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Abstract

The induction of null mutations by means of homologous recombination is a powerful technique for clarifying the biological
activities of target genes. However, the problems of the genetic background and flanking genes should be borne in mind. Here
we employed a breeding strategy to compare three lines of mice deficient in the basigin (Bsg)/CD147 gene. The first line was F2
from F1 hybrid offspring of the 129/SV chimera and C57BL/6J. The second one was from a C57BL/6J congenic line. Both lines
showed high embryonic lethality, sterility, and blindness. The third one was �reverse F2� from �reverse F1� hybrid offspring of the
C57BL/6J congenic line and 129/SV. Surprisingly, this line showed a normal birth rate, while sterility and blindness persisted.
Our results clearly separate the effects of the induced null mutation from those of flanking genes and the genetic background,
and provide a useful means of investigating the biological functions of Bsg.
� 2004 Elsevier Inc. All rights reserved.
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Basigin (Bsg), a transmembrane glycoprotein, belongs
to the immunoglobulin superfamily with a molecular
weight of 43–66 kDa depending on the glycosylation of
the core protein (27 kDa) [1–3]. It was independently
identified by several groups and given different names:
gp 42 in the mouse [2]; OX-47 [4] and CE9 [5] in the rat;
HT7 [6,7], neurothelin [8,9], and 5A11 [10] in the chicken;
and M6 [11] and EMMPRIN [11] in man, which suggest
the multifunctional characteristic of Bsg. Based on these
data, we produced Bsg-deficient mice (Bsg �/�) and,
indeed, found multiple phenotypes. Bsg �/� mice are
rarely born due to the embryonic loss around the time
0006-291X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.08.232

q Abbreviations: Bsg, basigin; ERG, electroretinogram; MCT,
monocarboxylate transporter.

* Corresponding author. Fax: +81 52 744 2065.
E-mail address: kkadoma@med.nagoya-u.ac.jp (K. Kadomatsu).
of implantation [13]. Both males and females are sterile.
Impaired spermatogenesis (arrest at the metaphase of
the first meiosis) is observed in Bsg �/� mice [13]. The
female sterility is mainly due to the failure of fertilization
and implantation [13,14]. Retinal degeneration leading to
dysfunction is also detected in Bsg �/� mice [15,16]. In
addition, Bsg �/� mice show various disorders related
to neural behavior such as poor performance in learning
and memory [17], decreased sensitivity to irritating odors
[18], and increased sensitivity to electric foot shock [17].

Gene targeting technology to produce null mutations
in mice provides a powerful tool for investigating the
functions of specific gene products. However, it has been
increasingly realized that targeted loci show disparate
phenotypes depending on the genetic background of
the mouse strains. For example, p53-deficient mice show
a high susceptibility to the early development of sponta-
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neous tumors, but the type of tumors formed, the sever-
ity and the age of tumor onset vary with different genetic
backgrounds [19–21]. Other phenotypes observed in
transgenic animals influenced by the genetic background
include ethanol tolerance, sepsis, immunity, locomotor
activity, behavior, organ structure, development, and
cardiovascular physiology [22]. Efforts have been made
to solve this problem, such as the guidelines recom-
mended by the Banbury Conference [23], which recom-
mend the establishment of co-isogenic and congenic
lines, and subsequent generation of F1 hybrid offspring
for analysis. However, one should bear in mind that,
even after 12 generations, the chromosome segment con-
taining genes from the ES-cell donor strain could in-
clude as many as 300 genes, or 1% of the genome [24],
which would cause a linkage disequilibrium, the so-
called flanking gene problem.

The high embryonic lethality observed for Bsg �/�
mice hampers detailed studies on molecular mechanisms
underlying the sterility and blindness in Bsg deficiency.
We speculated that the genetic background might have
an influence on the phenotype of embryonic lethality,
since this phenotype shows incomplete penetrance, while
sterility and blindness occur without exception. This
prompted us to employ a breeding strategy to solve
the problems related to the genetic background and
flanking genes.
Fig. 1. Breeding strategy. (A) The breeding strategy used in this study. (B)
Modifier gene 1, a gene of C57BL/6J origin near, but not very close to, the B
from the Bsg gene.
Materials and methods

Mice. The procedure for targeting of the Bsg gene was that de-
scribed previously [13]. The ES cells used were D3 derived from 129/
SV. The breeding strategy is summarized in Fig. 1A. The first line of
Bsg �/� mice was generated as described previously [13]. Thus, the
129/SV chimera and C57BL/6J were mated to produce F1 hybrid
offspring. F2 for analysis was then generated by intercrossing F1 sib-
lings. The second one was generated from a C57BL/6J congenic line
that was backcrossed 13 times. The third one was �reverse F2 (RF2)�
generated by intercrossing �reverse F1 (RF1)� hybrid offspring of the
C57BL/6J congenic line and 129/SV [25]. Care of the mice was per-
formed in accordance with Nagoya University Animal Institute
Guidelines. Genotyping was performed by PCR as described previ-
ously [13].

Histological analysis. Histological analysis was performed as de-
scribed previously [12,15]. For testes, semi-thin sections were stained
with toluidine blue. For retina, semi-thin sections were cut along the
vertical meridian through the optic nerve, and stained with hematox-
ylin and eosin.

Electroretinographic recordings.Mice were dark-adapted overnight,
and then anesthetized with an intramuscular injection of 86 mg/kg
ketamine and 13 mg/kg xylazine. The pupils were dilated with topical
0.5% tropicamide and 0.5% phenylephrine HCL, and then the mice
were placed on a heating pad. ERGs were recorded with a gold-wire
loop electrode placed on the cornea.

The mice were placed in a Ganzfeld bowl and stimulated with
stroboscopic stimuli of 1.0 log cd-s/m2 (photopic units) maximum
intensity. Neutral density filters were used to reduce the stimulus
intensity. Seven steps of stimulus intensities ranging from �6.2 to
1.0 log cd-s/m2 were used for the scotopic electroretinographic
(ERG) recordings, and four steps of stimuli ranging from �0.8 to
Detailed examples including modifier genes for RF2 Bsg �/� mice.
sg gene; modifier gene 2, a gene of 129/SV origin located physically far
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1.0 log cd-s/m2 for the photopic ERG recordings. The photopic
ERGs were recorded on a rod-suppressing white background of 1.3
log cd/m2.
Results

Increased birth rate and viability of RF2 Bsg �/� mice

Among F2 derived from F1 hybrid offspring of the
129/SV chimera and C57BL/6J (called �F2� in this pa-
per), Bsg �/� mice that were born and survived for 2
months after birth accounted for only 5.9% and 3.5%
of the offspring, respectively [13]. We produced addi-
tional two lines of Bsg �/� mice: one was generated
through intercrossing a C57BL/6J congenic line with
13 backcrosses (called �congenic�), and the other one
Table 1
Numbers of newborn and adult mice (2-month-old) from heterozygous
parents

Bsg +/+ Bsg +/� Bsg �/� Total

Newborn
RF2 30 (23.3)a 71 (55.0) 28 (21.7)* 129
Congenic 48 (33.6) 85 (59.4) 10 (7.0) 143

Adult mice
RF2 30 (23.3) 71 (55.0) 19 (14.7)** 120
Congenic 43 (30.1) 79 (55.2) 3 (2.1) 125

a % against the total number of newborn is shown in parentheses.
* p < 0.005 vs. congenic Bsg �/� (v2 test).
** p < 0.005 vs. congenic Bsg �/� (v2 test).

Fig. 2. Improved survival rate in RF2 Bsg�/�mice. (A) The survival curve fo
�/� (Homo): n = 28. The curves for Bsg+/+ and Bsg+/� are the same. (B) T
and Bsg +/� (Hetero): n = 30; Bsg �/� (Homo): n = 10. (C) The growth cu
was RF2 derived from RF1 hybrid offspring of the
C57BL/6J congenic line and 129/SV (called �RF2�)
(Fig. 1). The congenic Bsg �/� mice exhibited a similar
phenotype to that of F2 Bsg �/� mice, the birth rate
being 7.0% (Table 1). By contrast, RF2 Bsg �/� mice
showed a dramatically improved birth rate (21.7%).
The congenic Bsg �/� mice showed decreased survival
after birth like F2 Bsg �/� mice, while the postnatal
viability of RF2 Bsg �/� mice was significantly in-
creased (Table 1, Figs. 1A and B).

Next we compared the growth of the surviving mice.
Both congenic and RF2 Bsg �/� mice could survive if
they did not die within 1 month after birth (Figs. 2A
and B). RF2 siblings grew well regardless of the geno-
type (Fig. 2C), whereas congenic Bsg �/� mice were
smaller in size than Bsg +/+ and +/� siblings (Fig.
2D), like in the case of F2 Bsg �/� mice [13]. We could
not evaluate statistically the differences among the con-
genic siblings since we could obtain only 3 Bsg �/�mice
from this strain. Figs. 2C and D show growth curves for
only male mice, female mice showing similar curves
(data not shown).

RF2 Bsg �/� mice are sterile

Both sexes of F2 Bsg �/� mice are infertile [12]. We
investigated the reproduction of RF2 Bsg �/� mice
(Table 2). Although wild · wild pairs were impregnated
immediately after mating, male wild · female Bsg �/�,
male Bsg�/� · female wild, and male Bsg�/� · female
Bsg �/� pairs could not be impregnated until 3 months.
r RF2 mice. Bsg+/+ (Wild): n = 28; Bsg+/� (Hetero): n = 37; and Bsg

he survival curve for C57BL/6J congenic mice. Bsg+/+ (Wild): n = 30;
rve for male RF2 mice. (D) The growth curve for female RF2 mice.



Fig. 4. Retinal histology at the posterior pole in Bsg+/+ and Bsg�/�
mice at 30-weeks-of-age. Compared with the Bsg+/+ mouse, the outer
segments (OS) are shorter and the number of nuclei in the outer
nuclear layer (ONL) is markedly reduced in the Bsg�/� mouse. PE,
retinal pigment epithelium; OS, outer segment; IS, inner segment;
ONL, outer nuclear layer; and INL, inner nuclear layer.

Table 2
Reproduction of RF2 mice

Male Female Newborn

+/+ (5)a �/� (5) �
�/� (5) +/+ (5) �
�/� (5) �/� (3) �
+/+ (5) +/+ (5) +b

a The numbers in parentheses indicate the numbers of animals used.
b Every pair produced several pups and showed normal

reproduction.
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The congenic Bsg �/� mice were also infertile (data not
shown). As shown in Fig. 3, most of the spermatocytes in
the RF2 Bsg �/� mice were arrested and degenerated at
the metaphase of the first meiosis, which is the same as
that reported for F2 Bsg �/� [13].

RF2 Bsg �/� mice show retinal dysfunction

Bsg �/� mice derived from the C57BL/6J congenic
line (5–7th generation) from 5 to 41 weeks of age exhibit
progressive decreases in the amplitudes of all compo-
nents of both photopic and scotopic electroretinograms
(ERGs) [15]. Consistently, the photoreceptor cells
degenerate gradually and are almost completely ablated
by 41 weeks [15]. Therefore, we examined the histology
of the retina of RF2 siblings. As shown in Fig. 4, the ret-
ina of RF2 Bsg �/� mice exhibited severe degeneration,
the degeneration being most prominent in the cone and
rod photoreceptor layer. At 30-weeks-of-age, the length
of the outer segment of the photoreceptor was reduced
in the Bsg �/� mice to 15% of the length in Bsg +/+
mice and the nuclei in the outer nuclear layer were re-
duced to approximately 35% of the number in Bsg +/+
mice (Fig. 4). The thickness and cell numbers in the in-
ner retina in the Bsg �/� mice remained unchanged.

To evaluate the retinal function in vivo, ERGs were
recorded for RF2 Bsg +/+ and �/� mice. Representa-
Fig. 3. Arrest of spermatogenesis in RF2 Bsg �/� mice. Thirty-week-old RF
the RF2 Bsg �/� mouse were arrested and degenerated at the metaphas
metaphase; Mm (�), meiotic metaphase (degenerated); Pc, pachytene sperma
zygotene/leptotene spermatocyte. Bar, 100 lm.
tive dark-adapted ERGs for a Bsg +/+ and a Bsg �/�
mice of 30-weeks-of-age are shown in Fig. 5A. The
ERG amplitudes were severely attenuated in Bsg �/�
mice, while those in Bsg +/+ mice remained unchanged.
In the Bsg �/� mice, the amplitude of the a-wave,
which reflects the activity of rod photoreceptors, was re-
duced to 10% of that in the Bsg +/+ mice, and the
amplitude of the b-wave, which originates from the
rod bipolar cells, was reduced to 22% of that in the
Bsg +/+ mice (Fig. 5B).

Light-adapted ERGs were also recorded for both
types of mice, and they were severely attenuated in the
Bsg �/� mice (Fig. 5C). The amplitude of the light-
adapted ERG b-wave was reduced to 30% of that in
the Bsg +/+ mice (Fig. 5D).
2 Bsg +/+ and �/� mice were examined. Most of the spermatocytes in
e of the first meiosis. Dp (*), diplotene (degenerated); Mm, meiotic
tocyte; Sg, spermatogonium (type A); St 10, step 10 spermatid; and ZL,



Fig. 5. Electroretinograms recorded for 30-week-old Bsg+/+ and Bsg�/� mice. (A) Dark-adapted ERGs elicited with six different stimulus
intensities are shown. The vertical dotted lines show the onset of the stimulus. (B) Intensity–response function of the dark-adapted ERG b-wave for
Bsg+/+ and Bsg�/� mice. The means ± SE of the means for four Bsg+/+ and four Bsg�/� mice are shown. (C) Light-adapted ERGs elicited with
four different stimulus intensities. (D) Intensity–response function of the light-adapted ERG b-wave for Bsg+/+ and Bsg�/� mice. The means ± SE
of the means for four Bsg+/+ and four Bsg�/� mice are shown.
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These retinal studies clearly showed that there was
severe degeneration in the retina of RF2 Bsg �/�
mice for both the rod and cone systems, and this
degeneration was most prominent in the photorecep-
tor cells.
Discussion

The present study revealed that the phenotypes of
Bsg �/� mice can be divided into two categories. One
comprises embryonic lethality, which is influenced by
the genetic background and flanking genes. The other
one includes sterility and retinal dysfunction, which
are merely due to induced null mutation of the Bsg gene.

Regarding the action mechanism of Bsg explaining
the retinal dysfunction in Bsg �/� mice, the biosynthe-
sis and translocation of monocarboxylate transporters
(MCTs) are important. Lactate is known to be used as
energy source by neuronal cells and is transported by
MCTs [26]. Proper localization of MCTs to the cell sur-
face is mediated by Bsg [26]. Consistently, the marked
reduction of MCTs is observed in the pigment epithe-
lium and neural retina of Bsg �/� mice [27]. Thus, the
progressive retinal degeneration and dysfunction could
be caused by a defect of the organized energy metabo-
lism in Bsg �/� mice. As it is known that MCT1 is
strongly expressed in spermatocytes [28], where Bsg is
expressed [13], it is conceivable that the physical, func-
tional association of Bsg and MCT also plays a critical
role in spermatogenesis.

As illustrated in Fig. 1A, the only difference between
F2 and RF2 Bsg �/� mice is in the composition of the
flanking region of the Bsg gene, while the difference be-
tween the congenic and RF2 Bsg�/�mice is in the com-
position of physically unrelated genes, which are far
from the Bsg gene. Taken together, our data suggest that
interaction between at least two modifier genes is essen-
tial for normal embryonic development of RF2 Bsg �/�
mice. The genes comprise one of C57BL/6J origin near,
but not very close to, the Bsg gene, and one of 129/SV
origin located physically far from the Bsg gene (Fig.
1B). RF2 Bsg �/� mice are expected to carry the former
and latter genes at probabilities of 100% and 75%,
respectively (Fig. 1B). Therefore, the probability of
live birth of RF2 Bsg �/� mice is approximately 20%
(�25% · 75%), which is consistent with our data
(21.7%) (Table 1).
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With regard to candidates for such modifiers, embi-
gin (Emb) and integrins could be postulated. Emb,
Bsg, and neuroplastin comprise a subfamily of the
immunoglobulin superfamily [3]. Among them, Emb is
restrictively expressed during embryogenesis and in-
volved in cell-substratum adhesion in an integrin-depen-
dent manner [29]. Integrin is known to be physically
associated with Bsg [30] and to be involved in implanta-
tion [31]. It might be possible that Emb and/or integrin
play a compensatory role in implantation in Bsg �/�
mice. Efforts are needed to examine such an intriguing
possibility. It has been reported that the embryonic
lethal phenotypes of null mutant mice as to Msh2-

Trp53 [32], EGFR [33], and retinoblastoma-related
p130 gene [34] are strain-dependent, suggesting the exis-
tence of modifier loci, although their location remains
unclear. The present results suggest that at least one of
the modifier genes is located near the Bsg gene. Our data
may provide a clue for identifying a modifier gene
regarding embryonic lethality.

Although Bsg �/� mice exhibit many other impor-
tant phenotypes, including many dysfunctional pheno-
types related to neural or behavioral processes [13,18],
they remain to be studied because of the limited number
of Bsg �/� mice so far. In our study, the birth rate and
viability of Bsg �/� mice were markedly improved,
which will provide a precious tool for the investigation
on the biological functions of Bsg.
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