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Abstract
The mouse In(15)2Rl (hairy ears, Eh) mutation is a paracentric inversion of the distal half of
Chromosome 15 (Chr 15). Heterozygous Eh/+ mice display mis-shaped and hairy ears that have
more and longer hair than the ears of their wild-type littermates. We mapped, cloned, and
sequenced both inversion breakpoints. No protein-coding transcript was disrupted by either
breakpoint. The proximal breakpoint is located between syntrophin basic 1 (Sntb1) and hyaluronan
synthase 2 (Has2), and the distal breakpoint maps between homeobox C4 (Hoxc4) and single-
strand selective monofunctional uracil DNA glycosylase (Smug1), near the middle and the
telomere ends of Chr 15, respectively. The inversion spans ~47 Megabases (Mb). Our genetic
analysis suggests that the hairy-ear phenotype is caused by the proximal breakpoint of the
inversion-bearing Chr 15. Quantitative RNA analysis by RT-PCR for the genes flanking the
breakpoint indicated no changes in expression levels except for some homeobox C (Hoxc) genes
whose expression was elevated in developing and mature skin of the ears but not of other body
regions. The increased hair length on the ears of Eh/+ mice was due to an extension of the anagen
stage in the hair cycle, as determined by histological analysis. Our data indicate that the Eh
phenotype arises from mis-expression of Hoxc genes.

Introduction
The mouse hairy ears (Eh) inversion mutation was discovered in the 1960s at the Oak Ridge
National Laboratory (ORNL) among the offspring of a neutron-irradiated male mouse1, 2
and found to be a chromosomal inversion, In(15)2Rl.3 Chromosomal inversion refers to a
large stretch of DNA sequence that is inverted on a chromosome. Eh has since been
maintained on the C3H/Rl genetic background at ORNL and on the C57BL/6ByJ genetic
background at The Jackson Laboratory. Heterozygous Eh/+ mice have hairy, short ears, and
homozygotes (Eh/Eh) on a C3H/Rl background usually die after birth, although some can
survive past weaning, exhibiting the same ear phenotype as Eh/+. Genetic crosses3 revealed
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reduced or absent recombination between Eh and a number of markers within about 40cM in
the distal half of Chromosome (Chr) 15.

Sections of skin from four-week-old male mice indicated that C57BL/6J.Cg-Eh/+ ear-skin
hair follicles at the ear-base were in anagen (growing phase) while those of wild-type
control littermates were in telogen (resting phase).4 At the same time dorsal skin hair
follicles of both Eh/+ and normal +/+ control mice were in anagen. Thus, it appeared
possible that the Eh/+ hair-follicle-cycle abnormality was confined to the ears of
heterozygous Eh/+ mice and most likely associated with a dominant over- or continuous-
growth condition.4 Chimera analysis indicated that wild-type cells could rescue the lethality
of Eh/Eh mice.5 Our unpublished observations (DAC and EMR) indicate that the penetrance
of the lethality is incomplete, with most Eh/Eh homozygotes on the C3H/Rl genetic
background dying before weaning but some surviving to adulthood.

Here, we report further characterization of the Eh mutation, including study of the skin and
hair phenotype, mapping the proximal and distal inversion breakpoints to bacterial artificial
chromosome (BAC) clones using fluorescent in situ hybridization on metaphase Eh/+ cell
spreads, cloning and sequence determination of both inversion breakpoints, and a
determination of which genes around the breakpoints of the inverted Chr 15 might be
involved in the skin and hair phenotype. Based on genetic and molecular analyses, we
conclude that the hairy-ear phenotype of the Eh mutation is probably the result of a position
effect involving the homeobox C (Hoxc) gene cluster.

Materials and Methods
Mice and their DNA

All Eh/+ mice used in crosses described in the text were on a C3H/Rl background. DNA
from C3H/Rl-Eh/+, Eh/Eh, and +/+ mice was prepared from spleens according to standard
procedures.6 Prior to the availability of PCR-based Eh genotyping method the rare C3H/Rl-
Eh/Eh mice were identified by their hairy ears phenotype and small size at weaning age.
C3H/Rl-Eh/Eh DNA was used in Southern blot analysis,6 long-template PCR, cloning and
sequencing the DNA fragments that contain the Eh distal breakpoints. All animal procedures
used in the experiments were approved by institutional IACUC at The Jackson Laboratory
and Oak Ridge National Laboratory and followed the NIH animal use guidelines.

Identification of BAC Clones
We used an overgo approach7 to screen the RPCI-23 BAC library for BAC clones of
interest. We also used Incyte Genomics, Inc., and Research Genetics, Inc., BAC libraries,
which were screened by PCR- or hybridization-based methods according to the
manufacturers’ instructions.

Fluorescent in situ Hybridization (FISH) Analysis
Previous studies showed that the Eh inversion spans the distal half of Chr 15 and Sox10Dom

was mapped within the inversion.3 We therefore used Sox10Dom associated BAC clone
43P1914 as entry point to map the inversion breakpoints via sequential FISH analysis with
BAC clones as the probes. Metaphase Eh/+ cell spreads were prepared from mouse spleens,8
and FISH analyses were performed essentially as described previously.9 The following BAC
clones (Table 1) were used for FISH: RPCI-23 480E1, 140J16, 331P14, 410H14, 364P3,
311M8, 339A22, 445C23, 247H10, 280N23, 313B22, 147G15, 280K14, 241P1, 393P12,
304J12, 423M12. In addition, we also used Incyte Genomics Systems’ BAC clones 9F8,
201P22, and 29D22 (contain Oc90, Dbx2, and Pde1b, respectively), and BAC clones 28D4,
and 43P19 (see acknowledgements).
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Mapping the Eh Inversion Breakpoints to BAC Clones
We mapped the inversion breakpoints with fluorescent in situ hybridization (FISH) using
BAC clones as probes. Current mouse genome assembly is associated with BAC clone
tiling, but we initiated our analyses before this resource was publicly available. We initially
took advantage of the fact that Sox10 and Cacng2 have associated BAC clones.14, 15 FISH
mapping results indicated that these two loci mapped within and near the middle of the Eh
inversion. We designed overgo probes7 for additional genes and markers, and screened
RPCI-23 high-density BAC library filters for FISH mapping (Figure 1 and Table 1).

Hair and Skin Analysis
Complete necropsies were performed on a minimum of two males and two females of both
mutant and control mice at weaning (three weeks), puberty (six weeks), and sexual
quiescence (eight months). In addition, skin from the ears, muzzle, eyelids, tail, dorsal, and
ventral skin were collected at three-day intervals from birth to 21 days of age and then at
monthly intervals.10 The aforementioned hair and skin analyses were performed on a
C57BL/6ByJJ background from The Jackson Laboratory. Examination of ear hair follicle
stages was performed for males and females on a C3H/Rl background, which were
generated at ORNL, between postnatal days 9 and 28 in a sex-matched manner (total 56
mice): one of each sex and genotype per day. The ears were divided into interior and
exterior regions, and the follicles were scored as tip, mid, and base in the midline of the ears
for the hair follicle stage. Scanning Electron Microscopy (SEM) was performed as
previously described.11 The immunohistochemistry of ear specimens for mouse-specific
keratins 1, 5, 6, 10, and 14, filaggrin, loricrin, and involucrin was performed based on the
methods described previously.10,12 Briefly, the ear specimens were fixed and the
immunohistochemistry was performed using Vectastain ABC kits (Vector, Burlingame, CA,
USA). Antibodies were purchased from Covance (Covance, Princeton, NJ, USA) for
keratins 1, 5, 6, 10, 14, involucrin, and filaggrin, and BabCO (Berkeley Antibody Company,
Richmond, CA, USA) for loricrin.

Quantitative Real-time RT-PCR (qRT-PCR) by TaqMan® Assay
Skin specimens from four-week-old (adult) mice were collected and immediately dropped
into liquid nitrogen. Skin specimens from E18.5 fetuses were collected under a dissecting
microscope and immediately used for RNA preparation. RNAqueous®-Micro or -Midi Kits
from Ambion (Cat # 1927, Ambion, Inc., Austin, TX, USA) was used to prepare total RNA
from skin tissues from mouse fetuses following the manufacturer’s instructions. Total RNA
from adult mouse skin was prepared according to a slightly modified protocol using the
RNA isolation kit protocol from 5 Prime –> 3 Prime, Inc. (now Eppendorf – 5 Prime, Inc.).
RT-PCR was performed using Invitrogen’s (Invitrogen, Carlsbad, CA, USA) SuperScript
First-strand Synthesis System for RT-PCR following the manufacturer’s instructions. All
TaqMan® assay reagents were obtained from Applied Biosystems, Inc. Foster City, CA.
These assays were performed according to the manufacture’s instructions using SmartCycler
(Cepheid, Sunnyvale, CA, USA). Mouse 18S RNA or glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) was used as an internal control for all TaqMan® assays. The fold
change of Hoxc gene expression was calculated according to Applied Biosystems, Inc.’s
User Bulletin #2 using the relative standard curve method.

Results
Eh Skin and Hair Phenotype

The pinnae in heterozygous Eh/+ mutant mice have a different shape and appear to be
smaller than those of their littermate controls (Figure 2). Differences in the outer
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circumference of the ears, length of the outer edge, attachment width, and ear height (Figure
2A) were, however, minor, and statistically significant (p<0.05) only at 24 days of age.
These data indicate that it is the difference in shape, rather than the actual size, that makes
the pinnae appear smaller.

Hair fibres on the ears of wild-type (+/+) mice are unique and differ from any of the four
types of pelage hairs (zigzags, auchenes, awls, and guard hairs) that cover most parts of the
mouse body.13 The same is true of Eh/+ ears. Individual hairs on the inner and outer surface
of the pinnae of Eh/+ mice were, however, significantly (p<0.05) longer than those of +/+
controls. There was no difference between the genotypes in length of hairs from dorsal body
skin (Figure 2B). Scanning electron microscopy (SEM) of the inner ear surface of +/+ mice
showed a relatively uniform distribution of short, wide, elongated hair fibres that extended
slightly beyond the dorsal surface of the pinnae. In Eh/+ mice, which have a similar
distribution and apparent number of hair fibres, the fibres were much longer (Figure 2B).
The fibres from both mutant and control mice were similar in surface shape and texture. The
outer surface of the +/+ pinna was covered with short, fine, broad hair fibres that were
widely spaced, such that the epidermal surface was easily visible. By contrast, hairs on the
outer surface of the Eh/+ pinna were very long and dense (images not shown).

Hair follicles stayed in the anagen stage longer in the ears of Eh/+ compared to +/+ pups
(Figure 3) No difference in hair-cycle stage was detected between the dorsal body skin of
Eh/+ pups and their +/+ sex-matched littermates. These results corroborate our hair-length
examination.

There were no histological differences between skin sections from Eh/+ and matched +/+
mice. Immunohistochemistry of ear sections for mouse-specific keratins 1, 5, 6, 10, and 14,
filaggrin, loricrin, and involucrin, furthermore, did not reveal any differences between the
mutant mice and their sex-matched controls (data not shown).

Cloning and Sequence Determination of the Eh Inversion Breakpoints
BAC clone 445C23 sequence (GenBank accession number: AC074315) had 14 unordered
fragments (note: current GenBank accession number AC074315 is listed as RP-23 445C23
complete sequence with total 177,864 bp). FISH results showed a pattern after BLASTN
analysis of the 445C23 sequences against the BAC end sequences. BAC clones mapping
centromeric to the proximal breakpoint overlapped on one side of fragment 14 (~63 kb in
length) of the 445C23 sequence; and BAC clones mapping telomeric to the proximal
breakpoint overlapped on the other end of fragment 14 (Table 1). Thus, we reasoned that
fragment 14 encompasses the proximal breakpoint. To refine the breakpoint position, PCR
primers were designed using the fragment-14 sequence so that slightly overlapping PCR
products (5–12 kb in length) covered the entire fragment 14 (data not shown). As expected,
one of the PCR products failed to amplify from Eh/Eh DNA, but did generate expected
product from Eh/+ and +/+ DNA (see Figure 4 and Table 2).

Figure 4C presents the result of the Southern blot analysis to identify the inversion
breakpoints. We cloned the size-altered 4.2-kb Pst I fragment (arrow in Figure 4C) revealing
that it contains a 4171 bp insert (GenBank accession number: AY757367). Its T3-end
sequence from 1 to 2904 matched BAC 445C23 sequence. The rest (from 2905 to 4171 bp)
showed a perfect alignment to finished BAC clone 304J12 sequence (GenBank accession
number: AC021667). FISH analysis using BAC 304J12 as a probe confirmed that BAC
304J12 indeed covers the distal breakpoint (Figure 1). We sequenced the proximal
breakpoint using a PCR-based approach (GenBank accession number AY757368). BLAT
(the Blast-like Alignment Tool)16 was used to analyze breakpoint-containing sequences
against the public mouse genome sequence assembly (August 2005). The analysis revealed
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that neither breakpoint interrupts any gene transcript (Figure 5). The proximal breakpoint
occurs inside a LINE repetitive element, whereas the distal breakpoint falls within a SINE
repeat on wild type Chr 15.

Genetic Analysis Indicate that the Eh Proximal Breakpoint on the Inversion-bearing Chr 15
is Responsible for the Dominant Hairy Ear Phenotype

Koala (Koa) is another Chr 15 inversion mutation with a dominant phenotype of hairy ears
and bushy muzzle.17,18 The Koa inversion encompasses the Eh inversion; therefore, Koa has
a larger inverted region on Chr 15 (data submitted for publication). The hairy ears of Koa
look dramatically different from Eh hairy ears. By crossing Eh/+ and Koa/+ mice, we
obtained compound heterozygous Eh + / + Koa mice, which manifest a mixed phenotype:
the hairy ears and bushy muzzle resemble those of Koa mice, but the ear shape resembles
the Eh ear. A cross of the compound heterozygous Eh + / + Koa mice to wild-type C3H/Rl
mice generates offspring with four genotypes (Figure 6): Eh/+, Koa/+, and the crossover
products Eh-prox Del-D Dup-B Koa-dist / + + + + (see Figure 6 legend) and Koa-prox Del-
B Dup-D Eh-dist / + + + +. Mice with genotype Eh-prox Del-D Dup-B Koa-dist / + + + +
displayed the Eh phenotype, indicating that the Eh-prox, not the Eh-dist, is responsible for
the dominant Eh phenotype, and that Koa-dist is not responsible for the dominant Koa
phenotype. The reciprocal genotype, Koa-prox Del-B Dup-D Eh-dist / + + + + resulted in
prenatal death of the mice (Figure 6).

Quantitative Real-time RT-PCR (qRT-PCR) Assays for Genes That Surround the Proximal
Eh Inversion Breakpoint of the Inversion-bearing Chr 15

Because neither Eh breakpoint interrupts any gene transcripts, the Eh hair phenotype is
probably derived from position effects on the Eh proximal breakpoint of the inversion-
bearing Chr 15. Known genes that encompass this breakpoint, Sntb1 and Hoxc4, were
evaluated by sensitive and quantitative TaqMan® assays for potential change in expression
in the ears of both E18.5 fetuses and four-week-old Eh/+ mice and +/+ littermate controls.
These qRT-PCR assay results indicated no change in expression level of Sntb1 in the mouse
ears (data not shown), but Hoxc4 expression was increased (Table 3). We screened the
expression of additional Hoxc genes in the skin of the pinnae and other regions. The results
of comparing Eh/+ and +/+ revealed that expression levels of several Hoxc genes were
changed in the skin (ears, dorso-scapular, muzzle, forehead, and ventral skin) (Table 3).

Discussion
Induced or spontaneous mouse mutations coding for longer hair are not common. Of the few
that exist, the best studied is angora (Fgf5go), a spontaneous recessive mutation of the
fibroblast growth factor 5 (Fgf5) gene that results in a phenotype characterized by elongated
truncal hairs.19,20 All four types of pelage hair (zigzags, auchenes, awls, and guard hairs)
are longer in this mutant, and the SEM images of the longer hairs indicate normal structure
of hair fibers.20 It was shown that the hair-follicle cycle in the mutant Fgf5go/Fgf5go mice
was 3 days longer in anagen (growth stage) than that of wild-type mice,20 indicating a
longer hair-growth phase in the mutant. The molecular mechanism of how an Fgf5 null
allele leads to the extended anagen of the hair-follicle cycle is unclear. The longer hair of the
Eh mutant mice, however, is restricted spatially to the ear. SEM imaging showed no
abnormality of the structure of Eh/+ hair. Our data, as well as previous experimental results,
4 revealed that the Eh/+ ear-hair follicles, like those of Fgf5go/Fgf5go, have an extended
anagen during the first wave of hair growth, but this anagen extension is not observed for the
hair follicles in the dorsal or scapular skin in the same mouse. The ear-hair follicles of the
few surviving Eh/Eh mice were not analyzed in this study. As mentioned in the introduction,
the ears of Eh/Eh and Eh/+ mice displayed the same hairy-ear phenotype.
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Chromosomal-inversion breakpoints can cause a mutant phenotype, not only by interrupting
the coding sequence of a gene, but also by creating a position effect on expression of genes
in the vicinity of the breakpoints or even far away from the breakpoint.22–27 We speculate
that regulatory elements alter the Hoxc complex expression on the ears of Eh mice. One
well-documented case is the control of Hoxd cluster expression by long-range cis-regulatory
elements.28–30

In mammals, 39 Hox genes are organized into the Hoxa, Hoxb, Hoxc, and Hoxd clusters
located on four separate chromosomes.31,32 It is known that most Hox genes are expressed
in developing and mature skin in mice.32,33 Although many Hox genes have been targeted
using genetic engineering methods, severe hair-growth defects were observed only from
Hoxc13 inactivation or overexpression.34,35 Hoxc13 is expressed ubiquitously in body skin
during embryonic skin development as well as in adult skin, and does not follow the
colinearity rule of the Hox-gene expression typically observed during axial patterning of the
embryo.36–38 During development of skin in chicken, expression patterns of several Hox
genes, including Hoxb4, Hoxa7, and Hoxc8, exhibit spatiotemporal colinearity, whereas the
patterns of others, including Hoxd4 through Hoxd13, Hoxa11, and Hoxc6, do not.38 It is
believed that in chicks, Hox genes play important roles in determining the regional identity
of skin and the morphogenesis of skin appendages, and that these roles of Hox genes also
apply to mouse skin. However, as indicated by many Hox-gene-targeted mutations, no direct
experimental evidence so far supports this, except for the Hoxc13 mutations. Functional
redundancy among Hox paralogues may be one possible explanation for the relative lack of
experimental evidence implicating the function of Hox genes in skin. Pups lacking the entire
Hoxc cluster die at the time of birth;39 however, no skin phenotype was reported for this
mutant.

The qRT-PCR (by TaqMan®) assays described here revealed that expression levels of many
Hoxc genes are changed in Eh/+ ear skin. However, a high level of expression could result
partially from the higher density of hair follicles in the outer surface of the ears of Eh mutant
mice. Alternatively, the expression levels could be higher due to regulatory elements that
affect Hoxc gene expression. There was a 2.41- to 9.05-fold increase in Hoxc4 expression in
the ears of four-week-old male mice in Eh/+ compared to +/+ littermate controls. However,
Hoxc8 and Hoxc9 displayed more dramatic changes, ranging from an 81.30- to 407.72-fold
increase for Hoxc8 and a 67.94- to 311.29-fold increase for Hoxc9 in Eh/+ vs +/+ mice.
Another factor to consider is that specimens of external ear contain cartilage where Hoxc8 is
expressed.40,41 No attempts were made to differentiate the Hoxc8 expression level in the
cartilage from that in the ear skin. It is unclear as to why the Eh inversion has a larger
impact on Hoxc8 and Hoxc9 expression than on Hoxc4 expression. It is known that Hox
clusters have long-range cis-regulatory elements28–30 and the inversion may disrupt the
expression of control elements or, more likely, bring new regulatory elements close to the
Hoxc cluster.

In conclusion, we determined that the proximal Eh inversion breakpoint on the wild type
Chr 15 occurred within a LINE repetitive element and disrupts no known gene. The distal
Eh inversion breakpoint occurred within a SINE repetitive element located between Hoxc4
and Smug1. Our qRT-PCR results show that in the vicinity of the proximal breakpoint on the
inversion-bearing Chr 15 only Hoxc genes have altered expression levels in skin. This
corroborates our genetic analysis that attributes the dominant Eh phenotype to the proximal
breakpoint of the inversion-bearing Chr 15. Ear-hair follicles of Eh/+ have extended anagen
compared to those of wild type littermates, resulting in longer hair fibres on the ears of Eh/+
mice. Our results therefore indicate that Hoxc genes may be involved in hair-follicle cycle
control.
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Figure 1. Fluorescent in situ hybridization (FISH) analysis of the Eh inversion breakpoints
Summary of FISH analyses using BAC clones as probes on metaphase cell spreads prepared
from an Eh/+ mouse. Chr 15 is depicted as the vertical line, with genomic positions in Mb
shown on the left, and the centromere on top. Only selected BAC clones, and some of the
markers (in the parentheses) that were used to identify them, are listed on the right of Chr
15, corresponding to their mapped positions. The BAC clones 280N23 and 304J12
generated two fluorescent signals in the inversion (Eh) Chr 15, indicating that these two
BAC clones cover the proximal and distal Eh inversion breakpoints, respectively. These
breakpoints are represented by dotted lines at positions 56.4 Mb and 103.0 Mb, respectively.
RP23-: BAC clones identified from Roswell Park Cancer Institute mouse BAC library. CJ7-:
BAC clones identified from Research Genomics’ CJ7 cell BAC library. IG-: BAC clone
identified from Incyte Genomics Inc., BAC library. Tel: telomere.
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Figure 2. Hair phenotype of the hairy ears (Eh) mutation
A: Ear morphometrics are colour-coded. The red, yellow, and purple columns in the chart
represent the measurements (mean with standard deviation) of ear outer edge length,
attachment width, and height, respectively, as illustrated by the mouse ear images on the
left. The measurements are in millimetres (mm, y axis) for postnatal days 15, 18, 24, and
159 (x axis) mice. The specimens were from mice on the C57BL/6ByJ background. B: SEM
images of the inner surface of the pinna (specimens were from mice on C3H/Rl background)
and the hair length (mean with standard deviation) for pups of postnatal day 24 (specimens
were from mice on C57BL/6J background). Higher magnification in the SEM images shows
that the ear-specific hair fibres remain the same type on the Eh/+ as on the +/+ ears. Images
of the outer side of the ears are not shown. The scale bars are indicated. Hair length in mm
(y axis) is plotted for the interior and the exterior of ears and for dorsal skin and the standard
deviations were given.
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Figure 3. Hair follicle stage of postnatal days 9 – 28 in the outer mid-ears of Eh/+ and w.t. female
littermates (one mouse per day per genotype [Eh/+ and +/+] for a total of 28 mice)
The chart illustrates the hair follicle stages (y axis) in the exterior mid-ears of heterozygous
Eh/+ (open columns) and +/+ (black columns) female mice between age 9 and 28 days (x
axis) postpartum. Hair follicles in the female Eh/+ mice stayed 3 days longer in anagen
(growth phase) than those of their female +/+ littermates. Hair follicle stage was evaluated
one section from each genotype per female per day: anagen = growth phase; catagen =
regressing phase; telogen = resting phase.
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Figure 4. Identification of the Eh proximal breakpoint region by PCR scanning and Southern
blot analysis of the distal breakpoint region
A: BAC 445C23 fragment 14 (63 kb) and the proximal Eh breakpoint on w.t. Chr 15. The
horizontal line represents the 63-kb fragment, where the centromere (Cen) is on the left, the
telomere (Tel) is on the right, and the scale bars in kb on top. The enlarged region illustrates
one of the PCR primer pairs (12F and 17F) used in the scanning of this 63 kb fragment and
its product PCR1, the position of the Southern blot probe BP-1 (a short black block),
repetitive sequences (boxed vertical-pattern), and the positions of the additional PCR primer
pairs, 16C/BPb and 16C/17F5, and 16C/17R6 and 16C/BPa, along with their corresponding
PCR products, PCR2, and PCR3, respectively. The proximal-breakpoint critical region was
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narrowed down to a ~2.3-kb region (between the two dotted arrows within the repetitive
sequence). B: PCR scanning of the proximal breakpoint. The PCR 1 product is a 6-kb
fragment and can be amplified from +/+ and Eh/+, but not from Eh/Eh DNA, indicating the
proximal breakpoint is located within this 6-kb region. The PCR 2 fragment also cannot be
amplified from Eh/Eh DNA, whereas PCR 3 can be amplified from the same Eh/Eh DNA.
C: Southern blot analysis with BP-1 probe. Probe BP-1 was amplified by PCR (for primer
sequences, see Supplemental Table 2) from BAC 445C23 DNA. Southern blot analysis
indicated that the BamHI, HindIII, and PstI digestion generated polymorphic fragments from
Eh/Eh, Eh/+, and +/+ genomic DNA. The size-altered 4.2-kb fragment from PstI digestion
(arrow) of Eh/Eh DNA, which contains the distal breakpoint from the inversion-bearing Chr
15, was cloned into pBlueScript and sequenced.
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Figure 5. Genomic structures and sequences of the Eh inversion breakpoints
The wild type and the inversion-bearing (Eh inv.) Chr 15 are illustrated in the middle of the
diagram. Centromeres (Cen) are on the left, and telomeres (Tel) on the right. The horizontal
arrows depict the inverted region of the Eh inv. Chr 15. The regions surrounding the BAC
clones 445C23 and 304J12, spanning the proximal and distal breakpoints, respectively, on
wild type Chr 15, are enlarged in the upper portion of the diagram. The short vertical bars
indicate the known genes flanking the proximal breakpoint, syntrophin, basic 1 (Sntb1) and
hyaluronan synthase 2 (Has2), with a more than 700 kb “gene desert” region in between,
and the known genes Hoxc cluster, two overlapping transcripts (Riken, accession numbers:
BF606930 and AK019974), and single-strand selective monofunctional uracil DNA
glycosylase (Smug1), near the distal breakpoint. The sequences of the Riken clones do not
match to any known genes in the databases and contain no intron. This map is not to scale.
The vertical arrows indicate the relative positions of the breakpoints on wild type Chr 15 and
their positions are in Mb. Sequences of 20 nucleotides on each side of both the proximal and
the distal breakpoints of wild type and Eh inv Chr 15 are given in the bottom left and bottom
right boxes, respectively. Breakpoint sequences from the Eh inv. Chr 15, in the middle lines,
are aligned (vertical bars) to and sandwiched by the BAC 445C23 sequences at the top and
the BAC 304J12 sequences at the bottom, respectively. The vertical arrows indicate the
junctions of the breakpoint sequences. The underlined nucleotides in the 445C23 sequence
(11 nucleotides) and 304J12 sequence (16 nucleotides) were deleted after the inversion.
Only one strand of the DNA sequences is given
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Figure 6. Cross of compound heterozygous Eh + / + Koa mice to wild-type mice
Information about the cross and its offspring is presented in three columns: the genotype
(left), a diagrammatic depiction of Chr 15 (middle), and the dominant phenotype (right).
Compound heterozygous Eh + / + Koa mice display the hairy ears and the bushy muzzle
characteristic of Koa/+ and the misshapen ear-lobe characteristic of Eh/+; the phenotype is
indicated as Koa & Eh. Chr 15 is divided into five colour-coded regions (designated A
through E, not shown to scale) defined by the inversion breakpoints. Letter A represents the
Chr 15 region between the centromere and the Koa proximal breakpoint (designated Koa-
prox); B is the region between the Koa-prox and Eh proximal breakpoint (Eh-prox); C is the
region inverted in Eh; D is the fragment between the Eh-dist and Koa-dist; and E extends
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from Koa-dist to the Chr 15 telomere end. The short vertical lines bracket the inverted Chr
15 regions with the inverted letters (B, C, or D) in the Chr 15 diagram. Two types of non-
crossover offspring, Eh/+ and Koa/+, are shown above two types of crossover offspring. The
common inverted C region (~47 Mb) will undergo meiotic crossover in the compound
heterozygous Eh + / + Koa parental mice, and this results in two crossover products with
deletion (Del) and duplication (Dup) of Chr 15 regions. One crossover product will carry the
Eh-prox, duplication of the B region (Dup-B), deletion of the D region (Del-D), and the
Koa-dist opposite the wild type Chr 15; its genotype (left column) is denoted as Eh-prox
Dup-B Del-D Koa-dist / + + + +. The phenotype of such mice is identical to that of Eh mice
described in this paper. Genetically, the difference between this mouse and an Eh/+ mouse is
that the Eh-dist is replaced by the Koa-dist, in addition to Dup-B and Del-D. This indicates
that the Eh-prox causes the Eh skin and hair phenotype. Because the Eh hair phenotype is a
dominant trait and the B and D regions are not duplicated or deleted in Eh/+ animals, it is
unlikely that Dup-B and Del-D in this crossover offspring are involved in the Eh skin and
hair phenotype. Another crossover product will carry the Koa proximal breakpoint (Koa-
prox), Dup-D, Del-B, and the Eh distal breakpoint (Eh-dist) opposite the wild type Chr 15;
its genotype is denoted as Koa-prox Dup-B Del-D Koa-dist / + + + +, as indicated in the left
column. Mice with this genotype die before birth, possibly due to haploinsufficiency of the
B region. (Koa inversion breakpoints were characterized [data submitted for publication]).
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Table 1

BAC clones used in FISH analysis to map the Eh inversion breakpoints

Library Clone addresses Markers Location

RPCI-23 480E1 D15Mit26

Centromeric to the proximal breakpoint

RPCI-23 140J16 *

RPCI-23 331P14 *

RPCI-23 410H14 *

RPCI-23 364P3 D15Mit115

RPCI-23 311M8 D15Mit115

RPCI-23 339A22 D15Mit115

Encompassing the proximal breakpoint

RPCI-23 445C23 D15Mit115

RPCI-23 247H10 D15Mit115

RPCI-23 280N23 D15Mit115

RPCI-23 339A22 D15Mit115

RPCI-23 313B22 D15Mit115

RPCI-23 147G15 *

Within the Eh inversion

RPCI-23 280K14 *

CJ7 28D4 Cacng2

CJ7 43P19 Sox10

I. G.*** 9F8 Oc90

CJ7 201P22 Dbx2

RPCI-23 241P1 *

RPCI-23 393P12 *

RPCI-23 304J12** D15Mit16 Encompassing the distal breakpoint

RPCI-23 423M12 Glycam1
Telomeric to the distal breakpoint

I. G.*** 29D22 Pde1b

*
These BAC clones were identified either according to the BLASTN program using BAC 445C23 and 304J12 sequence against the gss database or

BAC contigs from the BAC clone fingerprinting project.

**
This BAC clone was identified through mega BALSTN program using sequence from T7 end of pEh-D4.3 against htgs database. See text for

detail.

***
from Incyte Genomics Systems. The library is no longer available.
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Table 2

Primers used to identify the Eh inversion breakpoints

Product Name Sequence Size (bp) Purpose

PCR1
12F GGCAGGCAGAGCTCTGTGTCTTG

6011

Identify the proximal breakpoint

17F GGAACTTAGAGATCTCATAGCAGG

PCR2
16C/BPb* CCTGAAAATGGGGTGTTGAAGTCC

5139
16C/17F5* TAAGTGTCTCCCAGTCCTACTTCC

PCR3
16C/17R6* CCATCAGACCATGCTCATGTTAGC

4801
16C/BPa ATCCTACTTATCCATGACCACAGG

BP1
16C/17F5* TAAGTGTCTCCCAGTCCTACTTCC

1029

Southern blot probes
16C/17R5 GGATTAAAGCATAGTTGTATATCACT

BP2
16C/16R2 GAGCTCTGTGTCTTGGATTATGGC

1114
16C/17R6* CCATCAGACCATGCTCATGTTAGC

Sequencing template
D3F GGAAGCAGAGGCAACAATTATCTG

~10 kb Template for sequencing the proximal
breakpoint16C/BPb* CCTGAAAATGGGGTGTTGAAGTCC

Breakpoint sequence 16C/BPd** TCCCAGGATTCAATTTGGGTGACC 321 Sequence contained the proximal
breakpoint

*
Same PCR primers were used in different PCR reactions.

**
it was used only as a sequencing primer.
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