Relative gene expression
<
<3
1

* 3%

ICGN
4W
Cls/Actb

ICR
8W

100 ~ *%
90 - t
80 .
70 4 .
- 60 *
£ 50+
S 40
30+ .
20 :
10 .
o H = 'y »
ICR ICGN ICR ICGN
AW {4  AW(@4) 8W(4) BwW(4)
Anti-dsDNA antibody

Fig. 3. Expression level of C1s mRNA in the livers was assessed by
quantitative PCR. Cis mRNA level was markedly low in ICGN
mice as compared with age-matched ICR mice at both 4 and 8
weeks of age. Each value is averaged among 3 mice with the error
bar displaying the standard deviation. ** p < 0.01 compared with
age-matched ICR mice.

Table 5. Affected genes on complement system pathway

Fig. 4. Serum anti-dsDNA antibody was measured by ELISA in 4-
and 8-week-old ICGN mice and age-matched ICR mice. A mark-
edly high level of serum anti-dsDNA antibody was observed in
ICGN miceas compared with ICR mice. ** p < 0.0 compared with
age-matched ICR mice. The numbers of mice examined are given
in parentheses.

1417381 _at Clga Complement component 1, g subcomponent, « polypeptide 2.5% 48
1417063_at Clgb Complement component 1, g:subcomponent, B polypeptide 2.6* 4.7
1437726_x_at Clgb Complement component 1, g subcomponent, B polypeptide 24 6.1
1449401 _at Clgc Complement component 1, q subcomponent, C chain 2.6* 5.5
1424041 _s_at Cls Complement component 1, s subcomponent -45.1% -26.8*
1441912_x_at C2 Complement component 2 (within H-25) 1.1 2.0*
1423954_at C3 Complement component 3 4.3 20.7
1419483 _at C3arl Complement component 3a receptor 1 2.5% 2.1
1442082 _at C3arl Complement component 3a receptor 1 2.5 4.8*
1450876_at Cih Complement component factor h 1.2 3.0%
1416625_at Serpingl Serine {or cysteine) peptidase inhibitor, clade G, member 1 1.2 2.4%

* p < 0.01 compared with age-matched ICR mice.

Pathway Analysis

Canonical pathway analysis using IPA was conducted
to identify biological pathways which were significantly
altered in the kidneys of 4- and 8-week-old ICGN mice.
41 pathways were significantly altered in ICGN mice (ta-
ble 4). Approximately 76% of the altered pathways (31 of
41 pathways) were categorized into ‘humoral immune re-
sponse’, “cellular immune response’ and/or ‘cytokine sig-
naling’.

Gene Expression Analysis in ICGN Mice

Quantitative PCR

Of the 37 overlapping transcripts in renal cortical tis-
sue, the Cls gene expression appeared to be markedly al-
tered (reduced) compared to the other transcripts (ta-
ble 3). Therefore, quantitative PCR was conducted to
measure CIs mRNA in the livers where Cls protein is
primarily produced. Quantitative PCR showed that CIs
mRNA level was also markedly low in ICGN mice liver as
compared with age-matched ICR mice (fig. 3).
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Table 6. Representative genes upregulated significantly in ICGN mouse kidney at 8 weeks of age

Probe set ID Gene symbol Entrez gene name Fold change
4 weeks 8 weeks
MHC class I
1435290_x_at H2-Aa Histocompatibility 2, class 1] antigen A, a 34 3.2*
1438858 _x_at H2-Aa Histocompatibility 2, class I antigen A, a 5.1* 5.5*%
1443687 _x_at H2-DMb2 Histocompatibility 2, class 11, locus Mb2 3.3* 16.6
1422891 _at H2-Ea-ps /// LOC100504404 Histocompatibility 2, class II antigen E a, pseudogene /// 95  159*
h-2 class II histocompatibility antigen, E-K a chain-like
1422892_s_at H2-Ea-ps /// LOC100504404 Histocompatibility 2, class I antigen E a, pseudogene /// 89  29.9*
h-2 class II histocompatibility antigen, E-K a chain-like
1417025_at H2-Ebl Histocompatibility 2, class Il antigen E 3.6 3.4*
1425519_a_at Cd74 CD74 antigen (invariant polypeptide of major 33 5.2*
histocompatibility complex, class II antigen-associated)
CD markers reported to be preferentially expressed in hematopoietic lineages
1417268 at Cdil4 CD14 antigen 2.0 3.7*
1437502_x_at Cd24a CD24a antigen -1.2 2.1*
1449473 _s_at Cd40 CD40 antigen 1.3 2.9*
1449164 _at Cd68 CD68 antigen 1.8 3.3*
1426112_a_at Cd72 CD?72 antigen 2.0* 2.3
1425519_a_at Cd74 CD74 antigen (invariant polypeptide of major 33 5.2*
histocompatibility complex, class I antigen-associated)
1420404_at Cd86 CD86 antigen 3.0 2.9*
1449858 _at Cdse CD86 antigen 2.8* 3.1
Collagen
1455494 _at Collal Collagen, type,a 1 -1.4 2.7*
1423110_at Colla2 Collagen, type I, a 2 -1.3 4.0*
1450857 _a_at Colla2 Collagen, typel, a 2 -1.3 2.5%
1427883 _a_at Col3al Collagen, typeIll, a 1 -14 2.5%
1427884 _at Col3al Collagen, type Ill,a 1 -1.5 4.1*
1416740_at Col5al Collagen, type V,a 1 -1.1 2.4*
1416741 _at Col5al Collagen, type V, a 1 1.2 3.2¢
1422437 _at Col5a2 Collagen, type V, a 2 ~-1.0 3.5*
1418441 _at Col8al Collagen, type VIII,a 1 1.7 2.9*
1455627_at Col8al Collagen, type VIII, a 1 1.2 3.6*
1427391 _a_at Coll2al Collagen, type XII, a 1 1.3 3.0*
1434411 _at Coll2al Collagen, type XII, a 1 1.6 3.8*
1418237_s_at Col18al Collagen, type XVIII, a 1 1.6 4.0*%
1426955_at Coll8al Collagen, type XVIIL, a 1 15 3.0%

* p < 0.01 compared with age-matched ICR mice.

ELISA of Anti-dsDNA Antibody

Serum anti-dsDNA antibody was measured in 4- and
8-week-old ICGN mice and age-matched ICR mice. ELI-
SA detected a markedly high level of serum anti-dsDNA
antibody in 8-week-old ICGN mice as compared with
age-matched ICR mice (ICR vs. ICGN: 1.0 + 3.0 vs. 50.0
+38.8 U/ml) (fig. 4).

Discussion

To identify additional associative factors for nephrotic
syndrome in ICGN mice, and to better understand onset
mechanism of nephrotic syndrome in ICGN mice, mi-
croarray analysis was conducted with the renal cortex
from 4- and 8-week-old ICGN and ICR mice. As com-
pared with age-matched ICR mice kidney, 252 and 807
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transcripts met the filtering criteria in the kidneys of 4-
and 8-week-old ICGN mice. The number of differentially
expressed transcripts increased with progression of ne-
phrotic syndrome. Canonical pathway analysis identified
41 significantly affected biological pathways in the kid-
neys of 4- and/or 8-week-old ICGN mice (table 4). The
fact that approximately 76% of the affected pathways (31
of 41 pathways) were categorized into ‘humoral immune
response’, ‘cellular immune response’ and/or ‘cytokine
signaling’ raises the possibility thatimmune-related path-
ways may play a key role in nephrotic syndrome in ICGN
mice. The 37 differentially expressed transcripts (table 3)
are considered to be candidates for associative factors for
nephrotic syndrome in ICGN mice. The most drastically
altered gene was Cls, which is involved in complement
system. In humans, Cls deficiency has been reported to
associate with lupus nephritis [13-17]. Although it has
not been fully understood what activity of the early pro-
teins in the classical pathway of complement protects
normal humans from development of lupus nephritis,
clearance of immune complexes is thought to be a candi-
date activity [18]. The C1 complex of complement is com-
posed of C1q, Cl1r, and Cls subcomponents, and is essen-
tial to initiate the classical pathway of complement activa-
tion. The classical pathway plays a key role in the clearance
of circulating immune complexes 19, 20]. In deficiency
of the classical pathway, circulating immune complexes
might escape normal elimination from plasma and de-
posit in tissues instead. Then the immune complexes
might cause inflammation and release of autoantigens,
which in turn could stimulate an autoimmune response.
Quantitative PCR revealed that CIs gene expression level
in ICGN mice liver, where Cls is mainly produced, was
markedly reduced as compared to ICR mice (fig. 3). Path-
way analysis also detected ‘complement system’ pathway
as significantly altered pathway in the kidneys of ICGN
mice at both 4 and 8 weeks of age (table 4). Some of the
genes on the ‘complement system’ pathway were altered
in ICGN mice renal cortical tissue; however, the C1s gene
was the most drastically altered (table 5). Decreased ex-
pression level of Cls gene was already present at 4 weeks
of age, when only slight or mild histopathological chang-
es were observed, and persisted to 8 weeks of age. Deposi-
tion of immune complexes in glomeruli is a common
finding in the inflammatory glomerulonephritis, includ-
ing lupus nephritis. Anti-dsDNA antibody is diagnostic
for systemic lupus erythematosus and its specificity is
97.4% [21]. Deposition of IgA, IgG and IgM in glomeru-
li, and marked high level of serum anti-dsDNA antibody
observed in ICGN mice indicate that the low expression

Gene Expression Analysis in ICGN Mice

level of Cls gene associates with nephrotic syndrome in
ICGN mice.

It has been suggested that deletion mutation of Tns2
is responsible for nephrotic syndrome in ICGN mice and
Tns2 is expressed in podocytes and tubular epithelial
cells in normal mice but not in ICGN mice [8]. We also
detected decreased expression level of Tns2 gene in ICGN
mice kidney. OSMR is one of the receptor proteins for
Oncostatin M (OSM) which has both pro-inflammatory
properties [22] and anti-inflammatory properties [23].
In the kidneys, gene expression of Osmr was detected in
endothelial cells of peritubular capillaries [24]. OSM has
been demonstrated to regulate expressions of tissue in-
hibitors of metalloproteinases (TIMPs) and matrix me-
talloproteinases (MMPs) in various types of cells [25-
27]. We previously reported the excessive accumulation
of extracellular matrix components (type I, III and IV
collagen, fibronectin, laminin and tenascin) and de-
creased expressions and/or activities of matrix metallo-
proteinase (MMP)-1, MMP-2, MMP-9 and MMP-12
[28-32]. The upregulation of Osmr gene may relate to the
decreased expressions and/or activities of MMPs in
ICGN mice kidneys. Chemokine (C-C motif) receptor 5
(Ccr5) gene encodes a member of B-chemokine receptor
family, and is preferentially expressed in T cells and mac-
rophages. In humans, CCR5-positive mononuclear cells
were identified in areas of interstitial infiltration in biop-
sies of chronic glomerulonephritis, interstitial nephritis,
and transplant rejection [33]. In murine lupus nephritis
(MRL/lpr mice), microarray analysis revealed increased
expression levels in many genes including Ccr5 preferen-
tially or exclusively expressed in hematopoietic lineages
[34]. Therefore, an increased expression level of Ccr5
gene in ICGN mice kidney was considered to be related
to leukocyte accumulation. Histocompatibility 2, D re-
gion locus 1 (H2-D1) is a member of major histocompat-
ibility complex (MHC) class I which plays a central role
in the immune system by presenting endogenous anti-
gen. MHC class I is expressed in all nucleated cell and
induced by inflammatory cytokines including interferon
(IFN)-y and tumor necrosis factor (TNF)-a [35, 36].
Therefore, the highly expressed MHC class I gene in
ICGN mice kidney was possibly derived from cytokine-
stimulated renal resident cells. Similarly, some of the 37
genes (histocompatibility 2, class IT antigen A, a (H2-Aa)
[37], class II transactivator (Ciita) [38], ceruloplasmin
(Cp) [39], cathepsin S (Ctss) [40], guanylate-binding pro-
tein 2 (Gbp2) [41], myelocytomatosis oncogene (Myc)
[42], TNF-a-induced protein 3 (Tnfaip3) [43], and pleck-
strin (Plek) [44]) were reported to be induced by IFN-y,
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TNF-a and/or interleukin-6. To understand the associa-
tion between the remaining differentially expressed 37
transcripts and nephrotic syndrome in ICGN mice, fur-
ther investigations are needed.

In several types of CD (cluster of differentiation)
markers and MHC class II, preferentially or exclusively
expressed in immune cells, the expression levels were in-
creased in ICGN mice kidney, especially at 8 weeks of age
when immune cell infiltration was aggravated (table 6). A
part of increased gene expressions in 8-week-old ICGN
mice kidney was considered to reflect aggravation of in-
flammatory cell infiltration. Gene expression levels of
some collagen subtypes were also increased especially at
8 weeks of age (table 6) and it is considered to be related
to fibrosis associated with progression of nephrotic syn-
drome.

In summary, our results suggest that the immune sys-
tem, especially the complement system, is associated with
nephrotic syndrome in ICGN mice. We identified a low
expression level of Cls gene as an additional associative
factor for nephrotic syndrome in ICGN mice. Further
studies are needed to elucidate the mechanism of the
marked decrease in Cls gene expression and the role of
the complement system in the onset of nephrotic syn-
drome in ICGN mice.
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Zygosity Determination in Hairless Mice by PCR

Based on Hr'" Gene Analysis

Osamu SUZUKIL Minako KOURA, Yoko NOGUCHI, Kozue UCHIO-YAMADA,

and Junichiro MATSUDA

Laboratory of Animal Models for Human Diseases, National Institute of Biomedical Innovation, 7-6-8 Saito-
Asagi, Ibaraki, Osaka 567-0085, Japan

Abstract: We analyzed the Hr gene of a hairless mouse strain of unknown origin (HR strain, http://
animal.nibio.go.jp/e_hr.html) to determine whether the strain shares a mutation with other hairless
strains, such as HRS/J and Skh:HR-1, both of which have an Hrr allele. Using PCR with multiple pairs
of primers designed to amplify multiple overlapping regions covering the entire Hr gene, we found an
insertion mutation in intron 6 of mutant Hr genes in HR mice. The DNA sequence flanking the mutation
indicated that the mutation in HR mice was the same as that of H in the HRS/J strain. Based on the
sequence, we developed a genotyping method using PCR to determine zydosities. Three primers
were designed: S776 (GGTCTCGCTGGTCCTTGA), 8607 {TCTGGAACCAGAGTGACAGACAGCTA),
and R850 (TGGGCCACCATGGCCAGATTTAACACA). The $776 and R850 primers detected the Hr”
allele (275-bp amplicon), and S607 and R850 identified the wild-type Hr allele (244-bp amplicon).
Applying PCR using these three primers, we confirmed that it is possible to differentiate among
homozygous Hr (longer amplicons only), homozygous wild-type Hr{shorter amplicons only), and
heterozygous (both amplicons) in HR and Hos:HR-1 mice. Our genomic analysis indicated that the
HR, HRS/J, and Hos:HR-1 strains, and possibly Skh:HR-1 (an ancestor of Hos:HR-1) strain share the
same Hrf gene mutation. Our genotyping method will facilitate further research using hairless mice,
and especially immature mice, because pups can be genotyped before their phenotype (hair coat loss)

appears at about 2 weeks of age.

Key words: hairless, genome, genotyping, mice, zygosity

Introduction

Many hairless mouse strains such as HRS/T and
Skh:HR-1 are often used in studies of skin, cancer, and
immunology by Benavides et ¢l [3] and Sundberg [12].
At our institute, we have been maintaining a hairless
mouse strain of unknown origin called HR (http://animal
nibio.go.jp/e_hrhtml). It was introduced from a Univer-
sity in California (there is no precise university name in
our records) to Yokohama City University in 1964. The
strain was then introduced in 1965 to the Institute of

Medical Science of the University of Tokyo, where a
mutated Hairless gene from this strain was transferred
into a BALB/¢ background. The strain was introduced
to our institute (National Institutes of Health, at the time
of introduction) in 1981. The HRS/T strain was estab-
lished in 1964 by inbreeding mice obtained by crossing
offspring of the hairless mice first found in London [4]
with BALB/c mice at the Jackson Laboratory (http://
jaxmice. jax.org/strain/000673 html). In addition, the
Hos:HR-1 strain was established in 1987 at Hoshino
Laboratory Animals Inc. by inbreeding the Skh:HR-1
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outbred strain, which had been established at Temple
University by crossing the CBA strain (http://www.
hoshino-lab-animals.co.jp/english/products/HR1-en:
htm1) with hairless mice of unknown origin from Sandra

Biological Supply. It remains unknown whether HR mice

carry the same mutation as other hairless strains, such
as HRS/J and Skh:HR-1 (Hos:HR-1), even though the
three strains show the same phenotype.

The hairless mutation was first found in a mouse in
1924 {4]. This mutation is an autosomal recessive muta-
tion (H#*") in the Hr gene [11]. Murine Hr localizes to
the 70-Mb position of mouse chromosome 14, and con-
tains 19 exons [5]. The A» mutation is caused by an inser-
tion of the murine leukemia virus‘intointron 6 [11]. Both
HRS/T and Skh:HR-1 (Hos:HR-1) carry this nmutation
[10]. Homozygous mutants (H#*"/H#*"y show normal
development of the first hair coat (first hair cycle). Start-
ing at 2 weeks of age, they lose their hair coat rapidly
and completely due to an abnormal second hair cycle [4,
13]. At weaning (~3 weeks of age), they are completely
hairless. In general, females homozygous for H#" often
fail to nurse their litters due to abnormal lactation (except
Hos:HR-1 homozygous females, which show normal
lactation; thus, this low nursing activity is thought to
depend on the genetic background, not the Hr mutation
itself). Therefore, most hairless strains have been main-
tained by mating heterozygous females (normal hair
coat) and homozygous males (rio hair coat). In this case,

pups are a mixture of heterozygous and homozygous.

mutants. Homozygous mutants cannot be distinguished
from heterozygous ones based on appearance alone be-
cause they both have coats before 2 weeks of age. Hence,
a genotyping method is also needed if younger mice are
to be used.

We analyzed the Hr gene of the HR strain maintained
at our institute to determine if its H» mutation (tenta-
tively called “H»*™) is the same as that (H#") of other
hairless strains (such as HRS/T). In addition, we devel-
oped a PCR method to determine the genotypes of pups
before the phenotype hair coat loss) appears (~2 weeks
of age) based on the sequence information of HR mice.

Materials and Methods

Huirless mice

At our institute, HR mice (nbio#: nbio003) have been
maintained by crossing heterozygous females (Hr/Hr")
and homozygous males (H#/Hr"). Wild-type HR mice

(H¥/Hr), which had no mutated HR (H#") alleles, were
produced by crossing heterozygous females and males.
Hos:HR-1 mice homozygous for hairless genes were
purchased from Hoshino Laboratory Animals, Inc.
(Bando, Japan) through Japan SLC, Inc. (Hamamatsu,
Japan) and used for genotyping tests. All mice were
housed under specific pathogen-free conditions with food
(CMEF, Oriental Yeast Co., Ltd., Tokyo, Japan) and water
provided ad libitum. All animal experiments were con-
ducted in accordance with the guidelines for animal
experiments of the National Institute of Infectious Dis-
eases, Tokyo, Japan, and the National Institute of Bio-
medical Innovation, Osaka, Japan.

Genomic PCR

Hepatic DNA was extracted from homozygous, het-
erozygous, and wild-type HR mice using an AllPrep
DNA/RNA/Protein Extraction Mini Kit (#80004, Qia-
gen; Hilden, Germany). Primers (Table 1) for PCRs
amplifying 15 regions (Fig. 1} in the Hr gene were de-
signed based on the Hr gene sequence retrieved from the
Ensemble database (http://www.ensembl.org). The dif-
ference between homozygous (H+/H#) and wild-type
(H#/Hr) genomes was determined using multiple PCRs
with HdtStarTaq (#203443, Qiagen; regions 1, 8-13) or
KOD FX neo (KFX-201, TOYOBO, Osaka, Japan; re-
gions 2-7y DNA polymerases. All PCRs were conducted
using a Hybaid Sprint thermal cycler (Thermo Scien-
tific, Waltham, MA, USA) in active-tube control mode.
Thermal conditions were as follows: for HotStarTaq,
94°C for 15 min (denaturation and enzyme activation),
40 cyeles of 94°C for 10 s, 60°C for 10 s, and 72°C for
the appropriate amount of time (see Table 2 for elonga-
tion time), and then 72°C for 5 min; for KOD FX neo,
95°C for 2 min, 40 cycles of 98.5°C for 10 s and 68°C
for the appropriate amount of time (see Table 2 for elon-
gation time), and then 68°C for 5 min. PCR products
were separated in agarose gels: for regions 1 and §-13,
2% E-Gel EX containing SYBR Safe (G4020-02, Life
Technologies, Grand Island, NY, USA); for regions 2-7,
0.5% SeaKem LE agarose gels (#50001, Lonza, Basel,
Switzertand) with SB buffer (#3B20-1, Faster Better
Media LLC, Hunt Valley, MD, USA) and subsequently
stained with GelGreen (#41004, Biotium, Inc., Hayward,
CA, USA). Stained gels were photographed with a laser
scanner (FX Pro, Bio-Rad, Hercules, CA, USA).
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Table1. List of primers used in this study

Name

Sequence (5’- t03%)

For genome analysis (Fig. 1)
Int6-F1290
Int6-R14358
Int6-R539
Int6-R642
Tnt6-R850
Int6-R979
F1843
F1913
F193
F2052
F224
F2463
R1151
RI1873
R1972
R2078
R2433
R3455

ACCACCCTGGAATCTTCCGTGAAAAA
CATGCTTGCTGTGGAGAGTGCGTGCAT
CACACACGCAGACAAAACTCACTCGT
TGGCAGTTTATAGCTGTCTGTCACTCTGG
TGGGCCACCATGGCCAGATTTAACACA
CACGTGCATGTGTGGACATGTCTGCCTTA
CGGCTGTGTGTAGCCTGTGGTCGCATA
AGCACACAGATGACTGCGCCCAGGAG
TTCCTCCAAGGCCCCAAGGACACACTC
CTGTTTCTGCCAGGTTGATGCCCGTGT
AGAGCGCTGAGCAGAAAGCGGGAGAAC
GGGCCTGAGCCTTCCATTGTCACCAGT
TGGCGTGTGAGCCAGGTCTTTTTCAGC
CGGCTATGCGACCACAGGCTACACACA
GGGTCAGGATCAGGGAACAGGCAGCAT
ACACGGGCATCAACCTGGCAGAAACAG
TGGCCCCAGGGCTTICTCTTGGATCTT
AGGCTGGCTCCCTGOTGGTAGAGCTGA

For determining genome sequence in homozygous HR mice (Fig. 2)

mHR-int6-F514
mHR-int6-R806

For genotyping (Fig. 3)
mHR-mut-8776
mHR-Ant6-5607
mHR-int6-R8350

ACGAGTGAGTTTTGTCTGCGTGT
CGTAGGTCCTCCTGTTITGCTTGGTCATCA

GGTCTCGCTGGTCCTTGA
TCTGGAACCAGAGTGACAGACAGCTA
TGGGCCACCATGGCCAGATTTAACACA

Table 2. DNA polymerase and elongation time for primer gets in
Fig. 1

Primer setin Fig. 1 DNA polymerase* Elongation time
1 HotStarTaq 5 min
2 KODFX 3 min
3 KODFX 6min
4-7 KODFX 3 min
8,9 HotStarTaq 2 min
10-12 HotStarTaq 1 min
13-15 HotStarTaq 30s

*See Materials and Methods for detailed PCR conditions.

Determination of DNA sequences flunking the insertion
site

The genomic region containing the insertion mutation
site was amplified by PCR from genomic DNA from
homozygous HR mice and a set of two primers, mHR-
int6-F514 and mHR-int6-R806 (see Table 1); and KOD-
FX neo under the following thermal conditions: 95°C
for 2 min, 40 cycles of 98.5°C for 10 s and 68°C for 3
min, and then 68°C for 5 min. PCR products, approxi-
mately 13 kbp in length, were gel-purified on a 1% aga-
rose gel, and both the 5 and 3" ends were sequenced
using an Applied Biosystems 3730 x | DNA Analyzer
(Life Technologies). The obtained sequence was com-

pared to genome databases at the NCBI using a BLAST
search.

Genotyping PCR

Primers for genotyping Hr alleles were designed ac-
cording to the sequence information of the alleles (Table
1 for primer sequences; Fig. 3A for primer positions).
All three primers were used simultaneously to determine
the genotypes of HR and Hos:HR-1 mice. PCRs were
conducted using a Hybaid Sprint thermal cycler and
HotStarTag DNA polymerase under the following ther-
mal cycling conditions: 94°C for 15 min, 40 cycles of
94°C for 10's, 60°C for 10 s, and 72°C for 30 s, and then
72°C for 5 min. PCR products were separated in 2%
agarose gels (E-gel EX, G4020-02) and photographed
with a laser scanner.

Results

PCR analysis of the Hr allele in HR mice

Analysis of Hr alleles in homozygous (H) and wild-
type (W) HR mice by means of 15 multiple overlapping
PCRs indicated that the H7* allele contained an insertion
mutation in intron & (Fig. 1).
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Genome size (kbp)
‘Il 2 3 4} 5 § Z § %3 1p 1‘1 1?1{31511{51{61171'8

7
@) ~6 kbp|
(3) ~12 kbp
(4) ~6 kbp
{5) ~5 kbp
(B)} e ~3 Kb
(7 ~2 kbp
8 ~1.5 kbp
(8) t~ ~300 bp

Exon 6

(10}
{11} mrmsen ~500) bp
(12) e 500 bp
(13} ~450 bp
(14) s ~250 P
(15) 132 bp
H An insertional mutation is localized in this region.
- < Primer positions for long PCR in Figure 2.
(2) (3)(4) (5)6)(7)

1 e
HWHWHW

Fig. 1. Analysis of Ffralleles in homozygous (1) and wild-type (W) HR mice. The normal (wild-type)Hr allele is ~19
kbp in length and consists of 19 exons. A total of 15 overlapping PCRs covering the entire Hr coding sequence
revealed that an insertion mutation was localized in intron 6 of the Hr* allele. KOD FX neo was used for PCR
amplification of regions 2-7, and HotStarTaq was used for PCR of other regions. PCRs shown in gray typeface
(1,2,4,6,9, 12, 14, 15), no difference between homozygous and wild-type HR mice. PCRs shown in black
typeface (3, 5, 7, 8. 10, 11, 13), no band or different bands were obtained in homozygous HR mice. Six agarose
gel electropherograms show the band patterns of all PCRs. The primer sets used were: (1) F224 and R1151,
(2)F193 and R1873, (3) F193 and R2433, (4) F2463 and R3455, (5) F1843 and R2433, (6) F2052 and R2433,
{7y F1843 and R2078, (8) F1843 and R1972, (9) F1913 and R2078, (10) F1843 and Int6-R1458, (11) F1843
and Int6-R979, (12) Int6-F1290 and R1972, (13) F1843 and Int6-R850, (14) F1843 and Int6-R642, and (15)
F1843 and Int6-R339. The primer sequences and elongation time are shown in Tables 1 and 2, respectively.
The primer positions for long PCR shown in Fig. 2 are also indicated in this figure.
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5-flanking
Normal

HRS/J

3'-flanking

...tattgattgacaaccccagtegggggtettte
...tattgattgacaaccecagtcgggggtctttcaCCATGTGTATGCTAGGAACTAAACCTG. .. ¢

Retroposon insertion

. . CTCTGGAACCAGAGTGACAGACAGCTATAAACT
HR b .. JCTCTGGAACCAGAGTGACACGACAGCTATAAACT!
. CTCTGGAACCAGAGTGACAGACAGCTATARACT

cattgaaagaccccaccataagget. ..
cattgaaagaccccaccataagget. ..

Retroposon insertion

CATGTGTATGCTAGGAACTARACCTG. . . : Normal
CATGTGTATGCTAGGAACTAAACCTG. . . : HR
HRS/J

Fig. 2. Determination of DNA sequences flanking the insertion mutation in HR mice. PCR with two primers, mHR-int6-F514
and mHR-int6-R806 (positions and sequences are shown in Fig. 1 and Table 1, respectively) produced an ~13-kb-long
amplicon containing insertion mutations in homozygous HR mice. Sequencing and BLAST searches indicated that the
HR mice share the same insertion mutation as HRS/I mice. The sequences of the 5 and 3’ regions flanking the insertion
mutation of HRS/J mice were retrieved from GenBank (accession numbers M202335 and M20236, respectively).

Sequencing the mutated region in HR mice

Long PCR for amplifying genomic regions containing
the insertional mutation (Fig. 1 for the primer positions)
produced an ~13-kb-long amplicon (Fig. 2). Both the 5’
and 3’ ends of the amplicon were sequenced. Analysis
of both sequences using BLAST search revealed that HR
mice carried the same insertional mutation as HRS/J
mice; i.e., Hr* turned out to be Hr.

Genotyping of Hr alleles in HR and Hos:HR-1 mice
Primers for genotyping fr alleles were designed ac-
cording to their sequence information (see Fig. 3A for
primer positions). All three primers were used simultane-
ously for genotyping PCR. The zygosities of HR and
Hos:HR-1 mice wete determined using amplicons from
both mutant and wild alleles with the following primer
sets: S776 and R830 (275 bp, longer bands), and S607
and R850 (244 bp, shorter bands), respectively (Fig. 3B).

Discussion

Our genomic analysis revealed that the HR mice at
our institute share the same hairless mutation (Hr") as
HRS/J and Skh:HR-1 (an ancestor of Hos:HR-1) mice.
This indicates that the HR strain is a descendent of the
original hairless mice found in London in 1924 {4]. This
possibility was also suggested by the fact that the phe-
notype of HR mice is identical to that of other hairless
mice carrying Hr*" alleles. Our genomic analyses con-

firmed this possibility. Although other mutations of the
Hr gene, such as thino (77"") [8] and bald (7r*?) [6] lead
to hairlessness, their phenotypes differ from that of HR
mice. Rhino mice become completely hairless by 35 days
of age, like HRS/J mice, but older rhino mice have a
different phenotype: their skin becomes progressively
looser and redundant, forming folds, flaps, and ridges
[12]. Rhino alleles contain various types of mutations,
different from H#" alleles [1, 2]. These mutations result
in a truncation of hairless proteins. On the other hand,
bald mice are phenotypically intermediate between the
hairless and rhino strains [6]. The similarities between
the Hr" and Hrb® alleles are unclear because the bald
gene has not yet been sequenced. Thus, HR mice are
genetically and phenotypically hairless mice that carry
Hrhr,

Based on the genomic sequence around the inser-
tional mutation, we developed a PCR genotyping meth-
od. The method was confirmed to be useful for zygosity
checks of both HR and Hos:HR-1 strains, and possibly
more strains carrying Hr" alleles. Our three primers
flanking the insertional mutation in the H+ gene distin-
guished the zygosities of hairless strains in a single PCR
assay. Flanking primer methods [7], often used for the
genotyping of transgenes [9]. are simple and precise for
zygosity determination. Other methods, such as Southern
blots and quantitative real-time PCR, are also used for
zygosity checks, but are challenging in practice. Both
methods use quantitative tests, the results of which are
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A 244 bp

amplified from
wild allele only

S607 R850
wild allele - -
Insertional mutation
{Retroposon) 75
8776 R850

amplified from
mutant allele only

275 bp

1Wild-type allele (244 bp)

Fig. 3. PCR for genotyping Hr alleles in HR and Hos:HR-1
mice. (A) Primer positions (primer sequences are shown
in Table 1). PCR using the primers mHR-int6-8607
(8607) and mHR-i1it6-R850 (R850) produces 244-bp
amplicons from wild-type alleles (Hr, + in Fig. 3B) only.
PCR using the primers mHR-int6-S776 (S776) and
mHR-int6-R850 (R850) produces 275-bp amplicons
from mutant alleles (H7%, hrin Fig. 3B) only, (B) Zy-
gosity determination by PCR. Zygosities of Hr alleles
wete determined by PCR using three primers (S607,
8776, and R850) simultaneously. If only 275-bp ampli-
cons were produced, the niice were taken to be homo-
zygous (Hr"[H#). If only 244-bp amplicons were
produced, the mice were wild-type (Hr/Hr). If both
amplicons were produced, the mice were heterozygous
{Hr/H#"). Electropherograms of PCR products indicate
the zygosities of homozygous, heterozygous, and wild-
type HR mice as well as homozygous Hos:HR-1 mice.

often difficult to compare precisely. In contrast, the flank-
ing primer method is based on qualitative tests (presence
or absence of target amplicons) and is easy to perform
with no need for complicated procedures such as hybrid-
ization of radioactive probes, precise adjustment of
template concentration, and so forth. Our primers are
different from those of Schaffer et af. [10]. Their primers
targeted similar positions but had a lower Tm than our
primers. We believe that our primets have an advantage
because a higher T often leads to better results, In ad-
dition, PCR results are highly dependent on thermal

controls, such as the block-temperature (i.c., based on
the temperature of blocks, not that within PCR tubes)
and active-tube controls (i.e., based on the temperature
within PCR tubes). PCR using a thermal cycler with
block temperature control needs a longer reaction time
than PCR with active-tube control. In the present study,
we used 10 s for the denature and annealing times in a
thermal cycler with active-tube control. If a thermal
cycler using block-temperature control is used, a longer
period, e.g., 30 s, should be used.

Immature: hairless mice can be precisely genotyped
using our PCR method before their phenotype: (hair coat
loss) appears. This would enable the use of such mice
for research that requires knowledge of precise zygosi-
ties,

In summary, the HR sstrain at ourinstitute carries the
same Hr™ alleles as HRS/I and Skh:HR-1 (Hos:HR-1).
Our genotyping method could be used for zygosity
checks of various hairless mouse strains that carry Hr'"
alleles. This method will facilitate the study of hairless
mice, and especially immature mice, the zygosities of
which cannot be determined based on appearance alone.
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