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Abstract

To examine the molecular basis for efficient superovulation in the Mongolian gerbil, the cDNA sequences of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) B-subunits were determined and compared with those of other mammals. FSHp and
LHB cDNAs were 1637 and 507 bp long, respectively, from the 5'-end to putative polyA sites. The deduced sequences of the FSHpB
and LHP precursor proteins were 129 and 141 amino acids in length, respectively. The amino acid sequences of both Mongolian
gerbil hormone subunits showed overall similarity to those of other rodents, confirming that the combination of equine chorionic
gonadotropin (eCG) and human chorionic genadotropin (hCG) should be effective for induction of superovulation in Mongolian
gerbils, as in mice and rats. However, the use of hCG might need to be re-evaluated owing to its low homology to rodent LH.

© 2004 Elsevier Inc. All nghts reserved.
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1. Introduction

The Mongolian gerbil (Meriones unguiculatusy is fre-
quently used as a rodent model in the study of epilepsy
(Loskota et al.,, 1974) and gastric infection with Heli-
cobacter pylori (Hirayama et al.,, 1996). Embryo ma-
nipulation techniques, such as cryopreservation of
embryos/gametes and transgenic technologies, need to
be employed to improve the usability of laboratory an-
imals, but these techniques are not fully applicable to
gerbils yet. For these applications, many embryos/oo-
cytes are required, making induction of superovulation
an essential technique. In general, superovulation is in-
duced by injection of gonadotropins. In particular, the
combination of equine chorionic gonadotropin (eCG)
and human chorionic gonadotropin (hCG) is widely
used for induction of superovulation in many species.

* Corresponding author. Fax: +81-3-5285-1179,
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However, this method is not efficient in all species. In
rabbits, multiple injections of FSH are more effective
than a single injection of eCG (Hirabayashi et al., 2000),
In guinea pigs, human menopausal gonadotropin
(hMG) is a better inducer of superovulation than are the
chorionic gonadotropins (Suzuki et al., 2003). In Mon-
golian gerbils, the combination of eCG plus hCG is ef-
fective for superovulation, but a problem arises in that a
considerable number of oocytes remain trapped within -
the corpora lutea (Fischer and Fisher, 1975). A careful
choice of gonadotropins is still needed for practical su-
perovulation in this animal.

In this paper, we describe the cDNA sequences of
the FSH and LHf-subunits in order to develop a
molecular basis for efficient superovulation in the
Mongolian gerbil. Phylogenetic analyses of the deduced
proteins were also performed. The possibility of using
this sequence information as a criterion for selection of
gonadotropins for superovulation of Mongolian gerbils
is discussed.
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2. Materials and methods
2.1. RNA extraction, RT-PCR, and sequencing

The full sequences of FSHP and LHJ} were deter-
mined by a combination of both 5- and 3'-rapid am-
plification of ¢cDNA ends (RACE) with the SMART
RACE ¢DNA. amplification kit (BD Biosciences Clon-
tech, Palo Alto, CA), followed by direct sequencing of
the RACE products. In brief, two cDNA libraries for
RACE reactions were prepared from total RNA ex-
tracted from the pituitary glands of male Mongolian
gerbils. RACE reactions were performed using these li-
braries, a DNA polymerase mixture (HotStarTaq
Master Mix, QIAGEN GmbH, Hilden, Germany), an-
chor primers (universal primer mix included in the kit)
and gene-specific primers under the following thermal
conditions: one cycle at 94 °C for 15min (denature and
enzyme activation), and 40 cycles of 94 °C for 2s, 68 °C
for 5min carried out with a Hybaid PCR Express
thermal cycler (Thermo Bioanalysis Japan KX, Tokyo,
Japan). To determine the FSHP sequence, nested PCR
amplifications for primer walking were carried out with
primary PCR products (dituted 1:50), a DNA poly-
merase mixture, nested adaptor primers (included in the
kit) and gene-specific primers under the following ther-
mal conditions: one cycle of 94°C for 15min; and 30
cycles of 94°C for 25, 68°C for 5min. Gene-specific
primers were as follows (see Fig. 1 for positions): for the
FSHp c¢DNA sequence, 5-RACE was first conducted
with primer 5Fp (TTC CTIT CAT TIC ACT GAA
GGA GCA GTA). Then, primer walking was per-
formed in 3-RACE with a total of four primers: 3Fpl
(GAA GGA AGA GTG TCG TTIT CTG CGT AAQG),
3Fp2 (GGA CCC AGC CAG ACC CAA TAC CCA
GAA), 3Fp3 (CCA CCG CTC ATC CCT CTA TCC
ATG CTG), and 3Fp4 (GCT CAG AAT TTC CAA
GCT ATT GAC ACC). For the LHf sequence,
3-RACE was first conducted with primer 3Lp (GGC
TGC TGC TGA GCC CAA GTG TGG TGT), fol-
lowed by 5'-RACE with primer 5Lp (GCT GAG GGC
CAC AGG GAA GGA AAC CAT). Neither SFp nor
3Lp was perfectly identical to the target cDNA sequence
since they were designed on the basis of mouse se-
quences (NP_032071 and NM_008497 from GenBank
for FSHP and LHp, respectively) using Primer3 soft-
ware (Rozen and Skaletsky, 1998). Other primers mat-
ched perfectly to targets because they were designed
using Primer3 with already-determined partial se-
quences. The obtained RACE products were gel-purified
and then directly sequenced using a DYEnamic ET
Terminator Cycle Sequencing Kit (Amersham Bio-
sciences, Piscataway, NJ) with a DNA sequencer
(RISA384, Shimadzu Biotech, Kyoto, Japan). Full se-
quences were obtained by combining overlapping se-
quences of the 5'- and ¥-RACE products. Both 5- and

3'-ends of the cDNA sequences were judged by the ap-
pearance of SMART II Oligo and putative polyA-se-
quences, respectively, in the determined sequences.

2.2. Molecular phylogenetic analysis

Additional mammalian FSHB and LHP sequences
were retrieved from GenBank as follows (Accession
Nos. are shown in parentheses): mouse (NP_032071 and
NM_008497), rat (P18427 and J00749), pig (P01228 and
D00579), cattle (NP_776485 and MI10077), sheep
(P01227 and X52488), horse (P01226 and $41704}), hu-
man (P01225 and NM_000894), and Djungarian ham-
ster (Phodopus sungorus, AF106914 and AF106915;
Bernard et al., 2000). The amino acid sequence of hCG
was also retrieved from GenBank (J00117). Amino acid
sequences of these species, including the Mongolian
gerbil, were aligned using Clustal X, version 1.81
(Thompson et al.,, 1997). Neighbor-joining (NJ) trees
that contained FSHP and LHP protein sequences of
eight species (the Djungarian hamster was omitted be-
cause both AF106914 and AF106915 were still partial
sequences) were constructed using the MEGA, version
2.1, program package (Kumar et al., 2001), based on the
number of amino acid substitutions with 5000 bootstrap
iterations.

3. Results and discussion

The full-length of FSHP and LHB ¢cDNA sequences
are shown in Fig. 1. Both sequences have been deposited
in GenBank with the Accession Nos. AY376457 and
AY369077, respectively. The FSHP and LHP cDNAs
were 1637 and 507 bp long, respectively, from the 5’-end
to putative polyA sites. Both sequences contained pu-
tative polyA signal sequences (AATAAA) starting at
position 1620 and 488, respectively, for FSHS and LH.
The deduced amino acid sequences of the FSHP and
LHP precursor proteins were 129 and 141 in length, re-
spectively. Both amino acid sequences contained the
unique B-subunit sequence, CAGY, which is thought
to be a key structure for binding to common a-subunits
(Gharib et al, 1990). Positions of half-cysteine resi-
dues and putative N-glycosylation sites were well
conserved in comparison with those of other mammals.
The Mongolian gerbil FSHP ¢cDNA shares the common
features of a long 3-UTR with other mammals.

Alignments of the amino acid sequences indicate
overall similarity of both Mongolian gerbil subunits to
those of other rodents (Fig. 2). Phylogenetic analysis of
each protein also supports the similarity of these two
hormones among rodents (Fig. 3). Interestingly, there are
two variations of the N-terminus of the FSHp precursor
protein in rodents: an MM-type and an M-type. Mice and
rats have the former type of FSHP precursor protein,
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Fig. 2. Alignments of amino acid sequences of FSHP (A) and LHp (B) subunits in nine mammalian species. hCG is also included in (B). A dot
indicates an amino acid residue identical to the corresponding site in the Mongolian gerbil sequence (M. Gerbil, top row). Dashes in the sequences
indicate gaps inserted by Clustal X software, Asterisks (*) indicate ends of currently obtained partial sequences of the Djungarian hamster (D.

Hamster).

whereas Mongolian gerbils have the latter type, which is
similar to Djungarian hamsters. So far, FSHp and LHp
cDNA sequences have been reported for only a few rodent
species. More research is needed to define more precisely
the rodent-specific features of these proteins.

Ovulation in Mongolian gerbils can be induced by the
combination of eCG and hCG injections, as is done for

superovulation of mice and rats. The similarity of the
response in gerbils, rats, and mice may be accounted for
in part by the similarity of the B-subunits of the go-
nadotropins. However, hCG should ideally be replaced
with native or 2 more similar LH to solve the problem of
the considerable number of cocytes that are trapped
within the corpora lutea after superovulation of Mon-

<

Fig. 1. Sequences of FSHf (A) and LHp (B) subunit cDNAs. Deduced amino acid sequences of both sequénccs are also shown in bold face. Putative
polyadenylation signal sequences are boxed and putative polyadenylation sites are indicated by asterisks (*). Arrows indicate primer positions (SFp,

3Fpl, 3Fp2, 3Fp3, 3Fp4, 5Lp, and 3Lp).

— 42 —
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Fig. 3. Phylogenetic trees constructed from inferred amino acid se-
quences of FSHpB (A) and LHp (B) subunits of ¢ight mammalian
species. The figures at the nodes represent bootstrap values based on
5000 iterations.

golian gerbils (Fischer and Fisher, 1975), since the spe-
cies-specificities of LHs are reportedly higher than those
of FSHs (Ishii and Kubokawa, 1984). In addition, the
efficacy and species-spectrum of hCG as an ovulation
inducer should be re-evaluated, since the amino acid
sequence of the hCG B-subunit shows low homology to
other luteinizing hormones (Fig. 2). Receptor homology
should also be considered when selecting hormones for
superovulation. We previously reported that h\MG was a
better inducer of follicular development in the guinea
pig than eCG (Suzuki et al., 2003). We speculated that
this difference might be attributable mainly to the ho-
mology of the FSH-receptors, rather than that of the
ligands (FSH). The guinea pig FSH receptor is more
homologous to the human receptor than to receptors of
other mammals, whereas both CGa (Suzuki et al., 2002)
and FSHB (unpublished data) subunits have higher
homologies to their pig counterparts than to humans.
For the next step in the analysis of the selection of ef-
fective hormones for induction of superovulation in the
Mongolian gerbil, we should compare the FSH and LH
receptor sequences to those of other mammals.

In summary, we determined the ¢cDNA sequences of
FSHp and LHP subunits in the Mongolian gerbil. This
information should provide a molecular basis for un-
derstanding hormonal control of ovulation, as well as
improving superovulation technologies in the Mongo-
lian gerbil.
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Chromosomal Mapping and Zygosity Check of Transgenes
Based on Flanking Genome Sequences Determined
by Genomic Walking
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Abstract: Transgenes can affect transgenic mice via transgene expression or via the so-
called positional effect. DNA sequences can be localized in chromosomes using recently
established mouse genomic databases. In this study, we describe a chromosomal mapping
method that uses the genomic walking technique to analyze genomic sequences that flank
transgenes, in combination with mouse genome database searches. Genomic DNA was
collected from two transgenic mousa lines harboring pCAGGS-based transgenes, and
adaptor-ligated, enzyme restricted genomic libraries for each mouse line were constructed.
Flanking sequences were determined by sequencing amplicons obtained by PCR
amplification of genomic libraries with transgene-specific and adaptor primers. The
insertion positions of the transgenes were located by BLAST searches of the Ensembl
genome database using the flanking sequences of the transgenes, and the transgenes of
the two transgenic mouse lines were mapped onto chromosomes 11 and 3. In addition,
flanking sequence information was used fo construct Hlanking primers for a zygosity check.
The zygosity (homozygous transgenic, hemizygous transgenic and non-transgenic) of
animals could be identified by differential band formation in PCR analyses with the flanking
primers. These methods should prove useful for genetic quality control of transgenic
animals, even though the mode of transgene integration and the specificity of Nanking
sequences needs to be taken into account.

Key words: chromosornal mapping, flanking primers, genomic walking, zygosity check

Introduction effect. Transgene expression often varies among mul-

tiple lines that have been derived from different

Transgenes can exert effects in transgenic animals  founders. This variation may result from the position
by transgene expression and by the so-called positional  of the transgene integration site as well as the copy
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number of the transgene. A transgene integrated into
the X chromosome would exhibit sex-linked inkerit-
ance. Side effects, such as unexpected gene knockouts,
may be caused by the disruption of an endogenous gene
due to transgene insertion {e.g., 11, 14]. Thus, infor-
mation on transgene position is important for analyses
of transgenic animals.

Genes are typically localized by in sifu hybridization
metheds, such as FISH [e.g., 3, 6]. In recent years,
mouse genome databases have expanded rapidly and
offer highly integrated records of genomic sequences,
chromosome maps, and related information. These da-
tabases can be used to map transgenes on mouse
chromosomes with great accuracy if the flanking se-
quences of the transgene can be determined.

Here, we describe a rapid, simple method using ge-
nomic walking [12] to determine genomic sequences

Detarmination of unkncwn segquance fianking to the transgenss
Ganome database search

Determination of the ch

el position
Design of flarking for zygosity check.

Wild-typa band (Wi}
C 4=~ Primar 3

Wild afele (‘T—ﬁmk‘ﬂﬂ ?—Hankkij

Primec 2 =-p
Trarsgenic || 5'-Flanking . 3"Flan
aloie
1-‘ Primer 1
Transgenic-type band (TG)

that flank pCAGGS-based transgenes (Fig. 1A) [8]. The
strategy of the genomic walking used in this study is
outlined in Fig. 1B. Genomic sequences flanking the
transgenes were determined by two consecutive PCR
amplifications with multiple enzyme-digested, adaptor-
ligated genomic libraries of transgenic animals (Fig.
1B). Determination of the nucleotide sequences flank-
ing the transgene enables the transgene to be mapped
in chromosomes by searching mouse genome databases.
In addition, the sequence information can be used to
construct locus-specific zygosity check systems with
flanking primer methods (Fig. 1C). However, our ex-
perience suggests that modes of transgene integration
should be considered as well as the flanking genomic
sequences.

Materials and Methods

Transgenic animals

This study used two lines of transgenic mice, 4¢30
and CK35, at the eighth and sixth generations, respec-
tively, and their non-transgenic parent strain, C57BL/
6CrSlc (B6). The transgenic lines were produced in

Fig. 1. Transgene construct (A} and strategies for chromosome
mapping (B) and zygosity check (C) of the transgene.
Transgenes were excised from pCAGGS-plasmids that
contained mouse ¢cDNA. Two sets of primers, R109 and
R112, and 82058 and S2072, were used 2s transgene-spe-
cific primers for genomic walking to 5'-flanking and 3'-
flanking regions, respectively. Figure 1B summarizes the
procedure of the genomic walking in this study (modified
from a chart in a manual of the Universal GenomeWalker
kit). In brief, six enzyme-digested, adaptor-ligated ge-
nomic libraries were constructed from transgenic mice.
Fragments flanking the transgenes were amplified by two
consecutive PCR amplifications with adaptor and
transgene-specific primers. Genomic sequences flanking
the transgenes were determined by sequencing the frag-
ments, Integration sites of the transgenes were deter-
mined by genome database searches. Genomic sequences
flanking the other end of the transgene were determined
by genomic walking from the 5-flanking region to the 3'-
flanking region with genomic libraries from non-
transgenic mice. Flanking primers for a zygosity check
were designed on the basis of the genomic sequences at
both ends of the integration sites (See text for details).
Figure 1C summarizes the strategy for zygosity check.
Zygosity was judged by the differential bands produced
with flanking primers, which were designed to distinguish
between wild-type (Wild) and tansgenic (TG) alleles by
amplicon length,
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our laboratory by zygote micreinjection of transgene
constructs based on a pCAGGS plasmid (Fig. 1A) [8].
Line 4¢30 received a plasmid that contained mouse
02,3-sialyltransferase type 1I [5] cDNA, whereas line
CK35 received a plasmid that contained human acid -
galactosidase [9] cDNA. Constructs containing a cDNA
insert at the multi-cloning site (MCS) were excised from
Sall to BamHI (approximately 3.5 kb long) and from
Sall to Hindlll (approximately 4.5 kb long) from the
plasmids and used for production of 4¢30 and CK35,
respectively. Southern blot analyses confirmed inte-
gration of the transgenes in the two lines. Animal
experiments were performed according te the Guides
for Animal Experiments Performed at NIID.

Determination of flanking sequences using genomic
walking for chromosomal mapping of the transgene
The genomic sequences that flanked the transgenes
were determined by genomic walking using the Univer-
sal GenomeWalker™ kit (BD Bioscience Clontech, Palo
Alto, CA) with a slight modification. Adaptor-ligated
genomic DNA libraries of the transgenic lines were con-
structed with tail DNA digested with six restriction
enzymes: Dral, Scal, Pvidl, EcoRV, Sspl, and Stul
(Takara Bio Inc., Tokyo, Japan). The genomic walk
consisted of two PCR amplifications. The primary PCR
amplification was performed with an outer transgene-
specific primer (R112, 5’-CCA GGC GGG CCA TTT
ACC GTA AGT TAT-3") and the outer adapter primer
provided in the kit. The primary PCR mixture was di-
luted and used as the template for a nested PCR
amplification with a nested transgene-specific primer
(R109, 5’-GGC GGG CCA TTT ACC GTA AGT TAT
GT-3’) and the nested adaptor primer provided in the
kit. All PCR amplifications were performed with a hot-
start DNA polymerase (HotStarTag; Qiagen K.K., Tokyo,
Japan) in a Hybaid PCR Express Thermal Cycler
(Thermo Hybaid, Ashford, Middlesex, UK). The hot-
start DNA polymerase requires a 15-min incubation at
95°C for activation as the first step of PCR amplifica-
tion. The primary PCR amplification was performed at
95°C for 15 min, followed by 40 cycles at 94°C for 2 s
and 68°C for 5 min. The nested PCR amplification was
performed at 95°C for 15 min, followed by 30 cycles at
94°C for 2 s and 68°C for 5 min. The nested PCR
products were separated by electrophoresis on a 2% aga-
rose gel in TAE buffer. The nested PCR bands were

visualized with ethidium bromide staining and extracted
from the gels vsing a MinElute Gel Extraction kit
(QIAGEN). The nucleotide sequences of the PCR bands
were determined by direct sequencing using a dye-primer
method (Thermo Sequenase Primer Cycle Sequencing
kit with 7-deaza GTP;, Amersham Biosciences,
Piscataway, NJ) with a DSQ-2000L. DNA Sequencer
(Shimadzu Cerp., Kyoto, Japan). Among the nested PCR
products, the DNA fragment containing the 5°-flanking
sequence of the transgene was determined by identifying
a nucleotide sequence that was not found in the transgene
and that continued to the 5’-transgene sequence. Other
than the adaptor primers provided in the kit, all primers
were designed using the Primer3 program [10]. The
transgene insertion sites in chromosomes were deter-
mined using a BLAST search of the flanking sequences
in the Ensembl genome database [2] via the Internet
(http-//www.ensembl.org).

Genomic walking analyses that proceeded backwards
from the tails of the transgene were performed with
two primers 52058 (5°-GTA TAT GAA ACA GCC
CCC TGC TGT CCA-3’) and 82072 (5'-CCC CTG
CTG TCC ATT CCT TAT TCC ATA G-3') in combi-
nation with adapter primers provided in the kit.

Zygosity check of the transgene by a flanking primer
method

For locus-specific zygosity checks, we performed PCR
analyses using flanking primers with sequences based on
the flanking sequences of the transgenes (Fig. 1C). The
flanking sequence around a transgene was determined
by performing two consecutive genomic walking experi-
ments. The first walk from the transgene to the
5'-flanking region was performed with genomic libraries
of the transgenic line. A second walk from the 5'- to 3°-
flanking region was performed with non-transgenic
genomic libraries to determine the 3°-flanking sequence
of the transgene. Two flanking primers, designated as
Primer 2 and Primer 3 in Fig. 1C, were designed with
the Primer3 program {10] using 5'- and 3’-flanking se-
quences at the transgene insertion site of transgenic lines
4¢30 and CK35. Primer R109 was used as Primer 1, as
shown in Fig. 1C. The zygosity of these transgenic
animals was determined using PCR analyses with their
tail DNA and the flanking primers under the following
thermal conditions: 95°C for 15 min, followed by 30
cycles of 94°C for 2 s, 55°C for 15 s, and 72°C for 1
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Fig. 2. Chromosomal mapping and zygosity check in transgenic mouse line 4¢30. The products of pri-
mary (P) and nested (N) PCR amplification with 4c30 genomic libraries were separated by agar-
ose gel electrophoresis {A). Sequence information revealed that bands #1 and #2 in Fig. 2A were
derived from the tandem repeat of the transgene, The sequence (B) flanking the transgene was
determined from the ~1,000-bp S2u1 band (band #3 in Fig. 2A). A search of the Ensembl genome
database with the flanking sequence suggested that the transgene is located on chromosome 11
{boxed in panel C). Primers were designed for the zygosity check of 4c30 (D). Zygosity of six
mice was determined by the differential bands on a gel (E) . Lanes 1 and 3: homozygous
transgenic; Lanes 2 and 4: hemizygous; Lanes 5 and 6: non-transgenic; M1: 100-bp DNA ladder;

M2: 250-bp DNA ladder.

min. The PCR products were separated by electrophore-
sis on a 2% agarcse gel in TAE buffer, and bands were
detected by ethidinm bromide staining with ultraviolet
illumination. The zygosities of all the animals used for
the zygosity check in this study were confirmed in ad-
vance using Southern blot analysis, breeding tests, and
zygosity-specific symptoms (homozygous-specific car-
diac hypertrophy) in 4c30, and the enzyme activity of
the transgene products in CK335 tissues.

Results

Mapping and genotyping of mouse line 4c30

Figure 2A shows the electrophoretic patterns of pri-
mary and nested PCR amplification products from the
first genomic walking experiment. The gel contained

three major bands consistent with both primary (P) and
nested (N) PCR amplifications: ~650 bp of Dral li-
brary, ~1,500 bp of EcoRV, and ~1,000 bp of Sspl
library. Sequencing analysis revealed that the first two
bands were derived from the tandem repeat of the
transgene, and that only the last band contained the 5°-
flanking sequence (Fig. 2B). A BLAST search with
the 5'-flanking sequence revealed that the transgenc
was integrated into Chromosome 11 (Fig. 2C).

After the second genomic walking experiment, two
primers, labeled Primer 2 and Primer 3 in Fig. 1C,
were designed so that the primers in combination with
Primer R109 (labeled Primer 1 in Fig. 1A) would pro-
duce wild-type and transgenic alleles as 228-bp (Wild)
and 175-bp (TG) bands, respectively (Fig. 2D}. As
shown in Fig. 2E, analysis with these primers revealed
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a clear genotyping of six line 4¢30 mice as homozy-
gous (lanes 1 and 3) with a Wild band only, wild-type
(Janes 5 and 6) with a TG band only, and hemizygous
(lanes 2 and 4) with both bands. These genotypings
matched those determined using the Southern blot analy-
sis perfectly.

Mapping and genotyping of mouse line CK35

More bands were detected in the electrophoretic pat-
terns of nested PCR products from mouse line CK335, as
compared with the patterns observed for line 4c30 (Fig.
3A). Of these CK335 bands, only one band of ~700 bp in
the Sspl library contained the 5'-flanking genomic se-
quence (Fig. 3B). A BLAST search of this sequence in
the Ensembl genome databases indicated that the
transgene was mapped to chromosome 3 (Fig. 3C).

Flanking primers 2 and 3 for the mouse line CK35
were designed from two consecutive genomic walking
experiments, as described for mouse line 4¢30 (Fig. 3D).
The expected Wild (329-bp) and transgene (213-bp)
bands are shown as solid lines in Fig. 3D. A zygosity
check was performed using PCR amplification with these
primers and R109 as Primer 1. The results revealed
unexpected bands of about the same length as the antici-
pated Wild band in homozygous mice (lanes 1 and 2 in
Fig. 3E), in which zygosity had been confirmed by South-
ern blot analysis, yet only single bands were produced
when primer pairs for wild-type (Primer 2 and Primer 3)
and transgenic (Primer 1 and Primer 2) alleles were used
separately (Fig. 3F). Sequencing of the unexpected PCR
products revealed that the nucleotide sequence of the
transgene at the 3’-flanking region was identical to the
nucleotide sequence at the 5°-flanking region. Since
Primer 1 could bind to two regions, one additional band,
shown as a dotted line in Fig. 3D, was produced when
all three primers were simultaneously vsed for PCR am-
plification. Based on these facts, new flanking primers
were designed so that two TG bands derived from 5°-
and 3’-junctions would move to about the same position
on a gel and yet be clearly distinct from a Wild band
(Fig. 3G). With these new primers, clear genotyping of
line CK35 was achieved as shown in Fig. 3H. As ex-
pected, two TG bands formed one bold band on a gel
(lanes 1 and 2 in Fig. 3H).

Backward genomic walking in mouse line 4¢30
Figure 4 shows electrophoretic patterns of nested PCR

products obtained by backward genomic walking with
B6 and 4¢30 strains. Note that a considerable number
of amplicons were found even in genomic libraries of
non-transgenic mice as well as in 4¢30 libraries.

Discussion

Qur results with two examples show that the chro-
mosomal mapping and design of flanking primers for a
zygosity check can be achieved by the genomic walk-
ing technique in combination with a genome database
search. While this method is quite powerful, the mode
of transgene integration and specificity of flanking se-
quences need to be taken into account.

Figures 2 and 3 summarize two examples of success-
ful chromosomal mapping using genomic walking. The
locations of transgene insertions were determined by our
method on chromosomes 11 and 3 in 4¢30 mice and
CK35 mice, respectively (Figs. 2C and 3C). Transgenes
are often integrated into a host genome in tandem. In
4¢30, the transgenes contained a Dral site in the
pCAGGS backbone (Fig. 1A) and an EcoRV site in the
inserted cDNA sequence. If head-to-tail tandem repeats
of the transgene exist in a host genome, then amplicons
are produced in Dral- and EcoRV-digested genome li-
braries. As expected, approximately 650-bp Dral (band
#1) and 1,700-bp EcoRV (band #2) bands were seen in
the example (Fig. 2A). Tandem repeats were also found
in CK35 mice (band #1 in Dral library). Thus, genomic
walking can be used for detection of tandem repeats,
although this should be confirmed by sequencing.

Successful zygosity checks were also accomplished
in both examples by PCR amplification with the flank-
ing primers and tail DNA from transgenic and
non-transgenic mice. The genotypes determined using
the flanking primers matched those determined in ad-
vance using the Southern blot analysis. As shown in
Fig. 2D, three primers for the 4c30 line were designed
so that amplification would produce wild-type and
transgenic alleles as 228 bp (Wild) and 175 bp (TG)
bands, respectively (Fig. 2D). Analyses with these
primers clearly provided the genotypes of the six mice
(Fig. 2E). As shown in Fig. 3, flanking primer design
for the CK35 line was also achieved, although certain
elaborations were needed, because the mode of
transgene integration in CK35 was more complicated
than in 4¢30. This topic will be discussed in detail
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Fig. 3. Chromosomal mapping and zygosity check in transgenic mouse line CK35. The products of the nested PCR amplification of

genomic libraries from CK35 genomic DNA were separated by agarose gel electrophoresis (A). Band #1 was derived from the
tandem repeat of the transgene. Bands #2, #3 and #5 in Fig. 3A were not related to the transgene. The sequence flanking the
transgene (B) was determined from the ~700-bp Sspl band (band #4 in Fig. 3A). A search of the Ensemb] genome database with
the flanking sequence suggested that the transgene is located on chromosome 3 (boxed in panel C). Flanking primers for zygosity
check of CK35 were designed as follows (panels D-H). DNA samples for Lanes 1 and 2 had been pre-confirmed as homozygous
transgenic, lanes 3 and 4 as hemizygous transgenic, and lanes 5 and 6 as non-transgenic by Southemn blot analysis. D) Flanking
primer design for the zygosity check in line CK35 at the first attempt. Three primers were designed so that PCR amplification
produced results in 329-bp bands (Wild) for wild-type alleles and 213-bp bands (TG) for transgenic allele, as indicated by solid
lines. The dotted line shows unexpected TG bands produced by Primer 1 and Primer 3. E) The zygosity check of transgenic line
CK35 with primers shown in panel D. Band patterns indicated that zygosities seen in lanes 1 and 2 were not relevant to our
Southern blot analysis, while the patterns in the other lanes were the same. Sequence analysis of bands at a position similar to
Wild bands in lanes 1 and 2 revealed that the bands were produced from the 3’-junction of the transgene by primer pair 1 and 3 as
shown in a dotted tine in panel D. F) The zygosity check of transgenic line CK35 with two sets of primer pairs in panel D. TG
and wild-type alleles were clearly observed using primer pairs separately. G) The principle of the zygosity check by PCR with re-
designed flanking primers for line CK35. The new primers were designed so that two TG bands, 296 bp and 311 bp long, derived
from the 5°- and 3’-juncdons of the transgene, respectively, would move to about the same position in the gel and yet be clearly
distinguishable from a Wild band (390 bp). H) The zygosity check of transgenic line CK3$ with new primers shown in panel G.
Zygosity was clearly determined by band pattems, as already confirmed by Southern blot analysis. In panels E, F and H, M1 and
M2 indicate 100-bp and 250-bp DNA ladders, respectively.
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Fig. 4. Electrophoretic patterns of nested PCR products from
backward genomic walking with B6 and 4¢30 strains.
Note that a considerable number of amplicons were
found even in non-transgenic mouse genomic librar-
ies as well as in 4¢30 libraries, M1: 100-bp DNA lad-
der; M2: 250-bp DNA ladder.

below. PCR amplification with flanking primers has
the potential to identify the transgene copy number from
PCR product length using Primer 2 and Primer 3 shown
in Fig. 1C. Nevertheless, in some cases this might be
impossible if only a few repeats of the transgene ex-
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ceed the length of DNA that routine PCR can amplify.

The mode of transgene integration can complicate
flanking sequence determination. As shown in Fig. 4,
our experiments revealed that the 5’-flanking region of
pCAGGS-based transgenes was easier to determine than
the 3’-flanking region, because primers with greater
specificity could be designed for the 5'-flanking se-
quence. Primers for the CMV enhancer region are
highly specific for detecting transgenes in the mouse
genome, because this region is derived from a non-
mammalian genome. Conversely, primers for the
pB-globin polyadenylation signal sequence residing
downstream from the MCS of a pCAGGS-based
transgene produced many non-specific bands (Fig. 4),
probably because many highly homologous regions ex-

ist in the mouse genome. Efficient 3'-end genomic

walking may require specific tag sequences at the 3°-
end of the transgene. In addition, the mode of tandem
repeat of the transgene should be considered when de-
termining flanking sequences. Figure 5 illustrates the
three patterns of transgene integration into the host ge-
nome. Using 5'-end genomic walking, one and two
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Fig. 5. Integration patterns of transgenes into a host genome. The three possible types of transgene integration at 5'-and
3'-junctions are: Type I, head and tail; Type II, head and head; Type Il, tail and tail. In type I, only one expected
band (TG-band) is produced by PCR amplification, while two bands (TG-bands 1 and 2) are amplified in type IL
No band or an unexpected band (TG-band shown by a dotted line) may be produced by PCR in type Ill. See

discussion for details.
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PCR amplicens are obtained in types I and II, respec-
tively. In type III, a total of three amplicons (two TG
and one Wild band) should be considered for 2 zygos-
ity check. In our study, the CK35 line turned out to be
an example of the type II integration of the transgene
(Fig. 3G). Intype III (i.e., tail and tail orientation), a
genome-specific sequence cannot be determined by our
method, which captures the 5°-flanking sequence of
pCAGGS-based transgenes. PCR amplification with
Primer 1 might produce a band seen as a “TG-band” in
type II1, if a head-to-head concatenation of transgenes
has occurred, but the band would not be informative
with respect to the flanking genomic sequence. In ad-
dition, unknown sequences, such as fragmented copies
of the transgene, might also be incorporated in the in-
sertion site. Therefore, careful judgment should be
exercised when determining which PCR bands contain
sequences flanking the transgene.

The redundancy of genomic sequences also compli-
cates localization of the insertion position of the
transgene. Higher animals like mice have large ge-
nomes with complex nucleotide sequence
conformations, such as gene duplications, pseudogenes,
interspersed-type repeats such as SINE and LINE, etc.
Consequently, similar nucleotide sequences are dissemi-
nated throughout the mouse genome. If the transgenes
are integrated in or near such redundant sequences, it
will be quite difficult to locate the transgene at a single
location based only on the flanking sequence informa-
tion. Our preliminary experiments showed that a
sequence more than 200 bases long was insufficient to
determine a single site in the mouse genome in certain
cases, because many identical sequences were found in
multiple chromosomes in the genome database (data
not shown). Thus, sequence information is a powerful
tool, but not always sufficient for practical genotyping.

Our mapping method has both advantages and disad-
vantages in comparison with the widely used
cytogenetic mapping using the FISH technique. Map-
ping with FISH is more versatile, since it can be applied
to any transgenes and does not depend on the flanking
sequence information or the mode of integration of the
transgenes. The resolution of mapping with FISH is
lower than the resolution of our method, which can
Tocate transgenes at the sequence level, whereas FISH
does so at the chromosome band level. Although our
method involves many steps, it can be carried out in

three days using commercially available kits, which, in
our opinion, is comparable to genomic mapping using
FISH in terms of ease of performance.

Transgenes are not always integrated at 2 single site
[6). Our method can be applied to mice harboring
transgenes in multiple sites, since multiple PCR prod-
ucts derived from multiple integration sites can be
separated in a gel. Another possible strategy is to map
transgenes in descendants in later generations, in which
transgenes integrated at multiple sites are segregated.
No triple-loci integration was observed in EGFP
transgenic mice [6), suggesting that only two integra-
tion sites need be considered using descendants, even
when the founder mice have been judged to have mul-
tiple transgene integrations using methods such as
Southern blot analysis. The original composition of
the transgene integration sites in founder mice could be
re-constituted afterwards using a hereditary analysis of
multiple sublines. Chromosome translocation was also
observed in transgenic mice [6]. If chromosomes are
rearranged at transgene integrations, flanking sequence
information would be inappropriate for locating the po-
sition of the site, depending on the scale of the
rearrangement. A zygosity check system could still be
designed from flanking sequences determined using our
method, but our method would not be applicable for
precise mapping of the transgene.

A zygosity check by PCR amplification with flank-
ing primers is powerful, because it is site-specific.
Zygosity checking in transgenic animals is a critical
step for analysis of transgene effects. All transgenic
mice should be genotyped before experiments are per-
formed. For production and maintenance of transgenic
mouse lines, essentially all animals used as breeding
pairs should be genotyped as well. Thus, large-scale
genotyping should be routinely employed, and this re-
quires a simple and rapid genotyping method. Several
techniques are used for this purpose [reviewed in, e.g.,
1]. Although Southern and dot blot analyses are com-
monly used, these methods are technically demanding
and often provide ambiguous results. Moreover, the
use of radioisotopes may cause problems in some labo-
ratories. Although genotyping by FISH [4, 7} and
real-time quantitative PCR amplification {13] have been
reported, these methods do not offer the simplicity re-
quired for practical genotyping on a large scale. PCR
amplification with flanking primers would be a rapid,
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simple, and position-specific method for zygosity check-
ing of the transgene. As shown in Fig. 1C, PCR
amplification of a mouse genome with three primers
enables zygosity to be judged by differential band for-
mation. A drawback of the method is the need for
nucleotide sequences that flank the transgene, which
typically has an unpredictable insertion site. As de-
scribed in this paper, the problem can be solved by
genomic walking in most cases and, therefore, the flank-
ing primer method can be practically applied. In
addition, site-specific genotyping with flanking prim-
ers enables one to check the zygosity of each transgenic
allele even when animals inherit transgenes from dif-
ferent transgenic lines with the same fransgenes in
different chromosomal positions (i.e., alleles). Since
this checking system distinguishes between multiple
transgenic lines containing the same transgene(s) in-
serted at different Joci, multi-cross hybrids between lines

can be produced with confirmed zygosity at individual

sites. This results in the production of mice harboring
more copies of the transgene than the original lines, a
strategy that is useful if the gene dosage is a major
concern.

Chromosome position and the zygosity of the
transgene are important factors in the analysis of
transgene expression in transgenic animals. In particu-
lar, the presence and chromosomal position of the
transgene should be monitored for quality control of
transgenic animals as genetically certified transgenic
lines. As described above, determination of the flank-
ing sequence of the transgene by genomic walking is
useful, not only for chromosome mapping, but also for
constructing zygosity check systems. Genomic walk-
ing is a powerful tool for genomic studies, especially
with rapidly expanding genome databases like Ensembl
(2]. For example, the second genomic walk for a zy-
gosity check may be replaced by a genome database
search. Thus, the rapid, simple method described here
should facilitate the study of transgene effects.
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Abstract

YPC is a mutant mouse strain with defective hair growth characterized by thin, short hairs and poorly
developed hair bulbs and dermal papillae. To identify the gene associated with the phenotype, we performed
genome-wide linkage analysis using 1010 backcross progeny and 123 microsatellite markers covering all
chromosomes. The mutant locus (ype) was mapped to a 0.2-cM region in the proximal part of mouse
chromosome 1. This 0.2-¢cM region corresponds to a'450-kb region of genome sequence that contains two
genes with known functions and five ESTs or predicted genes with unknown functions. Sequence analysis
revealed a single C-to-A nucleotide substitution at nucleotide 1382 in the Sgkl gene, causing a nonsense
mutation at codon 461. Sgkl encodes serum and glucocorticoid-inducible kinase-like kinase (SGKL), which
belongs to a subfamily of serine/threonine protein kinases and has been suggested to have a role downstream
of lipid signals produced by activation of phosphoinositide 3-kinase {PI3K). In the mutant SGKL, a serine
residue in the C-terminal end of the protein (Serd86), which is indispensable for activation of SGKL upon
phospherylation, is abolished by premature termination. Specific expression of the Sgkl gene in the inner
root sheath of growing hair follicles was also identified by in situ hybridization. Therefore, we concluded
that the nucleotide substitution in the Sgk! gene is the causative mutation for defective hair growth in the
ype mutant mouse and that the signaling pathway involving SGKL plays an essential role in mammalian

hair development.

Key words: Hair follicle; SGKL/SGK3/CISK; WNT signaling; Mutant mouse; IRS

1. Intreduction

Hair follicle morphogenesis and the hair growth cy-
cle are complex processes dependent on a series of
mesenchymal-epithelial interactions in skin.! Reciprocal
exchange of signals between dermal and epidermal cells of
skin regulates the formation of hair placodes during em-
bryonic development, and it also regulates cyclic trans-
formation of the growth (anagen), regression {catagen),
and quiescent (telogen) phases in the hair cycle in adult
skin. As these processes show a high degree of organiza-
tion and self-renewal, hair follicle development and hair
cycling are thought to be excellent models for investigat-
ing the molecular mechanisms of mesenchymal-epithelial
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interactions.

Numerous growth factors and cytokines have been
shown to be involved in morphogenesis and cycling of hair
follicles. WNT,%® TGFa,*5 BMPs,%7 and FGFs® in par-
ticular, as well as their signal transduction molecules,?'1°
play essential roles in these processes. Experiments with
transgenic mice or those with knockout mutations in
these genes have demonstrated a number of abnormal-
ities in morphogenesis and cycling of hair follicles, in-
cluding a short-hair phenotype and cyclical balding in
transgenic mice overexpressing the Wntg gene in skin®
and abnormally long hair in Fgf5 knockout mice, which
is caused by defective regulation of the hair cycle.? On the
other hand, spontaneous mutant mouse strains showing
abnormalities in hair morphogenesis have also provided
useful information on the molecular mechanisms of these
processes. For example, the hairless (hr) mutant, which
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Figure 1. Phenotype of the ypc/ypc mouse. External appearance
of a 4-week-old ypc/ypc male mouse showing poorly developed
hairs and wavy vibrissae (A). Stereomicroscopic appearance of
the hair shafts of ypc/ype mice showing a disorganized hair
medulla {B). Bar: 10 pm.

shows complete loss of hair and degeneration of hair folli-
cles in the first regression phase, is caused by a retroviral
insertion in the gene encoding a putative zinc-finger tran-
scription factor,'? and the waved-2 (wa-2) mouse pheno-
type, characterized by curly whiskers, waved hairs, and
open eyelids at birth, is due to a single-base mutation in
the EGF/TGFa receptor gene { Egfr).12

YPC is a mutant mouse strain established from a Swiss
albino mouse colony at. the National Institute of Health,
Japan, which shows defective hair growth controlled by
an autosomal single recessive gene {ypc). Homozygous
ype/ype mice show thin and short hairs, wavy vibris-
sae (Fig. 1}, and poorly developed hair bulbs and der-
mal papiilae, but structures of the epidermis, dermis,
and the sebaceous glands are normal.!® These pheno-
types of ypc/ype mice are unique and distinct from other
mutant mice with hair abnormalities. Therefore, the
YPC strain could be an excellent model for investigating
the molecular mechanisms underlying the morphogene-
sis and cycling of hair follicles, and identification of the
gene responsible for the ypc mutation will provide new
insight regarding genes involved in these processes and
the mesenchymal-epithelial interaction.

In the present study, we mapped the ype locus to the
proximal region of mouse chromosome 1 by linkage anal-
ysis, sequenced genes in the critical region, and finally
identified the causative mutation in a gene associated
with intracellular transduction of signals implicated in
the morphogenesis and cycling of hair follicles.

2. Materials and Methods

2.1. Animels

In the present study, we used mice of YPC and
JF1/Msf strains maintained at Okayama University and
those of an ICR. colony. The YPC strain was provided
by the National Institute for Infectious Diseases. The
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JF1/Msf strain, used as mating partners in the linkage
analysis, was provided by the National Institute of Ge-
netics. As the JF1/Msf strain is derived from Mus mucu-
lus molossinus and has distance from most of the inbred
laboratory strains, this strain is useful for linkage anal-
ysis. The mice of the ICR colony, which were used as
normal contrels for sequence and histological analyses,
were purchased from Japan CLEA Inc.

2.2. Histological analysis

Mid-dorsal skin samples of the mutant and normal
mice at postnatal day 0 (PO}, P3, and P5 were fixed in
10% neutral-buffered formalin, dehydrated through an
alcohol gradient, and embedded in paraffin. Longitu-
dinal sections of hair follicles 4 pum thick were stained
with hematoxylin and eosin (HE). For high-resolution
histology, small pieces of the skin were fixed in 2.5% glu-
taraldehyde and 2% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB), postfixed in 1% osmium tetrox-
ide, embedded in Epon, and sectioned at a thickness of
1 pm. These sections were stained with toluidine blue.

2.3. FEzperimental cross and linkege analysis

A total of 1010 backcross progeny, including 496 af-
fected and 514 unaffected mice obtained by crossing
the YPC and JF1/Msf strains, were used for link-
age analysis. Homozygous ypc/ype mice of the YPC
strain were mated with +/+ JF1/Msf mice and the
resultant F, (ype/+) mice were mated with homozy-
gous ypc/ypc mice of the YPC strain to obtain the
1010 backcross progeny. Genomic DNA samples of the
backecross progeny were obtained from livers by phe-
nol/chloroform extraction and the genotypes of 123 mi-
crosatellite markers on mouse chromosomes were deter-
mined. Aliquots of 20 ng of genomic DNA were subjected
to PCR amplification in 10-g] reaction mixtures, con-
taining 1.5 mM Mg?*, with 40 cycles consisting of 94°C
for 30 sec, 55°C for 30 sec, and 72°C for 60 sec. The
PCR. products were typed by polyacrylamide or agarose
gel electrophoresis. The nucleotide sequences of the
primers for these microsatellite markers were obtained
from the Mouse Genome Informatics sequence database
(http://www.informatics.jax.org/). The recombination
fractions were calculated and the order of loci was deter-
mined using MapManager QT Ver. 3.0.

2.4. New microsatellite markers on the critical region

New microsatellite markers were obtained by search-
ing GA/TC repeats on the sequence data of the region of
mouse chromosome 1 close to the ypelocus. The sequence
data were obtained from the mouse genome sequence
in the NCBI database (http://www.ncbi.nlm.nih.gov).
Among the GA/TC repeats found in this region, we
chose the GA/TC repeats located inside or close to func-
tional genes, and a total of 14 new microsatellite markers
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Table 1. Microsatellite markers for the ypc critical region.

Microsatellite Primer sequences Product size

markers Forward 5'-3 Reverse 5-3' (bp)
DIMok] ACTAATAAGAAGAGTAGCAGCTGCC AGGATTTACTGGTAGCCTACAAAGC 283
DIMok2 GGTGCAAAACAAAGTTCCTAAGAGS TGTGTGAGTGTAATGCACAGTAGG 252
D1Mok3 TCTTGAAATCTGGAAAAGAGATATCC GTTCTTATAGTATITGTCTTCTCTGG 280
DiMokd CCTCATCTTGCTGTAACCATAGAGG GGTTTAGTATCTGGAATCATAGGTCC 276
D1MokS GACCACACCATGACTACCACACC GCTTTCCTGGAGTTGGCTGAGG 256
DiMoké AGTAACAGAGACAGCTTTTGATCCC GTCTCAGGAGACCACATGACAGG 254
DIMok? TAACGTTTCTTGACCAGGAAATAGC TTTGCTGATCTGGCACACATTTTCC 241
DiMoks CAAGGCCAACCACAGTTACATAGG TTCAGGGATTTATTTGGTTGATCTGG 302
DIMok9 GGCCAATGACACCCTCTCCT TGCACAGCTGCATTATAGGC 355
DIMoki0 GACATGGAATTCATGGTAGTAAGAGC  ACTCAAAGGAGACTGATCTCTGCC 316
DIMokll AACAAATCCTTAGCCATCAGAGTCC GGGAGAATATTAGAGGAACTTATACC 375
DIMoki2 GGGGTGGGTACTCCCCATAGCC AATGCATGTTGGAGCTTGTTCCACC 418
DIMoki3 TGGAACATCCAGGCAGTCTATAGC TTGGGATGGAGACCCTGGTTACC 216
DIMoki4 CGTCACTGTGAGACTCTGACAGG GAACTTTCACTATGCAGTTTCCACG 361

(D1Mok1 to DiMok14) were obtained. The nucleotide
sequences of the primers for these markers are shown in
Table 1. The genotypes of these microsatellite markers
in the backcross progeny were determined with the same
conditions as described above.

2.5. Cloning and sequence analysis

The entire coding regions of two genes and an EST
were amplified from skin RNA of normal and mutant
mice by RT-PCR. Total RNA samples were obtained
by the acid guanidinium-phenol-chloroform (AGPC)
method. First-strand ¢cDNA was synthesized from 10 ug
of total RNA, using oligo d(T) primer and Superscript
II reverse transcriptase (Gibco-BRL, Gaithersburg, MD)
and used for PCR amplification with primer pairs for
these genes. The nucleotide sequences of these primers
obtained from EMBL/GenBank databases are shown in
Table 2. PCR amplification was carried out for 30 to
40 cycles, consisting of 94°C for 45 sec, 50-58°C for
45 sec, and 72°C for 120 sec in 10-p] reaction mixtures
containing 1.5 mM Mg?*. The amplified fragments were
cloned into the pGEM-T Easy Vector system (Promega,
Madison, WI} and their nucleotide sequences were deter-
mined by the dideoxy chain termination method with a
Hitachi SQ5500 automated DNA sequencer. To distin-
guish authentic base substitutions from PCR errors, at
least five independent clones were completely sequenced
in both orientations.

2.6. Genotyping of the Sgkl gene

To confirm the correlation between the nuclectide
substitution and the phenotype, genomic DNAs ob-
tained from mice of the YPC strain, the backeross
progeny, and other inbred strains including JF1/Msf,
C57BL/6J, BALB/c, and ICR were used for genotyp-
ing the Sgkl gene. The 380-bp region flanking the
substitution was amplified by PCR using a pair of
primers 5-TGAAAGGAAGGTAAGGTGAA-3 and §'-
GCCCTATTTCTTGCATACAG-3'. The PCR products
were digested with Mse restriction endonuclease and the
digests were electrophoresed through 2% agarose gel in
TBE buffer and visualized with ethidium bromide stain-

ing.

2.7. In situ hybridization

For in situ hybridization, DIG-labeled sense and anti-
sense Sgkl riboprobes were synthesized using TT and
SP6 RNA polymerases (Roche Diagnostics, Mannheim,
Germany) from the vector pCRIL-TOPO (Invitrogen,
Carilsbad, CA) containing a 618-bp fragment of the
mouse Sgkl gene (nt 311 to 928, NM_133220). In situ hy-
bridization was carried out as described previously'? with
some modifications. In brief, 4% PFA-fixed mid-dorsal
skin paraffin sections 8-um thick were acetylated, treated
with 0.2 M HCI, digested with 10 pg/ml proteinase K for
20 min, and then fixed with 4% PFA. Following prehy-
bridization, sections were hybridized with DIG-labeled
sense or antisense probes at 57°C overnight, and then
the sections were washed in 50% formamide/SSC, di-
gested with 20 pg/ml RNAse A, and re-washed in SSC.
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Table 2. Primers for genes in the ypc critical region.

Primer sequences

Product
S12¢
Genes Fragments Forward 5'-3’ everse 5-3" p)
Sgki Sgkl-1 GAATTCAGGGCTTCACAGGA GCCCACAGAGACCAGAACT 340
Sgkl-2 ACTACAAGGAGAGCTGCCCA TGAGGTAGAATGTGGCTTCG 410
Sgkl-3 GGACAGCCCAAGACATCAGT AACCTCGCTCTGGGTTCAGG 438
Sgkl-4 CCTCCAAAGGGAAAGGTCTT ACTCCTGGTCTCAAGTTTAAGGGC 399
Sgkl-5 GCCGAGATGTTGCTGAAATG GGTTTCTGAATGTCAAAGTG 425
Mybil Mybll-l  CTCTCGGTCACCTGAGGGAA GTCATCCTCATCTCTTGTCC 260
Mybll-2  CATGATTATGAAGTACCTCAAC GTCCAGGAAGACTTCTTCAC 374
Mybll-3  GTGCAGAGAAAGATGGCA TACCCAGGGATCTGAACAGG 327
Mybli-4  TGGACCATTTGCAAACCCAG GTGGGTGAATTCTGCTGAGC 367
Mybll-5  TGGAGGAACACACTACTGAG ATAGCTTCACTGTCTCCACC 349
Mybll-6  GTCAGTCTTGTACTTGAAGGG GATCTTTGGGGGTTGCTTCC 367
Mybll.-7  CAACCCCAATTTGTGGGCAG CCAGCTCTCTAAGGCAAGGG 368
Mybll-8  CTCTGCATCTGTGAAGAAGG GGGTAGGGCATTTTATCAGC 443
1700011J18Rik  18Rik-1 GGAGGAGCCTGGCACCAGGA GGTTTCTGCAAAGAGAGAGG o7
18Rik-2  CTTGACACAATGCCTGAAGAA GAGGAGCCTCTGACTTTCA n
18Rik-3  CTGGGAGGCAATTACATTGC CATGTAAATACTTTACGTCGAC 284
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Following antigen blocking, the sections were incubated
with alkaline phosphatase conjugated anti-DIG antibody
(1:500, Roche Diagnostics) at 4°C overnight. Positive
signals were visualized by BCIP (5-bromo-4-chloro-3-
indoy! phosphate) and NBT (nitroblue tetrazolium).

3. Results

3.1. Histological examinations

As shown in Fig. 1, the homozygous ypc/ypc mice
showed poorly developed hairs and wavy vibrissae. The
hair shafts of ypc/ypc mice were thinner and shorter
than those of normal mice and had a disorganized hair
medulla. To investigate the precise defects in postnatal
hair follicle development in the ypc/ypc mouse, we per-
formed histological examinations of mid-dorsal skin of
ypc/ype and +/+ mice at PO, P3, and P5. While no his-
tological differences were observed between ypc/ypc and
+/+ mice at PO (Figs. 2A and 2B), the hair follicles in
the ypc/ypc mice at P3 showed irregular structures char-
acterized by small hair bulbs, narrow and immature hair
shafts, and lack of uniform orientation (Figs. 2C and 2D).
These features were also observed at P5, and the length
of hair follicles of ypc/ype mice was shorter than that in
+/+ mice at this stage (Figs. 2E and 2F). At high mag-
nification, toluidine blue-stained sections showed a re-
duced number of matrix cells, disorganized hair medulla,
increased thickness of outer root sheath (ORS), and de-
creased thickness of inner root sheath (IRS) (Figs. 2G

PS5

Figure 2. Histological findings of postnatal day 0 (P0), P3, and
P5 ypc/ypc mice. At PO, no morphological differences were ob-
served between ype/ypc and +/+ mice (A, B). At P3, smaller
hair bulbs, disorganized hair shafts, and a lack of uniform ori-
entation were observed in ypc/ype (C, D). At PS5, follicles of
ype/ype mice still showed the structural abnormalities, and the
length of the hair follicles became shorter than that in ICR
(E, F). Toluidine blue-stained sections of ype/ype mice with
high magnification showed a reduced number of matrix cells,
disorganized hair medulla, increased thickness of outer root
sheath (ORS), and decreased thickness of inner root sheath
(IRS). Cuter and innetr yellow lines denote the boundary be-
tween ORS and IRS, and IRS and hair shaft, respectively. Bars:
200 pm {A t6 F) and 50 um (G and H).

and 2H) in ypc/ype mice. In conclusion, histological
examination of ypc/ypc mice revealed abnormal postna-
tal development of the hair follicles, including small hair
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bulbs, disorganized hair shafts, and lack of uniform ori-
entation.

3.2.  Linkage analysis

To localize the ype locus on mouse chromosomes, ini-
tial linkage analysis was performed using 45 backcross
progeny, including 17 affected and 28 normal mice. By
typing the 100 microsatellite markers covering the en-
tire mouse genome, significant linkage was observed be-
tween the ypc locus and the microsatellite marker DIMit4
on the proximal region of chromosome 1. No signifi-
cant linkage was observed between the ype locus and any
of the other 99 markers examined. These findings in-
dicated that ypc is localized in the proximal region of
mouse chromosome 1. We next performed fine linkage
mapping of the ypc locus using a total of 1010 back-
cross progeny and 23 microsatellite markers in this re-
gion, including 14 new microsatellite markers (D1Mok1
to D1Mok1{) obtained by searching for GA/TC repeats
in the sequence data of this region. The segregation of
alleles of these markers in the F; progeny is shown in
Fig. 3A. Fine linkage mapping revealed that the ypc lo-
cus is positioned in a 0.2-cM region between microsatel-
lite markers DIMok5 and D1Mok8, and no recombina-
tion was observed between ypec and DIMok6 or DIMok7.
As shown in Fig. 3B, comparison of the linkage map
with the published sequence of the mouse genome showed
that the 0.2-cM region corresponds to & 450-kb region
containing two genes with known function (mybll and
Sgkl), three ESTs (311003E14Rik, 5730538E15Rik, and
1700011J18Rik), and two sequences predicted to be cod-
ing sequences of genes (LOC329092 and 6030422M02).

3.3. Sequence analysis of the genes located in the critical
region

We sequenced the entire coding regions of the mybl{
and Sgk! genes as well as 1700011J18Rik in ype/ypc and
+/+ mice by RT-PCR and cloning of the amplified frag-
ments. As the features of the other two expressed se-
quence tags {ESTs) and two predicted genmes were un-
likely to be functional and these sequences are not con-
served between mouse and human, they were not se-
quenced. Comparison of the nucleotide sequences of
these genes and EST between ypc/ypc and +/+ mice re-
vealed a single C-to-A nucleotide substitution in the Sgkl
gene, which encodes serum and glucocorticoid-inducible
kinase-like kinase (SGKL). The nucleotide substitution
occurred at nucleotide 1382, and resulted in premature
termination at codon 461 (Fig. 4). Therefore, the SGKL
protein in ypc/ypc mutant mice lacks the 35 amino acid
residues of the C-terminal end of the protein. The C-
terminal end is highly conserved among mouse and hu-
man and contains a serine residue for phosphorylation,
which is indispensable in activation of SGKIL. No muta-~
tion in the nucleotide sequence affecting the amino acid
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sequence of the proteins, including missense, nonsense,
and frame shift mutations, were observed in the remain-
ing gene or EST. These findings clearly indicate that the
nonsense mutation of the Sgk! gene is associated with the
mutant mouse phenotype.

3.4. Association between the nucleotide substitution and
the phenotype

‘T'o confirm the association between the nonsense mu-
tation and the phenotype, the genotype of the Sgkl gene
was examined in various mice of the YPC strain, the
back cross progeny, and other inbred strains. A 380-bp
region including the nucleotide substitution was ampli-
fied by PCR. Since the nucleotide substitution is located
in a recognition sequence of Mse I endonuclease, the am-
plified fragment of the mutant allele has an Mse I cleav-
ing site, while that of the wild-type allele has no Mse I
cleaving site. Digestion of the amplified fragment with
Mse I demonstrated that all mice of the YPC strain and
all affected mice of the backcross progeny gave digested
fragments, all phenotypically normal mice of the back-
cross progeny gave both the digested and undigested frag-
ments, and all mice of the other strains gave the undi-
gested fragment. Therefore, the nucleotide substitution
of the Sgkl gene was perfectly associated with the pheno-
type in these mice.

3.5. Expression of Sgkl in developing hair follicles

To investigate the function of the Sgkl gene in hair
development, we performed in situ hybridization of the
Sgkl gene using skin sections of normal mice at different
stages of hair cycle. The in situ hybridization showed
no positive signal at PO (Fig. 5A) and strong positive
signals at P3, P5, and P7 (Fig. 5B, C, and D). In these
stages, Sgk! mRNA was detected in the cells of the IRS,
which surrounds the hair shaft and plays an important
role in formation of the hair shafts. The Sgkl mRNA was
also detected in a subpopulation of matrix cells at P3.
Since the cells forming the IRS, which express the Sgkl
gene, first appear around P3 in the normal mouse and the
morphological defect in the ypc/ypc mouse also appears
at P3, the expression pattern of Sgklin the normal mouse
was correlated with the appearance of the morphological
defect in the mutant mice.

4. Discussion

SGKL (also termed SGK3 or CISK; Cytokine-
Independent Survival Kinase) has been identified as a
homolog of serum- and glucocorticoid-inducible kinase
(SGK1),15717 a serine/threonine protein kinase belong-
ing to the AGC (protein kinase A, protein kinase G, and
protein kinase C) subfamily of protein kinases.!® SGKs
are activated by 3-phosphoinocsitide-dependent protein



