
to 17pl1.2 is shown schematically in figure 2. MH22-6
is a hybrid cell line retaining a single copy of chromo-
some 17 as its only human complement. Human-specific
sequences in the cell line were selectively amplified by
conducting PCR using the primer TC-65 representing
the Alu repeat sequence as described by Nelson et al.
(1989). The amplification products comprising >50
fragments ranging in size from ~400 bp to ~v4 kb were
separated by electrophoresis in a 1% low-melting-tem-
perature agarose gel. The gel was sliced at 0.5-cm
intervals, each slice was melted, an equal valume of
water added, and 5 pl (<0.5%) of each slice was used
for a reamplification reaction using the primer TC-65.

The primer TC-65 was also used to amplify the hu-
man DNA in the hybrids P12.3B, HO-11, and DH110-D1,
which retain a derivative chromosome 17 in addition
to several other human chromosomes. The amplifica-
tion products obtained both with TC-65 and either each
of these hybrids separately or hybrid MH22-6, which
are displayed in figure 3A, were subjected to Southern
analysis using amplification products from each of the
slices of the low-melting-temperature agarose gel as a
probe. The results obtained with the products of slice
6 are shown in figure 3B. One of the amplification prod-
ucts was missing in the hybrid DH110-D1, suggesting
that it originated from 2 sequence mapping to 17pl11.2.
To confirm this, the fragment designated S6.1 was iso-
lated and hybridized to a Southern blot of EcoRI-
digested genomic DNA from the hybrid DH110-D1 and
other human chromosome 17-retaining hybrids. As
shown in figure 4, no signal is evident when S6.1 is
hybridized to DH110-D1 DNA, while a hybridization
signal is seen when 17pl1.2-specific DNA sequences are
present, thus confirming that this sequence originated
from 17pl1.2. Figure 4 also shows that $6.1 hybridized
to four EcoRI fragments, all of which map to 17pl1.2.

RFLP Analysis of Marker S6.1

To determine whether the marker $S6.1 showed link-
age to the CMT locus, we attempted to identify RFLPs.
DNA from eight unrelated individuals was digested with
Apal, Avall, BamHI, Banl, Banll, Bell, Bgll, Bglll, Dral,
EcoRlI, EcoRV, Hincll, Hindlll, Hinfl, Mspl, Mbol,
Pstl, Pvull, Rsal, Scal, Sphl, Sstl, Stul, Tagl, and Xbal
and was used for Southern analysis with S6.1. An Sszl
polymorphism, with allelic fragments of 12.2 and 7.1
- kb at a frequency of 39% and 61%, respectively, was

Patel et 4
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Figure3  Southern analysis of Alu-PCR products from hybrids
MH22-6, P12.3B, DH110-D1, and HO-11. One-half microgram from
each of these hybrids was amplified with primer TC-65 as described
in Material and Methods, Ten percent of the products were electro-
phoresed in a 1.2% agarose gel, and a Southern blot was prepared.
The blot was hybridized with the amplification products from slice
6. A, Ethidium bromide-stained gel. B, Autoradiograph of Southern
blot. The arrow indicates the fragment missing in the Smith-Magenis
hybrid, DH110-D1, suggesting that it maps to 17pll.2.

detected. An RFLP was also detected for Mspl, with
allelic fragments of 1.1 and 1.0 kb at a frequency of
78% and 22%., respectively. Both Mendelian segrega-
tion of these RFLPs and the invariant fragments recog-
nized by a cloned subfragment of S6.1 are shown in
figure 5. Since a limited number of unrelated individu-
als were typed for the Sstl and Mspl RFLPs, it could
not be determined whether these RFLPsare in linkage



Linkage of CMT [A to Chromosome 17 Marker

o S
o
8dyrT @
o X N
thEE%gga
5_
4_-‘ ingit N
3_..
.3

—

Figure 4  South<iu analysis of genomic DNA with Alu-PCR
product, $6.1. Twu and ane-half wuccograms of humau NNA, § ug
of moyse (clone 1D) DINA, and 10 pug of DNA from the somartic
cell hybnds MH22 -6, [W-4, DH110-D{, HO-11, and P12.3B were
digested with Ecofll and hybridized with 56.1, which is the fragment
wkutificd as uussing in the hybeid DHI10-DL as shown in fig. 38.
The hybrids are described in Marerial and Mechods.

disequilibrium. However, no recombinants were de-
tected bevween the S5 and Mspl RFLPs within two
large pedigrees which were analyzed (see below).

A New French-Acadian Kindred Which
Segregates CMT (A

We have previously reparted a French-Acadian kin-
dred (pedigree 1) segregating autosomal dominant CMT
and demonstrating linkage to markers from the pericen-
tromeric region of chromosome 17 (Pacel ec al, 1990).
A second French-Acadian kindred (pedigree 42; fig. 1)
segreyacing aucgsomal dominant CM1" was sampled,
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and 35 of the individuals in it were used in the present
study. To determine whether pedigree 42 segregated
CMT 1A, memabers were typed for the markers pA10—
41, 1516, and EW 301, which have beea shown to be
closely linked tg the CMT 1A locus (Racymackers et
al. 1989; Vance et al. 1989; Middlcton-Price ex al. 1990,
Patel et al. 1990). The individual and cumulative lod
scores obtained for pedigrees 1 and 42 by using pA10-
41, 1516, and EW 301 are presented in table 1. In pedi-
grce 42 the marker pAl)—41 was more informadve than
1516 or EW301 and yielded Z = 233 at @ = 0, sug-
gesting that pedigree 42 segregates CMT 1A,

Linkage Analysis of Pedigrees | and 42 with Marker 6.1

To determine the genetic distance of $6.1 with re-
spect 10 the CMT locus, both pedigree 1 and pedigree
42 were typed for the Mspl and Ssil RFLPs described
above, and haplotypes were constructed. Lod scores
were calculated as described in Material aad Methods
and are preseated in table 1 both individually for
pedigrees 1 and 42 and as a total for these families,
under the assumption of homogeneity of linkage, These
results suggest that 1516 and pA10-41 are both closely
linked to the CMT 1A gene, but the marker 56.1 is inked
atadistance (§ = .12) from the disease gene. Determi-
nation of the recombination distance between 56.1,
1516, and pA10—41 will entail examunation of a larger
number of CMT 1A and reference pedigrees with these
markers. This in turn wiil enable a more precise deline-
ation of the candidate region for the CMT locus on
chromasome 17.

Discussion

The ability to amplify human-specific sequences in
somatic cell hybrids by using primers to repeated se-
quence elements such as Alu (Nelson et al. 1989) and
LINE (Ledbetter et al, 1990) has greatly facilicated che
identification of markers mapping to specific chro-
mosomal regions. We have described in the present re-
port an application of Alu-PCR which has cnabled us
to rapidly identify a new marker in a specified region
of chromasome 17p and to demonstrate the capacity
for ics direct use in linkage analysis for CMT 1A. This
region contains gene(s) wesponsible for the various
phenotypic manifestations in Smith-Magenis syndrome
(del(17)(p11.2)), as well a5 two markers (1516 and
pA10-41) closely linked to the gene responsible for CMT
1A (Patel ec al. 1990). Ounly three other markers have
been previously physically mapped to this delenon iaver-
val—namely, D17571 (pA13-41) and D17529 (YNM67)
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Figure 5 Mendelian segreganon of RFLPs revealed by enzymes Ssel (A) and Mspl (B). A cloned subfragment of the marker S6.1 desig-
nated 56.1-HB2 (see Marerial and Methods) was used for Southern analysis. The vadiant fragments are indicated as allele A and allele B,
respectively. The Sstl pacrern obtained with $6.1-HB2 is identical to thax seen with $6.1. The Mspl pattern obrained with $6.1-HB2 is simpler
and allows distincuoa af overlapping Mspl fragments. Occasionally a strongly hybnidwing 1.75-kb Mspl fragment was seen with this probe,
but it could never be condlusively established whether this represented a variant allele of the 1.3-kb Mspi fragment and/or an incomplete

Table |

Lod Scores for CMT |A versus Chromosome 17p Markers

LoD SCORE AT RECOMBINATION FRACTION OF

MARKER {enzyme(s]) AND PEDIGREE® 0 05 10 .5 .20 30 40 6 2
Al10-41 [Mspl):

P 89 79 .67 .55 43 .20 .0
42 . e 2.33 211 1.88 1.65 140 .91 _.42
Total ..., 3.22 290 255 2.20 1.83 1.11 47 .00 3.22
516%: Hindlll and Mspl
) 3.72 339 302 264 223 1.37 .50
42 e -4.13 _64 73 70 _61 3B A5 ... ...
Tota) ..o —.41 403 3.75 3.34 284 175 .65 .04 4.04
EW301 Tagl)
2.04 233 239 2.29 2.07 1.44 .45
. 92 78 .65 .55 .46 31 .17 ... ...
] J 296 3.11 3.04 2.84 253 175 .62 .06 3.12
56.1 (Ssrl and Mspl)
) R ~370 176 2.20 2.26 2.12 165 .89
S -3.39 1.11 1.16 107 _92 .54 .16 ... ...
Total ...l -7.09 287 336 3.33 3.04 2.19 1.05 .12 341

* Lod scores for pA10-41, 1516 (HserdllI), and EW301 in pedigree 1 were published by Patel et al.
{1990); the remamning results are from the present study.

b Hindlll RFLP described by Patel ex al. (1990); Mspl RFLP described by Franco et al. (submitted). -



Linkage of CMT 1A to Chromosome 17 Marker

(van Tuinen et al. 1987) and D175238 (1516) (Pacel et
al. 1990},

Ledbetrer et al. (1990) have recently described the
identification of markers from Xq28 by a comparison
of the amplification products obeained from a hybrid
retaining a single human X chromosome and from
hybnids reraining a del(X){q28) or only the Xg24-grer
region. The patterns of amplification products used for
the identificanion of these markers were simpler than
that obtained with the hybrid MH22-6. We therefore
used the approach of examining pools of ampliGication
producs created by dividing elecroghoretically sepa-
rated amplification products. This approach for 1den-
tifying Alu-PCR amplification praducts which are ab-
sent in a hybrid retaining a chromasame 17 specifi-
cally deleted for band pl11.2 may be further refined by
modifications which reduce the total number of Alu-
PCR amplification products in the hybrids.

The marker 56.1 appears 1o hybridize to at least two
lod inthe genome, as determined by Southern analysis
af genomic DNAs digested with a number of restric-
tion enzymes, including 3si1 (hg, 5), Kpnl, Avall,
BamHI, and Puull (data not showa). Both of these loci,
which each appear 1o contain at least gne EcoRlI site,
map to 17pll.2, as shown by their absence in 2 hybrid
retaining del (17) (pil.2pl11.2) (fig. 4). 1dentical results
were obtained with cloned subfragments of $6.1, thus
ruling out the possibility that $6.1 represented a mix-
ture of camigrating Alu-PCR products (d ara not shown).
Similar resules have been aobserved with phage clones
grginaring from Xp and have been attrtbuted to the
presence af a family of very-low-copy-number repeats
whose members are located within close proximity on
the X chromosome (Ballabio et al., in press). Use of
the marker 56.1 to screen a genomic library to isolare
larger homologous genomic sequences—along with
physical mapping of these sequences—will detetmine
the relative proximity of these sequences in 17pll.2.

Acknowledgments

We thank Susic Ledberter for valuable discqussions and for
shaning unpublished data which enabled us ta devise the probe
tsolation method. We are indebted to David Ledbetcer for
praviding all somatic cell hybrids used in this study. We thank
Robert Wright, Stewart Davis, and Velma Holid ay for techni-
<al assistance, We thank David Nelson, Rick Myers, and David
and Susie Ledbecter for critically meading che manuscript. We
thank Linda Haway for preparation of the manuscript. This
work was suppaorted in part by a Muscular Dystrophy As-
soqation { MDA} Task Force on Genetics grant, an Advanced

933

Technology Program grant from the stawe of Texas, Bayloc
Meatal Retardation Center grant HD24064-02, NIH grant
ROL N5-27042 w0 J.R.L. and PIP, and by NIH grants
GM33771 and HDOU774 (R.C.D.A.) o AC. B.F is a recipn-
ent of an MDA postdoctoral fellowship.

References

Anderson MA, Gusella JF (1984) The use of cyclosporin A
in establishing EBV-transformed human lymphoblastotd
cell lines. In Vitro 20:856-353

Ballabio A, Bardont B, Guiali &, Basler E, Camerine G.
Twa families of low copy number repeats are interspersed
on Xp22 3: implications far the high frequency of dele-

. tions in this region. Genomics {in press]

Bird TD, Ot ], Giblett ER (1982) Evidence for hinkage of
Charcot-MarieToath neuropathy w0 the Duffy locus on
chromasome 1. Am ] Hum Genet 34:388-394

Charcox |M, Marie P (1886) Sur une forme particulaite
d’atrophic musculaire progressive souvent famihale debu-
tant par les pied et les jauntes et aceignant plus vord les
mains. Rev Med 6:97-13%

Franco B, Rincon-Limas D, Nakamura Y, Pate] PI, Lupski
JR. Idcauficatnon af an Mspl RFLP ar che D172538 locus
on 17pll.2 (submited)

Ledbetter SA, Nelson KL, Warren 5T, Ledbetter OH (1990)
Rapid isolacion of DNA probes wichin specific chromo-
S0mK regions by invecspersed repetitive sequence (IRS) PCR.
Genomics §:475-481

McKusick VA {1988) Mendelian inheritance in man, 8th cd.
Johns Hopkins University Press, Baltimore and London

Mead K, Szazesna-Skorupa E, Kenyer B {1986 Single-stranded
DNA “blue™ T7 promoter plasmids: a versatile tandem pro-
moter system for cloning and pratein engineering. Procein
Eng 1:67-74

Middleton-Price HR , Harding AE, Montiera C, Berciane |,
Malcolm § (1990) Linkage of hereditary motar and sen-
sary neuropathiy type L 1o the pericentromeric region of chra-
mosome 17. Am | Hum Genee 45:92-94

Miller 5A, Dykes DD, Palesky HF (1998) A simple salting
out procedure for extracting DNA from human nucleaced
cells. Nudlek Acids Res 16:1215

Nelson KL, Ledbetter SA, Corbo L, Victoria MF, Ramirez-
Salis R, Webster TD, Ledbetter DH, et al (1989) Adu poly-
merase chain reaction: a method for rapid isolation of
human-specific sequences from complex DNA saurces. Proc
Natl Acad Sci USA 36§:6686-6690

Patel PI, Franco B, Garaia C, Slaugenhaupe SA, Nakamum
Y, Ledberter DH, Chakravarti A, et al (1990) Genetic map-
pingof autosormal dominant Charcot-Marie-Tooth disease
in a large French-Acadian kindred: identification of new
linked markers on chromosome 17. Am | Hum Geaet
46:801-80Y

" Racymaekers P, Timmerman V, De Jonghe P, Swerts L,

Gheuens |, Martin J-J, Muylle L, et al {1989) Localization



934

of the mutation in an extended family with Charcot-Marie-
Tooth neuropathy {(HMSN I). Am ] Hum Genet 45:953-
958

Smith ACM, McGavran L, Robinson |, Waldstein G, Mac-
farlane |, Zonona |, Reiss M, et al (1986) Interstitial dele-
don of (17) {pl11.2p11.2) in nine patients. Am ] Med Gener
24:393-414

Stratton RF, Dobyns WB, Greenberg F, DeSana JB, Moore
C, Fidone G, Runge GH, et al (1986) Interstitial delenion
of (17){pl11.2p11.2): repart of six additional patients with
a new chromosome deletion syndrome. Am ] Med Gener
24:421-432

Patel et al.

Vance JM, Nicholson GA, Yamaoka LH, Stajich J, Stewart
CS, Speer MC, Hung W-Y, et al (1989) Linkage of Charcot-
Marie-Tooth neuropathy type 1a to chromosome 17, Exp
Neurol 104:186-189

varTuinen P, Dobyns WB, Rich DC, Summers KM, Robinson
TJ, Nakamura Y, Ledbetier DH (1988) Molecular detec-
tion of microscopic and submicroscopic deletions associated
with Miiler-Dieker syndrome. Am | Hum Genet 43:587-
5%6

varTuinen P, Rich DC, Summers KM, Ledbetrer DH (1987)
Regional mapping panel for human chromosome 17: ap-
plication to neurofibromarasis type 1. Genomics 1:374-381



gENobca 9, 31-36 (19491)

Isolation of Region-Specific and Polymorphic Markers from
Chromosome 17 by Restricted Alu Polymerase Chain Reaction

VITo GUzzZETTA, * ROBERTO MONTES DE OCA-LUNA, * James R. LUPsKl, T AND PRAGNA |. PaTeL*"?

*institute for Molecular Genetics and tOepartment of Pediatrics, Baylor College of Medicine, Houston, Texas 77030

Received June 11, 1990; revised August 24, 1990

We demonstrate that the digestion of template DNAs
with restriction endonucleases prior to Alu polymerase
chain reaction (*'restricted Afu-PCR'') reduces the com-
plexity of the Alu-primed amplification patierns of human
DNA iz somatic cell hybrids sad allows a direct informa-
tive comparison of these patterns. A comparison of re-
stricted Alu-PCR patterns of a monochromosomal hybrid
reidining & human chromosome 17 (MH22-6) and u hybrid
retaining a human chromosome 17 deleted for band p11.2
(DH110-D1) revealed four Alu-PCR products that were
present in the former but absent in the latter hybrid. Hy-
bridization of these fragments to the total Alu-PCR ampli-
flcation products of the two hybrids confirmed their ab-
sence in DH110-D1 amplification products. Hybridization
to a panel of somatic cell hybrids indicated that two of these
fragments were deleted in the hybrid DH110-D'1 and
mapped to 17pl1.2, a5 expected. However, two additional
{fragments were not deleted in the hybrid DH110-D1 and
mapped to gther regions of chromosome 17. An insertion—
deletion poly morphism was associated with one of the lat-
ter fragments, which may be the mechanism for the lack of
its amplification in the hyhrid DH110-D1. Restricted Alu-
PCR should enbance the applications of Alu-PCR and pro-
vides & uew method for the identification of chremasome-
specific polymorphic markors.,  © 1991 Acedemic Prom, [uc.

INTRODUCTION

The ability tu isulate markers rapidly from a de-
fined human chromosomal region has been greatly
enhanced by the Al polymerase chain reaction (Alu-
PCR). This approach uses primers directed tv human
Alu repetitive sequence elements to amplify human
DNA sequences situated between Al repeats (Nelson
et al, 1989). Several types of primers based on the
cangensus Alu sequence have been designed (Nelson

! To whom cotrespondence should be addressed at Institute for
Molecular Genetica, Baylor College of Medicine, Uune Baylor
Plaza, Houston, TX 77030,
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et al., 1989; Cotter et al, 1990). These primers can be
used alone or in combination with other Alu primers
O primers to ather interspersed repeat elements such
ay L1Hs (Ledbetier et al., 1990) to amplify inter-Alu
aequences from human DNA present in complex
backgrounds, such as rodent-human hybrids.

Direct comparison of the amplified human se-
quences of a monochromosomal hybrid retaining a
human X chromosome to that of hybrids retaining
human derivative X chromosomes as the only hbuman
material has allowed the isolation of markers map-
ping to X428 (Ledbetter et al., 1990). We svught tu
isolate markers from 17pl11.2 by comparing the Alu-
PCR amplification patierns of a monoechromosomal
hybrid retaining human chromosome 17 (vanTuinen
et al, 1Y87) to that of a hybrid retaining a human
chromosome L7 deleted for the pl1.2 region (Patel et
al., 1990). However, the large number of Alu-primed
amplification products obtained with these hybrids
was a limiting factor in the direct comparative analy-
sis of these products from hybrids for the isolation of
markers mapping to 17pL1.2. In this report, we dem-
onstrate the reduction in complexity of the 4iu-PCR
amplification patterns obtained using Alu primers hy
digesting genomic DNAs from chromosome 17-re-
tuining hybrids with various restriction enzymes
prior toa A{u-PCR. Thias allowed us to isolate two
markers from the 17p11.2 region. A second applica-
tion resulting frow this study is a method for the di-
rect identification of polymorphic markers from spe-
cific chromosomal regiona.

MATERIALS AND METHODS

Cell Lines

The rodent parent of all somatic cell hybrids is
clone 1D, 8 thymidine kinuse-deficient mouse fibro-
blast cell line. All hybrids used in this study have been
described previously. Briefly, the hybrid MH22-6

contains a single chromosome 17 as the only human

3988-7543,/91 $3.00
Capyright © 1391 by Academic Prees, Inc.
All rights of reproduction in any form reserved
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material (vanTuinen et al., 1987), DH110-D1 retains
a del{17)(pl11.2p11.2) derived from a patient with
Smith-Magenis syndrome (Patel et al,, 1930}, 88-H5
containy 17pter-pl1.2 {vanTuinen et ol, 1987), L.S8-1
cantains 17cen—qter (Elder et al, 1985) SP-3 containa
7q11.2 (vanTuinen et al, 1987), and HO-11 contains
17p13.1-q25.9 {vanTuinen et al.,, 1988).

Primers and PCR Conditions

Templates for restricted Alu-PCR were prepared
by digesting 1 pg of genomic DNA for >4 h with 10
units of restriction enzyme added in two aliquots. The
DINAs were precipitated in 0.3 M sodium acetate with
2 vol of 95% ethanol, washed in 75% ethanol, and
resuspended in 50 gl of water. The PCR. was con-

-ducted using Ak primers T'C-65 and 517 as described
by Nelson et el (1989) with minor modification.
Briefly, the PCR was carried out in & final volume of
50-10Q pl with 1 ug of DNA, primer TXC-65 at 1 M, or
primer 517 at 4.1 pM in 50 mM KC1/10 mM Tris-
HCI, pH 8.0/1.56 mM MgCL/0.01% gelatin, all four
dNTPs (Pharmacia) at either 250 uM (TC-65) or 125
gM (517), and 2.5 units of Tag polymerase {(Perkin-
Elmer/Cetus). The reaction was conducted for 36 cy-
cles of 94°C denaturation {1 min), 55°C annealing (1
min), and 72°C extension (4 min) in an automated
thermalcycler (Perkin-Elmer/Cetus). Initial denatur-
ation was at 95°C for 5 min and a final extension was
at 72°C for 7 min, Primers were used in reactions
after deprotection without further purification.

PCR Products: Gel Electrophaoresis, Purification,
and Cluning

To analyze the PCR products, they were separated
on a 1.3% agarose gel in Tris—borate buffer at 40-50 V
for 1216 h. To isvlate individual fragments, the PCR
product was electrophoresed on a 1.3% low-melting
agarose gel. The fragment was cacised from the gel
and melted at 65°C, an equal volume of water was
added, and approximately 1 ] was reamplified for 35
cycles to allow generation of preparative quantities of
the fragment.

To clone the PCR product FG 1, it was purified from
agarase using the GeneClean Kit (BIO 101) and li-
gated into Hincll-digested pTZ19R vector (Mead et
al., 1986) at a molar ratio of 1:2 vector to insert. The
ligation was performed in One Phor-All Plus buffer
with T4 liguse (Pharmacia) for 16 h at 16°C. Esche-
richia coli K-12 strain DHSa competent. cella were
transformed with the ligation products and plated on
LB plates containing 100 gg/ml ampicillin. The PCR
product FG2 was purified from comigrating contami-
nants by digestion with Mspl and electrophoretic sep-
aration of a subfragment of 700 bp.

Southern Analysis

For Southern analysis {Southern, 1975) of genomic
DNAs, 10 gg of DNA from each hybrid and 5 ug of
human and mouse DNA were digested for >4 h with
3-4 units/ug of the appropriate restriction enzyme.
Samples were electrophoresed in Tris—acetate aga-
ruse gels with buffer recirculation. For Southern anal-
yais of PCR products, 10% of the amplification prod-
ucts were electrophoresed as described above. South-
ern transfer, preassociation of all probes, and
hybridization were performed as described previously
{Patel et af., 1990).

RESULTS

To identify markers from 17pl11.2, high-molecular-
weight DNA from the hybrid MH22-6 (retaining a
single human chromosome 17} and the hybrid
DH110-D1 [retaining a del(17)}(p11.2p11.2)] was used
as a templute for amplification with either primer
TC-65 or 517. When DNA from MHZ2-6 was used 48
a template, approximately 50 fragments, ranging in
size from 400 bp tw 4 kb, were pbtained with primer
TC-65 and approximately 30 fragments, ranging in
size from 600 bp to 4 kb, were obtained with primer
517. The patterns obtained with DNA from DH11{-
D1 were mare complex, probably because this hybrid
retains other human chromosomes.

To reduce the complexity of Al-PCR amplifica-
tion patterns, DNA from the hybrid DH110-D1 was
digested with a number of restriction enzvmes, either
singly or in combination, prior to performing the Als
PCR. Figure 1 shows the amplification patterns ob-
tained with unrestricted and restricted DNA from
DH110-D1. 'I'he amplification products of the re-
stricted DINAs are composed of subsets of the prod-
ucts obtained with undigested DNA. It is interesting
to note the remarkable reduction in the number of
amplification products observed when an enzyme
with a four-base recugnition sequence, such as Ryal, is
used to digest the template. We use the term *re-
stricted Alu-PCR” to describe this modification of
Alu-PCR.

Having demonstrated a reduction in the complexity
of the Alu-PCR psiterns of hybrid DH110-D1, we ex-
amined this method for its ability to identify and iso-
late markers present in one hybrid but absent in an-
other. DNA from hybrids MH22-6 and DH110-D1
was digested with several restriction enzymes and
subjected to amplification with either primer TC-65
or 517, Figure 2 shows normal and restricted Alu-
PCR patterns far hybrids MH22-6 and DH110-D1.
The arrows indicate four fragments that are present
in the restricted Alu-PCR products of MH22-6 but
absent in that of DH110-D1.
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FIG. 1. Simplification of the Alu-PCR pattern of the hybrid
DH110-D1. One microgram of DNA from the rodent cell line clone
1D and from the hybrid DH110-D1, either uncut or digested with
several restriction endonucleases, was subjected to PCR with the
Alu primer TC-65 and electrophoresed as described under Mate-
nals and Methods. The templates are lane 1, clone 11D DNA; lane
2, uncut DH110-D1 DNA; lanes 3-10, DNA from DH110-D1 di-
gested with EcoR1 + Bgll, Tagl, Avall, EcoR1 + Pstl, EcoRI + Pstl
+ BamHI, Bell + Poull, Bell + Bglll, and Rsal, respectively. The
size standard is the 1-kb ladder (BRL).

These fragments could truly represent inter-Alu se-
quences that fail to amplify when DH110-D1 DNA is
used as template. Alternatively, they might represent
an artifact associated with restricted Alu-PCR. Toex-
amine these possibilities, Alu-PCR products obtained
with undigested DNA from hybrids MH22-6 and
DH110-D1 were examined by Southern analysis us-
ing each of the isolated fragments FG1, FG2, FG3,
and FG4 individually as probes. Each of these probes
hybridized to a fragment of similar size in the total
amplification products of undigested MH22-6 DNA
but was absent in the DH110-D1 products. The effi-
ciency of amplification and transfer was verified by
hybridization with a control fragment present in the
Alu-PCR products of both MH22-6 and DH110-D1.
The results obtained for FG3, which are representa-
tive of those seen with FG1, FG2, and FG4, are shown
in Fig. 3.

To determine the regional localization of these
fragments, each was used as a probe for Southern hy-
bridization with a panel of somatic cell hybrids repre-
senting different regions of chromosome 17. Both
FG1 and FG2 were localized to the 17p11.2 region, as
expected, but appeared contaminated with a minor
comigrating fragment (data not shown). They were
therefore either cloned (FG1) or further purified
(FG2) as described under Materials and Methods. Hy-
bridization of purified FG1 and FG2 to the somatic
cell hybrid mapping panel confirmed their localiza-
tion to 17p11.2 (Fig. 4).

The fragments FG3 and FG4 did not map to
17p11.2, as was initially expected. The fragment FG3
mapped to 17q11.2-gter and FG4 to 17p12 (Fig. 4).
The failure to amplify inter-Alu sequences such as
FG3 and FG4 in the DH110-D1 DNA could be due to
alterations in the sequences flanking or involving the
Alu element, which might be detectable as RFLPs. To
determine this, FG3 was hybridized to DNA from
eight unrelated individuals digested with BamHI,
Bell, Bglll, Dral, Hindlll, Pstl, Rsal, Sstl, or Tagl.
FG3 detected an insertion-deletion polymorphism
discernible with the enzymes Bell, Tagl, Pstl, and
Sstl as shown in Fig. 5. The difference in the size of
the polymorphic alleles with each of these three en-
zymes was approximately 250 bp. In addition, the
polymorphisms appeared to be in complete linkage
disequilibrium, as indicated by a similar pattern of
allele distribution in unrelated individuals (Fig. 5).
The hybrids MH22-6 and DH110-D1, when examined
for these polymorphic alleles by hybridization of
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FIG. 2. Comparative restricted Alu-PCR of the chromosome
17-retaining hybrids MH22-6 and DH110-D1. Lanes 1, 3, 5, 7 and
2, 4, 6, 8 represent the amplification products from hybrids
MH22-6 and DH110-D1, respectively. The status of the template
in each lane is: lanes 1 and 2, uncut; lanes 3 and 4, digested with
the enzymes Bell, Pstl, and EcoRI; lanes 5 and 6, digested with the
enzyme Avall; lanes 7 and 8, digested with the enzymes Pst] and
EcoRI. The Alu primer used for each set of amplifications is indi-
cated at the bottom of the figure. FG1, FG2, FG3, and FG4 repre-
sent fragments present in MH22-6 amplification products but ab-
sent in DH110-D1 amplification products; C represents a control
fragment amplified in both hybrids with primer 517, which is rele-
vant to the experiment described in Fig 3.
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FIG. 3. Absence of FG3 in the total Alu-PCR product of
DH110-D1. FG3 and a control Alz-PCR product were hybridized
sequentially to a Southern blot of the Alu-PCR products obtained
with 1 ug of undigested template DN As from hybrids MH22-6 and
DH110-D1. Lanes 1 and 2 represent the total Alu-PCR products of
the hybrids MH22-6 and DH110-D1, respectively; C indicates the
hybridization of a control Alu-PCR product identified in Fig. 2
which was obtained with Pstl + EcoRI-digested template from
both hybrids. The control fragmemnt was isolated from the electro-
phoretically separated restricted Alwu-PCR products of DH110-D1,
reamplified as described under Materials and Methods and used
for hybridization. The size of the fragments in kilobases (kb) is
shown on the right.

Bell-, Taql-, Pstl-, and Sstl-digested DNAs using
FG3 as probe, were found to contain the smaller and
the larger allele, respectively (data not shown). Exam-
ination of seven other reduced hybrids that retained a
normal or derivative chromosome 17 indicated that
the presence of the larger Tagl allele associated with
FG3 correlated with the inability to amplify the inter-
Alu sequence represented by F(G3 (data not shown).
The fragment FG4, when screened for RFLPs, did not
detect any polymorphism. F (G4 was amplified in sev-
eral other hybrids, including the hybrids 88H5 and
HO-11, which all contained the 17pl2 region (data
not shown), and the mechanism for the lack of ampli-
fication in hybrid DH110-ID1 is unknown.

FG1 and FG2 mapped to 17pl1.2, a region of inter-
est for the study of Charcot—Marie-Tooth disease
(Patel et al, 1990) and Smith-Magenis syndrome
(Smith et al., 1986; Stratton et al, 1986). They were
therefore screened for RFL.Ps by hybridization with
DNAs from eight unrelated individuals that were di-

gested with several restriction enzymes. FG1 detected
an Apal and a Rsal RFLP with polymorphic alleles of
12 and 7.5 kb and of 1.5 and 1.1 kb, respectively. FGI
was not polymorphic for Aval, Avall, BamHI, Bell,
Bgll, Bglll, EcoRI, HindIlI, Hinfl, Mspl, Pstl, Pyull,
Rsal, or Sstl. FG2 was not polymorphic for BamHI,
Bell, Bglll, EcoRI, HindlIl, Mspl, Rsal, or Tagl.

DISCUSSION

This study demonstrates a highly reproducible ap-
proach for decreasing the complexity of the Alu-PCR
amplification pattern of somatic cell hybrids and al-
lows a direct comparative analysis of amplified prod-
ucts from hybrid DNA. A recognition sequence for
one or more restriction endonucleases can oceur be-
tween two Alu sequence elements juxtaposed in op-
posing orientations. Digestion of the template with
restriction enzyme(s) prior to Alu-PCR prevents that
particular inter-Alu sequence from being amplified,
To determine which enzymes would be optimal touse,
we considered a previously reported frequency of rec-
ognition sequences for restriction enzymes in the hu-
man genome (Drmanac et al., 1986). As expected, the
reduction in complexity of the amplification pattemn
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FIG. 4. Hybridization of fragments FG1, FG2, FG3, and FG4 to
Southern blots of a somatic cell hybrid mapping panel. For ease of
interpretation, hybrid lanes are identified by schematic idiograms
representing the portions of chromosome 17 retained in the hy-
brids. Lanes 1-6, 10 gg of genomic DNA from the hybrids HO-11,
MH22-8, DH110-D1, 88H5, LS-1, and SP3, respectively; lane 7, 10
ug of DNA from the parental mouse cell line, Clone 1D; lane 8, 5 ¢
of human genomic DNA. The individual probes are indicated on
the right and the size of the bands in kilobases (kb) is shown on the
left. FG1 and FG2 were hybridized to Poull-digested DNAs, while
FG3 and FG4 were hybridized to HindIII-digested DNAs. FG1 and
FG2 map to 17p11.2, FG3 maps to 17q11.2-qter, and FG4 maps to
17pl2.
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FIG. 5. Insertion-deletion polymorphism detected by FG3.
Lanes 1-4 represent DNA from each of the same four unrelated
individuals digested with the enzymes indicated on the right. The
size of the alleles in kilobases (kb) is shown on the left and indi-
cates that the polymorphic alleles in each case differ in size by
about 250 bp and show the same pattern of zygosity in each individ-
ual.

was proportional to the frequency of the recognition
sequence of the particular enzyme or combination of
enzymes used. The presence of new discrete bands in
the restricted Alu-PCR patterns is probably due to a
decrease in competition for the template, which al-
lows significant amplification of regions not obtained
with the more complex template. An analogous phe-
nomenon, attributed to template competition, was
observed in comparisons of the amplified human se-
quences in X-chromosome-retaining hybrids (Led-
better et al., 1990).

The reproducibility of the method allowed us to
compare the subsets of Alu-PCR products of two
chromosome 17-retaining hybrids and to isolate two
new markers from the 17p11.2 region. In addition,
simplification of the amplification pattern allowed us
to detect fragments representing inter-A/u sequences
that failed to amplify in the hybrid DH110-D1. This
failure to amplify an inter-Alu sequence may be due to
Alu-associated polymorphisms. In fact, the fragment
FG3 detected an insertion—deletion polymorphism
(Anagnou et al., 1984; Frossard et al., 1986; Woods-
Samuels et al., 1989) involving a sequence of approxi-
mately 250 bp. The difference in the size of the poly-

morphic alleles, which approximates the length of a
single Alu repeat, suggests that the polymorphism
could have arisen by the insertion or deletion of a
single Alu element. The FG3 allele of the chromosome
17 retained in MH22-6 is 250 bp smaller than the
corresponding allele in DH110-D1. We speculate that
the presence of the “inserted” sequence in the chro-
mosome 17 retained in DH110-D1 impairs the ampli-
fication of the inter-Alu sequence represented by
FG3. Thus, restricted Alu-PCR may be applicable to
the direct isolation of polymorphic markers.

The fragment FG4 was also absent in the amplifi-
cation products of hybrid DH110-D1, even though it
did not map to 17p11.2. A limited survey with the
enzymes Bglll, HindIll, Hinfl, Mspl, Rsal, and Taql
did not reveal any RFLPs associated with FG4. The
lack of amplification of FG4 using DH110-D1 DNA
may be due to other types of polymorphisms asso-
ciated with Alu elements (Economou et al., 1990; Zu-
liani and Hobbs, 1990; Rogaev, 1989), which are not
detectable by genomic Southern analysis. These poly-
morphisms may affect the amplification because of
differences in the base composition at the primer an-
nealing site, secondary structure effects, or other
mechanisms. The inversion of the orientation of a
single Alu repeat might also be an additional mecha-
nism that impairs the amplification of a specific Alu-
PCR product.

The digestion of template DNA with restriction en-
zymes can enhance the usefulness of Alu primers con-
taining degenerate sequences, which have a high fre-
quency of target reiteration and yield a very large
number of amplification products. This method can
also be used to analyze hybrids that retain a large
number of human chromosomes. It may be used to
reduce selectively the number of amplification prod-
ucts resulting from a yeast artificial chromosome vec-
tor or a radiation hybrid containing a large segment of
human DNA. Restricted Alu-PCR may also facilitate
the detection and isolation of PCR products obtained
using specific primers coupled with Alu primers by
reducing the background of inter-Alu products.
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Summary

We undertook clinical evaluation {32 cases) and molecular evaluation (31 cases) of unrelated patients affected
with Smith-Mageanis syndrome (SMS) associated with an interstitial deletion of band p11.2 of chromosome
17. Paticnts were evaluated both clinically and electrophysiologically for peripheral neurgpathy, since markers
showing dase linkage to one form of Charcet-Marie-Toath discase (CMT1A) map to this chromasomal
region. The comman clinical findings were beoad flat midface with brachycephaly, broad nasal bridge,
brachydactyly, speech delay, and hoarse, deep voice. Fifty-five percent of the patients showed clinical signs
(e.g., decreased or absent deep tendon reflexes, pes planus or pes cavus, decreased sensitivity to pain, and
decreased leg muscle mass) suggestive of pecipheral neurgpacthy. However, uanlike patients with CMTIA,
these patients demonstrated normal necve conduction velocities. Self-destructive behaviors, primarily onychot-
llomania and pelycmbolokoilamania, were obscrved in 67% of the patients, and sigaificant symptoms of
sleep disturbance were observed in 62%. The absence of REM sleep was demoastrated by polysomnography
in two patients, Southern analysis indicated chac most padents were deleted for five 17p11.2 markers—FG1
(D175445}, 1516 (D175238), pYNME7-R5 (D17529], pA10-41 {D17871}, and p56.1-HB2Z (D175445)—
thus defining a region which appears tw be critical to SMS. The deledion was deterinined to be of pateenal
origin in aiae patients and of marernal ongin in six paticats. The apparcat random parental ogin of deletion
documented in 15 patients suggests that genomic imprinting docs not play a rolc in the expression of the
SMS dlinical phenotype. Qur findings suggest that SMS is likely a contiguous-gene deletion syadrome which
comprises characteristic clinical features, developmental delay, clinical signs of peripheral neuropachy,
abnormal sleep function, and specific behavioral anomalies.

Introduction ing in a Mendelian fashion. The complex phenotypic

Contiguous-gene syndromes are recognizable syn-
dromes and comprise microdeletion and microdupli-
cation syndromes (Schmickel 1986; Ledbetter and Ca-
venee 1989). Specitic teatures of these syndromes may
occur individually in families, as phenatypes segregat-
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abnormaliiies may resule from DNA rearrangements
invalving several conciguous genes (Schmickel 1986).
These syndromes are typically described as clinical
entities, prior ta establishment of a chromasomal en-
ology. The cytagenetic abnormality is consistently
small and difficult or impossible to detect by routine
methods. Some padents with the wmplete clinical
phenoty pe demonstrate no visible cytogenetic abmor-
mality even after high-resolution analysis.
Conriguous-gene deletion syadromes indude retino-
blastoma with mental retardation (MR) (del 13q14);
Wilms tumor, aniridia, genical abnarmalities, and re-
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tardation (WAGR) (del 11p13); Langer-Gidean syn-
drome (del 8q24); Prader-Willi and Aagelman syn-
dromes (del 15q11); a-thalassemia and MR (del
16p13.3); Miller-Dicker syndrome (del £7p13}); and
DiGeorge syndrome {del 22q11) (Schmickel 193¢,
Ledbetter and Cavenee 1989). In addition, other syn-
dromes associated with terminal deletions aof chromo-
somes, such as Wolf-Hirschhom syndrome (del 4p16)
(Ivens et al. 1990} and cr-du-chat syrdrome (del
5p16) (Overhauser et al. 1989), likely represent phe-
notypes assaciated with DNA rearrangements invalv-
ing contiguous genes. Male paticnes with multiple
X-linked disorders that are due to deletion of contigu-
ous genes in the Xp2i region and that lead to vari-
ous combinations vf Duchenue muscular dystrophy,
chronic granulomatous disease, McCleod phenatype,
retinmitis pigmentosa, glyceral kinase deficiency, con-
genital adcenal hypoplasia, oruithine transcacbamo-
ylase deficienicy, and various degrees of MR have been
described {Francke et al. 1987). Similarly, deledons
of the Xp22 region huve been demonstrated w have
combinations of steroid sulfatase deficiency, Kallman
syndrome, and MR (Ballabio ec al. 1989).
Smith-Magenis syndrome (SMS) (s a clinically
recognizable multiple congeaital anomaly /MR syn-
drome due tg an interstitial delecion of chromosome
17p11.2. The disacder was first descnibed by Smich e¢
al, in 1982, and che spectrum of clinical fearures was
delineated in 1986 by Smith et al. and Stratton et al.
To date, a total of 27 patents have been reported
(Pacil and Bardey 1984; Smich ec al. 1986, Scratton et
al, 198&; Popp et al. 1987; Lockwood et al. 1988;
Cotleyetal. 199¢; Hamull ecal. 1990). Recendy, DNA
markers linked to the gene for Charcot-Marie-Tooth
disease type 1A (CMT1A) were mapped to 17pll.2
(Raeymackers et al. 1989; Vance et al. 1989, 1991,
Chance et al. 1997; McAlpineec al. 1990; Middleton-
Peice ¢t al. 1990; Patel et al. 1990a, 19908). A
somatic-cell hybrid panel (vanTuinen et al. 1987) was
used to map these linked markers to 17p11.2 by virtue
of absence of Southern hybridization to a hybrid con-
structed from a del{17){p11.2) patient (Parel er al.
13904, 1990b). Bgcause of the mapping of the
CMTI1A gene to this region of chromosome 17, we
evaluated 32 SMS patients ro determine whether they
had evidence of periptieral neuropathy consistent with
CMT disease. In addition, we evaluated other clinical
bndings in order (0 define the common and variable
feacures of the syndrome. A molecular analysis of the
deletion in these SMS paticats was performed using,
praxinal 17p DNA markers and analysis for DNA
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polymorphisms. To determine whether genomic im-
princing plays a role in the SMS phenartype, as has
been discavered 1o be the case for chromosome 15 in
the Prader-Willi and Angelman microdeletion syn-
dromes (Nicholls et al. 1989; Williamsetal. 1990), we
studied the parental origin of deletion in SMS patients,

Subjects and Methods
Subjects .

Of the thirty-cwo SM$ patients evaluated, 22 were
ascertained by the cytogenetic laboratories and genetic
dinics ag¢ Baylor College of Medicine, Denver Chil-
dren’s Hospital, Ovegon Health Scicuces University,
and the University of Arizona ac Tucson, and 1€ pa-
ticnts were asacrtaincd by other genetic centers. Most
patients were ascertained for dysmorphic features
and/ar developmental delay, and chromosome analy-
sis demonstrated del(17)(p11.2). Six previgusly re-
ported and 26 newly identified patients were evalu-
aced. Twenty of thetn were examined by two authors
of the present paper [F. Greenberg and J. R. Lupski).
The clinical evaluations were done by using standard-
ized focrms which included demographic, anthro-
pometric, morphologic, developmencal, behavioral,
steep-habit, and meurologic findings. Nevve-conduc-
tion studies were performed thraugh the local Museu-
lar Dystwrophy Assccaauon (MDA) dinics. Data on
each of the patients were tabulated and entered into
a daca base file by using a dBase Il Plus® program.
Data on chromosome anzlysis, wncluding high-reso-
lution bandwg patterns for chromosome 17, were
available far all patients. Thirty-ane of the 32 patients
reported here had a deletion of proximal 17p, while
one patient (93-360] had a ¢ranslacation with one
breakpoing in 17p11.2. Thirty-one uf the 32 paticnts
were analyzed by molecular methods.

OMNA Prabes

The prabes used in the present study, their chro-
masomal locatian, the restriction enzyme displayiag
polymorphisms, expected allele sizes, and source and/
or referenice are listed in table 1. Probe cH3 is 2 cosmud
identificd from a library constructed fraom flow-sorted
humaa chromasome 17 by using FG-1 {Guzzetta etal.
1991) (D175446) as a hybridization probe. A 900-bp
Taql feapment containing a{GT )iy sequence was iden-
tified from cH3 and cluned into pTZI9R (pRM?-
GT/J, and the nucleatide sequence was obtained by the
dideaxy methad using Sequenase® (U.S. Riochemi-
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“Table |
IDNA Markers
Allele Size
Marcker (Jocus) Locaton RFLP (kb) Refercnce
LEW301 (DI7S58) w.veerennnnen {7cen-pll.2 Tagl 4.5/3.1 Barker et al. 1987
Bgfll 10.0/8.0 Barker et al. 1987
FG1 (D175446) .. evnianenanne 17p11.2 Apal 12.4/7.5 Guzzeccaeral 1990
pYNME7RS (D17529).......... 17p11.2 Taql 3.4/2.0+1.3 Ray e al. 1990
Bghl 8.1/6.7 Ray et al. 1990
1516 (D175258) . .ccvcnennnnn. 17pll.2 Hirdlil 22.0/12+10 Patel £t al. 19904
pl5i6-R4 (D175258) ... ... 17pl1.2 Mspl 3.3/2.4 Franco et al. 1990
pAl10-41 (D17571 )i, 17p11.2 Mspl 2.4/1.9 Barker er al. 1987
Pl 32/30 Barker et al. 1987
pS6.1-HB2 (D175445) ... 17pil1.2 Mspl 1.7/1.3 Present study
1.1/1.0 Patel et al. 19908
S5l 12.2/7.1 Patel er al. 19905
VAWA409R: (D175122) ... 17pl1.2-p12 Mspl 53/27+2.6 Wright et al. 1990
VAWA409R3 (D175122) ........ 17pl11.2-p12 Mspl 2.8/2.741.9 Wright et al. 1930
VAW412R3 (D178125) ......... 17p11.2-pi2 Mspl 10.5/5.4 Wright et al. 1990
EW401 {D175%61) ................. 17p11.2-p12 Mspl §.274.4 Wrighr er al. 1950
c1517 (D175259) e i7pl1.2-pl12 Mspl 6.2/4.0/2.4 Patel et al. 1990a
VAWA410R1 (D176123) ......... 17p11.2-pi2 Bgt 2.1/2.0 Wright ec al. 1990
' Tagql 10.0/9.4 Wright et al. 1990
EW405 (D175121)..oeeeeil 17p11.2-pl2 Mspl 2.0/1.5 Wright €t al. 1990
VAWA41IR2 (D178124) ......... 17pl1.2-pl2 Mspl 10.5/6.1 Wright et al. 1990
Bglli 11.0/10.7 Wright et al. 1990
EW403 (D17563) cueaeeeeeee. . 17p11.2-p12 Mspl 13.5/¢6.% Wright et al. 1990
EWS03 (D17567) .....coovviennens 17pil.2-pl12 Mspl 6.9/5.7 Wright et al. 1590
EW302 (D17566} v 17pl11.2-p12 Bgill 2.2/1.4 Wright ec al. 1990

cals). Flanking PCR primers were synthesized by sran-
dard methods and used 1o analyze (GT}, polymor-
phisms as described (Weber and May 1989). The
sequence of the priming oligodeoxynucleotide on the
GT strand of pRM7-GT is S-ATTATTTATTTITG-
ATGTCTGAACAC-¥, while that of the priming oli-
godeoxynucleotide on the CA strand of pPRM7-GT is

LCTTGGTGAAACGCTGTCTGTAC-3. The Jat-
ter primer has homology to the Alw repeat sequence.

Southern Analysis and Densitometry

Southern analysis was performed as described else-
where (Patel et al. 19904; Franco et al. 1991). Equal
amounts {5 pg) of digested genomic DNA were in-
cluded in each lane to ensure reproducibility of densi-
tometric signal. All probes were labeled by the random
hexanucleotide priming method (Feinberg and Vo-
gelstein 1983). If a marker was not fully informative
for RFLPs, the copy number was determined by dos-
age analysis of signals obrained by simultaneous hy-
bridization of the experimental marker and the marker
DR47, representing a single-copy sequence on chro-

mosome 9. The intensity of the bands in each lane was
quantified using an LKXB 2400 Gel Ultrascan XL iaser
densitometer as described elsewhere (Franco et al.
1991). The analysis of segregarion patterns for alicles
ar the VNTR locus YNH24 (D2544) (Nakamura et
al. 1987) demonstrated no instances of false paternity.

PCR and GT Repeat Polymorphism Screening

The unique sequence primer from the GT strand of
marker RM7-GT was end labeled at 37°C in a 15-ul
reaction volume containing 1.2 uM primer, 100 pCi
[¥32P)ATP at 6,000 Ci/mmol, 1 x One Phor-All Plus
buffer (Pharmacia}, and 10 units polynucleotide ki-
nase (Pharmacia), The T4 polynucieotide kinase was
heat inactivated by incubating the reaction mixture at
65°C for 10 min. The ead-labeled primer resulting
from the kinase reaction was used directly in the PCR
reaction, without separating the unincorporated nu-
cleorides {0.40 pl/reaction). PCR was performed us-
ing standard conditions in a 25-ul reaction volume.
The reaction mixture contained 1 pM of each oligo-
deoxynucleotide primer, 250 pM each of dATP,
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dCTP, dGTP, and dTTP, 2.5 nl 10 x PCR buffer
{500 mM KCl, 120 mM Tris HCl (pH 8.0], 1.5 mM
MgCl,, and 0.01% gelatin), 0.63 units of AmpliTaq
{Cetus) DNA polymerase, and (.4 ul end-labeled
primer, as stated above, The amplification condivions
were an initial denatucation at 94°C for § min, fol-
lowed by 30 cycles of 94°C denaguration (1 win),
55°C annealing {1 min) and 72°C extension (2 min} in
an automated thermal cyder (Perkin Elmer—Cetus).
Reaction products (1.5 ul) were mixed with 2 ul for-
manide stop solution {U.S. Biochemicals} and elecao-
phoresed in a 6% polyagylamide DINA sequenciag,
gel ac 40 W tor 3.5 h. Gels were dried and autoradio-
graphed for 2-12 h by exposing them ta Kodak XAR-S
Glm with either one or two inteusifying screens at
- 70°C,

Results
Clinical Spectrum of SMS

In the present series of 32 patients, there were 14
males and 18 females. The age range was 1 mo-72
ycars, with a mean of 15 years and a median of 10
years. The mean maternal age was 26 years, and the
mean paternal age was 30 years. The percentages of
findings for the most common physical feacures of the
26 newly ascerrained SMS patients we examined are
shown intable 2 and are compared with those of the 27
previously reported patients (Putil and Bactley 1984,
Smith er al. 1936; Stratton et al. 1986; Popp et al.

Table 2

S$MS (de! 17p11.2) Physical Features

Greenbertg et 3,

1987; Lockwood et al. 1988; Colley ¢t al. 193¢,
Hamill et al, 1990).

The most common physical findings were brachy-
cephaly with flat midface, broad nasal bridge, brachy-
dactyly, and short stature (usually 2-3 SDs below the
mean for age). Clinical symptoms included failure to
thrive in infancy and limitation of movement at the
clbow, which in some cases was documented to be
assaciated with radioulnar synostasis. Common but
less consistent physical abnormalities included promi-
neat forehead, synophrys, prognachism, posteriorly
cotaved eacs, low-set ears, and / or gthec ear anomalies.
Abnormalicies scen in a smaller percentage of patients
were congenital heart defects { primarily ventricular or
atrial septal defects) in 31 % and cleft lip and palatein
7%. Less common findings included cutaneous syo-
dacryly of the fingers or roes, microcornea, iris colo-
boma, and caaniosynostosis. Anather unusual and
striking feature noted in the older children, adoles-

" cents, and adults was a hoarse, deep voice, which was
noted in 82% of the patients in the present study.

Qf the 32 parients evaluated, pes planus or pescavus
was noted in 48% |, and 24% had scoliosis. A total of
17 {55% ] of 31 pacicats had clinical signs, tnduding
significantly decreased or ahsent deep-tendon reflexes
and insensitivity to pain, which suggested petipheral
neuropathy. A summary of the presumed neurapathic
changes and nerve-conduction studies in these pauents
15 shown in cable 3. On the basis of previgus psyche-
tetric testing {(in most cases), the SM3 paueats
shawed varying degrecs af MR, with the majarity fall-

% of Proportion of Propartion (%) % of
Reported Reevaluared New Toxal
Physical Vatients’ Patients Pavients Paurng
Fearyce (N = 21) (N =46l (N = 26} N =15
Flae midface ..o 95 6/6 24126 (92) 4
Beachyoephaly. ..., 35 58 21726 (81 83
Promincnt borchead............... gl 1/a 16726 {61) &4
Broad nasal bridge ... ......... 76 46 23/26 (88) 3L
Prominent jaw .....ocooeniciennine I8 456 15/26 {53) 11
Ear abonormalities .c.coovvaninnen. 67 5i6 17726 (63) a3
Brachydactyly oovieceveiiianns 81 5/6 21726 (%1) 8
Limitation ac clbow ...........s NE 36 5722123 4]
Pes planus/cavus ... ... NF. e 11723 {4H) &1
Scoliosis - NE 3ie 4723 {17) oL
Congenital heart defect.......... 35 /6 §r21(23) 3

*HNE = not spedlically exanined for in ather studies.
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Table 3
Chnical Signs Suggestive of Peripheral Neuropathy and Peroneal NCY in (# SMS Patiencs
STATYS OF'
PERONEAL
PATEENT Pes Cavusar Decreased or Inscnsitivity NeAVE-CONDUCTIONY
{Ape in ycars) Pes Planus Scolioss Absent DTR 1o Pain Vevociry {m/3)
15200 (8) .......... + N N + R39.4 a0d L45.9
3562037 (4) ......... + - - - 6.5
37-206 (19) ........ + + ND ND ND
€4-239 (19) ........ + - + ND
€35-241 [14) ........ + - + 51
€6-244 (20) ........ - - - ND
&7-1M46(21) ........ + - - - 35
68248 (6) .......... - - + - 58
§3-251 (12) ........ + + + 59
F1-255 (14) ........ + - - + ND
75-266 (1} .....onos - - — + 50
78-280(2) .ceeeee . - - + + 68.7
79-283{18)......_. + + - _ 635
$4.362 (72) ... - + . ] 14
§3-363 (40) ......., + + - + 51
96-361 (26) ........ - - + - 49
100-389 (2) ........ + * D ND ND
112474 {(35)....... - + ND + ND
12475 (20)....... + + - ND ND
'+ = Present; — = abscat; ND = pot decrmined.

* Nurmal value, expressed ay mean ¢ S0 in 120 merves from 60 paticius wha were 16-34 {mean 41) yoary and who had ne apparent
disease of the pecipheral nerves with site of stimulation below the knee, was 48.3 ¢ 3.9 (Kimura 1989).
s Had no significaru signs of pevipheral aeuropathy, but peronsal nerve-conduction velocity was measured.

wg wichin the moderate vange. Gcher neurabehavioral
abnormalities incuded infantile hypotonia, seizures,
developmental delay with speech delay greater than
motor delay, conductive hearing loss, and hyperactiv-
ity (table 4). Sixty-twa percent of patients had symp-
tows of a stecp disarder which manifested as difficuley
falling asleep, difficulty staying asleep, and frequeat
iwakening during the night. Both one previously re-
parted patient {patient 2 in Stratton et al, 1986) and
one of the present scudy’s patients (64-239) had ab-
sence of REM sleep, documented by polysumnogra-
phy. Self-destructive behavior was noted in 67% of
patients. This behavior consisted of head banging,
woist bitng, onychatillomania (pulling out ingemails
and toenails) and polyembolokoeilamaaia (insertion of
foreign bodies into body orifices).

Several of the physical and behaviorudl findings «-
ther appearcd to be more noticeable with increasing
age or demonstrated an age-dependent penctrance; these
ucluded frontal prominence, prognathism, brachy-
dactyly, and the hoarse voice. In addition, facial fea-
tures appeared to coarsen somewhat wich age, Al-

though onychotidlomania was uncommon under 5-6
years of age, in some patients self-destructive behav-
iars such as hcad banging and wrist biting were noted
as early as the second year of life,

Five patieacs were of particular note, Patient 55-
200, a 9-year-old severely mentally retarded boy with
cleftlip and palate and congenital heart defecr {patient
2 in Smith et al. 1936), had clinical cvidence of a
peripheral neuropathy including decreased deep-ten-
don reflexes in the arms, absenc reflexes in the legs,
a stork-leg deformity of the legs, and prominent pes
cavus. Nerve-conduction studies showed a velucity of
394 m/s in the right comman peroneal nerve and
45.9 m/sin the left (table 3). The right and left pero-
neal nerve had increased distal latencies (R = 4.02
milliseconds; L = 5.12 milliseconds) and decreased
basc-to-peak amplitude (R = 1.5 K; L = 2.5 K.
Sural sensory-nerve responses were absent bilacerally.
Parient 92-357 had del(17Xpi11.2pl2)—a delction in-
volving 17p11.2 — bur did not kave a phenotype simi-
lar to those of the other patients, and the only consis-
tent Andings were broad nasal bridge, shortsstature,
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Table 4
SMS (del (7p11.3) Behavioral/Functional Features
% of Propartion of Proportion % of
Reporied Reevaluaged (%) of New Toral
Parients* Patient Patients Pacienes
Behavioral / Funcrional Features {N =21} (N = §) (N = 26) (N = 53)
Infantile hypotonia ....coocaeunneees 71 215 8/15 (53] 66
SEUUCES woeceve e, 32 15 §724(21) 30
Short statuee/ FTT ...ooiveeeeenees 51 $fe 11723 (91) 78
Speech delay ..viiveeeiiineivaraenan, 92 474 21722 {93] 98
Conducrive hearing loss ..., 38 415 12718 (67} 67
Hoarse, decp vaice ooovenicicivinnnan 62 415 15718 {&9) 74
Hyperacuvity ... .. 92 3/5 15723 (85) 82
Sleep disarder ... i} 143 15/23(65) 51
Possible peripheral neurapachy ... NE 475 13/26 (50) 35
Self-destructive behavior oveeein 73 376 15/24 (63} 0

* NE = not specifically examined for in eaclier scudies (1., Smuch ec al. 1982, 198¢; Patil and Barley
1984; Stractan 1 al. 1986, Popp o al. 1967; Lockwood e al. 1988; Calley et al. 1990; Hamill v al.

19%0).

speech delay, hoarse voice, and hyperactivity. Patient
93-360 bad an apparently balanced translocation -
46, XY,t(2:17)(p25.3;11.1), with a breakpoint in the
Smith-Magenis region —invalving chromosome 2 and
chromasome 17. He had relatively mild physical find-
ings similar to those seen in SMS patients and had
some behavioral problens, incdluding hyperactivity
without self-destructive behavior. Patient 94-362 (pa-
tient § in Smuth ev al. 1986), 72 years of age at the time
of the present study, was noteworthy for being the
oldest patient in gur study. Patient 112-474 was clini-
cally diagnused as having SMS and subsequently was
confirmed, by high-resolution cytogenetic analysis, to
havedel{17}{pl11.2), demonstrating that SM3is a clin-
ically recognizable syndrome.

SMS &5 Associated with Deletion of Proximal
17p DNA Markers

All the patieats repocted here had cytogenetic evi-
dence of a DNA rearrangement invalving 17pl 1. Pre-
vious cytogenetic analysis revealed del{17)(pl1.2)
in all but three patients. Patient 93-360 had transla-
cation €2;17)}p25.3p11.1} with one breakpoint in
17p11, while two patients, 92-357 and 100-389, had
deletions that appeared to extend distally [del{17]
(p11.2p12)] by cytogenetic analysis. In crder bath to
define the deletion interval common to most SMS pa-
tients and to identify patients who had ngvel deletion
intervals, genomic DNA isulated either from penph-
eral lymphocytes or from Epstewn-Barr virus—trans-

formed lymphoblastoid cell lines was examined by
Southern analysis using scveral proximal 17p DNA
markers as probes. Each DINA marker displaysaneor
more RFLPs (table 1)} after digestion of genomic DNA
with the appropriate enzyme(s). RFLP analysis wis
then used 10 determine deletion status, with parencl
DNA being used as a2 control when it was available,
Thedara aretabulated in figure 1. A plus signindicates
the presence af the DNA marker, while a minus sige
indicates deletion of that DNA marcker in that patient.
A boldface plus or minus sign indicates a fully mforma-
tive RFLP analysis, while the plain plus and minw
symbols indicate delenion status determuned by mes:
suring the dosage of an allele by using densitometry.

Five DNA markers —FG-1, pYNM$67-RS, clitg,
pA1Q-41, and pS&.1-HB2 —were deleted in almost all
SMS patients. These markers appear ta define a region
critical to the SMS phenotype. Analysis of the deletion
status of ¢hese aud addiconal 17p markers in indvid-
ual 5MS patients revealed the follawing: {1) atient
92-357 was deleted tar the four markers pAl10-41,
pS6.1-HB2, EW401, and EW403 but not for FG-,
pYNM67-R3S, or c1516, indicating a more distal dele-
tiwn when compared with the other patents, Ths,
these dara suggest that FG-1, pYNME7-RS, ad
<1516 are proximal markers in the critical SMS -
glon, that pA10-41 and pS6.1-HB2 are distal in the
critical SMS region, and that EW401 and EW405 are
distal ta the SMS critical region. {2} Excepr for patient
92-.357, the majoricy of the patients were noc delezed
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Figure | Deletion status of 17p DNA markers in SMS patients. An idiogram illustrating both the short arm of chromosome 17 and

the relative position of individual markers is shown on the left. Marker order, from VAW409R 3 distal, is taken from the published generic
map of Wright et al. (1990), except for 1517, whose precise position with respect to flanking markers is not known. The order of markers
proximal to VAW409R 3 is from the present study and is based on the deletion analysis of SMS patients, especially 92-357, and of hybrids
DH110-D1 and MH22-6. Within the deletion interval encompassed by 1516, YNM67, A10-41, and 56, 1HB2, the relative order of 1516
with respect to YNM67 and of A10-41 with respect 1o $6.1-HB2 cannot be determined from this analysis, Informative analysis for marker
FG-1 (D175446) was determined by (GT). polymorphism analysis as in fig. 3. A blank space within the region encompassed by DNA
markers EW301-56.1-HB2 represents data which were not informauve. For most markers distal to VAW409R 3, except for EW401 and
EW405 where patient 92-357 was deleted by a fully informartive analysis, only fully informative heterozygous individuals are listed. If more
than one marker was used at a specific locus (e.g., c1516 and p1516-R4 at D175258; VAW409R1 and VAWA409R3 at D175122) or if
more than one polymorphism was recognized by a single probe (c.g., EW301, pYNMG67-RS, pAl10-41, and p56.1-HB2Z), a cumulanve
delction status was scored. The first two columns illustrate the results obtained with the 17p DNA markers by using human chromosome
17-retaining somatic-cell hybrids. MH22-6 retains an intact human chromosome 17 as its only human complement, while 88HS retains
the distal portion of 17p with a breakpoint in the SMS region. The other 31 columns are from individual SMS patients. The — / + designation
at the 56.1-HB2 locus for patient 68-248 reflects an apparent deletion, by densitometry, with one polymorphism but not with the other.
Further studies, using somatic-cell hybrids, are in progress.

for EW301, EW401, EW402, EW403, EW404,
EW405, VAW409R1, VAW409R3, VAW410R1,
VAW411R2, VAW412R3, EW502, and EW503. (3)
Patient 93-360 (with a 2;17 translocation) was found
not to be deleted for any of the markers studied. (4)
Patient 94-362, the oldest patient, appeared to be de-
leted for only one DNA probe, FG-1.

Parental Qrigin of Deletion

Since SMS is purportedly caused by a de novo dele-
tion of chromosome 17 in a parental gamete, we
sought to determine whether the deletion occurred

preferentially in the paternal or maternal gamete. Pa-
rental origin of the deletion was determined by follow-
ing the inheritance of polymorphic alleles, as shown
in figures 2 and 3. Examples of fully informative
Southern analyses of patients and parents are shown
in figure 2, while similar fully informative (GT), poly-
morphism analyses are shown in figure 3. The parental
origin of the deletion could be determined in 15 pa-
tients. The deletion was paternally derived in nine in-
dividuals and was maternally derived in six individu-
als. Within this group of 15 patients, there appeared
to be no significant clinical differences between indi-
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Figure 2

Greenberg et al.

Parental origin of deletion in SMS patients. Genomic DNA from 13 SMS patients and their parent(s) was digested with

the indicated restriction endonuclease and subjected to Southern analysis with the indicated probe. Panels 1-6, Hindlll-digested DNA from
patients 55-200, 57-206, 79-283, 105-420, 110-468, and 115-479 respectively, that was hybridized to 1516. Panels 7-10, Mspl-digested
DNA from patients 75-266, 65-241, 52-147, and 78-280, respectively, that was hybridized to pS6.1-HB2. Panels 11 and 12, Tugl-digested
DNA from patients 64-239 and 69-251, respectively, that was hybridized 10 pYNMé67-R5. Panel 13, Mspl-digested DNA from parient
92-357 thar was hybridized to EW405. The pedigree structure is shown above each autoradiograph. A triangle above a symbol identifies
the parent who was the origin of the deletion. The sizes of the alleles are shown on the left of each blot. The arrow depicts the deleted
allele in the SMS pauent. The blots shown are the results obtained using a DNA marker that gave a fully informartive analysis.

viduals with paternally derived and individuals with
maternally derived deletions.

Discussion

SMS, associated with an interstitial deletion of the
short arm of chromosome 17, was first described in
1982. Although the number of patients reported is
relatively small, there are likely many unreported pa-
tients who will be ascertained with improvement in
techniques for high-resolution cytogenetic banding. In
Harris County, Texas, over a 2-year time period, we
have detected four infants with this deletion, sug-
gesting a minimum birth prevalence of approximately
1/25,000. Thus, SMS may be more common than
cri-du-chat syndrome (del 5p16) (Niehbuhr 1978),
which has an estimated frequency of 1/50,000, and
about as common as Prader-Willi syndrome (del

15q12) (Burd et al. 1990). On the basis of the fre-
quency of SMS, our preliminary investigations indi-
cate that this syndrome may be a relatively common
cause of MR, because of deletion of a specific chromo-
somal region.

As determined in the present study, clinical findings
in SMS patients were dysmorphic features including
brachycephaly, broad nasal bridge, mild synophrys,
posteriorly rotated or low-set ears, prognathism, and
brachydactyly. Clinical symptoms of the patients in-
cluded failure to thrive in infancy, short stature, infan-
tile hypotonia, developmental delay, and subsequent
MR with speech and language delay greater than mo-
tor delay. Variable features included cleft lip and/
or palate, congenital heart defect, microcornea, and
craniosynostosis. Self-destructive behavior, particu-
larly onychotillomania (pulling out fingernails or toe-
nails) was common in older individuals. Other self
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Figure 3  Parental origin determined by (GT ), polymorphism
at the D175446 locus. The (GT)a polymorphism associated with
the D175446 locus is shown for patients 108-429 and 114-476 and
their parents. Notwe that patient 108-429 has not inherited one of
the maternal alleles at this locus, while patient 114-476 has not
inherited one of the paternal alleles at this locus.

%

destructive behaviors, such as head banging, wrist
biting, and polyembolokoilamania (insertion of for-
eign bodies into various body orifices) were less spe-
cific for this disorder. About two-thirds of patients
had sleep disturbance, and two patients studied by
polysomnography had absence of REM sleep.

Onychotillomania due to picking or manipulation
of the nails is a conditon which has been reported (a)
in association with either delusion of infestation or
depressive neurosis or (b) as an isolated finding (Sait
et al. 1985; Colver 1987). SMS patients have more
severe manifestations of onychotillomania in that they
have been observed to extract the entire nail from the
nail bed. The severe expression is probably related to
what has been observed in many SMS patients: relative
insensitivity to pain. This insensitivity to pain may
be a consequence of peripheral neuropathy, altered
emotional response to pain, or both. This type of ony-
chotillomania may be relatively specific to this dis-
order.

Absence of REM sleep is a rare disorder, and its
effects are uncertain (Hobson 1990). Although 62%
of patients in the present study had clinical histories
of sleep disorders, thus far only two patients have had
formal sleep evaluations; and both of these patients
were found ta have absence of REM sleep, without
any exposures to medication. The behavioral abnor-
malities in SMS patients may be related to decreased
REM sleep. The observation of the absence of REM
sleep in SMS patients suggests that this may be due to
a loss of a gene, involved in sleep function, that maps
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to 17p11.2. The association between absence of REM
sleep and CMT1A has previously suggested the possi-
bility that a gene associated with REM sleep is in prox-
imity to the CMT1A locus (Tandan et al. 1990).

RFLP analysis with polymorphic proximal 17p
DNA markers demonstrated five markers deleted in
the majority of SMS patients; these five markers are
FG-1 (D175446), pYNM67-RS (D17529), c1516
(D175258), A10-41 (D17571), and pS6.1-HB2
(D175445), which define a region critical to SMS. Pa-
tient 92-357 was found to have a deletion which had
one breakpoint within the critical SMS region and
which extended telomerically, to involve DNA mark-
ersEW401 (D17561) and EW405 (D175121). Results
obtained with this patient enabled us to order some of
the proximal 17p markers (fig. 1). Indeed, his pheno-
type had some overlapping SMS features, as well as
some unique features which likely result from genes
which map within the telomeric extension of his dele-
tion. The wranslocation t(2;17)(p25.3;p11.1) patient
93-360, although not deleted for any of the proximal
17p markers studied thus far, displayed subtle clinical
features of SMS, most notably the distinct behavioral
disturbances. This suggests that he may have a submi-
croscopic deletion within the region — but that it is not
encompassed by any of the markers used in the present
study. Alternatively, the phenotype may result from a
position effect secondary to juxtaposition of 17p11.2
genes to a different environment, or the translocation
may interrupt a single critical gene in this region. By
densitometric analysis, patient 94-362 appeared to be
deleted for only one proximal 17p marker; studies
using somatic-cell hybrids to confirm this finding are
in progress. Itis interesting that she is the longest-lived
patient and had less severe clinical problems, lending
support to our hypothesis that the extent of hemizy-
gosity in this patient may be lower than that in other
SMS patients, although we cannot rule out a cryptic
translocation of some proximal 17p material in this
patient.

The DNA markers deleted in SMS patients are
linked to CMT1A (Raeymaekers et al. 1989; Vance
etal. 1989; Chance et al. 1990; McAlpine et al. 1990;
Middleton-Price et al. 1990; Patel et al. 19904,
1990b). CMT1A is the most commonly inherited pe-
ripheral neuropathy characterized clinically by (a) ab-
sence of deep-tendon reflexes, (b) distal muscle wast-
ing resulting in either pes cavus or pes planus and in
a claw-hand deformity, and (¢) distal sensory neuropa-

" thy (Lupski et al. 1991a). CMT1A is characterized

electrophysiologically by decreased nerve-conduction
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velocity (Kimura 1989; Lupski et al. 1991a). SMS
patients demonstrate clinical signs suggestive of a
peripheral ncurapathy, but their peronecal motor-
nerve-conduction velodities were normal, except for
patient 55-200. Recently, we have demonstrated that
CMT1A is completely linked and associated with a
[arge DN A duplicadon in proximal 17p, a duplication
which appears to encompass VAW4Q9R3, VAW-
412R3, and EW401 (Lupski ec at. 19915). These
markers border the SMS deletion region. Te s interest-
ing that patient 92-357 is defered for EW401, one of
the markers apparently duplicated in CMT14, and
yet displays no clinical signs of peripheral neuropathy.

{0 a number of human genetic disyrders, the pheno-
typicexpression af the disease may depend an parernal
or matcrnal inheritance of the mutation (Hall 1990}.
lthasbeen hypothesized that genomicimprinting is an
epigenetic process that marks the paternal or maternal
chromosomes involved in such parencal effects, Geno-
mic dnpanting has been implicated in Prader-Wills
and Angelman syndromes, both caused by cytagenet:-
cally indistinguishable deletions of bands ql1-q13 of
cheamosome 15. Molecular studies appear to indicate
that, while Angelman syndrome is due to a deletion of
the maternal allele, Prader-Willi syndrome is caused
by a deletion of the paternal allele (Nichalls et al.
1989; Williams et al. 1990). The extent to which im-
priating effects an the human genome may be dis-
cerned through the study of the parental ocigin of che
deletad segment in micradeletion syndromes remains
ta be determined. We analyzed 15 SMS pedigees by
analysis of DINA poiymorphisms associated wich 17p11
markers which were fully informarive for pareatal oni-
gin of the deletion, Nine of the deictions were of pater-
nal onigin, while six were of maternal origin. The clini-
cal phenaotype was similar, regardless of parencal
origin of the delction. Although furthes clinical studies
are needed to investigate this hypothesis, the vaoabil-
ity of the SMS phenatype does not appcear ta be associ-
ated with parental origin of deletion. These results are
similar ta those in a series of Miller-Dicker syndrome
patients who have deletion of discal 17p (Dobyns et
al. 1991).

In conclusian, in addition to the chacacteristic pre-
viously described features, SM3$ appears ta be a con-
tiguous-gene microdeletion syndrome which is as-
sociated with del{17)(p11.2) and which can include
clinical signs of penpheral neuropathy, self-destruc-
tive belhavigr, and sleep disorders or abscace of
REM sleep. A DNA rearrangement leading ro the
delettoa af several coatiguous genes in 17pl1.2 is

Greenbery er g,

likely the molecular mechanism undedying d¢ nove
del{17)(p11.2}, It is interesting thac other DNA e
arrangements mcluding duplications (Magenis et al.
1986) and translocations {Schrander-Stumpel et al.
1990) have been reporced for the 17p11.2 region. A
complete physical map of 17p11.2 may be developed
by utilizing the present study's patients to consuruct a
delcuion mapping panel—and then correlating tus
with yeast artificial chromosame contigs and also with
a pulsed-field gel electrophoretic restriction map. This
should enable identification of deletion breskpoinsia
individual patients and is a means to examine mecha-
nisms of DNA rearrangements in man. It will adlw
enable both delineation of speafic genes which map
to this region and correlation of the geaotype with the
phenatype in individual SMS patients.
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Summary

Charcot-Marie-Tooth disease type 1A (CMT14) was
localized by genetic mapping to a 3 ¢M imterval on hu-
man chromwsome 17p. DNA markers within this inter-
val revealed a duplication that is completely linked and
associated with CMT1A. The duplication was demon-
atrated in affected individuals by the presence of three
alleles at a highly polymorphic locus, by dosage differ-
ences at AFLP zlleles, and by twa-calor fiuorescence
in situ hybridization. Pulsed-field gel electraphoresis
of genomic DNA from patients of different ethnic ori-
gins showed a novel Sacll fragment of 500 kb associated
with CMT1A. A severgly aflected CMT1A offspnng
from a mating between two affected Individuals was
demonstrated to have this duplication present on each
chromosome 17. We have demonstrated that failure to
recagnize the molecular duplication can lead to misin-
terpretation of marker genalypes tar affected individu-
als, identification of false recombinantsg, and incotrect
lacalization of the disease locus,

Intraduction

Charcot-Marie-Tooth disease (CMT) is an inherited pe-
tipheral neurgpathy in humans with invalvermnent of both
the motor and sensory nerves (Charcot and Marie, 1884;
Lupski et al., 1991) and a prevalence rate gt 1 in 2500
{Skra, 1974) Most families demonstrate autosomal dami-
nam Mendelian gegregation, although autosomal reces-
sive and XHinked forms of the disease have been reported
{McKusick, 1990). The mogst commeon larm of the disease,

GMTtype 1(CMT1), is characterized by distal musdlsa atro-
phy, decreased nerve condyction velocities (NCV), and
a hyperirophic neuropathy onnerve biopsy. CMT1 isinher-
fted as an autosomal dominan! disease, the clinical ex-
pression of which is age dependent and the penetrance
of which is nearty complete {Bird and Kraft, 1978). The
average age al anset of clinical symptoms is 12.2 + 7.3
years. FAecent studies provige canvincing evidence that
abrniormal NCV {<40 mi/s}) is highly diagnastic of CMT1 and
is a 100% penatrant phanotype that is essentially indepen-
dent of age (Lupski et al., 1981).

CMT1 displays marked clinical variability both within
and between families, suggesting genetic heterogeneity.
Since t(he molecular basis of this disgrder i unknawn,
linkage studies are indispensable for mapping the gene(s}
responsible for CMT1 and lo ascartain whelther multiple
genes, multiple alleles, ar bath lead (o the clinical variation
in symptomns. Genetic linkage studies in large pedigrees
(see Lupski et al., 1991, for review) suggest the existence
of at least three distinct loci causing CMT1: the CMT 1A
lacus maps to human chromosome 17 (region p11-p12)
(Vence et al_, 1989; Aaeymakers et al,, 1939; Middieton-
Price et al., 1990; Tunmerman et al., 1990; McAlpine et
al., 1990, Charice et al, 1990; Patel et al, 1990a, 1990b;
Vance et al, 1991); the CMT1B locus maps 10 human
chromaosoms 1 {region y23-q25) (Bird et al., 1982), and &
third type is unlinked to both the TMT 1A and CMT1E loci
{Chance et al., 1990).

These studies provide the basis for isolating the disease
gene(s) by virtua of map position. Pgsitional claning exper-
iments can be aided by the existence of patients with spe-
cific chromosomal DMA rearrangements. However, no
chromosomal anomaly, indicative of ganomic DNA re-
arrangement, has been described in CMT1A patients. We
have now idemtified a DNA duplication in CMT1A. By a
series of molecular and genetic methods, we demonstrate
complete linkage and association of this duplication in
saven multigeneratianal CMT1 A pedigrees and in several
isolated, unrelated patiants. The DMA duplication is trans-
mitted 10 aflected oftspring without recombination, but faik
ure lo recaqnizathis duplicationleadstoincorrectinterpre-
tation of the marker genotypes ol alfected individuals and
an incgrrect localization of tha disease gene. The discov-
ery of this DNA rearrangement is an important step toward
the identification of the gene(s) involved by positional clon-
ing and has implicatkans for disgase diagnosis in individu-
als withput a firm family history. Our findings implicate a
local UNA duplication, a segmental irisomy, as a novel
mechanism for an aulesomal dominant human disease.

Rezults -

RFLP and Family Studies

Seven largd families segregating autgsomal dorminant
CMT1, as avidenced by vertical male-lo-male transmis-
sion, were identitied. Six of these families, HOU? {Patel et
al., 1980a), HOUZ, HOU42 (Patel et al_, 1990h), HOUS5,
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Figure 1. {GT}, Genctypes al the 0175122 Loous for Kindreds Segrogaling Autasomal Daminani CMT1A

HOU1, HOUZ (Kilkian and Kloapfer, 1979), HQU42. HOUBS, HOUEE, and HOUSS are of French-Acadian descant while HOU76 is of Ashkenazic
Jewish descent . Standard padigres symbals are used. disease is indicatad by the darkened symbals. The laboratary identification number and the
(GT) genotypa of each individual are indicated befaw the pedigree symbals. {GT). genatypes were oblained by PCH analysis and were scored fot
the numbe: of visible alleles using a slandardizad coding system: A = 165bp. B = 1625p,C = 161 bp. D = 159bp, E = 157 bp, F = 155 6p.
G = 153 bp. When a single allele was evident in an individual, it was scored as being presemt in two copies. Dala wore scored blind 1o dissase
status, and sCaring was canfirmed by twa othar investigalors. Caretul inspactian of the relativa intensity of the Mendalian inherilanog of sach akole
was congucted (o avoid scoring of shadow bands a5 akeles, Tha numbaer of Aigles gvident in an atfected individual depands on tha number of
distingutshavole alieles segregating in the parents, In cases where all lour parental chromosamegs can be dsinguished (2.9., unatiacied tathw 149
genatype FG anu aftecied muther 1.9 genatype ARC), the three alleles in Ihe affected sans (1-153 and 1-37 ABG; 1.38 ARF) can ba easily visualizod.
On the ather hand. in HOU7G the atfected father 76-270, with genatype BOE. and his unaftected spouse. 76-271, with genatype OE have an affected
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Tablke 1. LOD Scores between Chromosome 1q ard 17p Markers and CMT1A

Recombpination Value

Marker 0.00 0.05 0.1 Q.20 0.30 0.40 [ <

FcrAl - -16.17 -9.42 -3.68 -1.20 -0.18 0500 a.09
LEW301 14.74 1938 11.95 £50 565 236 0.000 14.74
YNMG7-A5 - 9.47 872 €67 426 1.78 09023 966
1516 1589 1463 13.24 10.16 E.75 347 0.000 15.89
A10-a1 —w 10238 959 746 492 227 0.03% 10.35
56.1.H82 - 1269 1211 9.73 56.59 3.10 0.045 12.7¢
1517 - 1517 1371 10.26 5.47 2.65 0013 15 84
MYHZ —= 1.10 24 a.56 281 1.45 a.18a 3.54
1541 —= —-1.57 117 269 2.38 127 0222 272

HOUB8, and HOUA9, are of French-Acadian origin, while
HOU76 is an Ashkenazc Jewish famity (Figure 1), To ac-
curately map the CMT 1A gene inthese pedigrees, 17 DNA
polymarphismas localized to the proximal region of chromo-
some 17p and a highlty polymorphic marker an chromo-
some 1qwere studied. In view of the demonstrated genetic
helerogeneity, we required that each family provide inde-
pendent evidence of linkage to a specific chromosamal
region. Initial linkage analysis was restricted 1o the large
families HOU1, HOUZ2, HOU42, HOUBS, and HOUB9 (Fig-
ure 1), Families HOUYE and HQUBY were tog small W
include or exclude linkage te a specific location but were
uselul in the association study described below.

The paoled evidence for linkage (LOD scores) from all
five pedigrees, the maximum likelihood estimates of the
recombination value (@) between CMT1 and various ge-
netic markars, and the peak LOD scores (<) tor nine koci
are shawn in Table 1. The immunoglobulinreceptor FeyRIl
on chromosome 1q shows complete linkage 0 CMT1 in a
large indiana kindred (R. Lebo, personal communication)
and is diagnostic of CMT18. None of our families show
linkage to FeyRIl (§ = 0.5, 7 = 0.0, Table 1). Individually,
gach pedigree showed negative LOD scores (data not
shawn), and logether these families exclude linkage to a
ragion 20 recambination units (8 = 0.20) on either side of
FeyRlL.

Linkage analysis was performed using the 17p probeas
LEW301, YNMG7-85, 1516, A1041, S6.1-HB2, 1517,
MYH2. and 1541, All markers axcept 1541 showad LOD
scores exceeding 3.0 {Table 1), and att loc! except MYHZ2
and 1541 showed recombination values of 4 8% or less,
demanstrating tight linkage of the diseases to the 17p re-
gion. Each individual family, except HOU42, showed a
LCO scare of 3.0 or greater with one or mare DNA markars
in this region (data not shown);, HOU42 showed a peak
LOD score of 2.9 at§ = 0 with the DNA probe YNM6E7-FS.

Statistical tests on all the marker data suggestad that the
disease locus in these families mapped tc the same loca-
tion on chromosorme 17p and segregated CMT1A, For lur-
ther confirmation, we calculated the peak multipoinl LOD
scare for each family, including HOU42, with respect to
the map LEW301 —YNMG7-R5—A10-41—MYHZ using
the computer program CRI-MAP; these LOD scores weare
6.27,3.79, 3.98,4.28, and 4 84 for HOU1, HOU2, HOU42,
HOUSBS, and HOUSY, respectively, and contirmed their
classification as CMT1A families.

The DNA probes MYHZ and 1541, lacated on distal chro-
mosame 17p, demonstrated logse linkage to CMT; conse-
quentiy, multiple recombinants between the disease and
these markers are observed in each family. On the other
hand, only five recombinants weare detectad for the mark-
ers Closely linked to CMT1A. Of these, LEW301 and 1518
show no recombinants. However, individual 89-401 in
HOUAT is recombinant for YNM67-R5, individual 85-326
in HOUSBS5 is recombinam for A10-41 and $6.1-HBZ {same
event detected), individual 1-13 in HOUT is recombinant
for §8.1-HB2, and individual 2-448 and gne of the spoyses
of 2-439 in HOUZ are recombinant for 1517 The arder of
the closely linked 17p DNA probes is LEW301 —(YNMG7-
RS, 1516)—(A10-41, §6.1-HB2)— 1517 and cavers a dis-
tance of 9.9 ¢M. The five families contain approximately
108 meioseas, which far the LEW301-1517 intenval should
contain 9.7 = 3.1 recombinants. The obgerved number of
recombinants (5) is well within expectations {3y = 2.30, 1
degree of freedom, P > 0.10). These recombinants sug-
gest that CMT1A is localized between LEW301 and 1517,
which corresponds to an intarval of approximately 10 mil-
lion bp, assuming that recombinatian is uniform in the hu-
man genoma. In the follgwing sectlion we report isolation
of a highly informative (GT) polymorphism that detects
multiple allales in CMT1 A patients. Genotypes al thislocus
are also provided in Figure 1.

gon, 76-272, of apparent genatype BE, but shows a double goee for allele E, Since dosage differences wgre nol aiways repradtucitie fram PCH,
wh 5Corad absolinle rumber o aMelgs visualized on the autgradiagraph, The dissase statug of all abunsh individuals was determined by NCV
measyremants with the exception of individuals 145, 1-46, 147, 1-72 1-73, and 1-74, who were diagnosad by clinical examination anly. Note the
nuclear family of individuals 42-331, 42-332, 42-333, whare a mating occurs between two atfected individuals. CMT 1A sugregates with the alleles
A and E m HOUZ, HOU42, and HOLBS, with alleles A and B in HOUN, with alletes G and D in HOUBS and HOUEI, and with alleles B and E in

HOU?E.



