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Summary

Fluorescence in situ hybridization (FISH) using two cosmid probes (41A and P13) from the Miller-Dieker
syndrome (MDS) critical region in 17pl3.3 was performed in a blinded comparison of three MDS patients
with submicroscopic deletions and in four normal relatives used as controls. The controls showed both
chromosome 17 homologues labeled in 85%-95% of cells, while each patient showed only one homologue
labeled in 75%-80% of cells. Two MDS patients with cryptic translocations were also studied. In one case,

a patient and her mother had the same der(17) (p + ), but the reciprocal product of the translocation could
not be identified in the mother by G-banding (i.e., it was a "half-cryptic" translocation). FISH revealed a

3q;17p translocation. The other case involved a patient with apparently normal karyotype. Because a large
molecular deletion was found, a translocation involving two G-negative telomeres (i.e., a "full-cryptic" translo-
cation) was postulated. FISH studies on her father and normal brother showed an 8q;17p translocation.
These studies demonstrate that in situ hybridization is an efficient method for deletion detection in Miller-
Dieker syndrome. More important, parental studies by FISH on patients demonstrating molecular deletions
and a normal karyotype may identify cryptic translocation events, which cannot be detected by other molecular
genetic strategies. Similar in situ strategies for deletion detection can be developed for other microdeletion
syndromes, such as Prader-Willi/Angelman syndrome or DiGeorge syndrome.

Introduction

Miller-Dieker syndrome (MDS) is a rare malformation
syndrome manifested by type I lissencephaly (smooth
brain) and a characteristic facies (Dobyns et al. 1991).
Lissencephaly results from an arrest of neuronal mi-
gration at about 10-14 wk of embryonic develop-
ment. The characteristic facies consists of a prominent
forehead, bitemporal hollowing, short nose with up-
turned nares, protuberant upper lip, thin vermillion
border, and small jaw.
MDS is associated with a microdeletion of chromo-

some 17pl3.3, which is visible by high-resolution cy-
togenetic methods in about 50% of cases (Dobyns et
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al. 1991). In patients without a visible deletion, large
molecular deletions can be detected by RFLP analysis
using several anonymous DNA markers located with-
in the MDS critical region (Schwartz et al. 1988; van-
Tuinen et al. 1988; Ledbetter et al. 1989). However,
RFLP studies are not always fully informative. In the
past, we have studied uninformative patients by segre-
gating the maternal and paternal homologues of chro-
mosome 17 into different somatic cell hybrids. How-
ever, the construction of somatic cell hybrids is labor
intensive and is not practical as a routine diagnostic
tool.

Recent improvements in nonisotopic methods for in
situ hybridization have greatly improved the speed and
accuracy of this technique for gene mapping (Kievits
et al. 1990; Rowley et al. 1990), as well as for the
identification of chromosomal rearrangements. To
date, the power of in situ hybridization in clinical cyto-
genetics has been demonstrated for the detection of
specific translocations, such as the 9;22 translocation
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in chronic myelogenous leukemia (Arnoldus et al.
1990; Tkachuk et al. 1990), the inversion chromo-
some 16 in acute nonlymphocytic leukemia (Dauwerse
et al. 1990), and detection of deletions in hereditary
spherocytosis (Lux et al. 1990) and Duchenne muscu-
lar dystrophy (Ried et al. 1990). Here we show that
in situ hybridization is a rapid and highly efficient
method for the detection of submicroscopic deletions
in MDS patients and for the identification of cryptic
translocation events. This approach may be extended
to other microdeletion syndromes and has the poten-
tial to supplement or replace high-resolution cytoge-
netic methods for investigating these disorders.

Subjects, Material, and Methods

Patients and Controls

A blinded analysis of three MDS patients and four
of their normal relatives used as controls was per-

formed to determine the efficiency of in situ hybridiza-
tion for deletion detection. These three patients-
MDS-13, MDS-19 and MDS-22-have been reported
elsewhere (Dobyns et al. 1991). In brief, all three had
characteristic MDS phenotypes including type I lis-
sencephaly and typical craniofacial abnormalities but
did not have cytogenetically detectable deletions of
17pl3.3. Molecular deletions within band 17pl3.3
were previously demonstrated by somatic cell hybrid
analysis of MDS-13 and MDS-19, by using probes
YNZ22 and YNH37 (Dobyns et al. 1991). MDS-22
was uninformative by RFLP studies, and somatic cell
hybrid studies have not been performed. A deletion
was suspected, however, since the patient showed a

single allele of reduced intensity for YNZ22 and
YNH37. Controls included the parents of MDS-19
(coded as subjects 1 and 2), the mother of MDS-22
(subject 5), and the father of MDS-9 (subject 3).

In addition, two MDS families with known or sus-

pected translocations were studied. MDS-18 was the
first child of unrelated parents. She had typical fea-
tures of MDS, and cytogenetic analysis showed an

abnormal G-positive band on 17p (der(17) (p + )). Her
mother had the same der(17) (p + ), but high-resolu-
tion chromosome analysis failed to reveal the recipro-
cal product. We will refer to this as a "half-cryptic"
translocation. Molecular analysis using RFLPs con-

firmed a maternally derived deletion, including probes
YNZ22, YNH37, and 144D6 (Dobyns et al. 1991).
MDS-6 was the second child of unrelated parents,

who also had one normal child and three previous

spontaneous abortions. She had typical features of
MDS, and results of high-resolution chromosome
analysis were normal (van Tuinen et al. 1988; Dobyns
et al. 1991). Molecular analysis of somatic cell hybrids
containing the paternal chromosome 17 showed a large
DNA deletion, including probes YNZ22, YNH37,
and 144-D6 (Ledbetter et al. 1989). These results were
somewhat discordant, as all other patients deleted for
these three probes had visible cytogenetic deletions or
translocations. Because this patient had two appar-
ently normal chromosomes 17, the hypothesis was
entertained that she represented an unbalanced, cryp-
tic translocation involving two G-negative telomeres
(i.e., a "full-cryptic" translocation).

Chromosome Preparations

Epstein-Barr virus-transformed lymphoblastoid cell
lines from patients and from controls were used for
cytogenetic preparations by routine methods. Air-
dried slides were prepared the day prior to hybridiza-
tion. For the blinded analysis, slides were numerically
coded, and microscopic analysis was performed with-
out knowledge of patient status.

Probes

Cosmids P13 and 41A have been described else-
where (Ledbetter et al. 1989). Cosmid 41A (36 kb)
contains probe YNZ22 and therefore maps within the
common region of overlap for all MDS deletions. Cos-
mid P13 (35 kb) is also in the MDS critical region, and
it overlaps cosmid 41A by less than 5 kb. Probes were
labeled with biotin by nick translation (Tropix). Cos-
mids P13 (150 ng) and 41A (60 ng) were ethanol pre-
cipitated with 1.5 gg human placental DNA and 15
ng biotinylated chromosome 17 alpha-satellite probe
(Oncor). The precipitate was resuspended in hybrid-
ization solution, which consisted of 50% formamide,
2 x SSC (pH 7.0), and 10% dextran sulfate. This
gave a final concentration of 5 ng P13/pl, 2 ng 41A/
pl, 500 ng placental DNA/ tl, and 0.5 ng alpha-
satellite DNA/ pl. After being denatured for 5 min at
700C, the DNA was allowed to partially anneal at
37°C for 3 h to compete out the repetitive sequences
in the cosmid probes (Litt and White 1985; Lichter
et al. 1990). Cohybridization with the alpha-satellite
probe was performed in order to unambiguously iden-
tify chromosome 17.

In Situ Hybridization

In situ hybridization and detection was performed
using the Chromosome In Situ Kit (Oncor) with slight
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modifications. In brief, slides were treated with RNase
in 2 x SSC at 370C for 1 h, were washed in 2 x SSC,
and were dehydrated in ethanol. After air-drying,
slides were immersed in 70% formamide in 2 x SSC
at 700C for 2 min, quickly were dehydrated with four
rinses (70%, 80%, 90%, and 100%) of cold ethanol,
and were air-dried. Thirty microliters hybridization
mixture was applied under a 24 x 50-mm coverslip.
Slides were placed in a moist chamber for 16 h at

370C. Slides were washed at 45°C in 50% formamide
and 1 x SSC for 20 min, in 1 x SSC for 10 min, and
in 0.1 x SSC for 5 min, and the final wash was in 0.1
x SSC at room temperature for 5 min. These wash
conditions are at a higher stringency than those recom-
mended in the Oncor kit, in order to reduce the back-
ground seen when using complex probes such as cos-

mids, large-insert phage clones, or yeast artificial
chromosome (YAC) clones. The slides were immersed
in 1 x PBD (Oncor) for 5 min.

After 20 min incubation at 37°C with fluorescein-
labeled avidin (FITC), the signal was amplified with
one additional layer of anti-avidin antibody. Slides
were mounted in antifade medium containing propid-
ium iodide as a chromosomal counterstain. Analysis
of 20 metaphases was done on each coded sample, by
using a Zeiss Axiophot microscope and filter combina-
tion 487709 (excitation at 450-490 nm). Color pho-
tographs were taken with Kodak Ektachrome 400
film.

G-Banding after Hybridization

After the fluorescent in situ metaphases were photo-
graphed, slides were destained with two changes of
distilled water and were air-dried. G-banding was per-

formed by Wright's-Giemsa staining in borate buffer
(Cannizzaro and Emanuel 1984). Slides were pre-

treated by immersion for 5 min in borate buffer (50
mM Na2SO4, 2.5 mM Na2B407; pH 9.2) prewarmed
to 37°C in a water bath. Slides were submerged in a

Petri dish containing a mixture of 3 parts borate buffer
(pH 9.2) to 1 part Wright's-Giemsa stock solution for
6 min at 37°C.

Results

MDS versus Normal Controls

A positive fluorescence signal for the chromosome
17 alpha satellite was seen at the centromere region of
both chromosome 17s in every metaphase analyzed.
For the cosmid probes, a positive signal was defined

as a fluorescence signal present on both chromatids of
a chromosome (fig. 1, top two panels). This strict
criterion eliminated almost all artifactual background
signals and only slightly decreased the frequency of
signals on 17p.
Of the seven coded samples, four were correctly

identified as the normal controls and three were cor-
rectly diagnosed as the MDS-deletion patients (table
1). The four normal controls showed both chromo-
some 17 homologues to be labeled in 85%-95% of
cells analyzed (fig. 1, top two panels) and one chromo-
some 17 to be labeled in the remaining 5%-15%. In
the three MDS-deletion patients, no cells showed both
homologues labeled, 75%-80% of cells showed one
positive chromosome 17, and 20%-25% of cells
showed no label on either chromosome 17. Examples
for patients MDS-13 (fig. 1, lower left) and MDS-19
(fig. 1, lower right) are shown. It should be noted
that these fluorescence in situ results were the first
demonstration of a deletion in patient MDS-22, who
was uninformative by previous RFLP analysis.

Detection of Cryptic Translocations

MDS-18, who had a der(17) (p+) karyotype and
molecular deletion by RFLP studies, showed one posi-
tive signal on chromosome 17 in 90% of her cells and
no signal on the remaining 10% (not shown). Her
mother, who also had the der(17) (p +) karyotype,
showed a signal on only one chromosome 17 but a
second signal on the distal long arm of an A-group
chromosome in approximately 80% of cells analyzed
(fig. 2, left). G-banding analysis showed the positive
signal to be on 3q, indicating a 3q;17p balanced
translocation (fig. 2, right). Review of the G-banded
karyotype of the mother failed to reveal any consistent
alteration in the banding pattern of 3q (fig. 3). This
suggests that the breakpoint occurred within the
G-positive band q28 but that the reduction in size of
q28 is not easily visualized on the derivative chromo-
some 3. The small G-positive piece translocated to
17p telomere, however, is detectable, since it makes
that region much darker than normal. Her karyotype
is thus designated 46,XX,t(3;17) (q28;p13.1).
MDS-6, who had normal chromosome 17s but a

large molecular deletion by RFLP studies, showed one
positive signal on chromosome 17 in 95% of her cells
and no signal on the remaining 5% (not shown). Her
father, who transmitted the deleted chromosome 17
to his daughter, showed a signal on only one chromo-
some 17 but a second signal on the distal long arm of
a C-group chromosome in approximately 75% of cells
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Figure I Examples of FISH to metaphases from two normal controls (top two panels) and from two MDS patients (bottom two
panels). A single bright fluorescence signal is seen at the centromere of each chromosome 17 homologue, corresponding to the chromosome
17 alpha-satellite probe. Arrows indicate cosmid signals on both chromatids of distal 17p on both homologues of the two normal individuals
but on only one chromosome 17 in MDS-13 (bottom left) and MDS-19 (bottom right). In MDS-13 the two background signals on a C-group
chromosome are not scored as a positive, since one of the signals is not on the chromosome. In optimal interphase nuclei (top left), the
two large alpha-satellite signals each associated with two small cosmid signals can be clearly distinguished.

Table I

Frequency of Positive Signals for Cosmids P13 and 41A on Metaphase
Chromosomes from MDS Patients and Normal Controls

No. (%) OF POSITIVE SIGNALS ON

Neither One Both No. OF
Chromosome Chromosome Chromosomes BACKGROUND

SUBJECT 17 17 17 SIGNALS DIAGNOSIS

1. ..... 0 2 (10) 18 (90) 1 Normal
2. ..... 0 1 (5) 19 (95) 2 Normal
3...... 0 3 (15) 17 (85) 1 Normal
4. ..... 4 (20) 16 (80) 0 1 MDS-22
5. ..... 0 3 (15) 17 (85) 1 Normal
6. ..... 5 (25) 15 (75) 0 0 MDS-19
7. ..... 4 (20) 16 (80) 0 1 MDS-13



MDS Diagnosis by In Situ Hybridization

t3

-f

-.. I

w .

s._

^s ftoN

Ad_ > x~~~~~..17
k Af,

Figure 2 Sequential G-banding of mother of MDS-18, demonstrating 3q;17p translocation. FISH (left) showed only one cosmid
signal on 17p, but a second signal was seen on the distal long arm of an A-group chromosome (arrow). G-banding (right) showed the signal
to be on 3q.

analyzed (fig 4, left). G-banding analysis showed the
positive signal to be on 8q, indicating an 8q;17p
balanced translocation (fig. 4, right). Review of the
G-banded karyotype of the father failed to reveal any

a

...
b |

1.

Figure 3 G-banded partial karyotypes of chromosomes 3
and 17 from MDS-18 (a) and her mother (b). The derivative (17)
(p + ) is shown on the right of each chromosome 17 pair.

alteration in the banding pattern of either chromo-
some 8 or chromosome 17. This suggests that the
breakpoint occurred within the most distal G-negative
band, q24.3. His karyotype is therefore 46,XY, t(8;
17) (q24.3;p13.3). As expected, her mother showed
a normal result, with signals on both chromosomes 17
in 90% of cells. The patient's phenotypically normal
brother, however, was found to be a carrier of the
8q;17p translocation (fig. 5). Studies of the father's
parents, I-1 and 1-2, showed normal results, with two
signals on chromosomes 17 in 85% and 80% of cells.
This indicates that the translocation in the father was
a de novo event.

Discussion

The present study demonstrates that nonisotopic in
situ hybridization with unique probes is a rapid and
sensitive tool for the identification of submicroscopic
deletions and cryptic translocations in Miller-Dieker
syndrome. The high (75%-95%) efficiency of positive
fluorescence signals produced by using two cosmid
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Figure 4 Sequential G-banding of father of MDS-6, demonstrating 8q;17p translocation. FISH (left) showed only one cosmid signal
on 17p, but a second signal was seen on the distal long arm of a C-group chromosome (arrow). G-banding (right) showed the signal to
be on 8q.

probes enables accurate identification of the chromo-
somal abnormality after the analysis of 20 cells or
fewer. Cohybridization with the chromosome 17
alpha-satellite probe allowed rapid, unambiguous
identification of the two chromosome 17 homologues,
without banding. Sequential G-banding allowed accu-
rate identification of the translocation chromosomes

II ) () )

[ t(8q; 17p) MDS

LEj Normal chromosomes * Spontaneous abortion

Figure 5 Pedigree of MDS-6

in two cases. This complete analysis can be done in
approximately 2 d from the time slides are made and
requires less cytogenetic expertise than does high-
resolution chromosome analysis. The only special re-
quirement is the use of a high-quality fluorescence mi-
croscope, but nonfluorescence detection methods are
also feasible (Zhang et al. 1990).
MDS was originally thought to be an autosomal

recessive disorder, because of occasional familial re-
currence. However, cytogenetically visible or molecu-
lar deletions of band 17p13.3 are now known to ac-
count for the great majority of cases (Dobyns et al.
1991). High-resolution cytogenetic methods, which
are labor intensive and technically difficult, are re-
quired for detection of these small deletions. Even
with high-quality studies, deletions are only visible in
approximately half of cases (Dobyns et al. 1991). A
higher frequency of deletions can be detected by RFLP
analysis using a panel of five polymorphic markers in
this region. One of the five markers, YNZ22, has been
converted to a PCR-based typing system which pro-
vides a simple, rapid method to detect deletions in
some patients (Batanian et al. 1990). However, use of
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all five markers by PCR and Southern blotting detects
deletions in only about 70% of cases, the remainder
being uninformative (Dobyns et al. 1991). In situ hy-
bridization is not dependent on informative polymor-
phisms, and it is simpler and easier to perform in a
clinical cytogenetics laboratory.

Balanced translocations-including translocations
between 17p and 7p, 8p, 12q, and 15q-have pre-
viously been noted in families with multiple affected
MDS children (Dobyns et al. 1984). The present re-
port adds two additional translocation cases, involv-
ing 3q and 8q. In the case of the half-cryptic trans-
location (MDS-18), carrier detection and prenatal
diagnosis could have been performed by a combina-
tion of (a) cytogenetic studies to identify the der(17)
and (b) RFLP studies to distinguish the balanced from
the unbalanced translocation state. In situ hybridiza-
tion can be used to directly detect the balanced or the
unbalanced form of the 3;17 translocation.
For the full-cryptic translocation (MDS-6), the fam-

ily was initially counseled, incorrectly, that a "normal"
karyotype and molecular deletion indicated a de novo
deletion with negligible recurrence risk for the couple
and other relatives. In situ hybridization studies
showed a paternal 8;17 translocation, also inherited
by the patient's phenotypically normal brother. In ret-
rospect, this finding probably explains the couple's
history of three miscarriages (fig. 5), which may have
represented either of the possible unbalanced chromo-
somal configurations. The father and normal brother
have relatively high risk for other MDS children or for
unbalanced states leading to miscarriage, but prenatal
diagnosis by in situ hybridization is now available.
The dramatic change in recurrence risk-and, there-
fore, in counseling -for this family provides a strong
argument for the necessity of performing in situ hy-
bridization studies on the parents of all MDS patients
with molecular deletions and "apparently" normal
karyotypes.
The greater sensitivity and ease of in situ hybridiza-

tion compared with high-resolution cytogenetic stud-
ies suggests a new approach to laboratory diagnosis
ofMDS. Routine chromosome studies can first be per-
formed to detect large visible deletions and transloca-
tions. If results are positive, parents should also be
studied by routine cytogenetic methods to rule out
balanced translocations. If the patient has a normal
karyotype by routine analysis, in situ hybridization
studies can be performed to identify submicroscopic
deletions. If a submicroscopic deletion is found by
in situ hybridization, parental studies to determine

whether the deletion is a de novo event or the result
of a cryptic translocation can be performed.

This same strategy, using in situ hybridization with
cosmid or other unique probes mapping within the
critical deletion interval, could be applied to other
microdeletion syndromes, including Prader-Willi and
Angelman syndromes (del lSql 1-13), DiGeorge syn-
drome (del 22q11), retinoblastoma (del 13q14), and
aniridia/Wilms tumor (del lipl3). Given the techni-
cal difficulty and relative inefficiency of high-resolu-
tion cytogenetic studies, in situ hybridization ap-
proaches may in fact replace high-resolution analysis
when a specific microdeletion syndrome is being inves-
tigated.

Acknowledgments
We thank Dr. Elaine H. Zackai for patient referral and

Rosaria Aquino for technical assistance. This work was sup-
ported by NIH grant HD20619 to D.H.L and W.B.D., by
the Baylor Mental Retardation Research Center (NIH grant
P30 HD 24064), and by NICHD Mental Retardation Core
grant P30 DH26979 to the Children's Hospital of Philadel-
phia.

References
Arnoldus EPJ, Weigant J, Noordermeer IA, Wessels JW,

Beverstock GC, Grosveld GC, Van der Ploeg M, et al
(1990) Detection of the Philadelphia chromosome in in-
terphase nuclei. Cytogenet Cell Genet 54:108-111

Batanian JR, Ledbetter SA, Wolff RK, Nakamura Y, White
R, Dobyns WB, Ledbetter DH (1990) Rapid diagnosis of
Miller-Dieker syndrome and isolated lissencephaly se-
quence by the polymerase chain reaction. Hum Genet 85:
555-559

Cannizzaro LA, Emanuel BS (1984) An improved method
for G-banding chromosomes after in situ hybridization.
Cytogenet Cell Genet 38:308-309

Dauwerse JG, Kievits T, Beverstock GC, van der Keur D,
Smit E, Wessels HW, Hagemeijer A, et al (1990) Rapid
detection of chromosome 16 inversion in acute non-
lymphocytic leukemia, subtype M4: regional localization
of the breakpoint in 16p. Cytogenet Cell Genet 53:126-
128

Dobyns WB, Curry CJR, Hoyme HE, Turlington L, Ledbet-
ter DH (1991) Clinical and molecular diagnosis of Miller-
Dieker syndrome. Am J Hum Genet 48:584-594

Dobyns WB, Stratton RF, Greenberg F (1984) Syndromes
with lissencephaly. I. Miller-Dieker and Norman-Roberts
syndromes and isolated lissencephaly. Am J Med Genet
18:509-526

Kievits T, Dauwerse JG, Wiegant J. Devilee P, Breuning



714 Kuwano et al.

MH, Cornelisse CJ, van Ommen GJB, et al (1990) Rapid
subchromosomal localization of cosmids by nonradioac-
tive in situ hybridization. Cytogenet Cell Genet 53:134-
136

Ledbetter DH, Ledbetter SA, vanTuinen P, Summers KM,
Robinson TJ, Nakamura Y, Wolff R, et al (1989) Molecu-
lar dissection of a contiguous gene syndrome: frequent
submicroscopic deletions, evolutionarily conserved se-
quences, and a hypomethylated "island" in the Miller-
Dieker chromosome region. Proc Natl Acad Sci USA 86:
5136-5140

Lichter P, Tang C-JC, Call K, Hermanson G, Evans GA,
Housman D, Ward DC (1990) High-resolution mapping
of human chromosome 11 by in situ hybridization with
cosmid clones. Science 247:64-69

Litt M, White RL (1985) A highly polymorphic locus in
human DNA revealed by cosmid-derived probes. Proc
Natl Acad Sci USA 82:6206-6210

Lux SE, Tse WT, MenningerJC, John KM, Harris P, Shalev
0, Chilcote RR, et al (1990) Hereditary spherocytosis
associated with deletion of human erythrocyte ankyrin
gene on chromosome 8. Nature 345:736-739

Ried T. Mahler V, Vogt P, Blonden L, van Ommen GJB,
Cremer T, Cremer M (1990) Direct carrier detection by
in situ suppression hybridization with cosmid clones of
the Duchenne/Becker muscular dystrophy locus. Hum
Genet 85:581-586

Rowley JD, Diaz MO, Espinosa R, Patel YD, Van Melle E,
Ziemin S, Taillon-Miller P, et al (1990) Mapping chromo-
some band 11q23 in human acute leukemia with biotinyl-
ated probes: identification of 1 q23 translocation break-
points with a yeast artificial chromosome. Proc Natl Acad
Sci USA 87:9358-9362

Schwartz CE, Johnson JP, Holycross B, Mandeville TM,
Sears TS, Graul EA, Carey JC, et al (1988) Detection of
submicroscopic deletions in band 17p13 in patients with
the Miller-Dieker syndrome. Am J Hum Genet 43:597-
604

Tkachuk DC, Westbrook CA, Andreeff M, Donlon TA,
Cleary ML, Suryanarayan K, Homge M, et al (1990) De-
tection of bcr-abl fusion in chronic myelogeneous leuke-
mia by in situ hybridization. Science 250:559-562

vanTuinen P, Dobyns WB, Rich DC, Summers KM, Rob-
inson TJ, Nakamura Y, Ledbetter DH (1988) Molecular
detection of microscopic and submicroscopic deletions
associated with Miller-Dieker syndrome. Am J Hum
Genet 43:587-596

Zhang FR, Heilig R, Thomas G, Aurias A (1990) A one-step
efficient and specific non-radioactive non-fluorescent
method for in situ hybridization of banded chromosomes.
Chromosoma 99:436-439


