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Genomic Organization of the Murine
Miller–Dieker/Lissencephaly Region:
Conservation of Linkage with the

Human Region
Shinji Hirotsune,1 Svetlana D. Pack,2 Samuel S. Chong,2

Christiane M. Robbins,3 William J. Pavan,1 David H. Ledbetter,2,4 and
Anthony Wynshaw-Boris1,5

1Laboratory of Genetic Disease Research, 2Diagnostic Development Branch, and 3Sequencing Core Facility,
National Human Genome Research Institute, National Institutes of Health, Bethesda, MD 20892-4470

Several human syndromes are associated with haploinsufficiency of chromosomal regions secondary to
microdeletions. Isolated lissencephaly sequence (ILS), a human developmental disease characterized by a smooth
cerebral surface (classical lissencephaly) and microscopic evidence of incomplete neuronal migration, is often
associated with small deletions or translocations at chromosome 17p13.3. Miller–Dieker syndrome (MDS) is
associated with larger deletions of 17p13.3 and consists of classical lissencephaly with additional phenotypes
including facial abnormalities. We have isolated the murine homologs of three genes located inside and outside
the MDS region: Lis1, Mnt/Rox, and 14-3-3e. These genes are all located on mouse chromosome 11B2, as
determined by metaphase FISH, and the relative order and approximate gene distance was determined by
interphase FISH analysis. The transcriptional orientation and intergenic distance of Lis1 and Mnt/Rox were
ascertained by fragmentation analysis of a mouse yeast artificial chromosome containing both genes. To
determine the distance and orientation of 14-3-3e with respect to Lis1 and Mnt/Rox, we introduced a super-rare
cutter site (VDE) that is unique in the mouse genome into 14-3-3e by gene targeting. Using the introduced VDE
site, the orientation of this gene was determined by pulsed field gel electrophoresis and Southern blot analysis.
Our results demonstrate that the MDS region is conserved between human and mouse. This conservation of
linkage suggests that the mouse can be used to model microdeletions that occur in ILS and MDS.

Contiguous gene syndromes are complex human
genetic diseases caused by the deletion of physically
contiguous but functionally unrelated genes (Led-
better and Ballabio 1995). These syndromes are the
consequence of de novo deletions of characteristic
chromosomal regions, resulting in hemizygosity
and haploinsufficiency of genes contained within
the deleted regions. Deletions of 17p13.3 result in
two well-characterized disorders: isolated lissen-
cephaly sequence (ILS) and Miller–Dieker syndrome
(MDS). ILS is a brain malformation disorder charac-
terized by smoothness of the cerebral surface with

disordered organization of the cortical layers (clas-
sical lissencephaly), the result of defective neuronal
migration at 9–13 weeks of embryonic development
(Dobyns 1987). This disease is associated with de
novo translocations or submicroscopic deletions
within chromosome 17p13.3 in almost 40% of pa-
tients (Dobyns et al. 1993). MDS consists of classical
lissencephaly, characteristic facial abnormalities,
and occasionally other birth defects (Dobyns et al.
1992). In MDS, either visible cytogenetic or submi-
croscopic deletions are detected in >90% of patients.
By mapping the extent of deletions in patients with
ILS and MDS, critical regions responsible for each of
these disorders have been described (Chong et al.
1997). The deleted regions in patients with these
disorders have considerable overlap, although the
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MDS region extends more telomeric on 17p13.3.
These results suggest that clinical severity correlates
with the extent of deletion of the critical region,
resulting in haploinsufficiency.

Recently, a candidate gene for lissencephaly,
LIS1, was isolated in 17p13.3 (Reiner et al. 1993).
LIS1 was later identified as the human homolog of
the 45-kD brain isoform of a subunit of platelet-
activating factor acetylhydrolase (Hattori et al.
1994). Point mutations and rearrangements of LIS1
have been found in several patients with ILS (Chong
et al. 1997; LoNigro et al. 1997). Exons of other
genes have also been identified within the chromo-
some region of MDS (S.S. Chong and D.H. Ledbet-
ter, unpubl.). However, the relationships between
gene function and haploinsufficiency in ILS and
MDS remain to be elucidated. To address these is-
sues, it will be valuable to analyze mice with gene
disruptions and defined deletions within the MDS
critical region.

As a first step toward creating a mouse model for
lissencephaly and MDS, we isolated murine ho-
mologs of three genes, Lis1, Mnt/Rox, and 14-3-3e,
located within the critical regions for MDS and ILS.
We have found that the location and order of these
genes is evolutionarily conserved between human
and mouse, suggesting that it will be possible to
model MDS deletions in the mouse.

RESULTS

Isolation of Mouse Genomic Clone of Lis1, Mnt/Rox,
and 14-3-3e

A 129Sv l phage genomic library was screened using
human LIS1, MNT/ROX, and 14-3-3e cDNA. We iso-
lated 11, 2 and 2 positive phage clones for Lis1, Mnt/
Rox, and 14-3-3e, respectively. To screen for overlap
of these genomic clones, we compared restriction
fragment patterns of each clone (fingerprinting
analysis) using EcoRI and PstI. The two independent
clones isolated for Mnt/Rox showed similar finger-
printing patterns, indicating that the two clones
were overlapping or identical (data not shown).
Similarly, the two clones of 14-3-3e displayed iden-
tical fingerprinting patterns (data not shown). The
fingerprinting profiles revealed that the 11 Lis1
clones were comprised of three different overlap-
ping groups of clones (data not shown), consistent
with the presence of at least three Lis family mem-
bers in the mouse (Reiner et al. 1995).

The mouse cDNA sequences of Lis1 (Peterfy et
al. 1994) and 14-3-3e (McConnell et al. 1995) have
been reported previously, and Mnt/Rox was se-

quenced recently for both human and mouse (Hur-
lin et al. 1997; Meroni et al. 1997). To identify exons
located within phage clones of all three genes, we
subcloned phage inserts into pBluescript after diges-
tion with AluI or Sau3AI. These subclone libraries
were screened using cDNA probes for each gene.
Clones containing exons of each gene were se-
quenced to identify exons and exon–intron junc-
tions. The alignment of genomic sequences with
each mouse cDNA sequence indicated that they rep-
resent genomic clones for Lis1, Mnt/Rox and 14-3-3e

(data not shown).

FISH Analysis of Lis1, Mnt/Rox, and 14-3-3e Phage
Clones

Multicolor fluorescence in situ hybridization (FISH)
analysis of the phage clones for Lis1, Mnt/Rox, and
14-3-3e on metaphase and interphase chromosomes
was performed to determine the chromosome loca-
tion and establish the order of these three genes.
With metaphase FISH, all three genes were located
within the same region of mouse chromosome 11B2
when examined individually (Fig. 1A–C) or simul-
taneously (Fig. 1D). Chromosome 11 was identified
using Brca1 as a marker (Schröck et al. 1996). The
other two groups of the genomic clones that were
isolated by LIS1 cDNA were mapped to different
chromosomes by metaphase FISH (data not shown).
Interphase FISH was performed with the three
phage clones to determine relative gene order. As in
the human, the gene order was Lis1, Mnt/Rox, and
14-3-3e (Fig. 1E). In addition, the relative distance
between these genes was estimated by comparing
the separation between hybridization signals in sev-
eral nuclei using FISH on halo preparations (Haaf
and Ward 1994a,b) from interphase nuclei (fiber-
FISH). The distance between Lis1 and Mnt/Rox was
about one-third of the distance between Mnt/Rox
and 14-3-3e (Fig. 1F). Thus, these three genes colo-
calized to the same region of the mouse chromo-
some syntenic to human 17p13.3, and gene order
and relative distance were conserved between
mouse and human.

Determination of the Transcriptional Orientation of
Lis1 and Mnt/Rox by YAC Fragmentation

To determine the relative transcriptional directions
of Lis1 and Mnt/Rox, yeast fragmentation (Pavan et
al. 1990) of a yeast artificial chromosome (YAC)
clone containing Lis1 and Mnt/Rox was performed.
The Princeton mouse YAC library was screened as
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pools, and one positive YAC clone was isolated that
contained both genes. The YAC containing Lis1 and
Mnt/Rox and the fragmentation strategy are repre-
sented in Figure 2A. Fragmentation vectors for each
gene were created by inserting genomic clones of
Lis1 and Mnt/Rox into the yeast fragmentation vec-
tor pB1R (Lewis et al. 1992) in both orientations.
Homologous recombination between the YAC and

the fragmentation vector will
result in deletion of all se-
quences distal to the integra-
tion site, including TRP1, and
integration of a new auxotro-
phic marker LYS2. The viabil-
ity of the recombinant yeast
depends on the ability of the
fragmentation to result in a
functional YAC, which in turn
is dependent upon the orien-
tation of the DNA fragment
inserted into the yeast frag-
mentation vector. If the gene
is inserted in the correct orien-
tation in the fragmentation
vector, recombination with
the YAC will result in a deleted
YAC with a centromere and
LYS2. In contrast, after recom-
bination with the fragmenta-
tion vector containing the
gene in the opposite orienta-
tion, the deleted YAC will con-
tain LYS2, but will lose the
centromere. This will cause
loss of the deleted YAC during
mitosis, and result in ineffi-
cient growth on plates lacking
lysine. Gene orientation can
be inferred by comparison of
the frequency of the frag-
mentation vectors in both di-
rections, and confirmed by
Southern analysis of the result-
ing deleted YACs.

Four fragmentation vec-
tors were constructed that
contained Lis1 or Mnt/Rox in
both orientations. Vectors
were linearized, transformed
singly with each YAC, and se-
lected for LYS prototropy. For
the Lis1 vectors, there were
7.8-fold more stable LYS+
transformants produced with

the R fragmentation vector than with the L vector.
For Mnt/Rox, 2.1-fold more clones were produced
with the L vector than with the R vector (Fig. 2A).
These results suggest that Lis1 and Mnt/Rox are tran-
scribed divergently. The sizes of the fragmented
YAC clones were compared with the original YAC,
which was 600 kb (data not shown), by pulsed field
gel electrophoresis (PFGE) and Southern analysis us-

Figure 1 FISH on normal mouse metaphase chromosomes, interphase nuclei,
and extended chromatin. Brca1 (FITC, green fluorescence) was used as a marker
for chromosome 11, and colocalized on metaphase spreads to chromosome 11
with: (A) Lis1; (B) Mnt/Rox; (C) 14-3-4e; (D) Lis1, Mnt/Rox, and 14-3-3e (rhoda-
mine, red fluorescence). (E) Gene order was established by three–color FISH on
mouse interphase nuclei: Lis1 (red); Mnt/Rox (green); 14-3-3e (orange, mix of
biotin- and digoxigenin-labeled DNA, 1:1 ratio). (F) FiberFISH was used for
evaluation of relative distances between Lis1 (orange), Mnt/Rox (green), and
14-3-3e (red).
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ing pBR322 as probe. The frag-
mented YACs with Lis1 and
Mnt/Rox were 400 kb and 200
kb, respectively, indicating
that the distance between
these genes is ∼200 kb (data
not shown) and demonstrat-
ing that fragmentation had
occurred. To further support
this relative gene orientation,
YAC DNAs were isolated from
fragmented clones recovered
from Lis1 or Mnt/Rox vectors,
digested with EcoRI, and
probed with three indepen-
dent probes: a Mnt/Rox 38

probe, a Mnt/Rox 58 probe, and
a Lis1 58 probe (Fig. 2B). Yeast
DNA of LYS+ clones from the
Lis1 fragmentation hybridized
to all three probes, whereas
DNA of clones from the Mnt/
Rox fragmentation hybridized
only with the Mnt/Rox 38

probe, as expected (Fig. 2B).
Thus, the orientation esti-
mated by the recombination
frequency was completely
consistent with the Southern
hybridization data, demon-
strating that Lis1 and Mnt/Rox
are transcribed divergently.

Insertion of Super-Rare Cutter
VDE at 14-3-3e Locus by
Homologous Recombination

A single YAC clone containing
both Mnt/Rox and 14-3-3e

could not be isolated by re-
peated screening. Therefore,
we could not use YAC frag-
mentation to determine gene
distance and transcriptional
orientation. Because the
physical distance between Lis1
and Mnt/Rox is ∼200 kb (see
above), using relative dis-
tances in fiberFISH (Fig. 1F),
the distance between Mnt/Rox
and 14-3-3e was estimated to
be 600 kb (Fig. 1F), consistent
with the human physical map.

Figure 2 Lis1-Mnt/Rox YAC fragmentation for transcriptional orientation. (A)
Schematic representation of YAC fragmentation. (Top) The Lis1-Mnt/Rox YAC
clone is shown, with the location of the two genes, URA3 and TRP1 selectable
markers, and the position of the centromere and telomeres. (Middle) The frag-
mentation vectors with LYS as the selectable marker near the telomere, and the
Mnt/Rox (left) or Lis1 (right) cloned in both orientations relative to the telomere.
Underneath the fragmentation vectors, the number of colonies per microgram
of vector are indicated. (Bottom) The gene orientation on the YAC relative to
centromere was inferred by comparison of the recombinant frequency of each
fragmentation vector. The arrows indicate the 58 → 38 direction of each gene.
(B) Southern analysis of the fragmented YAC. (Top) The original YAC is shown on
the first line, followed by the organization of the Lis1- and Mnt/Rox-deleted YACs.
The locations and transcriptional directions of the two genes, as determined by
colony number, and the locations of three hybridization probes are shown. The
arrows indicate the 58 → 38 direction of each gene. (Bottom) DNA from two LYS+
transformants from the Lis1 fragmentation, and two from the Mnt/Rox fragmen-
tation, were digested with EcoRI, transferred to nylon membranes, and probed
with three different probes: a Mnt/Rox 38 probe, a Mnt/Rox 58 probe, and a Lis1
58 probe.
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To determine the relative gene orientation span-
ning this long distance, we inserted the super-rare
cutter site VDE at the 14-3-3e locus by homologous
recombination in embryonic stem (ES) cells. VDE is
a DNA endonuclease derived from the VMA1 gene
product of Saccharomyces cerevisiae (Gimble and
Thorner 1992) and is related to other nucleases in-
volved in rearrangement (Bremer et al. 1992). Con-
sidering its long recognition sequence (34 bp), it

seemed reasonable to assume that this inserted site
would be unique or rare within the mouse genome.
To confirm this, mouse genomic DNA was embed-
ded into agarose blocks and digested with VDE, fol-
lowed by PFGE analysis. The ethidium bromide
staining profile displayed no significant difference
with or without VDE digestion (data not shown).

Therefore, we used gene targeting to insert a
VDE site, along with a pMC1hyg gene, into the 14-

Figure 3 14-3-3e targeting of VDE site for determination of transcriptional orientation. (A) The restriction map and
the targeting vector are shown. pMC1hyg and PGK–tk indicate the genes used for positive and negative selection
with hygromycin and FIAU; arrow directions indicate transcriptional orientation. VDE and loxP sites are indicated.
The dotted boxes indicate 14-3-3e exons. Restriction sites are as follows: (B) BamHI; (Bg) BglII; (EV) EcoRV; (H)
HindIII; (K) KpnI; (S) SalI; (VDE) the super-rare cutter. (B) The result of the screening of the transfected ES cell by
Southern hybridization using a flanking probe and BamHI digestion. (Asterisk) The positive clone; (WT) wild-type
allele; (KO) knock-out allele. (C, top) The NruI restriction map of the MDS region in the mouse, with the location of
the three genes (the direction of transcription indicated by arrows), and the location of probes used for hybridiza-
tion. (Bottom) PFGE and Southern hybridization of DNA from the targeted ES clone with a VDE site inserted into the
14-3-3e locus. DNA was digested with NruI alone (nothing above the lane), or NruI and VDE (indicated by VDE
above the lane), and hybridized with the indicated probes. The arrows indicate the sizes of the bands detected with
each probe. (D) PFGE Southern hybridization for complete VDE digestion and complete or partial NruI digestion. The
enzyme concentration per microliter is above each lane. The arrowheads indicated the band detected by the
14-3-3e 38 probe.
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3-3e locus using a replacement-type targeting con-
struct (Fig. 3A). Correct targeting should also result
in the disruption of this gene. ES cells were trans-
fected and screened for the presence of targeted
events at the 14-3-3e locus. DNA from each clone
was digested with BamHI followed by agarose gel
electrophoresis. After Southern blotting and hybrid-
ization with an external probe, one positive clone
out of 121 was identified (Fig. 3B), as demonstrated
by the presence of a 7-kb polymorphic targeted
band. Southern analysis with several restriction en-
zymes and probes confirmed that this clone was cor-
rectly targeted at the 14-3-3e locus (data not shown).

Determination of the Transcription Orientation of
14-3-3e

The 14-3-3e targeted ES clone, with insertion of the
VDE site, was used to determine the gene orienta-
tion and the distance between Mnt/Rox and 14-3-3e.
Using wild-type DNA, PFGE and Southern analysis
demonstrated that Mnt/Rox is located within a 100-
kb NruI fragment (Fig. 3C). On the other hand, both
Lis1 and 14-3-3e are located within very large (>2.2
Mb) NruI fragments (Fig. 3C). To determine the rela-
tive orientation and distance of 14-3-3e from Mnt/
Rox, DNA from the 14-3-3e-targeted ES clone was
digested with NruI and VDE, followed by PFGE,
Southern analysis, and hybrid-
ization with 58 or 38 probes of
14-3-3e on either side of the
VDE site (Fig. 3D). The size of
the bands detected by 58 and 38

probes were used to determine
the transcriptional orientation
of 14-3-3e relative to Mnt/Rox.
The physical map of the hu-
man and the mouse interphase
and fiberFISH data estimated
that Mnt/Rox and 14-3-3e are
located within 600 kb (see
above). The 14-3-3e 58 probe
detected a very large fragment
(>2.2 Mb), and the 14-3-3e 38

probe detected a 600-kb frag-
ment. These results suggest
that 14-3-3e is transcribed in a
direction toward Mnt/Rox, be-
cause this is the only orienta-
tion compatible with the detec-
tion of these sized bands. This
interpretation was supported
by partial digestion of DNA
from the targeted clone with

NruI (Fig. 3D). The targeted 14-3-3e ES cell DNA was
digested completely with VDE, followed by partial
digestion with NruI using various enzyme concen-
trations. After PFGE and Southern analysis with a 38

probe of 14-3-3e, 945- and 600-kb fragments were
detected, whereas a Mnt/Rox probe on the same filter
detected bands of 100, 450, and 1045 kb (Fig. 3D).
Because 14-3-3e and Mnt/Rox are located within 600
kb by fiberFISH, and Lis1 and 14-3-3e are located on
large (>2.2-Mb fragments), the Southern data is con-
sistent only with the interpretation that 14-3-3e is
transcribed toward Mnt/Rox. The gene distance and
orientation estimated from the NruI restriction map
was also supported by partial NotI digestion and
Southern analysis (data not shown).

The gene organization of the human MDS/ILS
region and murine syntenic region is summarized in
Fig. 4. The organization of three genes in this region
is similar between the mouse and human. In the
mouse, Lis1 and Mnt/Rox are transcribed diver-
gently, and are located 170 kb apart. 14-3-3e is tran-
scribed toward Mnt/Rox, and these genes are located
within 1 Mb of each other.

DISCUSSION

Several human syndromes are associated with the
hemizygous deletion of a specific chromosomal re-

Figure 4 Comparison of human and mouse genomic organization in the
MDS/ILS critical region. (A) Gene organization in the human MDS/ILS region on
human 17p13.3 (after Chong et al. 1997). The broken line indicates the extent
of deletion in each patient. The locations of genes and polymorphic markers are
indicated at the bottom. (B) Murine syntenic region of 11B2.
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gion (Ledbetter and Ballabio 1995). A subset of these
appear to be classical contiguous gene syndromes,
in which the inactivation of several unrelated genes
is involved in a complex phenotype, and the sever-
ity of the phenotype is determined by the genes that
are deleted. MDS appears to be a typical example of
a contiguous gene syndrome. Certain deletions in
this region result in ILS, whereas overlapping and
larger deletions result in MDS. The relationships be-
tween gene function and phenotype in human con-
tiguous gene syndromes are difficult to study in pa-
tients, so the creation of a mouse model would be a
valuable tool to examine these relationships. A de-
tailed determination of genomic organization of the
MDS critical region is a prerequisite to the creation
of a mouse model of ILS/MDS.

In this paper, we describe the genomic organi-
zation of the MDS critical region in the mouse. The
mouse homologs of three human genes present in
the MDS region were cloned and sequenced. Com-
parison of this sequence with the cDNA sequence of
murine Lis1 (Peterfy et al. 1994) and 14-3-3e (Mc-
Connell et al. 1995) and human and murine Mnt/
Rox (Hurlin et al. 1997; Meroni et al. 1997) allowed
us to identify exons and exon–intron junctions of
these three genomic clones. All three genes were
mapped to the region of mouse chromosome 11
that is syntenic to the MDS region on human
17p13.3 by FISH. Using interphase FISH, we were
able to determine relative gene orientation and dis-
tance of these murine genes, and they were similar
to the gene organization in the human genes
(Chong et al. 1996). We determined the relative
transcriptional directions of these three murine
genes by using two novel approaches. The transcrip-
tion direction of Lis1 relative to Mnt/Rox was deter-
mined using YAC fragmentation (Pavan et al. 1990),
demonstrating that these genes are divergently tran-
scribed. The relative direction of 14-3-3e was deter-
mined by the introduction of a super-rare cutter site
for VDE digestion into the locus through homolo-
gous recombination in ES cells. PFGE and Southern
analysis then allowed us to determine that 14-3-3e is
transcribed the same direction as Lis1.

The murine homologs of Lis1, Mnt/Rox, and 14-
3-3e each encode known proteins. Lis1 was isolated
as a gene that showed partial deletion in two pa-
tients with lissencephaly (Reiner et al. 1993), and
was later identified as the homolog of one of the
subunits of platelet-activating factor acetylhydro-
lase (Hattori et al. 1994). Lis1 is expressed in the
cortical plate in the developing mouse (Reiner et al.
1995), consistent with its presumed role in neuronal
migration. Mnt/Rox is deleted in all patients with

MDS. Mnt/Rox is a basic helix–loop–helix domain
that interacts with Max and Sin3 to regulate the
activity of c-Myc (Hurlin et al. 1997; Meroni et al.
1997). 14-3-3e is located in a region with frequent
loss of heterozygosity in several cancers (Phillips et
al. 1993; McDonald et al. 1994), raising the possi-
bility that this gene may act as a tumor suppressor.
Additionally, an interaction between 14-3-3e and
cdc25B has been described (Conklin et al. 1995),
suggesting a role in cell cycle regulation. Thus, all
three genes that were analyzed have potential func-
tion in development, and may play a role in the ILS
and/or MDS phenotypes.

Conservation of synteny is a feature of mamma-
lian chromosomes (DeBry and Seldin 1996). Within
these regions, the gene order appears to be similar,
although detailed examination of distances and ori-
entation have been performed for few of those re-
gions. We have examined the conservation of syn-
teny between human chromosome 17p13.3 and
mouse 11B2 in detail. Our data demonstrate that
the gene order and distance of these genes have
been conserved between the mouse and human.
The evolutionary conservation suggests either that
there is some functional importance to the organi-
zation of this genomic region or that there is not
sufficient evolutionary distance between these spe-
cies for divergence to have occurred. Because we
have not identified all genes in this region in either
mouse or human, we cannot rule out the possibility
that small rearrangements may be present. How-
ever, the overall organization of these regions is
conserved between these two species. Because there
is conservation of linkage, it will be possible to cre-
ate deletions in the mouse that mimic those of ILS
and MDS. Such models will likely be effective re-
agents for the molecular dissection of the genes in-
volved in the pathogenesis of these disorders. The
detailed organization of the murine homologous re-
gion described here provides an important frame-
work for the creation of a mouse model of ILS and
MDS.

METHODS

Isolation of Mouse Genomic Clones of Lis1, Mnt/Rox,
and 14-3-3e

A l phage genomic library (strain 129/Sv, Stratagene) was
screened with labeled cDNAs for human LIS1, MNT/ROX, and
14-3-3e. As probes, the 1.5-kb HindIII fragment of human LIS1
cDNA (Reiner et al. 1993), the 0.8-kb HindIII–PvuII fragment
of human MNT/ROX cDNA (Meroni et al. 1997), and the 1.7-
kb PCR-amplified product from a human 14-3-3e cDNA clone
(Chong et al. 1996) were used. The phage DNAs were purified
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by standard procedures (Sambrook et al. 1989). Phage inserts
were cloned into the NotI site of the pBluescript (Stratagene)
and digested with NotI and EcoRI or PstI for fingerprinting.

To determine exons and exon–intron junctions, the plas-
mid subclones were digested with AluI or Sau3AI and sub-
cloned into the EcoRV or BamHI sites of pBluescript II (Strata-
gene), respectively. These subcloned libraries were screened
with cDNA probes as described above. The plasmid DNAs of
the positive colonies were extracted by the Qiagen plasmid
kit, and sequenced by automated cycle methods (model 377,
Perkin-Elmer Applied Biosystem Inc.; Robbins et al. 1996).
GenBank accession nos. of Lis1, Mnt/Rox, and 14-3-3e are
U34277, U77536, and Z19599, respectively.

FISH Analysis Using Phage Clones

Slides with metaphase spreads, interphase nuclei, and ex-
tended chromatin were prepared from normal mouse fibro-
blasts. Interphase and metaphase FISH were performed as de-
scribed (Pinkel et al. 1986; Haaf and Ward 1994 a,b), using
phage and cosmid genomic probes labeled with digoxigenin-
11–dUTP. Hybridization signals were scored using a Zeiss Ax-
iophot fluorescence microscope and three-color images were
captured on a Photometrics cooled-CCD camera (Photomet-
rics, Ltd., Tucson, AZ) using IP Lab image software (Signal
Analytics Corporation, Vienna, VA). Genomic clones of Lis1,
Mnt/Rox, and 14-3-3e, as well as Brca1 (Schröck et al. 1996) as
a marker for chromosome 11, were used as FISH hybridization
probes. At least 25 metaphase spreads, 100 interphase nuclei,
and 15 fiberFISH preparations were examined with identical
results.

Isolation of YACs Containing Lis1 and Mnt/Rox

The YAC clone containing Lis1 and Mnt/Rox was obtained by
screening the Princeton mouse YAC library by PCR. Pools of
YAC DNA prepared from the library were screened in two
steps using a pair of Mnt/Rox specific primers (58-
CTTCTTCAGCCGGTGCCAACTTCA-38 and 58-CCCTC-
CCTGCGCCCATCCTG-38). We identified two positive YAC
clones containing Mnt/Rox. YAC DNA was prepared according
to standard procedures (Smith et al. 1988). These two DNAs
were amplified by PCR using a pair of Lis1-specific primers
(58-TACCGTGCATGGTTCTGATGC-38 and 58-TCTCAA-
GGGCCATACAGACTCTG-38) with the same conditions de-
scribed above. One positive YAC clone containing both Lis1
and Mnt/Rox was identified.

YAC Fragmentation for Lis1 and Mnt/Rox
Transcriptional Orientation

To make fragmentation vectors for Lis1 and Mnt/Rox, the 6-kb
SalI–SalI (Fig. 2A) fragment of the Lis1 genomic clone and the
10-kb EcoRI–EcoRI fragment (Fig. 2B) of the Mnt/Rox genomic
clones were inserted into EcoRI site of the yeast fragmentation
vector, pB1R (Lewis et al. 1992), in both orientations. The
orientation of the inserts was determined by restriction site
analysis.

Yeast cells (5 2 107) were transformed with 2 µg of the
fragmentation vectors digested with NotI and SalI. Transfor-
mation was accomplished with lithium acetate using the Al-
kali-Cation Yeast Kit (BIO 101). Transformants were selected

on plates lacking lysine but supplemented with uracil. LYS+
transformants were further tested for the ability to grow in the
absence of lysine and uracil or tryptophan and uracil. For
PFGE analysis, high-molecular-weight yeast DNA of URA+,
TRP1, and LYS+ transformants were prepared (Smith et al.
1988), and electrophoretic karyotypes were assessed using
CHEF DRII (Bio-Rad). In addition, yeast DNA from transfor-
mants was digested with EcoRI, and separated by agarose gel
electrophoresis, and DNAs were subsequently transferred to
Hybond N+ (Amersham). Probes used for hybridization in-
cluded a 0.5-kb SalI–BamHI fragment of the Lis1 genomic
clone, a 0.7-kb EcoRI–SalI fragment, a 0.5-kb BamHI–BamHI
fragment of the Mnt/Rox genomic clone, and pBR322.

Construction of Targeting Vector for Insertion of
VDE into 14-3-3e

Genomic fragments of 14-3-3e were amplified from 129Sv
mouse genomic DNA directly using long PCR. The primers
were synthesized based on the reported mouse 14-3-3e se-
quence (McConnell et al. 1995). The primer pair 58-
ATGGACGTGGAGCTGACAGTTGAAGA-3 8 and 5 8 -
TGTTAGCTGCTGGAATGA GGTGTTTG-38 was used for am-
plification of a 3.5-kb fragment located at the 58 site of the
14-3-3e. The primer pair, 58-ACTTCCTCCAACGCAC-
CCCATTC-38 and 58-TCACTGATTCTCATCTTCACATCCT-38

was used for amplification of a 9.0-kb fragment located at 38

site of the 14-3-3e. A shuttle PCR program was performed: 5
min at 95°C, 30 cycles each of 1 min at 95°C and 15 min at
68°C, followed by additional extension of 15 min at 72°C
using a LA PCR Kit (Takara, Oncor). The amplified fragments
were inserted into pCRII using the TA Cloning Kit (Invitro-
gen).

These fragments were cloned into a modified version of
the targeting vector pPNT (Tybulewicz et al. 1991), where the
PGK–neo gene was replaced with pMC1–hyg. In this vector,
pPNT–hyg loxP VDE, a cassette was inserted at unique cloning
sites between the 38 end of the pMC–1hyg and PGK–tk. The
cassette contains several novel restriction sites, a loxP site, and
a VDE restriction site. To create the targeting construct for
14-3-3e, the 3.3-kb BglII–BamHI fragment of the 58 region was
inserted at a unique BamHI site of pPNT–loxPVDE. The 9.0-kb
XhoI–SacI fragment of the 38 region was made blunt with T4
DNA polymerase (NEB) followed by insertion at a unique XhoI
site of pPNT–loxPVDE (Fig. 3A).

Insertion of Super-Rare Cutter VDE to 14-3-3e locus
of ES Cell by Homologous Recombination

TC1 ES cells (Deng et al. 1996) were transfected with NotI-
linearized 14-3-3e targeting vector and selected with hygro-
mycin and FIAU. The culture, electroporation, and selection
of TC1 cells were carried out as described (Deng et al. 1994).
ES cell colonies that were resistant to both hygromycin and
FIAU were analyzed by Southern blotting for homologous re-
combination events within the 14-3-3e locus by a novel
method that used 96-well plates and low-melting-
temperature agarose (S. Hirotsune and A. Wynshaw-Boris, un-
publ.). Genomic DNAs from drug-resistant ES clones were di-
gested with BamHI and transferred to Hybond N+ after sepa-
ration by electrophoresis in 0.8% agarose gel in 0.52 TBE. The
membrane was probed with a 0.2-kb EcoRI–BglII fragment de-
rived from the 58 genomic fragment of 14-3-3e (Fig. 3A).
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Determination of the Orientation and Distance of
14-3-3e

We used the inserted VDE site for determination of the ori-
entation and distance of 14-3-3e relative to Lis1 and Mnt/Rox.
The 14-3-3e targeted ES cells were embedded in low melting
agarose (0.5 2 107 cells/300 µl), and DNA was prepared as
described above. DNA of the targeted clone was digested com-
pletely with VDE and partially with NruI, separated by PFGE,
and transferred and hybridized with a 58 or 38 probe of 14-3-3e

as described above. The PCR-amplified product used for
screening ES clones for targeting was used for the 58 probe. As
the 38 probe, a PCR-amplified product using two primers (58-
TCACTCTTGCCTTAAGAACTTCTGAAAA-38, 58-GCTGCAG-
GATGTGGAAGATGAGAAT-38) was used. To construct a re-
striction map with NruI, the agarose block was digested with
VDE completely followed by partial NruI digestion with vari-
ous enzyme concentrations (1–0.003 unit/µl).
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