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Mice deficient in the Rab5 guanine nucleotide
exchange factor ALS2/alsin exhibit age-dependent
neurological deficits and altered endosome
trafficking
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ALS2/alsin is a member of guanine nucleotide exchange factors for the small GTPase Rab5 (Rab5GEFs),
which act as modulators in endocytic pathway. Loss-of-function mutations in human ALS2 account for a
number of juvenile recessive motor neuron diseases (MNDs). However, the normal physiological role of
ALS2 in vivo and the molecular mechanisms underlying motor dysfunction are still unknown. To address
these issues, we have generated mice homozygous for disruption of the A/s2 gene. The A/sZ-null mice
observed through 21 months of age demonstrated no obvious developmental, reproductive or motor abnorm-
alities. However, immunohistochemical and electrophysiological analyses identified an age-dependent,
slowly progressive loss of cerebellar Purkinje cells and disturbance of spinal motor neurons associated
with astrocytosis and microglial cell activation, indicating a subclinical dysfunction of motor system in
Als2-null mice. Further, quantitative epidermal growth factor (EGF)-uptake analysis identified significantly
smaller-sized EGF-positive endosomes in A/sZ2-nuli fibroblasts, suggesting an alteration of endosome/vesicle
trafficking in the cells. Collectively, while loss of ALS2 does not produce a severe disease phenotype in mice,
these Als2-null animals should provide a useful model with which to understand the interplay between endo-
somal dynamics and the long-term viability of large neurons such as Purkinje cells and spinal motor neurons.

INTRODUCTION juvenile recessive form of primary lateral sclerosis (PLS)

(PLSI; OMIM 606353) in both Kuwaiti and Saudi Arabian
ALS2 was initially identified as a causative gene for a juvenile consanguineous families (1,2). ALS2 is described as a
recessive form of amyotrophic lateral sclerosis (ALS), termed  spastic pseudobulbar syndrome with spastic paraplegia invol-
ALS2 (OMIM 205100), in a Tunisian kindred, and a rare ving a loss of upper motor neurons (UMNSs) and occasionally

*To whom correspondence should be addressed. Tel: +81 463915095; Fax: +81 463914993; Email: joh-e@nga.med.u-tokai.ac.jp
The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
}Present address: Animal Research Center, Tokyo Medical University, Tokyo 160-8402, Japan.

© The Author 2005. Published Dy Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org



234 Human Molecular Genetics, 2000, Vol. 15, No. 2

A B
Q@
(53
w
e}
E 10kb
v e B § 8o
[ R I T
§ g '35)-). 5 g % :E E g 4 7034 3 878 8 0N 2B MR 2B BT BARNB Y
—H
95~ P ! :
75~ swim o dlp @A L
44~ ] :
| | @ Als2 S
24 - : As2§ e A
i ! {ext-13) 128 2910 2955l
TG TGA 6
Als2 L oo MM
5078 6349 nt

Figure 1. Expression and structure of the mouse A/s2 gene. (A) Northern blot analysis of the 4/s2 mRNA. MTN blot {BD Biosciences) was hybridized with the A4/s2
c¢DNA clone. Airowheads on the right indicate the positions of major (long; Als2_L) and minor (short; Als2_S) transcripts. The lower panel represents the same blot
hybridized with mouse Gapdh cDNA to confirm RNA quality and relative loading. Positions of size-markers are shown on the left. (B) Schematic representations of
the genomic organization for mouse A/s2 and its transcripts. 4/s2 spans ~75 kb of the genomic region and comprises 34 exons. Black and open boxes represent
coding and non-coding region of the exons, respectively. A siriped box represents the unique 3 -untranslated region of the 4ls2_S transcript that is produced by
alternative splicing at the 5 donor site after exon 13. Positions of translation initiation (ATG) and termination (TGA or TAG) codons are shown.

associated with several signs of lower motor neuron (LMN)
defects (3), whereas PLSJ shows only UMN symptoms with no
evidence of denervation (4). Recently, several independent homo-
zygous ALS2 mutations have also been found in families segregat-
ing an infantile-onset ascending hereditary spastic paralysis
(IAHSP) (5-7), a single family of a recessive complicated heredi-
tary spastic paraplegia (HSP) (8) and a single family of ALS2 (9).
Because ALS2, PLSJ and TAHSP/HSP are group of closely
related MNDs (10-13), and loss-of-function ALS2 mutations
account for a number of recessive MNDs, it is likely that the
ALS2 gene product might play an important role in motor neurons.

ALS2 encodes a novel 184 kDa protein, termed ALS2 or alsin,
comprising three predicted guanine nucleotide exchange factor
(GEF) domains (1,2); that is, RCCl-like domain (RLD) (14),
the Dbl homology and pleckstrin homology (DH/PH) domains
(15) and a vacuolar protein sorting 9 (VPS9) domain (16-21).
In addition, eight consecutive membrane occupation and recog-
nition nexus (MORN) motifs are noted in the region between
DH/PH and VPS9 domains (22,23). It has previously been demon-
strated that ALS2 mediates the activation of Rab5 small GTPase
via its Rab5-specific GEF activity that is associated with its
C-terminal MORN/VPS9 domain (22,23) and that ALS2 modu-
lates endosome/membrane trafficking in the cells (22-26). It
has also been shown that ALS2 can stimulate Racl (25,27,28)
and promote neurite growth in neuronal cultures (28). Moreover,
overexpression of ALS2 protects cultured motor neuronal cells
from toxicity induced by mutant Cu/Zn-superoxide dismutase |
(S0OD1) (27,29), suggesting a possible neuroprotective role for
ALS2. However, the molecular mechanisms underlying motor
neuron dysfunction and degeneration in ALS2-linked MNDs are
still poorly understood. Common to 10 reported 4LS2 mutations
is the loss of the VPS9 domain either due to deletion
(1,2,5,6,8,9) or nonsense (7) mutations in the coding exons or spli-
cing site mutation (5,6). It is hypothesized that a perturbation of
endosome and/or vesicle trafficking mediated by the ALS2-
associated Rab5GEF activity underlies neuronal dysfunction
and degeneration in the ALS2-linked MNDs (22,25).

To delineate the normal physiological role of ALS2 and the
impact of the loss of its function in vivo, we have generated

mice homozygous for disruption of exon 3 of the mouse
Als2 gene, and extensively characterized the resulting 4ls2-null
mice. Observed through 21 months of age, these Als2-null
mice reveal no obvious developmental or reproductive abnorm-
alities. They also display no defects in motor performance.
However, histological studies demonstrate that the Als2-null
mice develop an age-dependent, slow loss of cerebellar Purkinje
cells and evidence of subclinical dysfunction of spinal motor
neurons. In addition, there is moderate astrocytosis and micro-
glial cell activation. Cell cultural studies reveal no major
abnormalities in dendrites and axons in the 4/s2-null neurons.
However, there is a decrease in the size of epidermal growth
factor (EGF)-positive endosomes/vesicles in the 4/s2-null fibro-
blasts. Taken together, our findings suggest that ALS2 is import-
ant in membrane trafficking, particularly in motor neurons and
Purkinje cells, although loss of this protein does not result in a
severe disease phenotype in mice. Thus, these Als2-null mice
should provide insight into the interplay between membrane traf-
ficking, endosomal dynamics and the long-term viability of large
neurons such as Purkinje cells and spinal motor neurons.

RESULTS

Splicing and expression patterns for the mouse 4ls2
transcripts are different from those for human ALS2

In human, the short variant of the ALS2 transcript of ~2.6 kb,
resulting from an alternative splicing at the 5" donor site after
exon 4, is rather ubiquitously expressed in various adult
tissues including brain (1). Further, its expression is believed
to play a role in the phenotypic variations, including ages at
onset and the LMN involvement, as observed in the ALS2-
linked MNDs, (1,30,31). In this study, northern blot analysis
revealed that, in addition to the full-length transcript
(Als2_L), the short variant of the mouse Als2 transcript of an
~2.9kb (4ls2_S) was expressed both in liver and kidney,
but was undetectable in other tissues examined including
brain (Fig. 1A). BLAST searches of the GenBank/DDBJ/
EMBL database and DNA sequence assembling in conjunction
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Figure 2. Targeted disruption of the mouse Als2 gene. (A) Schematic representations of the targeting strategy for Als2. A 39 bp region flanked by two BamHI
sites within exon 3 of Als2 was deleted and replaced with the neomycin gene cassette (NEO). The DT-A gene was used as a negative selection marker. Positions
of two DNA probes for Southern blot analysis (mCR6_probel and mCRG_probe3) and PCR primers (arrowheads) both used for screening the homologous
recombination are indicated. B, BamHl; Bg, Bglll; K, Kpnl; M, Miul; Sp, Spel. (B and C) Southern blot analysis of genomic DNA isolated from mouse tail

tissue. Genomic DNA obtained from FI (B) or F2 (C) mice was digested with

either Bg/ll or Kpnl and probed with mCR6_probel (Bg/Il blot), NEO (Bg/ll

blot) or mCRé_probe3 (Kpnl blot). The restriction fragments of 5.6 kb and 4.0 kb in Bg/ll blot represent the targeted and wild-type alleles, respectively.
The restriction fragments of 15.9 and 14.3 kb in Kpnl blot represent the targeted and wild-type alleles, respectively. K, homozygous mutant (4/s2~'7); H, hetero-
zygous mutant (445277 ), W, wild-type (4/s27F). (D) Western blot analysis of ALS2 expression in various tissues from Als2 ™"~ (K), Als2™'~ (H) and Als2*/*
(W) mice. Equal amount of protein (30 p.g) was loaded in each lane, and the anti-ALS2 polyclonal antibody (FPF1-680) was used to probe ALS2 (180 kDa), a

product of the major A/s2_L transcript, indicated on the right. The positions of

with an extensive reverse transcriptase (RT)-—Polymerase
chain reaction (PCR)-based cloning identified the Als2 short
variant of 2955 nt with a single 2787 nt ORF encoding 928
amino acids (~100kDa) (GenBank accession no.
BC031479) (32) and revealed that Als2_S was produced by
alternative splicing at the 5' donor site after exon 13, resulting
in a premature stop codon after 74 amino acid residues in
intron 13 (Fig. 1B). Thus, the structure and expression
pattern for the mouse A/s2 short transcript are different from
that for the human variant.

size-markers are shown on the feft.

Als2 mutant mice are viable and appear to develop
normally

To generate Als2-null mice, we constructed a targeting vector
in which exon 3 of the Als2 gene was disrupted by inserting a
stop codon, followed by the neomycin resistance gene tran-
scribed under the control of the Pkgl promoter (Fig. 2A),
which allowed to disturb the normal expression of both
Als2_[ and Als2_§ transcripts. Although the Als2 gene in a
targeted allele can be transcribed by its own promoter,
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the protein translation is terminated after the first 14 amino
acids; as a result, the peptide lacks all the functional
domains for ALS2. Six of 14 homologous recombinant ES
clones exhibiting the desired targeting event were selected
and subjected to the generation of chimera mice. Two
germline chimeras (clones 17C6 and 21BS) were identified
by analyzing the F1 animals, which were produced by cross-
ing each male chimera with female C57BL/6J mouse, using
PCR (data not shown) and Southern blotting (Fig. 2B). F1
mice heterozygous for the Als2 mutation (4/s2™'7) derived
from clone 17C6 were interbred, generating F2 (n = 237)
and F3 (n=42) mice for the analysis. The homologous
recombination event in F2/F3 animals was also confirmed
by Southern blot analysis (Fig. 2C). Further, western blot
analysis of various tissues using two independent anti-ALS2
antibodies, HPF1-680 and MPF1012-1651, demonstrated
that the expression of ALS2, a product of 4ls2_L, was elimi-
nated in the A/s2 homozygous mutant mice, and also reduced
by approximately half in the heterozygous mutant mice
(HPF1-680, Fig. 2D; MPF1012-1651, Supplementary
Material, Fig. S1). However, no band corresponding to the
predicted mouse short ALS2 variant (~100kDa) was
observed using our anti-ALS2_RLD antibody (HPF1-680)
(Fig. 2D). Collectively, the homozygous Als2 mutant animals
created in this study can be considered to recapitulate the
status of null-expression of ALS2 in ALS2-linked MND
patients.

The Als2-null mice were viable and fertile with no evi-
dences for motor abnormality as observed for at least 21
months of age. The mutant allele was transmitted in the
expected Mendelian ratio of an autosomal gene [A4/s2 '~
(homozygote), n = 72 (25.8%), male (m)/female (f) = 30/42;
Als2™7  (heterozygote), n =128 (45.9%), m/f=T1/57;
Als2F (wild-type), n =79 (28.3%), m/f = 42/37]. Further,
growth of both homozygous and heterozygous mice assessed
by the changes in their body weight was not statistically differ-
ent from that of their wild-type littermates, despite that a
number of A4/s2-null female mice exhibited an excessive
body weight (Fig. 3A). Survival data at the age of 92 weeks
also revealed no statistical differences between the genotype
groups, although a slightly lower rate of survival in homozy-
gous mutants were observed (Fig. 3B).

Als2 mutant mice display no profound defects in motor
performance

Repeated examination of the selected F2 mice (n = 9 for each
genotype group) on the accelerating rotarod test over a period
of 81 weeks with a weekly testing frequency revealed that the
rotarod performance among animals varied irrespective of
their genotypes. Although the wild-type and A/s2 heterozy-
gous mice showed a tendency toward improved performance
when compared with the 4/s2 homozygotes, this was not stat-
istically significant (Fig. 3C). Further, preliminary analysis of
the cage activities in these mice, measured by a SUPERMEX
system with an infrared ray sensor monitor (Muromachi
Kikai), also showed no statistically significant differences in
the spontaneous motor activities between groups (data not
shown).

Lack of ALS2 does not affect expression levels
of proteins related to the cytoskeleton and
membrane trafficking

To test whether lack of ALS2 expression affect a series of 33
cytoskeletal or membrane/vesicle associated proteins, includ-
ing Rab5 and Racl, both of which were known to bind to
ALS2 (22,23,25,27), and ALS2CL, a novel ALS2 homologous
protein (33), we conducted western blot analysis of extracts
obtained from brain (cerebral cortex, cerebellum, medulla/
pons and spinal cord), liver and kidney (8 and 24 weeks of
age, Supplementary Material, Fig. S2; 72 weeks of age, Sup-
plementary Material, Fig. S3). Among the proteins tested,
the levels of early endosome antigen 1 (EEAl), a Rab5-
effector downstream of ALS2 (22,34), of the 8- and 24-week-
old homozygous and heterozygous mutant mice were slightly
decreased in cerebral cortex, but not in cerebellum, Further-
more, the levels of neurofilament heavy chain were slightly
increased in spinal cord of the 72-week-old homozygous and
heterozygous mutant mice. However, none of other proteins,
including Rab5, Rabaptin-5, Rab4, a«-tubulin, p-tubulin,
MAP2, a-adaptin, amphiphysin, AP180, clathrin HC, Racl,
Rab3, Rab8, Rabll, B-catenin, EGF, complexin II, Mint2,
Munc-18, rabaphilin 3A, rSec8, SNAP25, synapsin I, synapsin
Ila, synaprogyrin, synaptophysin, synaptotagmin, syntaxin 6,
GRP78 and ALS2CL showed altered levels of expression.

Brain and spinal cord of the 4/s2 mutant mice are
histologically normal

ALS2 immunostaining was observed in the cerebellum, brain-
stem and spinal motor neurons of wild-type but not 4ls2-null
mice (Fig. 4A-T). ALS2 is highly expressed in the granular
and Purkinje layers of wild-type mice (Fig. 4C and F) and
colocalizes with some, but not all calbindin immunopositive
Purkinje cells (Fig. 4J). High magnification of Purkinje and
spinal cord demonstrate cytoplasmic ALS2 immunostaining
(Fig. 4F and H’), with a dense localization to perinuclear
membranous compartments in spinal motor neurons
(Fig. 4H'). Low level ALS2 expression was also detected in
CA2 of the hippocampus and motor cortex (data not shown).
A comparable pattern of immunostaining was obtained on
brain sections from wild-type mice using an independent
anti-ALS2 antibody (HPP1024) (22) (Supplementary Material,
Figs S4-S6). Double immunostaining with anti-ALS2 and
anti-calbindin confirmed that ALS2 is expressed in subpopu-
lations of Purkinje and surrounding cells in wild-type
animals (Fig. 4] and J'; Supplementary Material, Figs 5 and
6). Hematoxylin and eosin (H&E) morphological staining
for mid-brain (Fig. 4M and O), cerebellum (Fig. 4N and P)
and spinal cord (Fig. 4S—V) demonstrated no gross abnor-
mality and neuronal lesion phenotype in Als2-null mice at 7
months of age.

Cerebellar Purkinje cells are significantly decreased in the
aged Als2-null mice

Immunohistochemial analysis revealed that the density of cal-
bindin positive Purkinje cells in cerebellum of aged Als2-null
mice (18 months of age) was significantly decreased (Fig. 4L).
A higher-magnification analysis of the Purkinje cell layers
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Figure 3. Gross phenotypes of the 4/s2 mutant mice. (A) Growth curves for homozygous mutant (AIs2™'7; KO), heterozygous mutant (Als2™~; Hetero) and
wild-type (Als2™'"; WT) mice. The number of animals at each time point range as follows: male: WT (r = 10-35), Hetero (n = 21-51), KO (n = 3-22);
female: WT (1 == 9-29), Hetero (n= 16-46), KO (n=4-32). Data are presented as means + SD. No significant differences between genotype groups
were observed (ANOVA). (B) Survival curves for homozygous mutant (4ls27'7; KO, n = 15), heterozygous mutant (4/s2*~; Hetero, n = 51) and wild-
type (A/s2¥"T; WT, n = 29) mice at the age of 92 weeks. Kaplan—Meier analysis identified no significant differences between groups (P = 0.1832 by log-
rank test), despite a trend toward slightly reduced viability of the Als2-null mice was observed. (C) Motor performance of homozygous mutant (A/ls2™"";
KO, n = 9), heterozygous mutant (Als2+/ ~; Hetero, n = 9) and wild-type (Als2F; WT, n=9) mice on an accelerating rotarod apparatus. Data are presented
as means + SD. Repeated-measures ANOVA confirmed no significant genotype effect at each time point analyzed.

confirmed this finding (Fig. 4Q and R). To determine whether
loss of ALS2 expression grossly affects viability and the
spatial pattern of Purkinje cells, an estimation of Purkinje
cell number was conducted by counting calbindin immunopo-
sitve Purkinje cells in the cerebellum of Als2-null and wild-
type mice using the BIOQUANT system (Fig. 5). The
results showed that, at 7 months of age, there was no signifi-
cant difference either of number or of area of Purkinje
cells between wild-type and Als2-null mice (Fig. 5A and B).
However, consistent with the results of immunohisto-
chemistry, a 22.9% decrease in the number of Purkinje cells
was observed in Als2-null mice (n = 3) at 18 months of age.
Thus, there were 25.74 + 1.56 SE Purkinje cells per 1 mm
length of Purkinje layer in Als2-null mice compared to
33.36 £ 1.34 SE cells in age-matched wild-type mice
(n =3, Fig. 5A) (P =10.023, ANOVA). In addition, there
was a 30.5% reduction in cell soma size of Purkinje cells in

Als2-null mice (n=3), with a mean soma area of
1353 + 5.1 SE um? compared with 194.6 + 13.1 SE pum?
soma size in wild-type mice (7 =3, Fig. 5B) (P =10.013,
ANOVA). Representative images of the calbindin immunos-
taining for the cerebellum of wild-type (Fig. 5C and C') and
Als2-null (Fig. 5D and D’) mice at 18 months of age were
shown. Together, the results are indicative of a slow progress-
ive loss of cerebellar Purkinje cells in Als2-null mice.

Astrocytosis and microglial activation are progressively
enhanced in the A/s2 mutant mice brain and spinal cord

In comparison with wild-type, age-matched control mice,
brain and spinal cord of Als2-null mice at 7 and 18 months
of age revealed significant progressive increases in the inten-
sities of immunostaining for GFAP, CD68 and CDI11b,
markers for astrocytes, activated microglia and macrophages,
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Figure 5. The number of Purkinje cells in the cerebellum of Afs2-null mice is
decreased. (A and B) Mean estimates of Purkinje cell number (A) and soma
size (B) in wild-type (+/+) and Als2-null (—/—) mice (n =3 per group) at
7 and 18 months of age, represented as the mean density of Purkinje cells
per 1 mm length of Purkinje cell layer (A) and mean soma area (B). Data
are presented as means + SE. *P = 0.023, P = 0.013 (ANOVA) of Als2-
null versus wild-type control. (C and D) Anti-calbindin immunostaining of
sagittal cerebellum sections of wild-type (C) (higher magnification C’) and
Als2-mull mice (D) (higher magnification D’) at 18 months of age. [Scale
bars = 200 pm (C and D); 50 pm (C' and D').]

respectively (Fig. 6). This strongly suggests that there is an
increase in astrogliosis and activation of inflammatory
responses in A/s2-null mice. Immunostaining for the neuronal
markers SMI32 was normal in A/s2-null mutants both at 7 and
18 months of age (Fig. 6A-D).

Als2-null mice show evidences for motor unit remodeling

To determine whether there is a functional impairment in
LMN of Als2-nuil mice, we have conducted motor unit
number estimation (MUNE) analysis. The mean of estimated
total number of viable axons (motor units) in the distal hind
limb, determined by MUNE, is significantly reduced from
274.5 (+£29.1) in wild-type mice (n =5) to 208.5 (£50.8)
in Als2-null mutant mice (P = 0.022; n = 4) at 12 months of
age (Fig. 7A). Concurrently, the single motor unit potential
(SMUP) increases from 0.156 mV (+0.032) in wild-type
mice to 0.178 mV (+0.037) in Als2-null mutant mice
(Fig. 7B), reflecting an increase in the response of a single
motor unit with decreasing MUNE. A similar pattern was
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observed in a single Als2-null mutant at 20 months of age,
with mean MUNE and SMUP values of 191.0 (+0.76) and
0.225 (£0.165), respectively, compared with 285.3 (+0.76)
and 0.145 (£0.023) in age-matched wild-type animals
(n =13). This decrease in MUNE and concurrent increase in
SMUP amplitude is consistent with remodeling of the archi-
tecture of the motor unit in Als2-null mice, with cycles of
motor neuron degeneration leading to denervation followed
by reinnervation. This process reduces the number of motor
units (MUNE) but increases the mean size of the remaining
motor units (SMUP).

Ventral motor axons are significantly decreased
in Als2-null mice

In the A/s2-null mice, quantitative histological analysis of the
numbers of axons in the L4 ventral root failed to demonstrate
any change in the numbers of the large motor neurons
(>5 pm; the alpha motor neuron category) or small motor
neurons (in the gamma motor neuron category with axon
diameters between 1.4 and 4.5 pm) at 7 months of age
(n =3 per group) (Fig. 7C and D). However, analysis of
Als2-null mutants at 18 months of age (n = 3) showed a sig-
nificant decrease in the numbers of axons of all sizes
(Fig. 7E and F) in particular small motor neurons with axon
diameters between 1.5-4.5 wm. These morphometric findings
suggest that there has been a progressive loss of motor axons
of Als2-null animals.

Als2-null mice show evidence of fiber redistribution
in skeletal muscle

To investigate the effect of ALS2 loss on skeletal muscle
integrity, the morphology of muscle fibers and fiber types
was examined in gastrocnemious and quadriceps muscles.
No major difference was observed in H&E or acetylcho-
linesterase histochemistry stain of transverse gastrocnemius
muscle of wild-type or 4ls2-null mice at 7 and 20 months of
age (data not shown), although examination of thoracic
muscle from 4ls2 mutant mice occasionally showed some iso-
lated, angular atrophic muscle fibers and regions of dense
pyknotic nuclear clumping and central nuclei suggestive of
denervation (data not shown). Interestingly, myosin-ATPase
{(pH 4.3) staining revealed a slight redistribution and fiber
grouping of dark (Type I, slow) myofibrils in the gastrocne-
mius muscle from the A/s2-null mice at 7 months, with a
severely abnormal pattern of fiber distribution at 20 months
of age compared with wild-type (Fig. 7G—J). Again, these his-
tochemical data are consonant with the electrophysiological

Figuare 4. Gross morphology and immunohistochemistry of ALS2 in the brain and spinal cord of wild-type and Als2-null mice. (A-I) Immunostaining of sagittal
brain paraffin sections with anti-ALS2 antibody (HPF1-680) of wild-type cerebellum and brainstem (A) compared to a comparable brain region of Als2-null mice
at 7 months of age (B). ALS2 immunoreactivity is observed in the cerebellum (A, C and F) (at high magnification shown in F and F'), nucleus interpositus
cerebelli (D) and brainstem (E), as well as in motor neurons in the lumbar spinal cord (H) (at higher magnification H’) in wild-type (-+/4) but not Als2-
null (—/—) mice at 7 months of age (I). (J—L) Double immunostaining with anti-ALS2 (red) and anti-calbindin (green) of granular region of cerebellum of
wild-type (J) and composite image with DAPI (blue) (J') and Als2-null mice at 7 months (K) and 18 months of age (L). ALS2 expression is detected in the
granular (g) and Purkinje (p) layer in the cerebellum and colocalizes with many, but not all calbindin positive Purkinje cells (white arrow). (M—V) H&E mor-
phological stain of mid-brain (M and Q), cerebellum (N and P) and spinal cord (S—V) of wild-type and Als2-null mice at 7 months of age. Arrows in (Q and R)
show Purkinje cells and indicate the irregular distances between Purkinje cells in A/s2-null mice at 18 months of age (R). Arrows illustrate spinal cord motor
neurons (T and V). m, molecular layer; p, Purkinje layer; g, granular layer. [Scale bars = 100 pm (A, B, M—P, S and U); 50 pm (C-L, Q, R, T and V).]
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Figure 6. Astrocytosis and microglial activation are enhanced in the A/s2 mutant mice brain and spinal cord. Composite images of double immunolabelling of
lumbar spinal cord (A—L) and hippocampus (M—P) from wild-type (+/4) and 4ls2-null (—/—) mice al 7 and 18 months of age. Double immunostaining for
GFARP (astrocyte marker) with SM132 (neuronal marker) (A—D), CD68 (activated microglia) (E—~H), CD11b (macrophages) (I-L) of spinal cord from wild-type
and Als2-null mice. Hippocampus brain regions immunostained for GFAP and counterstained with DAPI (M—P). [Scale bars = 50 pm (A-L); 100 um (M-P).]

analysis, suggesting the occurrence of some denervation of
scattered motor units followed by reinnervation.

Neuromuscular junctions of Als2-null mice are
morphologically abnormal

We have also performed a qualitative analysis of the neuromus-
cular junctions (NM1Js) by staining post-synaptic acetylcholine
receptors with fluorescently labeled, a-bungarotoxin (aBTX).
These studies showed that there were fewer NMJs detected
by aBTX staining of gastrocnemius muscle in 4/s2-null mice
at 12 (data not shown) and 20 months of age when compared
with wild-type controls (Fig. 7K and L). Interestingly, in
20-month-old Als2-null mice, the post-synaptic folding within
the NMJ appeared to be less complex, of smaller size and some-
what more globular conformation (Fig. 7N) when compared
with normal endplate formation in age-matched wild-type
muscle (Fig. 7M). Again, these findings are consistent with a
chronic, slowly progressive impairment of function of the
distal motor terminal and altered integrity of the NMJ.

Primary neuronal cells derived from Als2-null mutant
mice grow and differentiate normally

Previous studies using primary neuronal cultures have
demonstrated that ALS2 is localized within small punctate
structures throughout the cells (25), suggesting that it func-
tions in endosomes, possibly mediating vesicle trafficking in

newrons (22). As the rearrangement of cytoskeletons and
membrane trafficking is thought to play major roles for the
neuronal differentiation/polarization (35), we have investi-
gated the role of ALS2 in growth and maturation of neuronal
cells in detail and the impacts of its functional loss in neurons.
Primary hippocampal neuronal cultures from E18 Als2-null
mice and their wild-type littermates on a mixed genetic back-
ground (F2) were prepared and maintained. The results
showed that both cultured neurons were normally differen-
tiated (stages 3—4/DIV 4.5) (Fig. 8A, upper panels) and dis-
played the fully elaborated MAP2-positive neurites
(dendrites) at a late stage (stage 5/DIV21) (Fig. 8A, lower
panels). Further, branching numbers of dendrites were also
normal in Als2-null neurons (data not shown). The results
suggest that ALS2 is dispensable for the neurite/dendrite
formation in hippocampal neurons.

Next, to examine whether loss of ALS2 affects the for-
mation of axon in neurons, quantitative analysis of the
axonal sprouting was performed using primary granule
neurons. Granule neuronal cultures were established from cer-
ebellum of P6 homozygous mutant (n = 3), heterozygous
mutant (n = 11) and wild-type (n = 4) animals, which were
produced by intercrossing the fourth-backcrossed generations
(N4). Representative images of the primary granule cells
(4 h after plating) were shown (Fig. 8B). Approximately
40% of the granule cells showed a sprouting phenotype, but
no significant differences in their frequencies were observed
among the different genotype groups (Fig. 8C).
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Figure 7. A/s2-null mice exhibit late-onset partial degeneration of muscle. (A and B) MUNE (A) and SMUP (B) of wild-type (4/+, blue dots) and Als2-nuil
mice (—/—, red dots) at 12 and 20 months of age (n = 5 and 3 for wild-type mice and n = 4 and | for A/s2-null mice at 12 and 20 months, respectively). Black
bars represent the mean MUNE or SMUP for each genotype, respectively. *P = 0.022 (ANOVA) of 4/s2-null versus wild-type control. (C—F) Quantitative
analysis of L4 ventral roots of wild-type (blue bars) and 4/s2-null mice (red bars) at 7 months (C) and 18 months (E) of age (n = 3 per group). Data are presented
as means + SE. Toluidine blue staining of representative L4 ventral root diameters from wild-type and 4/s2-null mice at 7 months (D) and 18 months (F),
respectively, with high magnification inset. (G-J) Myosin-ATPase (pH4.3) histochemistry of transverse gastrocnemius muscle from 12- and 20-month-old
wild-type (G and I) and A/s2-null (H and J) mice. (K—N) Post-synaptic endplates at the NMJs are stained with aBTX to mark synapses (red) and SMI32
(green) to define axons in longitudinal sections from gastrocnemius muscle from wild-type (K) and A/s2-null (L) mice at 20 months of age, with high
magnification of the region marked by a white asterisk in (M) and (N), respectively. [Scale bars = 100 pm (G-J); 50 pm (D, F and M-N); 20 pm
(insets in D and F).]

Endosome dynamics are slightly affected by the Als2 and Als2™ littermates, which were produced by intercrossing
mutation in fibroblasts the N4 backcrossed heterozygous mutant mice. Fibroblasts

were exposed to Alexa Fluor-488 labeled EGF for 10 min,
To further investigate the effects of ALS2 absence on cellular  allowing the internalization of EGF via receptor-mediated
function, particularly receptor-mediated endocytosis in detail,  endocytosis, and then analyzed at 10, 30 and 60 min time
we have prepared primary fibroblasts from new-born 4ls2~/~ points. Internalized EGF forms a punctate pattern of vesicles,
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Figure 8. Primary neuronal cultures derived from A/s2-null mutant mice are
grown and differentiated. (A) Primary hippocampal neuronal cultures from
E18 Als2-null mice (KO) and their wild-type littermates (WT) on a mixed
genetic background (F2). Two representative stages of the cultures stained
with anti-MAP2 antibody are shown (upper panels, stages 3—4/DIV 4.5;
lower panels, stage 5/DIV21). (B) Primary cerebellar granule cell cultures
from P6 Als2-null mice (KO) and their wild-type littermates (WT) on an
N4-backcrossed background. Representative images of the primary granule
cells (4 h after plating) stained with anti-BlII tubulin antibody are shown.
(C) A quantitative analysis of the axonal sprouting in primary granule
neurons. Granule neurons were established from cerebellum of P6 homozy-
gous mutant (7 = 3), heterozygous mutant (n = 11) and wild-type (n = 4)
animals. The number of the cells with a sprouting axon was counted by
observing 100 cells in every preparation. A total of 300 homozygous, 1100
heterozygous and 400 wild-type cells were analyzed. Values are expressed
as means + SE  (WT, 41.0 + 3.5%; Hetero, 39.7 +4.4%; KO,
43.0 £ 2.9%). Scale bars = 20 pum.

representing EGF-positive endosome compartments. No gross
abnormality was observed at all time points analyzed both in
Als2-null and wild-type cells. These results imply that endocy-
tosis of the EGF receptor per se does not require ALS2
(Fig. 9A). However, a quantitative analysis of the fluorescence
intensities of the EGF-labeled endosomes/vesicles revealed
that frequency of the vesicles with stronger fluorescent
signals, thus larger in size, was significantly lower at a
10 min point in the Als2-null mutants than in the wild-type

cells (Fig. 9B and C, P =0.045 by t-test). Notably, signal
intensities in the wild-type cells were gradually decreased
thereafter, whereas those in A/s2-null mutants rather increased
with highest at a 30 min point (Fig. 9C). The results imply that
trafficking and fusion of EGF-positive endosomes/vesicles in
fibroblasts were significantly delayed by the lack of ALS2.
Thus, ALS2 might control efficiency of vesicles/endosomes
trafficking and fusion in the cells.

DISCUSSION

Thus far, 10 independent homozygous ALS2 mutations have
been reported, which include a single-nucleotide deletion in
exon 3 of the ALS2 gene that was originally found in Tunisian
ALS?2 patients (1,2), and nine additional independent mutations
in families segregating ALS2, PLSJ and IAHSP/HSP (1,2,5-9).
Interestingly, there are recognizable phenotypic differences
between ALS2 and PLSJ/IAHSP, in which ALS2 patients
develop a spastic pseudobulbar syndrome with spastic paraple-
gia involving a loss of UMN and occasionally associated with
several signs of LMN defects (3,9), whereas those with PLSJ
or JAHSP/HSP shows only UMN symptoms with no evidence
of denervation (4,6). Although the molecular basis underlying
such phenotypic differences is still obscure, it is tempting to
speculate that the expression of a short variant of the ALS2
gene is believed to play a role in the phenotypic variations
(1,30,31). We reasoned that generating mice homozygous for
disruption of exon 3 of the mouse A/s2 gene resembling the
Tunisian ALS2 mutation would delineate disease pathogenesis
for MNDs involving loss of both UMN and LMN.

Our gene targeting strategy has been designed to disrupt the
expression not only of the full-length A/s2 transcript but also a
newly identified ~2.9 kb short variant of Als2 (Als2_S), which
is otherwise expressed predominantly in liver and kidney.
Southern and Western blot analyses clearly demonstrated a
complete loss of the functional full-length ALS2 protein in
Als2™'~ mice. We also identified a loss of expression of
Als2_S in the Als2™'~ mice (data not shown), while there is
no explicit evidence for its expression at the protein level
even in the wild-type animals (Fig. 3D). Taken together, our
Als2 knockout mice represent a genuine A/s2-null lacking
the expression of the functional ALS2 protein.

To our surprise, the 4/s2-null mice and the A/s2 heterozy-
gotes have demonstrated normal growth, reproductivity, sur-
vival and motor performance. Biochemical and histological
examinations also revealed no profound abnormalities in the
brain and spinal cord of the Als2-null mice. Further, cell cul-
tural studies showed no abnormal growth and differentiation
of dendrites and axons in Als2-null primary neurons. Most
recently, Cai er al. (36) reported that similar 4/s2-null mice
do not demonstrate major motor deficits, but have a moderate,
age-dependent impairment in motor coordination and motor
learning, a higher level of anxiety response, increased body
weight and increased susceptibility to oxidative stress.
Although our results did not reach a statistical significance,
tendencies in the decreased levels of motor coordination and
increased body weight in female 4/s2-null mice are consistent
with their results. At this stage, we cannot formally exclude
the possibility that the phenotypic variations observed in
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Figure 9. Endocytosis and endosome trafficking in A/s2-null fibroblasts. (A) lmmunofiuorescence of EGF internalization in wild-type (WT) and Als2-null (KO)
fibroblasts. Cells were starved for 2 h, exposed to Alexa Fluor-488 labeled EGF for {0 min and observed for immunofluorescence through 60 min. Cells were
visualized by Alexa Fluor-594 labeled Phalloidin staining. Representative fields as shown as observed at 10, 30 and 60 min are shown. (B) Representative images
for the digitally demarcated fibroblasts. There are no significant differences in the areas of the cells between genotype groups [WT versus KO; 28 696 + 17 271
pixels (n = 66) versus 29 165 + 10 383 pixels (n = 60); means + SDJ. (C) Quantitation of the fluorescence intensities of the EGF-labeled endosomes/vesicles in
fibroblasts of wild-type (open bars) and A/s2-null mice (filled bars) after 10, 30 and 60 min of EGF internalization. The y-axis represents the cumulative intensity
of fluorescence (AU; arbitrary unit) in the single cell [at 10 min: WT versus KO, 110.] + 14.6 AU (n = 73) versus 70.2 &+ 9.5 AU (n = 103); at 30 min: WT
versus KO, 81.6 + 21.5 AU (n = 57) versus 95.7 + 37.4 AU (n = 43); at 60 min: WT versus KO, 46.0 + 17.2 AU (n = 32) versus 40.7 + 18.6 AU (n = 26)].

Values are expressed as means + SE, *P = 0.045 by rtest.

AlsZ2-null mice are due to a strain effect, because most of the
analyses were conducted using F2 mice on a mixed genetic
background, in which knockout mice show a flanking gene
effect with the 129/0la genetic context than wild-type litter-
mates (37). To address this further, we are characterizing the
Als2-mull mice generated by backcrossing ~10 generations
with either C57BL/6]J or FVB/N mice. Nonetheless, both
data suggest that the Als2 gene per se is dispensable for the

normal growth and development at least in mice, in stark con-
trast to the importance of ALS2 in humans.

Our detailed investigation using immunohistochemical and
electrophysiological techniques allowed us to detect some
abnormalities in Als2-null mice that were not documented
by Cai et al. (36). First, Als2-null mice develop an age-
dependent, slowly progressive loss of cerebellar Purkinje
cells. Secondly, these mice also develop late-life, subclinical



244 Human Molecular Genetics, 2006, Vol. 15, No. 2

deficits of spinal motor neurons, evidenced by muscle fiber
denervation followed by reinnervation and a reduction in
numbers of ventral motor axons. Thirdly, Als2-null mice
show increased astrogliosis and activation of inflammatory
responses in brain and spinal cord. Lastly, in cultured
Als2-null fibroblasts, trafficking and fusion of the internalized
vesicles/membrane compartments are decreased. Collectively,
these data document that the Als2 null mutation causes
age-dependent, subclinical dysfunction of motor system and
intracellular membrane trafficking in mice.

It is notable that progressive loss of Purkinje cells is
observed in Als2-null mice, implying that long-term absence
of ALS2 expression in Purkinje cells and/or the surrounding
environment disrupts normal homeostasis of these cells. In
this study, we showed that ALS2 is expressed in the granular
and Purkinje layers of the cerebellum in wild-type mice. We
also found that ALS2 expression colocalizes with some, but
not all calbindin immunopositive Purkinje cells, suggesting
that ALS2 is expressed at least in subpopulations of Purkinje
cells and surrounding cells. This is consistent with our pre-
vious studies that used in sifu hybridization to document that
Als2 mRNA is strongly expressed in subpopulation of Purkinje
cells (1). Devon et al. (31) demonstrated ALS2 expression in
molecular and granular layers of the cerebellum, but not in
Purkinje cells. Although it is conceivable that differences in
ALS2 expression in Purkinje cells could reflect differences
in our methodologies, the reason for this discrepancy
remains elusive. In any case, a careful assessment of the cer-
ebellar pathology, which has not been clinically implicated in
ALS/MNDs, should be warranted not only in animal models
but also in human ALS2/PLSJ/IAHSP cases.

MUNE is a highly sensitive method to estimate axon loss in
diseases affecting the lower motor system (38). Notably, using
this technique in conjunction with the assessment of ventral
root, NMJ, and skeletal muscles, we detected abnormalities
in the architecture of motor units in aged AlsZ-null mice.
Our results demonstrating a decrease in MUNE and concurrent
increase in SMUPs associated with abnormal NMIJs, reduced
ventral motor axons and muscle fiber-type grouping, all
support the occurrence of fiber redistribution (denervation
followed by reinnervation) and mild distal axonopathy in
Als2-null mice. Recent studies have shown that abnormalities
in the NMJ are an eatly finding in mice overexpressing mutant
human SODI1 (39,40). Further, a decrease in the motor unit
number in the distal hind limb was also evident before
behavioral abnormalities appeared in the SODI-transgenic
mice {(41), suggesting that a distal axonopathy is present in
an early, pre-clinical phase in those ALS mice. Thus, the
chronic, slowly progressing denervation and neurogenic
atrophy observed in our Als2-null mice may also be an early
and pre-clinical abnormality of the motor system dysfunction.
Our observation of increased astrogliosis and activation of
inflammatory responses without motor neuron death of spinal
cord in Als2-null mice is consistent with this concept.

A corollary hypothesis suggested by these in vivo data is
that loss of ALS2 is not rapidly detrimental but nonetheless
mediates a long-term adverse effect on cellular physiology.
Indeed, our cellular studies on the receptor-mediated endocy-
tosis and trafficking of the internalized vesicles revealed
that ALS2 is not required for either endocytosis or endosome

trafficking. Nonetheless, a quantitative assessment of the
fluorescence intensities of the EGF-labeled endosomes/
vesicles demonstrated a significant decrease in its intensities
at a 10min point after the EGF internalization, implying
that ALS2 might modulate an early phase of trafficking
and fusion of the internalized vesicles and/or endosomal
membrane compartments. The results support the concept
that, at least in fibroblasts, ALS2 mediates modulatory
functions on endosome dynamics via the activation of Rab35
(22,23,25). In addition to such endosome-related ALS2
function, a recent study has also revealed that loss of ALS2
predisposes neurons to oxidative stress (36), suggesting a
possible neuroprotective role for ALS2. Further investigations
on the effect of ALS2 loss in neuronal cells and a relation-
ship between endosome dynamics and oxidative stress are in
progress.

Given the subtle role of ALS2 in cellular physiology in
mice, why do humans with ALS2 mutations develop such
severe phenotypes? Three explanations are proposed. First,
the differences in the architecture of corticomotoneuronal
systems may be critical. In rodents, it is generally believed
that there is no direct synaptic connection between UMN
and LMN in the spinal cord (42), which might be associated
with the lack of overt motor phenotypes in Als2-null mice.
Against this is the observation that, irrespective of their con-
nectivity, neither UMN nor LMN in Als2-null mice showed
overt degenerating phenotypes. A second possibility is the
longer length of human motor axons. A recent pathological
study of postmortem brain and spinal cord of patients with
HSP has suggested that axonal loss in the corticospinal
tract is length-dependent, but not size-selective (43).
Further, recent evidence supports the view that axonal trans-
port plays a crucial role in the maintenance of longer motor
neurons in human (44,45) and mice (46-51). Because human
motor axons are markedly longer than those in the mouse, it
is conceivable that human motor neurons are more sus-
ceptible to defects in axonal trafficking caused by loss of
ALS2. Thirdly, a specific compensatory mechanism or redun-
dant gene expression could alleviate the disease phenotypes
in mice. Alternatively, human may have a unique mechanism
aggravating the disease when ALS2 is absent. We demon-
strate here that there are differences in the expression
pattern and sequence structure for short alternative splicing
variants between human ALS2 and mouse Als2 genes. In
addition, it has been reported that human and mouse
ALS2CL proteins, novel ALS2 homologs, possess slightly
different biochemical and enzymatic properties (33). Thus,
these homologs and/or variants as well as yet unidentified
factors including the ALS2-interacting proteins may explain
the divergences of phenotypes in mice and humans devoid
of ALS2.

In conclusion, our findings suggest that ALS2 is important
in membrane trafficking, particularly in motor neurons and
Purkinje cells. Our Als2-null mice might provide a unique
resource to understand the interplay between membrane
trafficking, endosomal dynamics and the long-term viability
of large neurons such as Purkinje cells and spinal motor
neurons. Ultimately, understanding these complex phenomena
will provide insights into the molecular pathogenesis of MNDs
arising from inactivating mutations in the 4LS2 gene.



MATERIALS AND METHODS

Genomic analysis of the mouse A/s2 gene and
its expression

To characterize the potential variants for the mouse 4/s2 gene,
we conducted BLAST searches on the public databases.
Cloning of the identified mouse short variants for the Als2
gene was performed by a RT—-PCR-based method. Expression
and tissue distribution of the mouse 4/s2 mRNA were charac-
terized by northern blot analysis. Briefly, mouse adult tissue
Multiple tissue northern (MTN) blot (BD Biosciences) was
hybridized with the [**P]JdCTP-labeled mouse Als2 or mouse
glyceraldehydes 3-phosphate dehydrogenase (Gapdh) cDNA
in PerfectHyb hybridization solution (Toyobo) at 68°C. Mem-
branes were washed with 0.1 x SSC containing 1% sodium
dodecyl sulfate (SDS) at 65°C and exposed to X-ray film
(BioMax; Kodak).

Construction of the Als2 targeting vector

A NFIXIT 129SV/J genomic DNA library (Stratagene) was
screened with the 5’ portion (1-595 nt) of the mouse Als2
c¢DNA (GenBank accession no. AB053307). Eleven indepen-
dent genomic clones covering ~29 kb genomic region con-
taining exons 2-9 of the Als2 gene were obtained and
characterized by restriction enzyme mapping and DNA
sequencing. A targeting vector was constructed by replacing
a 39 bp fragment flanked by two BamHI sites within the
third exon of the Als2 gene with the neomycin resistant gene
(neo), as a positive selection marker, under the control of
the phosphoglycerate kinase (PGK)-1 promoter. Further, the
diphtheria toxin A (D7-A) gene, as a negative selection
marker, was also used in this targeting vector. Briefly, the
5'-long Spel/BamHI fragment (9537 bp) containing a portion
of intron 1, exon 2, entire intron 2 and the 5’ half of exon 3
was cloned into the Spel/Fbal sites of the modified DT-A
vector in  which the Nofl(mutated)—Nrul—Spel—Fbal—
TGA(stop codon)—Cfir91-Notl linker was inserted at the orig-
inal NoA site of the pMCIDTpA vector. The resulting 5'-frag-
ment vector was digested with CfirOl/Notl and linearized.
Next, the 3'-short BamHI/Mlul fragment (1206 bp) containing
3’ half of exon 3 and intron 3 was cloned into the Bglll/MIul
sites of the modified neo-cassette vector in which the Xhol—
Bglll— MIul- Notl - Xhol(mutated) linker was introduced into
the original Xhol site of the pKJ2(X™) vector, and the resulting
plasmid DNA was digested with Cf#91/No#l to release the
DNA fragment comprising the neo cassette connecting with
the 3’-short fragment at the 3’ end. This Cfi9l/Notl fragment
was ligated to the 5'-long linearized Cfir91/Nofl fragment and
circularized. Finally, the generated plasmid DNA was digested
with Nrul and linearized, generating the targeting vector for
the third exon of mouse Als2 gene, which resembled the
mutation found in Tunisian ALS2 patients (1,2).

Generation of the 4/s2 knockout mice

The linearized targeting vector was electroporated into E14.1
ES cells originated from 129/0la strain, followed by the
selection in G418 (52). Targeted clones were screened by
PCR and Southern blot hybridization as described below.
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Among 507 G418-resistant E14.1 clones, [4 homologous
recombinant clones (2.8%) were identified. After confirming
the normal chromosome numbers and structure by karyotyp-
ing, six selected ES clones were subjected to the generation
of chimera mice by the aggregation method using C57BL/6J
blastocysts as the recipients (52). The resulting male chimeras
were further mated with C57BL/6J female mice for germline
transmission., Two ES clones (clones 17C6 and 21B5) gave
germline chimeras, and we analyzed the knockout mice
derived from clone 17C6. The heterozygous mice (F1 mice)
were interbred to obtain wild-type, heterozygous and homozy-
gous littermates (F2); the following generations (F3 and F4)
were in a mixed 12901a/CS57BL6J (50%/50%) genetic back-
ground. Independently, the Fl-heterozygous mice were also
backcrossed to the C57BL/6] strain mice for four generations,
and resulting heterozygous mutants (N4 mice) were interbred
to obtain wild-type, heterozygous and homozygous littermates
for the use of the primary cultured cells. The genotypes of the
mice were determined by PCR and Southern blot analysis of
genomic DNA obtained from the tails as below. Body
weight of all animals was measured from 8 weeks of age
and monthly (every 4 weeks) thereafter. Mice were allowed
to freely access to food and water and housed at an ambient
temperature of 23°C and at a 12 h light/dark cycle. All
animal experiments were performed in accordance with the
guidelines of the institutional committee on Animal Care
and Use, and with the safety and ethical guidelines for gene
manipulation experiments approved by the local institutional
committee.

Polymerase chain reaction

Two pairs of primers allowing to specifically detect the mutant
allele were designed as follows: neo-L1: 5~ ATCAGGATGA
TCTGGACGAAGAGC-3'/mCR6out-R1:  5-ACCTTCAAA
GACTCAACTCAGAAGCCG-3' (~2.4%kb) and neo-L2:
5-TACCCGTGATATTGCTGAAGAGCTTG-3'/mCR6outR2:
5-GTCCTGAGACAAAAGTCCTGCTATGCC-3" (~2.2 kb).
Approximately 100 ng of genomic DNA prepared from ES
clones or tail tissues was subjected to the PCR amplification
using KOD-PLUS-DNA polymerase (Toyobo) with 2 min of
pre-denaturation at 94°C, followed by 10 cycles of 155 at
94°C, 30s at 62°C and 10min at 68°C, and additional
35 cycles of 155 at 94°C, 30s at 62°C and 10 min with
extending 10 s every cycle at 68°C. Another set of primers:
mCR6ex03L1: 5-AACCCTCCCACCATGTACCC-3/mCR6
ex03R1: 5-CCATTAGCATCGCTGTCCTG-3" was designed
to amplify the entire exon 3 and its flanking intronic
sequences. Genomic DNA was amplified by LA Tag DNA
polymerase (Takara) with a condition of 1 min of 94°C, fol-
lowed by 35 cycles of 5s at 98°C and 7 min at 68°C. The
wild-type and mutant alleles gave rise to PCR-fragments of
~0.6 and ~2.2 kbp, respectively.

Southern blot analysis

Two independent probes, mCR6_probel (3’ external to the tar-
geting vector) and mCRO_probe3 (5 external to the targeting
vector), were prepared by PCR amplification using the primer
sets as follows: mCR6_probelL: 5-TTTCATCTCATATCAT



