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Abstract. Members of the serpin (serine protease
inhibitor) superfamily of genes are well represented in
both human and murine genomes. In many cases it is
possible to identify a definite ortholog on the basis of
sequence similarity and by examining the surround-
ing genes at syntenic loci. We have recently examined
the murine serpin locus at 12F1 and observed that the
single human ol-antichymotrypsin gene is repre-
sented by 14 paralogs. It is also known that the single
human ol-antitrypsin gene has five paralogs in the
mouse. The forces driving this gene multiplication are
unknown and there are no data describing the func-
tion of the various serpin gene products at the
ol-antichymotrypsin multigene locus. Examination
of the predicted amino acid sequences shows that the
serpins are likely to be functional protease inhibitors
but with differing target protease specificities. In or-
der to begin to address the question of the problem
presented by the murine ol-antichymotrypsins, we
have used RT-PCR to examine the expression pattern
of these serpin genes. Our data show that the diver-
gent reactive center loop sequence, and predictably
variable target protease specificity, is reflected in tis-
sue-specific expression for many of the family mem-
bers. These observations add weight to the hypothesis
that the antichymotrypsin-like serpins have an evo-
lutionary importance which has led to their expan-
sion and diversification in multiple species.
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Introduction

The predominant protease inhibitors present in hu-
man plasma are o,-antitrypsin and oy-antichymo-
trypsin. Both are acute phase reactants produced in
the liver and play roles in regulation of granular
proteases released by leukocytes during the inflam-
matory response. The importance of this function is
highlighted by the occurrence of destructive lung
disease in patients with deficiency of o;-antitrypsin or
ar-antichymotrypsin. The expression of o4-anti-
chymotrypsin in other tissues such as brain, lung,
breast, and prostate has also raised the possibility of
other important roles for this serpin (Higashiyama
et al. 1995; Kanemaru et al. 1996; Laursen and
Lykkesfeldt 1992; Wu et al. 1998).

The human genome contains single copies of o;-
antitrypsin and oy-antichymotrypsin genes at chro-
mosome 14q32.1. The corresponding serpinal and
serpina3 loci on mouse chromosome 12F1 are dra-
matically expanded. The serpinal locus (equivalent to
human o;-antitrypsin) contains up to five closely re-
lated genes (Barbour et al. 2002; Borriello and
Krauter 1991). The first thorough examination of the
murine serpina3 locus (equivalent to human o,-an-
tichymotrypsin) was performed by Inglis, who iden-
tified 10 closely related genes on two cosmid contigs
spanning 220 kb (Inglis and Hill 1991). Sequencing of
the terminal exons demonstrated hypervariability of
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1180 P1 P1’ 1221 1286 1314
Serpina3a  ACA ATA GCC CGA TAT AAC TTC CAA TCT --- GCA ARA ATT GTT AAG.....TAT GGG TAA GGT TAT CAA CCC TTT AAC AAA
Serpina3b  ACA ATA GTC GGA TAC AAC TTC ATG TCT --- GCA ARA CTT AAA CCT.....CAT TTA ATG GGA AAG GTT ATC AAC CCC TCA
Serpina3c ACA GGG GTC AAT TTT CGC ATT CTT AGT --- AGA AGA ACC AGT CTG....CTC TTT ATA GCC AAA ATC ACT CAC CCT AAG
Serpina3d ACA AGA TTC AAA ATT GCC CCA CTG TG --- GCA ARA TTT GAC ATT....TTC GTG TTA GTG AAR GIC TTG AAT CCC AAG
Serpina3f ACA GGA TAT CAR AAT CTC CAA TGT TGT CAA GGT GTA ATC TAC TCT.....QIC TTT ATG GCA AAR GTT CCA AAT CCA GAG
Serpina3g TGT TGT --- GCA GTT TTT GAC TTT AAT CCA GAG
Serpina3h  ACA GGG GTC AAA TTA ATT GTA TGT TGT --- GAA ARA ATC TAT TCT.....CTC TTT ATG GCC AAA GTT ACA AAT CCC AAG
Serpina3i  ACA GGA GTT AAA GTT AAT CTA CGT TGT --- GGA AAA ATC TAT TCT CTC TTC ATG GCC AAA ATT ACA AAT CCC AA.
Serpina3j ACA AGA GAC AAA TAT GAC TTC €TG TCC --- AAA TAT GAC TTC CTG....ACT TTA TGG GCA AGA TCA ACA ACC CTG GAC
Serpina3k ACA GGG GTT ATT GGT GGC ATT CGT AAG GCE ATA TTA CCA GCT GTG....CTC TTT ATG GCC AAA GTC ATT AAC CCC AAG
Serpina3l TCG AGA GCC ATA TAT AAC TTC _CAA TCT --- TCA ARA ATG TTC CGT CAT TCC TTT GCC AAG ATT GIG GAT CCT TTA
Serpina3m ACA GGG TTC ATT TTT GGC TTT CGT TCT --- AGA AGA TTA CAA ACT....CTC TTT ATG GCC AAA GTC ACT AAC CCC_AAG
Serpina3n  ACT GGA GTC AAA TTT GTC CCA ATG TCT --- GCG AAA CTG TAC §CT.....CCC TTT ATA GCC BAG ATA GCC AAC CCC AAA
Fig. 1. Position of PCR primers for serpina3 genes. The nucleo- that only part of the serpina3a and serpina3! primers is shown. The

tide sequences of serpina3 genes around the reactive center loop
(left side) and close to the stop codon (right side) are shown. Sites
for 5" and 3" primers for the serpina3 genes are indicated by arrows
below each sequence. Primer design exploited differences in nu-
cleotide sequence between serpina3 genes in order to make the PCR
gene specific. Individual 5" gene-specific primers were used as
shown. Some 3’ primers were used for two genes (serpina3f and
serpina3g, serpina3h and serpina3i, serpina3k and serpina3m). Note

the predicted reactive center loop (RCL) region
hinting at the possibility of diverse functions for these
serpins. Subsequent examination of the mouse ge-
nome (Mouse Genome Sequencing Consortium,
http://www.ensembl.org/Mus musculus/) has shown
14 serpina3 genes, of which 13 are predicted to encode
full-length functional serpins (Forsyth et al. 2003). In
contrast, seven other serpin genes present in the same
region of human chromosome 14q32.1 have only a
single orthologous gene at mouse chromosome 12F1.

Although it is known that murine liver expresses
antichymotrypsin-like serpins (often referred to as
mouse contrapsin or Spi-2) and that murine plasma
contains antichymotrypsin-like activity, there are few
data to indicate which genes are responsible for this
(Hill et al. 1984; Inglis et al. 1991). There is also
minimal published information on the expression of
the a3 serpins in other tissues. The murine ¢3 and al
serpins present a fascinating challenge because of the
potential for functional diversity mediated by their
hypervariable reactive center loops. Expression
studies on these gene clusters using Northern blot or
immunological reagents are complicated by their high
degree of conservation at nucleotide and amino acid
levels outside of the RCL region.

In order to examine the expression of the a3 ser-
pins and begin to address their functions and un-
derstand the forces driving their duplication, we have
developed a gene-specific PCR method. This has al-
lowed us to assess individual gene expression across a
range of tissues and cell lines.

Materials and Methods

Murine Tissues and Cell Lines

Tissue for RNA extraction was isolated from 7-week NMRI mice.
The cell lines NIH-3T3, Swiss-3T3 (fibroblast), EJ6 (transformed
fibroblast), and WEHI-3BD " (myelomonocytic) and the mam-
mary carcinoma cell lines EMT6.5, 4T1.2 (highly metastatic), 66c14

full sequences are (serpina3a) AGATGTCATCACAATAGCCCG
and (serpina3l) CTAGTTTTCTAAAGGATCCAC. The num-
bering above the sequences refers to the serpina3n (EB22.4) cDNA
sequence (Inglis et al. 1991). Serpinal primers were designed to
amplify all members of the murine antitrypsin family equally (5
GAAGCTGCAGCAGCTACAGTC and 3" TGTGGGATCTAC-
CACTTTTCC).

(intermediate metastatic), and 67NR (nonmetastatic), were cul-
tured in DMEM (Gibco) medium supplemented with 10% heat-
inactivated fetal calf serum, 2 mM L-glutamine (Gibco), and 1%
antibiotic/antimycotic (Sigma). The hematopoietic cell lines
FDCP-1 (myeloid), 32D (myeloid), and BAF-3 (Pro-B-cell) were
cultured as above with the addition of 10% WEHI-3BD™" condi-
tioned medium as a source of IL-3. The remaining hematopoietic
cell lines M1 (myeloid), CH1 (B-cell), J558L (myeloma), and B16-
F10 (melanoma) were cultured in RPMI 1640 (Gibco) and sup-
plemented with 10% fetal calf serum and 1% antibiotic/antimycotic
(Sigma). Cultures were maintained in a 5% CO,, 95% air mixture at
37°C.

Mouse Genomic DNA Extraction

Mouse genomic DNA was isolated from C57/Black6, PT, and
NMRI liver and the cell line 32D. Single-cell suspensions were
prepared by homogenizing liver in PBS and passaging through a
40-pm cell strainer. Cells were lysed on ice for 15 min in 0.32 M
sucrose, 1% Triton X-100 (v/v), 5 mM MgCl,, 10 mM Tris—-HCI,
pH 7.5. Lysate was centrifuged at 1000g for 10 min. The pellet was
resuspended in 200 pl of TE buffer and then 400 pl of nuclear lysis
buffer (0.32 M lithium acetate, 2% (w/v) lithium dodecyl sulfate, 10
mM Tris—HCI, pH 8.0, 1 mM EDTA) and mixed gently. An equal
volume of phenol/chloroform (1:1) was added and mixed gently.
This was then centrifuged at 1000g for 10 min at 4°C. DNA was
precipitated by adding 0.1 vol of 3 M sodium acetate, pH 5.5, and 2
vol of ethanol.

RNA Extraction

Total RNA was extracted from cell lines using the Qiagen RNeasy
minikit and from murine tissue using the acid—guanidinium/phenol/
chloroform method (Chomczynski and Sacchi 1987). Two micro-
grams of total RNA was treated with 1U of DNase (Invitrogen) to
remove genomic DNA contamination prior to reverse transcription.

Reverse Transcription PCR

Two microliters of each DNase-treated RNA was reverse tran-
scribed using Superscript II reverse transcriptase (Invitrogen), 100
pmol oligo(dT), and RNase inhibitor (Promega) in a 20-pl reaction.
A control reaction minus reverse transcriptase was set up in parallel
to rule out genomic DNA contamination. Each 20-ul PCR reaction
was made up of 1 ul of reverse transcription reaction (diluted 1/20),
8 pmol of each gene-specific primer pair (see Fig. 1), 200 uM
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Fig. 2. RT-PCR of murine tissues. Polyacrylamide gel electro-
phoresis of 3?P-labeled RT-PCR products from a panel of murine
tissues are shown. A and B represent different experiments in which
distinct sets of reverse transcription reactions for the various tissues
were used. The tissue sources of RNA for each set of RT-PCRs are
shown on the left (A) and right (B). The mouse gene nomenclature
names are shown across the top, while the common names are
shown across the bottom. For the sake of clarity molecular weight
markers are not shown; however, the PCR products shown are the
correct size based on the known cDNA sequences and position of

dNTP, 10 mM Tris-HCI, pH 8.8, 1.5 mM MgCl, 50 mM KCl,
0.1% Triton X-100, 1.0 U Taq polymerase (Geneworks), and 2 uCi
o*?P-dATP(Perkin Elmer). Thirty cycles (94°C, 30 s; 47°C, 30 s;
72°C, 30 s) were performed. The primer sequences and positions
are shown in Fig. 1. PCR for GAPDH was included as an internal
control for each template analyzed (primers: forward, AC-
GGATTTGGCCGTA; reverse, ACGTCAGATCCACGA). PCR
products were separated on 6% polyacrylamide/TBE gels. Gels
were fixed in 20% methanol/7% acetic acid (v/v), dried, and ex-
posed to X-ray film (Agfa) overnight at —80°C.

Genomic PCR

PCR was carried out as for RT-PCR, using the serpina3 primers
with mouse genomic DNA as template. Products were analyzed on
2% ethidium bromide agarose gels. The products from each serpin
primer pair were subcloned into pGEMT-easy vector (Promega)
and nucleotide sequencing performed using Big Dye Terminator
(Applied Biosystems) mix to confirm that the correct serpins were
amplified with each primer pair.

Results

Establishment of a Semiquantitative and Specific
RT-PCR Assay

In order to examine the expression of serpina3 genes
in a variety of tissues and cell lines, we needed to use

adl
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PCR primers. In some cases («3n and a3k) a secondary band is
evident, with the predicted product size being the lower, dominant
band. The significance of the upper band is uncertain, as primers
are sited within a single exon, making alternatively spliced tem-
plates unlikely. It should be noted that there is some variation in
the intensity of the GAPDH product and this should be taken into
consideration when assessing serpin PCR products. Some RT
templates (heart, kidney, and skeletal muscle) yielded smears in
some lanes rather than clearly defined bands and we regarded this
as negative for specific product.

a method which was at least semiquantitative and
which allowed us to distinguish between closely re-
lated sequences. As Northern blotting is problematic
because of the high degree of nucleotide sequence
conservation outside the RCL, we used gene-specific
RT-PCR. To improve the quantitative accuracy and
sensitivity of this method, we added o*’P-dATP to
the PCR so that the isotope would be incorporated
into the product. We found incremental intensity of
radioactive product between 25 and 35 cycles (data
not shown). Therefore, we selected 30 cycles as the
standard for RT-PCR and used the intensity of
GAPDH product as an internal control for quantity
of template to allow comparison between various
tissues and cell lines.

In order to make the PCR gene specific, we de-
signed a series of primer pairs in which the forward
primer was based on the nonconserved RCL, while
the design of the reverse primer exploited minor se-
quence variations at the 3’ end of the serpin open
reading frame (Fig. 1). As all the PCR products
corresponded to a portion of a single exon, we were
able to assess the specificity of the process by am-
plifying from genomic DNA. When this was done an
appropriate-sized product was seen on electropho-
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retic gels and authenticity was confirmed by nucleo-
tide sequencing.

Expression Pattern of a3 Serpins in Murine Tissues

In Homo sapiens o-antitrypsin (SERPINAI) and o-
antichymotrypsin (SERPINA3) are expressed at high
levels in the liver. Figure 2 shows that representatives
of the al and a3 serpins are also strongly expressed in
the murine liver. Of the 13 murine a3 genes, 3 are
expressed prominently in the liver, namely, £B22.4
(serpina3n), MMCM?2 (serpina3k), and 3E46 (serpin-
a3m). When the reactive center loops of the liver-
expressed murine a3 serpins are compared with hu-
man o;-antichymotrypsin (Table 1), they appear to
have markedly different amino acid sequences and
predicted protease inhibitory activities. Human o-
antichymotrypsin (SERPINA3) possesses a P;—P] of
Leu—Ser, making it an effective inhibitor of the
chymotrypsin-like protease cathepsin G. In contrast,
EB22.4 (serpina3n) has a reactive center sequence
with a predicted P,—P] of Met-Ser, reminiscent of
human oy-antitrypsin. However, a consistent feature
of human oy -antitrypsin and the murine oy-antitryp-
sins is a P5-P,; PP motif which is absent from EB22.4
(serpina3n), and this difference may affect the kinetics
of interaction with target proteases. The other a3
serpins expressed strongly in the liver (serpina3k and
serpina3m) have reactive center P;—P] residues of R—
K and R-S, respectively, suggesting preferential
inhibition of trypsin-like proteases. Clearly the pre-
diction of target protease specificity is at best ap-
proximate and more precise interpretations await
biochemical and kinetic data.

Fig. 3. RT-PCR from (A) murine
hematopoietic cell lines and

(B) murine fibroblast cell lines.
Polyacrylamide gel electrophoresis
of **P-labeled RT-PCR products
from murine hematopoietic cell lines
and murine fibroblast cell lines are
shown. The tissue sources of RNA
for each set of RT-PCRs are shown
on the left (A) and right (B). The
mouse gene nomenclature names are
shown across the top, while the
common names are shown across
the bottom. For the sake of clarity
molecular weight markers are not
shown; however, the PCR products
shown are the correct size based on
the known cDNA sequences and
position of PCR primers. As
indicated for Fig. 2, some primer
pairs (a3g and a3n) yielded
secondary higher molecular weight
products whose significance is
uncertain. The lower, dominant
bands correspond to the predicted
molecular weights.

Of all the murine a3 serpins, serpina3n (EB22.4)
has the widest distribution with high-level expression
in brain, testis, lung, thymus, and spleen and low-
level expression in bone marrow, skeletal muscle, and
kidney (Fig. 2A). The grouping of lung, thymus, and
splenic tissue is consistent with expression in lym-
phoid tissue and has been reported for human o-
antichymotrypsin (Krugliak et al. 1986). The actual
cells which express serpina3n and the role it plays in
these tissues await further investigation.

Serpina3n (EB22.4) is the only member demon-
strating significant expression in the brain (Fig. 2A).
Similarly, human antichymotrypsin is expressed by
astrocytes in the central nervous system and may play
a permissive role in the progression of Alzheimer’s
disease and cerebral amyloid angiopathy (Abraham
2001; Kanemaru et al. 1996; Yamada 2002). In vitro
evidence demonstrates that oj-antichymotrypsin
binds the amyloid B4, peptide by insertion into the
serpin A B-sheet (Janciauskiene et al. 1998). Also,
overexpression of human o;-antichymotrypsin in a
murine model of Alzheimer’s disease increases the
rate of disease progression (Licastro et al. 1999;
Mucke et al. 2000). The expression of an endogenous
a3 serpin is also increased in the apolipoprotein E
(apoE) knockout mouse model of Alzheimer’s disease
and this effect was reversed when apoE3 was reex-
pressed (Licastro et al. 1999). Our data demonstrate
that serpina3n, being the only member of the a3 and
al groups expressed in murine brain under resting
conditions, is likely to be the functional ortholog of
human antichymotrypsin in the brain.

Serpina3m (3E46) is expressed in liver and testis
(Fig. 2). Its reactive center (P5-P3" IFGFRSRR),
bears a striking resemblance to human protein C in-



hibitor (SERPINAS) (P5-P3” IFTFRSAR), although
the overall level of sequence identity is relatively low
at 47%. Murine protein C inhibitor (serpina5) (P5-
P3’ IFTFRSAR) shares this conserved bait region,
strongly suggesting a similar target protease specif-
icity and possible overlap of function.

Serpina3m (3E46) and serpina3n (EB22.4) are ex-
pressed in both liver and testis (Fig. 2A), while ser-
pina3a (Unknown 1) is primarily expressed in the testis
(Fig. 2B). Testicular expression of human o;-anti-
chymotrypsin has not previously been noted,
although several other members of the human serpin
family including PI-9 (SERPININBY), CBG
(SERPINA6), PEDF (SERPINFI1), SERPINBI2,
and protein C inhibitor (SERPINAYS) are produced in
this tissue (Askew et al. 2001; Bladergroen et al. 2001;
Hammond et al. 1987; Hirst et al. 2001; Uhrin et al.
2000). The known role of proteases in fertilization
and implantation, together with the abundance of
proteases and serpins expressed in the testis and
prostate, suggests that control of proteolysis is im-
portant in reproductive biology (Hirst et al. 2001;
Mikolajczyk et al. 1999; Stephan et al. 2002). Further
evidence for the significance of serpins in the testis is
highlighted by the finding of infertility related to
defective spermatogenesis in the protein C inhibitor
knockout mouse (Uhrin et al. 2000).

Serpina3k (MMCM?2), which possesses a predict-
ed P,—P) of RK, is expressed exclusively in the liver
(Fig. 2A). The protease specificity of this serpin is
difficult to predict, as it possesses an unusual dibasic
RK sequence at its reactive center. Furthermore, the
RCL is shortened by two amino acids with respect
to the other a3 members and this has been shown to
affect inhibitory activity and susceptibility to po-
lymerization in serpins (Bottomley and Chang 1997,
Bottomley and Stone 1998). The expression by mu-
rine liver of 3 serpina3 genes plus at least one ser-
pinal gene potentially provides a much broader
protease inhibitor spectrum in plasma compared to
man. The reason for this is unclear, as there is no
evidence that mice possess a greater range of leu-
kocyte proteases than humans. Furthermore, there is
no direct evidence to support the proposal that
serpins are involved in defense against parasites.

Serpina3h (6C28), like serpina3n (EB22.4), is ex-
pressed in murine thymus, spleen, and lung
(Fig. 2A), again suggesting a role in immune func-
tion. However, in contrast to serpina3n, serpina3h is
predicted to be intracellular and the presence of a CC
motif at the reactive center is consistent with this
localization. Low-level expression of serpina3g (242,
serpin2A4) is evident in bone marrow, spleen, thymus,
and lung as previously reported (Hampson et al.
1997). Serpina3g is known to be dramatically up-
regulated upon macrophage stimulation or T-cell
activation and this may account for its modest in-
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tensity in unstimulated spleen and thymus in our RT-
PCR screen (Hamerman et al. 2002; Hampson et al.
1997). Similarly, only low-level expression of serpin-
a3g is seen in bone marrow but published data in-
dicate that the gene is strongly activated in
hematopoietic precursors which make up a small
proportion of total cell mass (Hampson et al. 1997,
Terskikh et al. 2001).

We also examined the expression pattern of the
murine serpinal genes using PCR primers which were
designed to anneal to all five known members (Fig. 2)
(Borriello and Krauter 1991). As expected strong
expression was noted in the liver but only low levels
were seen in other sites. This is generally consistent
with the pattern seen in humans but does not exclude
the possibility of serpinal expression in subpopula-
tions of cells within tissues.

Expression Pattern of a3 Serpins in Murine Cell Lines

In order to try to address the possibility of isolated
gene expression within particular cell types, we
studied a panel of cell lines for expression of the a3
serpins. Figure 3A shows the results of analysis of
hematopoietic cell lines in which serpina3g (242) is
predominant. Low levels of serpina3f (2A1) were also
observed. Previous work has demonstrated serpina3g
(242, serpin 24) is one of the most abundant tran-
scripts in hematopoietic stem cells and is down-reg-
ulated upon induction of differentiation (Hampson et
al. 1997; Terskikh et al. 2001). Constitutive, low-level
expression of serpina3g by retroviral transduction of
FDCP Mix-A4 cells was associated with delayed
differentiation and increased clonogenicity (Hampson
et al. 1997). Using gene-specific primers we were able
to assess whether other members of the a3 family
were also expressed in these cells. Figure 3A confirms
expression of serpina3g in FDCP Mix-A4 cells. Sim-
ilar levels of expression were also noted in the
1L-3-dependent cell lines FDCP-1, BaF3, and 32D,
while the IL-3-independent lines M1 and CHI
showed only low-level serpina3g expression. The 32D
cells and BaF3 also showed low-level expression of
serpina3f, which is closely related to serpina3g with a
similar reactive center P;—P| of Cys—Cys. Serpina3f
and serpina3g lack secretion signal peptides and
intracellular localization has been confirmed for
serpina3g (Morris et al. 2003).

Figure 3B shows results from fibroblast cell lines
NIH 3T3, Swiss 3T3, and EJ6. Both serpina3n and
serpina3h were expressed in Swiss 3T3 and NIH
3T3 cell lines, although the absolute level was
higher in Swiss 3T3 cells. In contrast, the trans-
formed fibroblast cell line EJ6, which is derived
from NIH 3T3 cells, expressed serpina3n almost
exclusively, with minimal serpina3h expression. The
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Fig. 4. PCR from genomic DNA derived from different mouse
strains. Agarose electrophoresis of RT-PCR products from the
liver of different strains of mice is shown. Products were detected
by ethidium bromide staining and UV transillumination. The strain
of mouse from which RNA was derived is shown on the left. Mouse
gene nomenclature names are shown across the top and common
names are shown across the bottom. For the sake of clarity mo-
lecular weight markers are not shown; however, the PCR products
shown are the correct size based on the known cDNA sequences
and position of PCR primers. RT-PCR products from NMRI mice
were subcloned and nucleotide sequencing was performed in order
to ensure authenticity.

role of these serpins in fibroblasts is obscure;
however, Whitehead et al. (1995) previously showed
that the expression of an antisense serpina3 cDNA
in NIH 3T3 cells induced transformation. It may be
that protease—inhibitor balance plays a role in
modulating the interaction between cell surface
proteins and extracellular matrix.

In addition to the hematopoietic and fibroblast cell
lines investigated, we have also tested mammary
(4TL.2, 66d4, 67NR, and EMT6.5) and melanoma
(B16-F10) cell lines but did not detect any significant
expression of a3 serpins (data not shown). This was
surprising, as o-antichymotrypsin is known to be
expressed by human mammary cell lines (Laursen
and Lykkesfeldt 1992).

We were aware that the number of antitrypsin
genes vary between mouse species and it has even
been shown that gene number is different between
strains of Mus domesticus (Goodwin et al. 1997). In
order to address this possibility for the serpina3
locus we performed gene-specific PCR using ge-
nomic DNA from four different murine laboratory
strains. Figure 4 shows that all 13 of the serpina3
genes predicted to encode full-length serpin cDNAs
are present in all strains examined. We also per-
formed PCR using cDNA from liver of C57/B16
and PT mice to assess strain dependence of gene
expression. Figure 5 shows a pattern of serpina3
expression in C57/B16 and PT identical to that seen
in the NMRI mice.
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Fig. 5. RT-PCR from liver tissue derived from mouse strains
C57/B16 and PT. Polyacrylamide gel electrophoresis of >*P-labeled
RT-PCR products from the livers of C57/B16 and PT mice. The
mouse gene nomenclature names are shown across the the top
while the common names are shown across the bottom. Strong
expression of serpina3m, serpina3n, and serpina3k is demonstrated,
which is identical to the pattern of expression seen in the liver of
strain NMRI (Fig. 2).

Discussion

The simplest hypothesis to explain the spectacular
multiplication of murine serpinal and serpina3 genes
is that it has been driven by positive selection. If, as
seems likely, it occurred through duplication and
subsequent gene conversion events, then it follows
that there was some advantage in preserving the basic
serpin structure while expanding the range of poten-
tial protease targets through hypervariability in the
specificity-determining RCL region. The expansion
of the serpina3 genes is clearly not restricted to the
mouse. There are six rat antichymotrypsin-like ser-
pins (contrapsins) identifiable in the rat genome
(http://www.ncbi.nlm.nih.gov/genome/guide/rat/)
(Table 2). Strikingly the rat serpin Spin2¢ has a RCL
which is identical to murine EB22.4 (serpina3n) from
P,s to P;. The remaining five rat a3 serpins are di-
vergent and bear little resemblance to the murine a3
serpins in the RCL domain. Similarly, multiple bo-
vine antichymotrypsins have been identified and three
of these cloned and shown to have variable reactive
center loops and tissue-specific expression (Hwang
et al. 1994, 1995). Three distinct porcine antichym-
otrypsins have also been reported (Stratil et al. 1995).
It therefore seems likely that Homo sapiens with only
one antichymotrypsin gene is the exception rather
than the rule. The formal possibility exists that the
single human SERPINA3 is a result of gene loss,
however, there is no evidence of related pseudogenes
or gene fragments close by on chromosome 14. Ex-
amination of the “A” clade cluster in other primates
may also help to address this question.

Without evolutionary advantage driving this
process, most of these genes would be expected to fall
into disuse and degenerate into pseudogenes. On the
contrary, examination of the 14 murine serpina3
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Table 2. Reactive center loop sequences of rat, cow, and pig antichymotrypsin-like serpins

Species Name Accession No. Sequence

Rat SPI-2.4 XM_216782 GTEAAAATGANLVPRYSGR-PPMIVWENR
CPI-26, SPI-3, SPI-2.2 XM_234494 GTEAEATTRVEYNFRYPAKLNDTFVNFVR
LOC299279 XM_234496 GTEAAAATGVKIIPMY CAKFYYVTMYFNR
Spin2b, SP12, Spin2, CPi-21 NM_012657 GTEGAAATAVTAALKY SLPQTVPLLNFNR
Spin2a, SPI1, Spinl, CPi-23 NM_182474 GTEATAATGVATVIRYRQPRT- - - LNFNR
Spin2c NM_031531 GTEAAAATGVKFVPMYSAKLDPLIIAFDR

Bovine pHHKI11 U13608 GTEGAAATGISME-RYTISR--IIVRVNR
pHHKI12 U13609 GTEGAAVTAVVMA-TYSSLLHTLTVSFNR
Pit ACT S80570 GTEGAAATGIGIE-RYTFLR--IIVRVNR

Porcine SERPINA3-3 AJ293891 GTEAAAATGIEMMTSY TL-QS-LTVIFSR
SERPINA3-1 AJ293892 GTEGAASTGVVIERKYSFEN--FIVRFDS
SERPINA3-2 AJ293890 GTEAAAATGIDINVRYSLER- IALHFNR

Note: The sequences shown below are derived from the publicly available rat genome database (http://www.ncbi.nlm.nih.gov/genome/
guide/rat/) and published cow (Hwang et al. 1994, 1995) and pig (Stratil et al. 1995) sequences. The predicted P,/P; sites are indicated by the
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Fig. 6. Schematic representation of mouse, rat, and human A
clade clusters. The A clade clusters for mouse, rat, and human at
chromosome loci 12F1, 6q32, and 14q32.1, respectively, are shown.
Individual genes are represented by gray bars, with the gene symbol
(or accession number) shown above. The mouse and rat al and a3
expansions are shown above the main chromosomal representa-
tions. It can be seen that, with the exception of al, a3, and Hon-
grES1, all genes are conserved in single copies. HongrES1 (Hu et al.

genes shows only one [serpina3e, 2B2(b)] which is
truncated at the 5" end and is therefore almost cer-
tainly nonfunctional. The remaining 13 genes encode
serpins with full open reading frames and reactive
center loop proximal hinge sequences indicative of
inhibitory activity (Table 1). Five of the 13 genes
have atypical proximal hinge sequences (a3a, a3b,
a3d, a3j, and a3[) with a Py, charged residue (Glu in 4
cases and Arg in 1). One of the rat serpins (CPI-26)
also has a P;; Glu. The significance of this is uncer-
tain, as it is not present in other serpins except the
noninhibitory serpin, Hsp47. This comparison is not
really informative, as Hsp47 has other proximal hinge
variations which abolish inhibitory function.

Four serpin genes (a3f, a3g, a3h, and a3i) lack
predicted N-terminal secretion signal peptides, sug-
gesting that they would be produced as intracellular
proteins similar to members of the ov-serpin sub-
family. In keeping with this observation they possess

2002), an epididymis-specific serpin, appears to be absent from the
human A clade cluster. SERPIN A4 is represented by a pseudogene
in the mouse. The common names for the serpins are as follows:
A10, protein Z-dependent protease inhibitor; A6, cortisol binding
globulin; A2, oj-antitrypsin-related protein; Al, o-antitrypsin;
All, unnamed; A9, centerin; A12, OL-64 or visceral adipose spe-
cific serpin; A4, kallistatin; AS, protein C inhibitor; A3, ol-anti-
chymotrypsin.

cysteine residues at the reactive site scissile bond
which in other serpins confers functional sensitivity
to oxidation. Our own experimental data confirm this
prediction for serpina3g (Morris et al. 2003). The
presence of intracellular serpins within the @3 murine
cluster is most unexpected and raises the possibility of
convergent evolution in which genes related to
antichymotrypsin have lost the secretion signal pep-
tide and acquired oxidizable residues in the RCL akin
to the human clade B serpins. The recent demon-
stration that serpina3g (serpin2A) plays a key role in
NF-kB-mediated control of TNF activity highlights
the potential importance of a3 intracellular serpins in
murine biology (Liu et al. 2003).

Further support for the functional importance of
the expanded serpina3 and serpinal genes comes from
examination of the other “a” clade serpins in the
surrounding region of murine chromosome 12F1. All
of the remaining seven serpin genes in this locus are
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present as a single copy orthologous to their corre-
sponding genes at the syntenic human chromosome
14q32.1 (Fig. 6). Whatever force has driven the ser-
pina3 and serpinal expansion was clearly a specific
process not involving the surrounding serpin genes.

It should be noted that some members of the in-
tracellular serpin family display a similar expansion
in the mouse. Human PI-6, PI-9, and MNEI are
represented in the mouse by a total of 15 genes
(Kaiserman et al. 2002). We are not aware of any
unique structural features of the serpins or any
flanking repeats which would increase the likelihood
of gene duplication. One common theme linking the
human intracellular serpins with the SERPINA1 and
SERPINA3 proteins is that they play important roles
in controlling leukocyte proteases. P16 and MNEI are
efficient intracellular inhibitors of elastase, cathepsin
G, and proteinase 3, while PI-9 inhibits granzyme B.
SERPINAI1 and SERPINA3 regulate the same leu-
kocyte enzymes in the extracellular environment.
These observations do not, however, help to explain
the murine serpin expansions, as there is no corre-
sponding multiplication of the proteases.

The data presented in this paper give the first
comprehensive description of the expression pattern
of the murine antichymotrypsin-like serpins. The
observed hypervariability of the reactive center loop
of the murine a3 serpins, in the context of striking
conservation of the remaining structural elements of
the proteins, argues strongly in favor of evolutio-
narily advantageous functional diversity. The fact
that expansion of the a3 serpin locus has occurred in
other species gives these genes a special status. Our
observations on the expression pattern of these genes
add further support to this concept. We are currently
producing recombinant murine serpina3 proteins in
order to examine their biochemical and biophysical
properties and target protease specificity. Ultimately
we expect this work to provide insights into murine
and human serpins whose complete repertoire of
functions is only beginning to be understood.
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