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Summary

Creation of transgenic (knockout)mice de� cient in calpain small
(30 kDa) subunit gene was undertaken to clarify the proposed role
of the small subunit for calpain proteolytic activity and to gain in-
sight into the importance of the gene in the whole animal. The gene
was targeted and disrupted in embryonic stem cells by homologous
recombination, and chimeric mice were generated. Heterozygous
F1 generation mice were crossed to obtain F2 generation. Among
F2 generation mice, we found only wild-type and heterozygous an-
imals in the 80 pups genotyped to date; no homozygous mice have
been found, although 20 were expected. The heterozygotes had no
apparent phenotypic abnormalities. Analysis of their tissues re-
vealed no signi� cant difference in mRNA expression, protein con-
tent, or proteolytic activity in comparison with their wild-type lit-
termates. Genotyping of fetuses at different stages of development
also revealed only wild-type and normal heterozygous fetuses. No
moribund embryos or resorption sites were observed in the uterine
cavity. The results indicate that at least one normal allele is essen-
tial for postnatal survival. Disruption of both alleles appears to be
lethal in very early fetal development.
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INTRODUCTION
Calpain, a family of cysteine proteases, can be divided into

either ubiquitous or tissue-speci� c isoforms. l -Calpain and
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m-calpain are ubiquitously present in mammalian tissues and
require micromolar and millimolar amounts of calcium, respec-
tively, for in vitro activity. These heterodimers are composed of
a distinct catalytic 80-kDa subunit and a common 30-kDa sub-
unit. The catalytic subunit is itself subdivided into four domains
(I–IV). Domain I is cleaved at its N terminus during autolytic ac-
tivation. Domain II contains the essential cysteine and histidine
residues of the active site. Domain III has no obvious sequence
homology with other proteins, and its function is unknown. Do-
main IV is a calmodulin-like domain that contains � ve EF-hand
helix-loop-helix Ca2+ -binding motifs. The small (or regulatory)
subunit is subdivided into two domains, V and VI; the � rst is an
N-terminal glycine-rich domain, and the second, a calmodulin-
like domain homologous with domain IV of the catalytic sub-
unit. The calmodulin-like domains of two subunits associate
to form the heterodimeric calpain. Despite extensive knowl-
edge of their biochemical and molecular properties, the func-
tion of calpains in vivo is unknown. They have been implicated
in a wide variety of processes, including apoptosis, cell cycle
regulation, proliferation, differentiation, cytoskeletal reorgani-
zation, secretion, signal transduction, and long-term potentiation
(1–4).

More recently, there has been controversy as to whether or
not the small subunit is essential or dispensable for calpain ac-
tivity. Earlier reports indicated that both subunits were required
for full expression of proteolytic activity. More recently, how-
ever, the catalytic subunit has been shown to have full activity
even in the absence of the small subunit (5). On the other hand,
the baculovirus-expressed monomeric catalytic subunit shows
less activity than the coexpressed heterodimer (6). Furthermore,
more 80-kDa protein is found when the small subunit is co-
expressed. These � ndings have led to an alternative proposal
that the primary role of small subunit may be to stabilize and
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promote proper folding of the catalytic subunit rather than to
direct catalysis.

Investigators also question whether the small subunit remains
associated with the catalytic subunit when activated. Because
calpain dissociates into subunits in the presence of Ca2+ (7, 8),
calpain has been proposed to function as a monomer of the
80-kDa subunit in vivo. Under this scenario, one would expect
the small subunit to play a very minor role in calpain-mediated
cellular events. Contrary to this observation, however, both sub-
units were coprecipitated by a monoclonal antibody speci� c for
the small subunit in the presence of Ca2+ concentrations that
permit catalytic activity (9). This � nding argues for the con-
tinued association of both subunits during the proteolysis of
substrates and for the activity of both calpain isoforms being
affected equally by the small subunit.

To resolve these discrepancies, to address the role of the small
subunit in the calpain proteolytic systems, and to broaden our
understanding of the physiological roles of calpain, we initiated
a program (10) and the importance of the small subunit is being
assessed by the effect of its absence in the whole animal.

EXPERIMENTAL PROCEDURES
Isolation of Mouse Calpain Small Subunit Genomic Clones.

Mouse strain 129/SvJ bacterial arti� cial chromosome library
was screened by using rat calpain small subunit cDNA. The
550-bp piece of rat calpain small subunit cDNA in pT7-7f21k
plasmid (a gift from Dr. John Elce, Queen’s University, Canada)
was released by Nde/PstI digestion, gel-puri� ed, labeled with
32P by random priming, and used as a hybridization probe
(Genome Systems, St. Louis, MI). The positive clone (13931)
was digested with BamHI, EcoRI, and HindIII and then sub-
cloned. Two probes, 4F-139R (250 bp) and 162F-320R (1400 bp)
were generated by polymerase chain reaction (PCR) with pri-
mers designed from the rat calpain 30-kDa subunit cDNA map
and using our newly isolated mouse genomic clone 13931 as
a template. The probe 4F-139R extended from the base pair at
position 4 in exon 4 to bp 139 near the end of exon 5 and in-
cluded a relatively short intron, according to the human calpain
small subunit genomic DNA sequence (11). Probe 162F-302R
extended from bp 162 in exon 6 and straddled a long intron after
exon 6 and a short intron between exons 7 and 8. These PCR-
generated probes were utilized to identify various subcloned
genomic DNAs, including H4 and G12.

PCR to Analyze F1 Mouse TailDNA for neoR Gene. The neo
forward primer (5 0 -CTGTGCTCGACGTTGTCACTG-3 0 ) and
reverse primer (5 0 -GATCCCCTCAGAAGAACTCGT-3 0 ) were
used according to the PCR protocol described in Perkin-Elmer
publication. The size of the neo PCR product was » 560 bp.

DNA Gel Blot Analysis. The standard DNA gel blot proto-
col was used (12). Brie� y, DNA (5–10 g) was digested overnight
with 200 U of HindIII (New England BioLabs., Beverly, MA)
in the presence of bovine serum albumin and spermidine. The
reaction mixture was electrophoresed on 0.7% agarose gel, de-
natured, and transferred to nylon membrane (Genescreen Plus;

NEN/Dupont). The prepared membrane was hybridized with the
5 0 -probe (300 bp, MfeI/HindIII digest of subclone H4) or with
the 3 0 -probe (260 bp, NcoI/HindIII digest of subclone G12).
These DNA fragments were gel-puri� ed, labeled with 32P by us-
ing a random primed DNA labeling kit (Amersham, Piscataway,
NJ), and used as hybridization probes.

For routine genotyping, a simpler DNA gel blot protocol was
adopted: TailDNAor fetal tissue DNAwas digested withHindIII
and hybridized with the 600-bp EcoRI fragment immediately
upstream of the 5 0 homology arm (H4).

RNA Gel Blot Analysis. Total RNA was extracted from
mouse tissues and processed for RNA gel blot analysis as de-
scribed (12). An Xbal-HindIII digest of pT7-7f21k was radio-
labeled with a random primed DNA labeling kit (Amersham)
and used as the hybridization probe. The intensity of the mRNA
band was quanti� ed by an Ambis 4000 Radioanalytic Imager
and normalized to that of 18S rRNA.

Protein Gel Blot Analysis. Approximately 200 mg of fresh
tissue was minced, placed in 3.0 ml of buffer (20 mM MOPS,
1 mM EDTA, 1 mM EGTA, 5 mM 2-mercaptoethanol, pH 7.5),
and homogenized on ice with two 10-s bursts of a Brinkmann
Polytron at 60% maximal speed. Supernatant from this ho-
mogenate was obtained by centrifugation at 20 000 g for 30 min
at 4 ±C. The primary antibody was chicken polyclonal antibody
that recognized both 80- and 30-kDa subunits (Parke-Davis,
Ann Arbor, MI). Secondary antibody was biotin-labeled rab-
bit anti–chicken IgY (Accurate Chemical and Scienti� c Corp.,
Westbury, NY). Tertiary antibody was anti-rabbit antibody con-
jugated with streptavidin and alkaline phosphatase (Kirkegaard
and Perry Laboratories, Gaithersburg, MD). The blot was treated
with 5-bromo-4-chloro-3-indoy l phosphate and stained with ni-
troblue tetrazolium.

Calpain Activity Assay. Supernatant from the tissue homo-
genate (50–70 mg/ml, 2 ml) was chromatographed on a Reac-
tive Red–agarose column (0.8 £ 2 cm) to separate calpain from
calpastatin in a single step (13). The proteolytic activity of the
chromatographed fractions was determined by using the � uo-
rogenic peptide Suc-Leu-Tyr–7-amino-4-methylcoumarin (Cal-
biochem, San Diego CA) as substrate (14). Each reaction mix-
ture contained 100 l l ( » 25 mg/ml) of sample, 100 l l of sub-
strate (5–50 M) and 700 l l of buffer (20 mM MOPS, 1 mM
EDTA, 1 mM EGTA, 5 mM 2-mercaptoethanol, pH 7.5). The
reaction was started by adding 100 l l of Ca (50 mM), incu-
bated at 37 ±C for 60 min, and terminated by adding 100 l l of
EGTA (100 mM). Fluorescence from the release of the amino-
4-methylcoumarin was measured at 360 nm (excitation) and
430 nm (emission).

RESULTS

Construction of the Knockout Vector and Identi�cation
of Recombinant Embryonic Stem (ES) Cells

Screening the bacterial arti� cial chromosome library
(129/SvJ) for mouse calpain small subunit genomic clone by
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using rat calpain small subunit cDNA as a hybridization probe
located two positive clones. One of the clones (13931) con-
tained a 15.5-kb piece of genomic DNA. Mapping and partially
sequencing the restriction enzyme site revealed that 13931 ge-
nomic DNA extended from the upstream of exon 1 to down-
stream of � nal exon 11, according to the human calpain small
subunit genomic sequence (11) (Fig. 1A, top). The clone was
further digested with BamHI, EcoRI, and HindIII and subcloned.
Subclones H4 and G12 were identi� ed by PCR-generated probes
(4F-139R and 162F-320R) and were found to contain 8.8 and
6.7 kb of HindIII-digested DNA, respectively. Partial sequenc-
ing and alignment against the human genomic sequence further
identi� ed H4 as the DNA that extended from the � rst through

Figure 1. (A) Mouse calpain small subunit genomic clone 13931. (Top) Map of restriction enzyme sites and locations of the
targeted exons: The restriction sites were mapped and the exon– intron boundries were determined by partial sequencing and
alignment against rat cDNA and human genomic sequence. The approximate positions of 5 0 - and 30 -PCR probes (4F-139R and
162F-320R) used to identify H4 and G12 subclones are indicated. (Bottom) Knockout vector construct: A 4.4-kb EcoRI digest of
H4 and a 3.3-kb Bam/Nhe digest of G12 DNA were ligated to the 50 - and 3 0 -ends , respectively, of a neoR gene cassette to form the
knockout vector. E, EcoRI; B, BamHI; A, AvrII; P, PstI; RV = EcoRV. (B) DNA gel blot analysis of homologously recombinant ES
cells. Left panel: EcoRV/HindIII digest of genomic DNA from clones 52 or 82, hybridized with the 50 probe (300 bp, MfeI/HindIII
digest of H4). The expected 8.8-kb band from the wild-type allele and the 7.0-kb band from the recombinant allele are shown.
Right panel: EcoRI/HindIII digest of genomic DNA from clones 52 or 82, hybridized with the 3 0 probe (260 bp, NcoI/HindIII
digest of G12). The expected 4.9-kb band from the wild-type allele and the 6.6-kb band from the recombinant allele are shown.

the seventh exon and showed that G12 extended from exon 7
through exon 11. H4 and G12 were then utilized to construct a
knockout vector in plasmid pGTN29. A 4.4-kb EcoRI digest of
H4 that included exons 1 through 3 and a 3.3-kb Bam/Nhe digest
of G12 that included exons 9 and 10 were ligated to two ends of
a selectable marker neomycin resistance gene (neoR) cassette.
The neoR gene thus replaced a 4.3-kb region spanning exons 4
through 8 of the calpain small subunit gene. The total size of the
construct was 12.3 kb (Fig. 1A, bottom).

The knockout vector (100 l g) was linearized at a unique NotI
site andelectroporated into 129/SvJ mouse ES cells (1 £ 107/ml).
Transfected cells were then plated onto irradiated mouse em-
bryonic � broblast feeder layers. The ES cells were subjected to
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antibiotic selection with geneticin (300 l g/ml). After 7–8 days,
the 192 (8%) colonies that survived were analyzed for homolo-
gous recombination by DNA gel blot analysis. Two probes were
utilized: a 5 0 probe (300 bp, MfeI/HindIII digest of H4) and a
3 0 probe (260 bp, NcoI/HindIII digest of G12). These probes
were chosen so that EcoRV/HindIII digestion of the ES cell ge-
nomic DNA and hybridization with the 50 probe would yield a
8.8-kb band from the wild-type allele and a 7.0-kb band from
the recombinant allele, whereas EcoRI/HindIII digestion of ES
cell genomic DNA and hybridization with the 3 0 probe should
yield a 4.9-kb band from the wild-type and a 6.6-kb band from
the recombinant allele. Four ES cell colonies had the predicted
banding pattern. The banding patterns of two of the colonies
(nos. 52 and 82) are shown in Fig. 1B.

Chimeric Mice and F1 and F2 Generation Mice
Recombinant ES clones no. 52 and no. 82 were expanded, and

each was separately injected into C57BL/6 mouse blastocysts.
The blastocysts were implanted into recipient pseudopregnant
female mice. Three and four male chimera were generated from
the no. 52 and no. 82 clones, respectively. All of the chimera were
¸ 90% agouti. Chimera were backcrossed to C57BL/6 mice to
generate F1 wild-type (+ / +) and heterozygous (+ / ¡ )mice. Ini-
tially, we screened tail DNA of the 3-week-old F1 mice by PCR
for the presence of the neoR gene. Tissues from neoR-positive
F1 mice were further analyzed by DNA gel blot. The results of
genotyping by the two methodologies were always in agreement.
Three pairs of F1 (+ / ¡ )male and female mice were intercrossed
to produce F2 generation litters. Two sets of litters from each pair
of parents were genotyped by DNA gel blot analysis with three
different probes, the 5 0 probe (300 bp, MfeI/HindIII digest of
H4), the 30 probe (260 bp, NcoI/HindIII digest of G12), and the
simpler 5 0 probe (600 bp, EcoRI digest of H4). The HindIII di-
gest of tail DNA and hybridization with the simpler 5 0 probe
should yield a 8.8-kb band from wild-type and a 13.0-kb band
from the recombinant offspring (Fig. 2). Genotyping the 60 F2

pups pooled from the seven litters originating from clone 52
showed 12 wild-type and 48 heterozygous but no homozygous
mice. Similarly, of the 20 F2 pups from the two litters originat-
ing from an independent clone (no. 82), 6 were wild-type and
14 were heterozygous mice, but none was homozygous (Fig. 2,
top). Thus, of the total 80 F2 progeny genotyped to date, the ob-
served ratios of wild-type:heterozygous:homozygou s offspring
were 1:3.4:0, a value signi� cantly different from the expected
Mendelian ratios of 1:2:1. These results indicate that at least one
normal allele is essential for postnatal survival.

Timed matings were carried out to obtain fetuses at differ-
ing stages of development, delivered abdominally at the 9th,
12th, and 16th days of gestation. At the earliest day examined,
only the wild-type and heterozygous fetuses were found in 1:2
ratios (Fig. 2, bottom). Heterozygous fetuses exhibited no devel-
opmental abnormalities. Neither a moribund fetus nor embryo
resorption sites were found in the uterine cavity, suggesting that
embryonic lethality occurred earlier than day 9.

Figure 2. Genotypes of F1 parents, F2 pups, and 9-day-old em-
bryos. (Top) A representative DNA gel blot analysis of HindIII-
digested tail DNA (5–10 l g) from F1 parents and from one
representative set of their litter (10 pups), hybridized with the
5 0 probe (600 bp, EcoRI digest of H4). Only the 8.8-kb band
is present in the wild-type (+ / +) mice, whereas an additional
13.0-kb band is present in the heterozygous (+ / ¡ ) mice. Distri-
bution of genotype (2 wild types and 8 heterozygotes) and sex
(5 females and 5 males) of the F2 pups is indicated. (Bottom) A
representative gel blot analysis of DNA preparations from the
yolk sac or whole body of 9-gestation-day-old F2 embryos. The
wild-type embryos have a single 8.8-kb band, and the heterozy-
gous embryos have an additional 13-kb band.

Phenotypes of Heterozyous F2 Mice
Male and female heterozygous mice were present in equal fre-

quency, were healthy and fertile, and had no overt physiological
disadvantage in appearance or somatic growth at maturity (body
weight, behavior, or organ size) compared with their wild-type
littermates. The amounts of small subunit mRNA in selected
organs and tissues (brain, lung, liver, and skeletal muscle) were
determined by RNA gel blot with rat cDNA as the hybridiza-
tion probe. Although the amount of mRNA expression varied in
different tissues, in agreement with the previous data (15), there
was no substantial decrease in the signal from a given tissue of
a heterozygous mouse relative to the wild-type animal (n = 3)
(Fig. 3, top). Protein gel blot analysis of calpain protein was
determined by using polyclonal antibody that recognized both
subunits. The protein bands present in heterozygotes showed
similar amounts as those of the wild-type mice (Fig. 3, mid-
dle). Assaying proteolytic activities by using � uorogenic syn-
thetic substrate showed no signi� cant differences between the
heterozygous and wild-type tissues (n = 3) (Fig. 3, bottom).

DISCUSSION
The small subunit has always been present in l and m-calpain

isolated from natural sources. Hence, it has long been assumed
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Figure 3. Phenotypes of F2 heterozygous mice. (Top) Gel
blot analysis of total RNA prepared from brain, lung, liver,
and skeletal muscle of wild-type (wt) and heterozygous (het)
mice. Ten micrograms of each RNA was analyzed by using the
Xbal/HindIII digest of plasmid pT7-7f21k as a hybridization
probe. In each tissue, a 1.5-kb band of small subunit mRNA
was detected just below the 18S rRNA mark. (Middle) Pro-
tein gel blot analysis. Calpain 80-kDa catalytic and 30-kDa
small subunit protein bands were detected by using chicken
polyclonal antibody to recombinant m-calpain. Biotin-labeled
rabbit anti–chicken antibody was the secondary antibody, and
the tertiary antibody was conjugated with streptavidin and al-
kaline phosphatase. (Bottom) Calpain activity in various tis-
sues. Calcium-dependent proteolytic activity of the Reactive
Red–agarose chromatographic fraction was measured by the
increased � uorescence resulting from the release of 7-amino-
4-methylcoumain from the peptide substrate.

to be involved in regulation of proteolytic activity. Although
each subunit is transcribed by a unique, single-copy gene, the
5 0 -upstream regions of both subunits show 50% homology and
share features with housekeeping genes, including the lack of a

TATA box and a very high GC content. The Sp1 and AP-1 recog-
nition sites are also present in both, suggesting that expressions
of these two genes are tightly coupled and coregulated at the
transcriptional level (2, 14). The gene structure of the human
small subunit indicates that although the exon 1 and the start of
exon 2 are untranslated, exons 2 and 3 encode the N-terminal
glycine-rich domain of the subunit. Of the � ve EF-hand calcium-
binding motives that follows, EF-1 is encoded by exons 4 and 5,
EF-2 by exons 6 and 7, and EF-3, EF-4, and EF-5 are each en-
coded by the single exons 8, 9, and 10, respectively. On the basis
of this scheme, our knockout vector is such that exons 4–8 were
replaced by a neoR cassette, thus eliminating calcium-binding
domains EF-1, -2, and -3. The locus mutated by this vector,
however, was not expected to encode a transcript that would be
translated into a functional protein.

In the present study, a homologous recombination of the
knockout vector with the calpain small subunit gene generated
only healthy heterozygous and wild-type mice. Even at the ear-
liest gestation day (9.5) examined, no homozygous fetus or em-
bryo resorption sites were found. These results strongly sug-
gest that the null mutation of the small subunit gene resulted
in early embryonic lethality. In recent years, it has become ap-
parent that controlled proteolysis of the growth-regulating pro-
teins is an essential feature of normal cell division and growth.
Indeed, previous studies with calpain inhibitors suggested that
calpain was involved in regulating cell proliferation (16–18).
More recently, calpain inhibitors were found to block cell pro-
gression into the S-phase of serum-stimulated � broblasts (19).
Tumor suppresor p53, known to control the restriction point R
in the G1 phase, is cleaved by calpain (20). Cyclin D1, neces-
sary for G1 to S-phase transition, is also proteolyzed by calpain
(21). Moreover, during the various phases of mitosis, calpain
relocalizes in A431 (22) and PtK1cells (23). In the latter, mi-
croinjection of m-calpain promotes the onset of mitosis and ac-
celerates the metaphase to anaphase transition. During meiosis
in Xenopus eggs (24) and vertebrate eggs (25), the cleavage
of c-mos by calpain leads to dephosphorylation of cyclin, and
the subsequent cyclin cleavage permits meiosis to proceed from
metaphase through anaphase. In addition, a highly ordered, ir-
reversible reorganization of cellular contents involving limited
proteolysis of cytoskeletal elements has also been shown to oc-
cur duringmitosis. Indeed, in Drosophila, immunohistochemical
analysis depicts concerted movement of calpain in the dynamic
rearrangement of the actin-related cytoskeleton immediately af-
ter fertilization (26). More signi� cantly, depletion of the calpain
regulatory subunit using antisense oligodeoxyribonucleotide in-
hibited cell proliferation (27).

The results of those cellular studies provide important clues
and reasons for the absence of viable homozygous mice in our
present endeavor. Thus, inhibition of the calpain catalytic sub-
unit in the studies led to aborted cell division, growth, and prolif-
eration. Deletion of the small subunit gene in our present study
led to embryonic lethality. Both approaches reached the same
endpoint. This convergence could arise if the small subunit is an
essential and integral part of calpain function.
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