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Abstract. Serpins are unique among the various types of
active site proteinase inhibitors because they covalently
trap their targets by undergoing an irreversible conforma-
tional rearrangement. Members of the serpin superfamily
are present in the three major domains of life (Bacteria, Ar-
chaea and Eukarya) as well as several eukaryotic viruses.
The human genome encodes for at least 35 members that
segregate evolutionarily into nine (A-I) distinct clades.
Most of the human serpins are secreted and circulate in the
bloodstream where they reside at critical checkpoints in-
tersecting self-perpetuating proteolytic cascades such as
those of the clotting, thrombolytic and complement sys-
tems. Unlike these circulating serpins, the clade B serpins
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(ov-serpins) lack signal peptides and reside primarily
within cells. Most of the human clade B serpins inhibit ser-
ine and/or papain-like cysteine proteinases and protect
cells from exogenous and endogenous proteinase-medi-
ated injury. Moreover, as sequencing projects expand to the
genomes of other species, it has become apparent that in-
tracellular serpins belonging to distinct phylogenic clades
are also present in the three major domains of life. As some
of these serpins also guard cells against the deleterious ef-
fects of promiscuous proteolytic activity, we propose that
this cytoprotective function, along with similarities in
structure are common features of a cohort of intracellular
serpin clades from a wide variety of species.

Key words. Serpin; ov-serpin; clade B serpin; intracellular serpin; cysteine proteinase; serine proteinase; proteinase
inhibitor; cell death; apoptosis; innate immunity; tumor invasion; evolution.

Introduction

Peptide bond hydrolysis is essential to both the life and
death of an organism. The importance of this activity is
underscored by the enormous expanse of genomic land-
scape committed to the expression of different classes of
proteinases. Due to the catastrophic effects of excessive
proteolysis, it is not surprising that a complex array of in-
hibitory molecules have evolved in parallel. Of these reg-
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ulatory molecules, the serpins have evolved one of the
most sophisticated means of blocking proteinase activity.
The serpins are a family of proteins characterized by a
unique tertiary structure and, unlike standard mechanism
inhibitors, employ a suicide-substrate-like mechanism to
neutralize their target proteinases (for recent reviews see
[1, 2]). Although a few serpins have acquired novel func-
tions such as hormone transport and blood pressure regu-
lation, most serve as serine and/or cysteine proteinase in-
hibitors. Moreover, it has become apparent that serpins
participate alone or in concert with other family members
to regulate complex proteolytic cascades associated with



coagulation, fibrinolysis, complement activation, certain
cell death pathways, kinninogen activation, dorsal-ventral
patterning, prophenoloxidase activation and Toll receptor
signaling [1, 2].
In 1993, Remold-O’Donnell identified a subset of five
serpins based on seven criteria: (i) >39% amino acid se-
quence identity, (ii) the absence of N- or C-terminal ex-
tensions relative to the prototypical serpin, α1-antitrypsin
(SERPINA1), (iii) a Ser rather than an Asn residue at the
penultimate position, (iv) a variable residue rather than a
Val at position 388 (α1-antitrypsin numbering), (v) a vari-
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ably sized loop between helices C and D (CD-loop), (vi)
similar gene structures and most significantly (vii) the
absence of a cleavable N-terminal signal peptide [3].
Since the archetypal member of this group was chicken
ovalbumin, it was originally designated the ovalbumin
(ov)-serpin family, but is now known as the clade B fam-
ily under the revised nomenclature guidelines. [2]. The
clade B serpins contain mostly inhibitory types, but at
least one has significant noninhibitory activity (table 1).
Of the inhibitory serpins, several neutralize serine and/or
cysteine proteinases. The ability of these serpins to target

Table 1. Human clade B serpins.

Gene No. Mr pI Disease association or Cellular distribution Potential proteinase
(GenBank) amino function targets

acids Cytoplasmic Nuclear

SERPINB1 379 42741 5.90 inhibits or enhances apoptosis + + neutrophil elastase,
(P30740) depending on inducer pancreatic elastase, 

chymotrypsin, 
catG, PR3, PSA, 
chymase

SERPINB2 415 46596 5.46 inhibits apoptosis, motility, + + u-PA, t-PA, 
(P05120) inflammation, angiogenesis acrosin, plasmin

SERPINB3 390 44564 6.35 inhibits apoptosis + ? catK, L, S, V
(P29508)

SERPINB4 390 44853 5.86 inhibits apoptosis + ? chymase, catG
(P48594)

SERPINB5 375 42138 5.72 inhibits cell motility, + + –
(P36952) angiogenesis inhibitor, 

enhances apoptosis, class II 
tumor suppressor

SERPINB6 376 42589 5.18 protects cells from granule + + thrombin, trypsin,
(P35237) proteinases, upregulated in factor Xa, u-PA,

prostate cancer and chymotrypsin,
complexes with kallikrein 2 cathepsin G,
in cancer cells kallikrein 2, 

neuropsin

SERPINB7 380 42904 6.34 IgA, diabetic nephropathy + ? ? plasmin
(NP_003775)

SERPINB8 374 42785 5.43 + + furin, trypsin,
(P50452) factor Xa, subtilisin 

A, thrombin, 
chymotrypsin,

SERPINB9 376 42403 5.61 antiinflammatory,  + + granzyme B,
(P50453) atherosclerosis, neutrophil elastase, 

subtilisin A, 
caspase-1, -4, -8

SERPINB10 397 45402 5.80 inhibits TNF-induced  + + thrombin, trypsin
(P48595) apoptosis

SERPINB11 392 44098 8.42 ?
(NP_536723)

SERPINB12 405 46276 5.36 trypsin, plasmin
(NP_536722)

SERPINB13 391 44276 5.48 downregulated by UVB + – catK and L
(NP_036529) irradiation and in SCC of 

oropharynx, upregulated in 
psoriasis, protects against 
UV-induced apoptosis



different mechanistic classes of proteinases may relate to
their unique subcellular localization. Although clade B
serpins can be detected in the extracellular space, their
predominant location appears to be within the nucleocy-
toplasm. Collectively, these findings suggest that clade B
serpins serve a protective role within the cell. 
To date, serpins fitting the strict Remold-O’Donnell cri-
teria have been found only in vertebrates. However, as
genome sequencing projects progress, it has become ap-
parent that intracellular serpins belonging to separate
clades are present in the three major domains of life.
These findings suggest that the clade B serpins, along
with this larger cohort of intracellular serpins, may have
evolved to guard against the deleterious effects of
promiscuous proteolytic activity. Although this review
focuses primarily on the human clade B serpins, we pro-
pose that this cytoprotective function, along with similar-
ities in structure, is a common feature of a cohort of in-
tracellular serpin clades from a wide variety of species.

Evolution
The origin of the serpin family is unclear. As recently as
2000, it appeared that serpins were restricted to higher
eukaryotes (metazoans) and eukaryotic viruses [4]. The

apparent absence of serpins in fungi and prokaryotes, and
their scattered appearance in plants, suggested that ser-
pins evolved in metazoans and appeared in plants by lat-
eral gene transfer. However, the accelerating pace of
genome research and increasing size of sequence data-
base have revealed the presence, albeit sporadic, of ser-
pins in some lower eukaryotes (fungi) and prokaryotes,
including archaebacteria [5]. These findings suggest that
the ancestral serpin gene arose in a primordial cell and
was lost as prokaryotic and eukaryotic species adapted to
distinct environments, or it evolved after the prokary-
otic/eukaryotic separation and appeared in the other do-
mains by lateral gene transfer. 
Phylogenic analyses of serpin protein sequences suggest
that the superfamily can be divided into at least 17 clades,
with vertebrate serpins falling into 9 clades (A–I) [4].
Analysis of intron number and position of the vertebrate
serpin genes identifies six or seven groups (fig. 1A) [6,
7]. Discrepancies between protein and gene analyses
arise because the protein comparisons place three serpins
(antithrombin III [SERPINC1], heparin cofactor II [SER-
PIND1], and C1 inhibitor [SERPING1]) in their own sep-
arate clades (C, D and G respectively). However, gene
comparison reveals that heparin cofactor II (SERPIND1)
has a similar gene structure to clade A serpins, and clades
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Figure 1. (A) Human serpin gene structures. Serpins can be grouped by gene structure. This correlates well with protein phylogeny since
serpins in different protein clades have dissimilar gene structures, and serpins within a clade share similar gene structures. Shown are rep-
resentatives of each clade (A–I) aligned using mRNA sequence (and hence amino acid sequence) similarity. Thin lines indicate untrans-
lated regions and thick lines indicate open reading frames. Arrowheads and capital letters denote positions and designations of introns. Fig-
ure is not to scale. Derived from [6, 7]. (B) Maps of the eight-exon (top) and seven-exon (bottom) containing clade B serpin cDNAs rela-
tive to their structural elements. The rectangles and arrows represent helices and β strands, respectively. The dashed lines depict 5′ and 3′
untranslated sequences. Vertical lines indicate the positions of splice sites with intron phasing noted above or below these sites, respec-
tively. Numbering for eight- and seven-exon classes are depicted above and below the lines, respectively. The CD-loop (eight-exon class
only) and RSLs are indicated by thick lines. The CD-loops of SERPINB2, -3, -4, -7, -10, -13, -12 and -13 contain 33, 12, 12, 8, 18, 13, 22
and 22 residues, respectively. This figure is modified from [9].



E (PN-1 [SERPINE2], PAI-1 [SERPINE1]) and I (neu-
roserpin [SERPINI1], pancpin [SERPINI2]) are most
probably linked. Similarly, Clades F (α2-AP [SERPIN
F2], PEDF [SERPINF1]) and G (C1 inhibitor [SERP-
ING1]) also can be combined. 
The use of both amino acid sequence and gene structure
comparisons increases the reliability of tracing the evolu-
tion of eukaryotic serpins. Gene structure is useful for
studying evolution of serpin families, while protein trees
facilitate the analyses of relationships within families and
may give insight into function. In tracing prokaryotic ser-
pin evolution, protein comparison combined with analy-
sis of DNA GC content or evidence of transposition is
likely to increase reliability.  Finally, the increasing num-
ber of serpin structures available will enhance our ability
to accurately build structure-based alignments and im-
prove the accuracy of phylogenic analysis.
As described below, the signature clade B serpin gene
structure comprises eight exons and seven introns, with
the first encoding the 5′ untranslated region, and the third
encoding the variable CD-loop (fig. 1B). This gene struc-
ture is not recognizable in the genomes of Caenorhabdi-
tis elegans or Drosophila melanogaster, suggesting that
the clade B serpin family arose no earlier than the
Deuterostomes (fig. 2). Since genes with a similar struc-
ture are present in both birds and mammals, clade B ser-
pins must have originated at least 300 million years 
ago [8]. 

Clade B serpin genomic organization
Clade B serpin genes have nearly identical genomic
structures consisting of seven or eight exons [7, 9] (fig.
1B). In the seven-exon-containing genes, a C-terminal
portion of helix C, the turn between helices C and D, and
helix D are encoded on exon 3. In the eight-exon-con-
taining genes, an additional coding sequence (CD-loop),
interrupted by an intron, is located between the gene seg-
ments encoding helices C and D. The CD-loop may be in-
volved in protein-protein interactions or may harbor sub-
cellular localization signals (see below). The size of the
CD-loops varies, with SERPINB2, -B3, -B4, -B7, -B10, 
-B13, -B12 and -B13 containing 33, 12, 12, 8, 18, 13, 22
and 22 residues, respectively (fig. 3). 
All members of the eight-exon class show conserved
splice-site phasing: 0, 0, 0, 0, 1, 0, 0 and 0 (fig. 1 B). The
splice-site phasing of the seven-exon class is nearly iden-
tical: 0, 0, –, 0, 1, 0, 0 and 0. The exception is the fusion
of the exons designated 3 and 4 in the seven-exon-con-
taining class. In both classes, the translational start site
resides in exon 2 and the reactive site loop (RSL) in the
final exon (fig. 3). The presence of only eight-exon-con-
taining genes in chickens suggests that the seven-exon-
containing genes in mammals arose subsequently by in-
tron loss [7]. The human clade B serpins map to one of

two clusters located at 18q21.3 (SERPINB2, -B3, -B4, -B5,
-B7, -B8, -B10, -B11, -B12 and -B13) [9, 10] and 6p25
(SERPINB1, -B6 and -B9) [11, 12] (fig 4).

Human clade B serpin expression patterns
The tight clustering of the human clade B serpin genes to
two chromosomal locations raises the possibility that
their expression is governed by some form of coordinate
regulation. However, qualitative assessment of the tissue
expression patterns of the human clade B serpins sug-
gests that the control of their transcriptional activity is
more complex than originally appreciated (table 2). For
example, SERPINB1 and -B6 were detected in 23 and 28
of the 31 tissues examined, respectively. In contrast, SER-
PINB10 and -B13 were confined to 5 or fewer tissues.
The remaining clade B serpins were detected in the range
of 10–18 different tissues. When individual tissues were
examined for clade B serpin expression, the results also
were variable. Of the 31 tissues examined, 28 different
clade B serpin expression patterns were detected. Only
the eye and larynx, pancreas and placenta and muscle and
liver showed expression patterns that were similar to the
other, respectively. On average, each tissue expressed 6
serpin genes (range 1–10). Although these expression
profiles will change as more sensitive detection systems
are employed and as larger sample sizes are assayed un-
der different conditions, these data underscore two gen-
eral observations. First, the clade B serpins are expressed
in a wide variety of human tissues. Second, the anti-pro-
teinase defense system of most tissues contains different
combinations of clade B serpins.

Structural studies on clade B serpins
Serpins have been the subject of intense structural study
for the past 2 decades.  The first serpin structure to be de-
termined was that of cleaved α1-antitrypsin (SERPINA1)
[13]. The structure revealed the nature of the serpin fold
and also highlighted the puzzle that has subsequently
proved defining for the field: the region responsible for
interacting with the target protease, the RSL, lies buried
and inaccessible, forming the 4th strand of the A β sheet
(fig. 5A). Based upon these data, Loebermann and col-
leagues postulated that serpins must exist in an alterna-
tive conformation whereby the RSL must be available to
interact with a target proteinase [13].  This prediction was
confirmed through determination of the X-ray crystal
structures of intact ovalbumin (a noninhibitory avian ser-
pin that forms the major component of egg white, fig.
5B) [14] as well as that of plakalbumin (an RSL cleaved
form of ovalbumin, fig. 5C) [15]. The structure of oval-
bumin revealed that in the native state, the RSL is held at
the top of the molecule as an exposed helix. The helical
nature of the RSL most probably reflects the nonin-
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Figure 2. Multifurcating phylogenic tree showing the relationship between 35 human serpins and other members of the serpin superfamily.
The tree was constructed as described by Irving and colleagues [4]. Conventional bootstrap values derived from maximum parsimony trees
are highlighted by ovals. Hexagons indicate clades identified using the strict consensus method, and rectangles highlight clades identified us-
ing the comparison method. Each major clade (a–p) is consistent with the nomenclature described by Silverman and colleagues [2]. Figure
from [164] (http://www. ehgonline.net/) and reproduced with permission from the Nature Publishing Group © 2003 Macmillan Publishers Ltd.



Figure 3. Amino acid sequence alignment of the 13 human clade B serpins. Amino acid sequences were aligned using ClustalW 1.8. The
SeqVu 1.01 program (J. Gardner, Garvan Institute of Medical Research, Australia) was used to display the alignment. Colors indicate po-
lar (green), nonpolar/hydrophobic (yellow), acidic (red) and basic (blue) residues. The CD-loop is boxed. The RSL is underlined and num-
bered from P17 to P3′. The canonical scissile bond is marked by an arrow. Thick vertical bars indicate positions of corresponding splice
sites. Note the absence of a splice site and CD-loop for SERPINB1, -5, -6, -8 and -9. Structural motifs are indicated above the alignment,
with cylinders and arrows indicating α helices and β strands, respectively. Amino acid numbering is relative to that of the prototypical ser-
pin, α1-antritrypsin (A1AT, SERPINA1, top line). Figure modified (to include SERPINB11) from [9] with permission from the American
Society for Biochemistry and Molecular Biology.



hibitory nature of this serpin, since an α helix is nonideal
for docking with a target proteinase. Indeed, subsequent
structural studies on native inhibitory serpins have re-
vealed the RSL of inhibitory serpins to be highly flexible,
extended or β-strand-like. However, until the X-ray crys-
tal structure of α1-antichymotrypsin (SERPINA3) was
determined in 1994, ovalbumin represented the only na-
tive ‘template’ for the entire family [16].
Biochemical studies reveal that the native state of in-
hibitory serpins is thermally labile in comparison with
that of the cleaved conformation. Thus the native fold of
serpins is metastable, and the conformational change
characteristic of inhibitory serpins is termed the ‘stressed’
(S) to ‘relaxed’ (R) transition [17]. In contrast to most ser-
pins, ovalbumin is noninhibitory, and biochemical studies
reveal that it is unable to undergo the S to R transition [18].
Consistent with these data, the structure of cleaved oval-
bumin (plakalbumin) reveals the RSL of this serpin re-
mains at the top of the molecule (fig. 5C) and is not able
to insert into the A sheet. These data highlight the central
role of the serpin conformational change in the inhibitory
mechanism. Recent structural studies reveal that after
docking and cleaving the RSL, the covalently attached
proteinase is translocated 70 Å to the bottom of the serpin,
where it resides in a distorted, inactive form [19].
In addition to the fundamental insight into the nature of
the native state, structural studies on ovalbumin have
proven invaluable in understanding the mechanism of the

S to R transition. The RSL hinge region of most in-
hibitory serpins contains the conserved consensus motif
GP15TEAAATP8 (the standard P and P′ nomenclature is
used to number amino acid positions N- and C-terminal
outward from the scissile bond [P1-P1′], respectively
[20]) that functions to facilitate rapid RSL insertion. This
hinge region is mutated in ovalbumin and other nonin-
hibitory serpins. An elegant structural study by Yamasaki
and colleagues revealed that a single point mutation
restoring the consensus residue at P14 (P14 R → T) is suf-
ficient to allow RSL insertion in cleaved ovalbumin [21].
However, the mutant is still unable to function as a pro-
tease inhibitor, presumably because the rate of RSL in-
sertion is not rapid enough. It is clear, however, that de-
spite the extreme divergence in function, the ability to un-
dergo the characteristic serpin conformational change
remains programmed within the ovalbumin fold. Indeed,
a recent study by Sugimoto and colleagues, reveals that
ovalbumin exists in a labile conformation in newly de-
posited eggs and converts to a more stable form as the
embryo within the egg develops [22]. 
Interestingly, while it is possible to unlock the ability to
undergo conformational change in ovalbumin via a single
site-directed mutant, the opposite effect in an inhibitory
serpin cannot be achieved so easily.  For example, a P14
T → R mutation in α1-antichymotrypsin (SERPINA3),
whilst abolishing inhibitory activity, does not remove the
ability to undergo a conformational change [23].
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Figure 4. Comparison between human (Hsa) and mouse (Mmu) clade B serpin clusters. Synteny between the clade B serpins at Mmu
13A3.2 and Hsa 6p25 (upper panel and [145]) and Mmu 1D and Hsa 18q21 (bottom panel and [9]). Transcriptional orientation depicted
by arrows. Pseudogenes (ps) are in grey. Data and portion of figure for Mmu 1D from D. J. Askew et al., unpublished.
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To date, only two other clade B serpins have been the sub-
ject of structural studies, horse leukocyte elastase in-
hibitor (HLEI), which is ~ 80% identical to human SER-
PINB1, and SERPINB2 (PAI2). The high-resolution
structure of HLEI (fig. 5A) represents the only cleaved
inhibitory-type clade B serpin [24]. The structure of this
molecule closely resembles that of cleaved α1-antitrypsin
(SERPINA1) and α1-antichymotrypsin (SERPINA3). 
The X-ray crystal structure of the native conformation of
a SERPINB2 (PAI2) variant lacking the CD-loop has
been determined (fig. 5D) [25]. In addition, the structure
of this variant bound to a peptide mimicking the RSL has
also been solved (fig. 5E) [26]. The RSL is partially dis-
ordered in both structures, indicating a high degree of
flexibility in this region and consistent with the require-
ment for the RSL to act as an attractive ‘bait’ for target
proteases. While the absence of the CD-loop does not af-
fect the inhibitory capacity of the molecule, this region
performs an important role in modulating function, most
probably through interaction with specific cofactors or
protein-binding partners [27]. No structural information

yet exists for the CD-loop, as this part of the molecule
probably adopts a flexible unstructured conformation that
may prove resistant to structural studies in the absence of
stabilizing cofactors.
Structural comparisons of native, inhibitory serpins with
their cleaved and peptide-bound counterparts reveal a
cluster of conserved residues underneath the A β sheet
that move to accommodate and form hydrogen bonds to
residues in the inserting RSL [4, 25, 28]. In particular,
three residues within the shutter region (Ser 56, Asn186 and
His334 (α1-antitrypsin [SERPINA1] numbering) interact
with one another in the native state and function to receive
the sidechain of the P8 position from the RSL upon tran-
sition to the cleaved form. A similar pattern of conserved
residues exists at the top of the A sheet within the breach
and functions to receive the RSL as it first inserts [28].
Although ~ 50 serpin structures are deposited in the Pro-
tein Data Bank (pdb), the clade B serpins are severely un-
derrepresented [29]. One likely explanation for this dis-
crepancy is the limited availability of material, since
many intracellular clade B serpins cannot be purified eas-
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Figure 5. X-ray crystal structures of intracellular serpins. In all parts the A sheet is in green, the B sheet in yellow, the C sheet in pink and
the RSL in red. Helices are shown in cyan. (A) Cleaved horse leukocyte elastase inhibitor (PDB: 1HLE), (B) intact ovalbumin (PDB:
1OVA), (C) cleaved ovalbumin (plakalbumin, PDB: 1JTI), (D) SERPINB2 (PAI2, PDB: 1BY7) and (E) SERPINB2 in complex with an
RSL peptide (purple) (PDB: 1JRR).



ily from their source (one exception, of course, being
ovalbumin from egg white). In addition, many clade B
serpins have proven difficult to produce in recombinant
form. However, the available clade B serpin structures
have already provided a wealth of information in regard
to the serpin scaffold. Future studies examining the struc-
tural basis for interaction between clade B serpins and
non-proteinase binding partners and cofactors should
provide further insight into biological function.

Human clade B serpin family members (table 1)

SERPINB1 (MNEI)
In 1985, Remold-O‘Donnell described a monocyte-de-
rived protein that was a fast-acting inhibitor of neutrophil
and pancreatic elastase [30]. Subsequent isolation of the
protein and complementary DNA (cDNA) from horse
and humans, respectively, confirmed that it was a mem-
ber of the serpin superfamily [31, 32]. Like several other
serpins, SERPINB1 uses two different residues to neu-
tralize different types of proteinases (table 3) [33]. Phe343

functions as the P1 residue in the inhibition of chymase,
chymotrypsin and cathepsin (cat) G, whereas Cys344 (the
canonical P1 position relative to SERPINA1) assumes
that function for the inhibition of neutrophil elastase,
pancreatic elastase, proteinase 3 and prostate-specific
antigen. SERPINB1 is unique, as it is the only human
clade B serpin that effectively neutralizes all of the major
proteinases of the azurophilic granule.
The biologic function of SERPINB1 has been examined
in a rat lung injury model. Recombinant SERPINB1 was
capable of blocking both the hemorrhagic and epithelial
permeability changes associated with instillation of neu-
trophil elastase [34]. Other functions ascribed to SER-
PINB1 include a mitogenic effect on human tumor infil-
trating lymphocytes [35] and a cation-independent, en-
donuclease activity [36]. A27-kDa C-terminal fragment
from SERPINB1 (L-DNAse II) is associated with this
DNAse activity. L-DNAse II is derived from SERPINB1
by proteolytic processing or incubation at an acidic pH
[37]. BHK cells, overexpressing the porcine orthologue of
SERPINB1, showed increased apoptosis, DNA degrada-
tion and L-DNAse II formation after cytosolic acidifica-
tion by blocking a Na+/H+ antiporter with hexamethylene
amiloride [38]. In contrast, these cells were protected from
etoposide-induced apoptosis in comparison to mock-
transfected cell lines. Thus, SERPINB1 may enhance or
delay apoptosis depending on the mode of induction. 

SERPINB2 (plasminogen activator inhibitor 
type 2, PAI2)
SERPINB2 is an inhibitor of two-chain urokinase-type
plasminogen activator (u-PA) and tissue-type plasmino-
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gen activator (t-PA), and to a lesser degree, acrosin and
plasmin (reviewed in [39, 40]). SERPINB2 also inhibits
receptor bound u-PA [41, 42]. Although an inhibitor of 
u-PA was partially purified in the 1960s, an amino acid
sequence was not obtained until 1986 [43]. SERPINB2
appears as an intracellular form with a molecular mass 
of ~47 kDa and an extracellular form with a mass of
~60–70 kDa. The difference in molecular mass between
these forms is due to N- and O-linked glycosylation [44].
SERPINB2 was detected initially in cells of the mono-
cytic lineage and the placenta. Constitutive or inducible
SERPINB2 expression is found also in skin, hair folli-
cles, endothelium, mesothelium and fibroblasts (table 2). 
In the skin, SERPINB2 is expressed primarily in the
suprabasal layers and is integrated into the cornified en-
velope [45]. SERPINB2 is cross-linked covalently into
this envelope via a transglutamination reaction involving
three Glu residues in the CD-loop [46]. The function of
this serpin in the cornified envelope is unclear but may
serve as a structural component, as most of this protein is
in the inactive, cleaved form. The presence of active SER-
PINB2 in the granular and spinous layers suggests that
this serpin is involved in epidermal cell differentiation or
serves as a regulator of the u-PA system that is activated
upon wound healing. However, mice lacking Serpinb2
show normal development of the epidermis and its ap-
pendages, as well as a normal wound-healing response to
a punch biopsy [47]. Further analysis of these mice using
different stressors should help reveal the biologic func-
tion of SERPINB2 in the epidermis.
Under certain circumstances, SERPINB2 demonstrates a
cytoprotective role. SERPINB2 protects HT-1080 fi-
brosarcoma cells from tumor necrosis factor-α (TNFα)
induced apoptosis [48]. SERPINB2 also protects HeLa
cells from TNFα-induced apoptosis, but not that induced
by ultraviolet (UV) or ionizing radiation [49]. This protec-
tion is dependent on the P1 Arg residue in the RSL and the
CD-loop (see below) [27, 49]. Since SERPINB2 does not
inhibit caspases directly, these findings suggest that SER-
PINB2 protects against apoptosis by neutralizing a serine-
like proteinase that acts proximally or distally to the cas-
pase activation sequence or by regulating a caspase-inde-
pendent death pathway. SERPINB2 also protects HeLa
cells from the cytopathic effects of alphavirus infection
[50]. In this case, protection appeared to be due to the in-
duction of antiviral genes such as interferons α and β.
Due to the importance of cell surface plasminogen acti-
vation and subsequent extracellular remodeling in facili-
tating tumor invasion and metastases, numerous studies
have attempted to determine whether concomitant SER-
PINB2 expression might serve as a positive prognostic
indicator for certain types of cancer (reviewed in [40]). In
breast carcinomas, SERPINB2 expression is correlated
with increased relapse-free survival only in those tumors
that also expressed u-PA [51]. Low levels of SERPINB2

are associated with tumor invasiveness in non-small cell
lung carcinomas [52]. Similarly, decreased SERPINB2
expression is associated with the progression of ker-
atinocytes to squamous cell carcinomas [53] and with
metastatic pancreatic carcinomas [54]. A human metasta-
tic melanoma cell line, engineered to overexpress SER-
PINB2, became encapsulated upon transplantation into
scid/scid mice [55]. Relative to nontransfected tumor
cells, the SERPINB2-expressing cells yielded signifi-
cantly fewer numbers of metastases. 
Paradoxically, in other studies, increased SERPINB2 ex-
pression is associated with a poorer prognosis and de-
creased survival [56]. In part, this may be due to the abil-
ity of SERPINB2 to inhibit some apoptosis pathways. 
Indeed, transgenic mice overexpressing SERPINB2 in
basal keratinocytes show normal skin development but
enhanced papilloma formation using the classical
DMBA/TPA (initiator/promoter) carcinogenesis model
[57]. After cessation of treatment, papillomas in the con-
trol mice regressed by massive apoptosis, whereas tumors
in the SERPINB2-overexpressing mice showed markedly
diminished numbers of apoptotic cells, and many pro-
gressed to frank carcinomas. 
The CD-loop of SERPINB2 contains 33 amino acids and
is the longest of its type within the human clade B ser-
pins. In addition to serving as a site for transglutamina-
tion, this loop is necessary for inhibition of apoptosis [27]
and the binding of the cytosolic proteins annexin I, II, IV
and V [58]. The significance of annexin binding is un-
known. The CD-loop also regulates SERPINB2 polymer-
ization [59]. Although most wild-type serpins can be in-
duced to polymerize under experimental conditions,
SERPINB2 polymerizes spontaneously under physio-
logic conditions. Polymerization is facilitated by the for-
mation of an intramolecular disulfide bond between Cys79

of the CD-loop and Cys161 at the bottom of helix F. Under
reducing conditions, the disulfide bond is broken, β-sheet
A closes and the serpin is resistant to polymerization. The
redox sensitivity of this process may explain why cytoso-
lic SERPINB2 is monomeric and that in the secretory
pathway is polymeric.

SERPINB3 (squamous cell carcinoma,
antigen 1, SCCA1)
For over 20 years, the squamous cell carcinoma antigen
(SCCA) has served as a anonymous, diagnostic serum
marker for advanced squamous cell carcinomas (SCCs)
of the uterine cervix, lung, esophagus, and head and neck
(HNSCCs) (reviewed in [60]). For certain tumors, SCCA
also serves as a prognostic indicator. Elevated pretreat-
ment SCCA levels portend a bad outcome in stage IB and
IIA cervical carcinomas [61, 62]. Moreover, a persistent
increase in SCCA after radiation therapy is the most im-
portant negative predictor of disease-free survival in 
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HNSCC [63, 64]. Interestingly, radiation therapy induces
a rapid increase in the synthesis and release of SCCA by
SCC cells [65]. These findings suggest that the expres-
sion of SCCA is in some way associated with the en-
hanced survival of SCC cells. In addition to patients with
certain tumors, serum SCCA levels are elevated in indi-
viduals with inflammatory conditions of the lung (e.g.
sarcoidosis, pneumonia) and skin (e.g. eczema, psoriasis)
(reviewed in [60]). 
Initial biochemical analysis of SCCA revealed the pres-
ence of acidic and neutral isoforms [60]. However, it was
not until cloning of the cDNA and genomic DNA se-
quence that it was realized that the SCCA isoforms were
encoded by two nearly identical genes, SCCA1 (SER-
PINB3) and SCCA2 (SERPINB4), of the serpin super-
family [66, 67]. Although SERPINB3 and -B4 are nearly
identical (92%) in their amino acid sequences, critical
differences in their RSLs suggested that they inhibited
distinct types of proteinases. Indeed, SERPINB3 para-
doxically inhibited the lysosomal cysteine proteinases
catK, L, S and V, whereas SERPINB4 inhibited the chy-
motrypsin-like serine proteinases catG and mast cell chy-
mase [68, 69]. SERPINB3 was the first serpin shown to
inhibit papain-like cysteine proteinases and this inhibi-
tion was mechanistically similar to the RSL-dependent
mechanism used by other serpins to inhibit serine pro-
teinases [70]. 
In normal tissues, SERPINB3 and -B4 are coexpressed in
the suprabasal layers of stratified squamous epithelia,
Hassall’s corpuscles of the thymus and the pseudo-strati-
fied columnar epithelium of the conducting airways
(table 2) [71].
Since several serpins (e.g. crmA [72], SERPINB2 [49],
SERPINB9 [73, 74]) inhibit cell death pathways, several
investigators hypothesized that SERPINB3 and SER-
PINB4 might provide SCCs with a survival advantage by
regulating an intracellular cell death cascade. This notion
is supported by transduction studies reported by Sumi-
nami and colleagues [75]. PCI-51 is a human HNSCC
cell line that does not express SERPINB3. PCI-51 cells,
overexpressing SERPINB3, show increased resistance to
apoptosis induced by SN-38, TNFα or natural killer (NK)
cells as compared with mock-transduced controls. A
mouse SCC line, KLN-205, transduced to overexpress
SERPINB3 and injected into nude mice, developed tu-
mors of larger volume in comparison with control cells
[75]. Conversely, the SERPINB3-expressing SKG IIIa
cervical squamous cell carcinoma cell, transduced to ex-
press an antisense transcript, showed increased apoptosis
in vitro  [75] and decreased tumor volume, in vivo [76].
Using high doses of γ-irradiation (5–20 Gy) as the in-
ducer of cell death, Murakami and colleagues showed
that transfected human kidney cells expressing either
SERPINB3 or SERPINB4 showed a significant increase
in survival as compared with mock transfected controls

[77]. Transfected cells showed decreased amounts of cas-
pase-9 and -3 activation, but no changes in caspase-2 or -
8 activity. Transfected cells also appeared to show a de-
crease in activation of the mitogen-activated protein ki-
nase (MAPK) pathway. Further studies are needed to
determine whether SERPINB3 and SERPINB4 attenuate
these stress response pathways by direct inhibition of a
proteinase cascade or by some accessory function unre-
lated to RSL binding.

SERPINB4 (squamous cell carcinoma 
antigen 2, SCCA2)
Although SERPINB4 inhibits the chymotrypsin-like ser-
ine proteinases, catG and human mast cell chymase, it
can inhibit the cysteine proteinase, catS, albeit at a rate
50-fold less than that of SERPINB3 [78]. The inhibition
of catS by a mutant SERPINB4 containing the RSL of
SERPINB3 is comparable to that of wild-type SER-
PINB3. This finding suggested that there were no motifs
outside the RSL, and only eight residues within, that were
directing catS-specific inhibition. SERPINB4 molecules
containing different RSL mutations showed that no single
amino acid substitution could convert SERPINB4 into a
more potent cysteine proteinase inhibitor. Rather, differ-
ent combinations of mutations led to incremental in-
creases in catS inhibitory activity with residues in four
positions (P1, P3′, P4′ and P11′) accounting for 80% of
the difference in activity between SERPINB3 and SER-
PINB4. These studies also showed the importance of a
Pro residue in the P3′ position for efficient inhibition of
catS by both wild-type SERPINB3 and mutated SER-
PINB4. Molecular modeling studies suggested that this
residue might facilitate positioning of the RSL within the
active site of the cysteine proteinase.
As described above with SERPINB3, SERPINB4 may
protect cells from injury. In additional support of this hy-
pothesis, HeLa cells transfected with the SERPINB4
cDNA showed increased resistance to TNFα-induced
apoptosis [79]. Moreover, this protective effect was de-
pendent upon residues in the reactive center, suggesting
that this serpin inhibits a catG-like proteinase involved in
induction of the cell death pathway.

SERPINB5 (maspin, PI5)
Using differential display, Zou and colleagues identified
a novel member of the serpin family that was expressed
in normal breast epithelial and myoepithelial cells but
was downregulated or absent in most mammary carci-
noma cell lines and histological samples from advanced
carcinomas [80]. Breast carcinoma cell lines engineered
to over-express SERPINB5 showed decreased invasive-
ness and motility in vitro, which correlated with their di-
minished capacity to form tumors or metastases in nude
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mice in vivo. Cell motility and invasiveness could be in-
hibited by the addition of exogenous recombinant serpin
where the protein localized to the cell surface [81]. In ad-
dition to its effects on cell motility and invasiveness, the
restoration of SERPINB5 expression in breast carcinoma
cells show enhanced susceptibility to apoptosis [82, 83].
Based on these observations and the knowledge that the
gene was not deleted or mutated in breast cancers, the au-
thors concluded that SERPINB5 functions as a class II tu-
mor suppressor gene in mammary gland epithelia. The
downregulation of SERPINB5 expression was associated
with cytosine methylation, chromatin deacetylation and
chromatin condensation of the maspin promoter [84]. In
addition to epigenetic mechanisms, the SERPINB5 pro-
moter is a p53 target and may be downregulated in tumors
with p53 mutations [85].
The ability of SERPINB5 to inhibit tumor invasiveness
suggests that the loss of SERPINB5 expression would be
associated with a poor outcome in patients with cancer.
Indeed, the loss of SERPINB5 expression was found to be
a poor prognostic indicator in several series of patients
with breast [86–88], prostate [89] and colon [90] carci-
nomas. However, SERPINB5 expression was upregulated
in a proportion of pancreatic [91], ovarian [92] and lung
(non-small cell) [93] carcinomas. This paradoxical rela-
tionship between SERPINB5 and different tumors may
be explained by the pleiotropic activity of SERPINB5 in
different tissues, its association with other interacting
proteins or the nuclear to cytoplasmic serpin ratio [94]. In
one study, preferential localization of SERPINB5 to the
nucleus or the cytoplasm was associated with a good or
poor prognosis, respectively [95].
Although SERPINB5 requires an intact RSL to inhibit tu-
mor cell motility [96], this serpin is unlikely to inhibit a
proteinase by the canonical suicide-substrate-like mecha-
nism. The hinge region of the RSL of SERPINB5 con-
tains Gly, Ser, Glu and Pro residues instead of the con-
sensus Thr, Ala, Ala and Thr residues at the P14, P12, P10
and P8 positions, respectively. The presence of these
residues in the RSL of SERPINB5 is likely to impair loop
insertion into β-sheet A and permit proteinase dissocia-
tion before the formation of stable acyl-enzyme complex
[97]. Consistent with this hypothesis, recombinant SER-
PINB5 is unable to undergo the stressed to relaxed con-
formation characteristic of inhibitory-type serpins [98].
Preliminary studies suggested that SERPINB5 inhibited
t-PA [99]. However, subsequent studies could not con-
firm this observation [100, 101]. We conclude that SER-
PINB5, like ovalbumin, is a noninhibitory type member
of the serpin family.
SERPINB5 may participate in other biologic functions.
Zhang and colleagues showed that SERPINB5 has anti-
angiogenic activity, as recombinant protein blocked en-
dothelial cell migration induced by vascular endothelial
growth factor (VEGF) or basic fibroblast growth factor

(FGF), inhibited corneal neovascularization and de-
creased the density of microvessels in a xenograft tumor
transplant model [102]. SERPINB5 plays a role in normal
development, as homozygous null mutations (by targeted
deletion) result in embryonic lethality [103]. Unlike other
clade B serpin knockouts studied to date, heterozygous
loss of Serpinb5 also results in an abnormal phenotype.
Serpinb5 haploinsufficiency results in abnormal ovula-
tion and is manifest by decreased fertility and smaller lit-
ter sizes. Targeted overexpression of SERPINB5 to the
mammary gland inhibits the development of lobular-
alveolar structures during pregnancy [101]. SERPINB5
expression may play a role in limiting cytotrophoblast in-
vasion after implantation [104]. 
SERPINB5 is expressed also in the thymus, testis and ep-
ithelium of the lung, small intestine, skin, prostate and
mammary gland (table 2) [84, 105]. The function of SER-
PINB5 in these tissues under normal conditions is un-
known.

SERPINB6 (placental thrombin inhibitor,
cytoplasmic antiproteinase, CAP, PI6)
In 1993, Coughlin and colleagues purified a protein from
placental extracts that bound to and inhibited thrombin
[106]. A similar protein was isolated from the cytosolic
extracts of a monkey kidney epithelial cell line and shown
to inhibit thrombin, as well as trypsin, u-PA and factor Xa
[107]. Amino acid sequencing and subsequent molecular
cloning yielded a cDNA that encoded for a ~42-kDa ser-
pin with several oxidation-sensitive residues surrounding
the reactive center (Met-Met-Met-Arg-Cys342 residues at
the putative P4-P3-P2-P1-P1′ positions, respectively)
[108, 109]. This hypothesis was confirmed, as preincu-
bating the serpin with iodoacetamide eliminated its abil-
ity to bind thrombin [109].
In addition to inhibiting trypsin-like proteinases, SER-
PINB6 neutralizes chymotrypsin [110], catG [111] and
the kallikrein family member neuropsin [112]. Of these
proteinases, it most efficiently inhibits catG. The inhibi-
tion of chymotrypsin utilizes Met340 (the canonical P2 po-
sition) as the reactive center, in contrast to the Arg341 uti-
lized by thrombin and catG. This is another example of a
clade B serpin using a different reactive center to expand
its inhibitory profile (table 3).
A tissue survey revealed that SERPINB6 is widely dis-
tributed including heart, lung, liver muscle, kidney and
pancreas (table 2). SERPINB6 is also found in hema-
topoietic cells, including megakaryocyte cell lines, plate-
lets, monocytes, neutrophils and myelomonocytic cell
lines (e.g. THP-1, U947 and PMA-treated HL60 cells)
[111]. In some cell extracts, SERPINB6 was found in a
complex with catG. While complex formation occurred
after cell lysis and was secondary to the admixing of cy-
tosolic contents with granule proteinases, this phenome-
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non supports the notion that cytosolic serpins can guard
the cytoplasm from adventitious proteinase activity.
Like many other clade B serpins, such as SERPINB1, -B5,
-B7, -B9 and -B12, SERPINB6 is expressed in the
suprabasal layers of the epidermis [113]. SERPINB6 ex-
pression increases 24-fold during the differentiation of
primary keratinocytes, and parallels the expression of
neuropsin [F. L. Scott and P. I. Bird, unpublished]. The role
of this serpin in the epidermis is unknown, but it may reg-
ulate ectopic neuropsin. Alternatively, like SERPINB2, it
could be associated with the cornified envelope or may be
needed to neutralize endogenous proteinases as the ker-
atinocyte undergoes a form of apoptosis in which a modi-
fied cell corpse is retained. SERPINB6 also is detected in
a complex with kallikrein 2 in extracts from prostate can-
cer cells and, to a lesser extent, normal prostate tissue
[114]. This complex appears to occur in the extracellular
space after cell lysis and is not found in the seminal
plasma [115]. This complex may serve as a marker for the
tissue damage associated with prostate cancer. 
SERPINB6 has a nucleo-cytoplasmic subcellular distrib-
ution and is incapable of being secreted (see below).

SERPINB7 (megsin)
The cDNA for this gene was cloned from a cell line syn-
thesizing a factor that induced the maturation of megakary-
ocytes from cultures of interleukin (IL)-3-stimulated
murine bone marrow cells [116]. The activity of this
megakaryocyte maturation factor (MMF) was confirmed
using a recombinant protein. Miyata and colleagues per-
formed random DNA sequencing of cDNA clones derived
from a human mesangial cell library [117]. They isolated
an abundant transcript that by database searching appeared
to be unique to this cell type. However, the cDNA sequence
of this clone, megsin (SERPINB7), was identical to MMF.
SERPINB7 RNA and protein are upregulated in glomeru-
lar diseases associated with mesangial cell proliferation
and/or mesangial matrix deposition such as immunoglob-
ulin (Ig)A and diabetic nephropathy (reviewed in [118]).
SERPINB7 may be a causal factor in these disorders, as
transgenic mice overexpressing the human protein showed
increased mesangial cell proliferation and extracellular
matrix deposition [119].
By amino acid sequence analysis, SERPINB7 appears to
have a functional RSL with a Lys residue at the putative
P1 position. Limited analysis using recombinant proteins
suggested that SERPINB7 inhibits plasmin, but not t-PA
or thrombin [119]. However, this inhibitory activity con-
flicts with an earlier study [116]. 

SERPINB8 (cytoplasmic antiproteinase 2, CAP2, PI8)
SERPINB8 and SERPINB9 were isolated by screening a
human λgt11 placental cDNA library under conditions of

low hybridization stringency using SERPINB6 cDNA as
a probe [120]. By Northern blotting, SERPINB8 has a
broad expression pattern with the highest levels in skele-
tal muscle, liver, lung and placenta (table 2). By im-
munohistochemistry, SERPINB8 is detected in the nuclei
of stratified squamous epithelia, monocytes and neuroen-
docrine cells of the pancreas pituitary gland and gastroin-
testinal tract [121]. The biologic function of SERPINB8
is unknown, but its expression is up-regulated in response
to the proinflammatory cytokine TNFα [122].
The inhibitory profile of SERPINB8 is derived from its
use of at least two active centers (table 3). Using Arg339 at
the canonical P1 position, SERPINB8 neutralizes throm-
bin, trypsin and factor Xa [123]. In contrast, Ser341, lo-
cated at the canonical P2′ position, is used to inhibit chy-
motrypsin [124]. SERPINB8 also inhibits subtilisin A
and furin, but the RSL cleavage sites have not been
mapped [123, 125]. Most likely, furin cleaves after Arg339

rather than Arg342. Of all of these SERPINB8-proteinase
interactions, the binding to furin-like proteinases may be
the most physiologic, as demonstrated by a low stoi-
chiometry of inhibition and relatively high second-order
rate constant.

SERPINB9 (cytoplasmic antiproteinase 3, CAP3, PI9)
SERPINB9 was originally isolated from placental cDNA
libraries using SERPINB6 probes [120], and from bone
marrow messenger RNA (mRNA) by degenerate reverse
transcriptase-polymerase chain reaction (RT-PCR) [73].
SERPINB9 is the only human serpin with an acidic
residue (Glu) at the canonical P1 position. This is signif-
icant, because caspases and granzyme B prefer an acidic
residue (Asp) at this position and group I, II and III cas-
pases prefer aromatic, aspartic and aliphatic nonaromatic
residues at the P4 positions, respectively. SERPINB9 is
an efficient granzyme B inhibitor [73] and plays an im-
portant biological function in cytotoxic lymphocytes and
antigen-presenting cells by serving as an antidote to mis-
directed granzyme B [74, 126]. Cytotoxic T cells mediate
cell death (apoptosis) by Fas receptor ligation or by cyto-
toxic granule exocytosis. Cytotoxic granules contain per-
forin and granzyme B, which are taken up by the target
cell and released into the cytoplasm. In turn, granzyme B
can activate caspases, and apoptotic death ensues. SER-
PINB9 appears to protect cytotoxic lymphocytes from
self-inflicted injury by neutralizing cytosolic granzyme B
that may have leaked from cytotoxic granules or by the re-
uptake of granule contents extruded into the extracellular
space. Strong evidence for this hypothesis is derived from
experiments showing that transfected cells expressing
SERPINB9 show a dose-dependent resistance to
granzyme B and perforin mediated injury [74]. Also,
SERPINB9 that is associated with the cytoplasmic face
of cytotoxic lymphocyte granules [127] and cytolytic
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lymphocytes overexpressing SERPINB9 have enhanced
killing potency [127]. Interestingly, SERPINB9 does not,
but a SERPINB9 GluP1Asp mutant does, protect cells
from Fas-mediated cell death. This supports the notion
that wild-type SERPINB9 is not a physiologic inhibitor
of initiator or executioner caspases, and that it does not
interfere with death receptor-mediated downsizing of
dendritic or cytotoxic lymphocyte populations at the end
of the immune response.
SERPINB9 is detected in the lung [120], vascular smooth
muscle cells [128], endothelial cells of arteries and veins,
mesothelial cells [129], cytotrophoblast of the placenta,
dendritic cells, T lymphocytes, B cells of the marginal
zone, Sertoli cells and spermatagonia of the testis, gran-
ulosa cells of the ovary and the lens of the eye [127, 130]
(table 2). 
SERPINB9 expression can be induced by inflammatory
stimuli in endothelial cells, hepatocytes, dendritic cells
and cytotoxic lymphocytes [126, 127, 129, 131]. Interest-
ingly, SERPINB9 can be induced in HepG2 cells by in-
cubation with IL-1β, lipopolysaccharide (LPS) or TPA
[132]. Activation occurs via transcription factors NFκB
(comprising the Rel family heterodimers p50 and p65)
and AP-1 (comprising heterodimers containing either c-
Jun and c-Fos or JunD and c-Fos), which bind to their re-
spective DNA motifs within the SERPINB9 promoter.
Collectively, these studies suggest that SERPINB9 ex-
pression is upregulated to protect hepatocytes from in-
flammation and to initiate a negative feedback loop by
limiting the conversion of IL-1β [132]. What is most in-
triguing about this hypothesis is that this regulatory path-
way is reminiscent of the feedback loop induced in
Drosophila by activation of the Toll pathway [133]. Stim-
ulation of the Toll pathway by fungal or Gram-positive
bacterial infection leads to the generation of antimicro-
bial peptides and activation of the melanization cascade.
Toll activation also upregulates the expression of Serpin-
27A, which neutralizes a critical enzyme in the melaniza-
tion cascade, prophenoloxidase-activating enzyme [134].
Thus, signaling via NFκB-related pathways in both hu-
mans and flies leads to upregulation of a serpin that, in
turn, temporizes the inflammatory response.
Since the canonical P4-P1′ residues of SERPINB9 (Val-
Val-Ala-Glu-Cys) are similar to those of the viral serpin
and caspase inhibitor, CrmA (Leu-Val-Ala-Asp-Cys), it
has been suggested that SERPINB9 could be a physio-
logic regulator of caspase activity. Relative to serpin-pro-
teinase interactions in general and CrmA-caspase (e.g.
caspase-1) interactions in particular, SERPINB9 appears
to be a very weak (kass < 103 M–1 s–1) inhibitor of cas-
pases-1, -4 and -8 [135], compared with its potent ability
to inhibit granzyme B [73]. Interestingly, a GluP1Asp
SERPINB9 mutant is a less effective granzyme B in-
hibitor and, as expected, a more efficient caspase in-
hibitor [74]. Together, these findings suggest that SER-

PINB9 selectively inhibits granzyme B-induced injury
but has a minimal effect on that induced by initiator
(group III) or executioner (group II) caspases. Neverthe-
less, there is evidence to suggest that SERPINB9 plays a
role in limiting the IL-1β (generated by caspase-1)-in-
duced inflammation associated with atherosclerotic
plaques [128]. Normal arterial endothelial cells contain
abundant amounts of SERPINB9 and minimal amounts
of IL-1β, whereas atheromas show the inverse relation-
ship. Conceivably, a decrease in SERPINB9 activity al-
lows caspase-1 to generate more IL-1β. In turn, IL-1β in-
creases inflammation and arterial wall damage. 
Finally, consistent with the hypothesis that SERPINB9
may interfere with the activation of certain apoptotic
pathways triggered by cytotoxic T or NK cells, increased
SERPINB9 expression correlates with a poor prognosis
in anaplastic large cell lymphomas [136]. Thus, increased
SERINB9 expression might help tumor cells evade cy-
tolytic T or NK cell surveillance mechanisms [137].

SERPINB10 (bomapin, PI10)
Riewald and Schleff used PCR to isolate a unique serpin
sequence from a human bone marrow cDNA library
[138]. In vitro translated SERPINB10 formed SDS-stable
complexes with thrombin and trypsin. Although a de-
tailed kinetic analysis has yet to be published, this in-
hibitory profile is consistent with the Arg residue located
at the canonical P1 position. Of all the clade B serpins,
SERPINB10 appears to have the most restricted expres-
sion pattern (table 2). It is expressed almost exclusively in
cells of the monocytic lineage [139]. In addition, it is
unique among the human serpins in possessing a nuclear
localization signal, which is present in the CD-loop.
The biologic function of SERPINB10 in monocytes is
unknown. However, transfection of HeLa cells with a
SERPINB10 expression plasmid protects these cells from
TNFα/cylohexamide-induced apoptotic death [140].
Moreover, this protection was correlated with the appear-
ance of high molecular weight SERPINB10 complexes in
the cytoplasm. Although no proteinase was isolated from
the complex per se, the authors suggest that the protective
role of SERPINB10 was due to the neutralization of a cy-
tosolic enzyme. 

SERPINB11
Using high-throughput genomic sequence, a novel mem-
ber of the human clade B serpin family, SERPINB11, was
identified [S. Cataltepe et al., unpublished]. This gene
maps to the serpin cluster at 18q21.3. Several cDNA
clones were isolated and sequenced. Unlike most clade B
serpins, the SERPINB11 sequence contains several single-
nucleotide polymorphisms (SNPs) that alter the coding
sequence. Although all of the sequence variants contain a
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functional RSL with Lys-Ser at the putative P1-P1′ posi-
tions, target proteinases have yet to be identified. How-
ever, only a few of the variants have been analyzed, and
some SNPs may have a profound effect on serpin activity,
as several alter well-conserved residues in the serpin
backbone. Preliminary analysis using the highly con-
served mouse orthologue suggests that SERPINB11 will
neutralize some trypsin-like proteinases. SERPINB11
(and its mouse orthologue) also has an unusually high
isoelectric point (pI = 8.42), which is reminiscent of the
chicken clade B serpin, Ment (pI = 9.38). Since the other
human clade B serpins possess a pI in the range of
5.18–6.35, this positively charged serpin may associate
with distinct subcellular structures such as the nucleus or
the lysosome, or with acidic components of the extracel-
lular matrix.

SERPINB12
SERPINB12 was isolated also by screening high-
throughput genomic sequence data [9]. The gene mapped
to the clade B serpin cluster at 18q21 and resided between
SERPINB5 and SERPINB13. The presence of SER-
PINB12 in silico was confirmed by cDNA cloning and
RT-PCR. Expression studies showed that SERPINB12,
like SERPINB6, was present in many tissues, including
brain, bone marrow, lymph node, heart, lung, liver, pan-
creas, testis, ovary and intestines (table 2). Based on the
presence of Arg and Ser at the reactive center (P1-P1′) of
the RSL, SERPINB12 appeared to be an inhibitor of
trypsin-like serine proteinases. This hypothesis was con-
firmed, as recombinant SERPINB12 inhibited human
trypsin and plasmin, but not thrombin, coagulation factor
Xa or uPA.

SERPINB13 (headpin, hurpin, PI13)
The cDNA for SERPINB13 was isolated independently by
two different groups [141, 142]. Abts and colleagues iden-
tified a transcript that was downregulated in response to
UVB irradiation (hurpin), whereas Spring and colleagues
isolated a cDNA (headpin) that was underexpressed in sev-
eral squamous cell carcinomas of the oral cavity. In con-
trast, SERPINB13, which is present in the mucosa, normal
keratinocytes and skin, is upregulated in psoriasis.
Genomic analysis revealed the presence of several alter-
native donor splice sites at the 3′ end of exon 3. One
splice variant (confirmed by cDNA cloning) would add
an additional nine amino acids to the CD-loop [142]. The
functional significance of the alternative splicing is not
known but may alter subcellular distribution or the reper-
toire of proteins capable of interacting with SERPINB13.
Biochemical analysis of recombinant SERPINB13 shows
that it can neutralize the cysteine proteinases catK and L
[143, 144]. RSL cleavage occurs between the Thr and Ser

residues at the canonical P1and P1′ positions, with Val at
the P2 position most likely directing proteinase binding
and cleavage.
Although the biological function of SERPINB13 is un-
known, experimental evidence suggests that cells overex-
pressing this serpin show increased resistance to UV-in-
duced apoptosis [144]. This protective mechanism may
involve the neutralization of lysosomal cysteine pro-
teinases that leak from the damaged organelles.

Mouse-human clade B serpin relationships
Human clade B serpins are grouped into clusters of 3 and
10 genes that map to 6p25 and 18q21.3, respectively [7,
9]. There is remarkable conservation in gene order be-
tween the mouse and human clade B serpin clusters (fig.
4). However, the mouse clade B serpin clusters on both
chromosomes 1 and 13 show an expanded gene repertoire
relative to their human counterparts. On human chromo-
some 6, SERPINB1, -B6 and -B9 span a distance of 
~350 kbp. In contrast, the mouse serpin cluster on chromo-
some 13 spans ~1000 kbp and contains three, five and
seven paralogues of Serpinb1, -b6 and -b9, respectively
[145]. In addition, the locus harbors at least 3 pseudo-
genes and some gene fragments. On human chromosome
18, the 10 serpin genes span a distance of ~500 kbp [9].
The syntenic locus on mouse chromosome 1 spans ~ 800
kbp. However, unlike the serpin locus on mouse chromo-
some 13, only the region corresponding to SERPINB3
and -B4 is amplified [D. J. Askew and G. A. Silverman,
unpublished]. This region contains four paralogs of a
SERPINB3-B4-like gene plus 3 pseudogenes. The human
and mouse genes in this region appeared to evolve from a
single common ancestor followed by local duplication
events within each species. The designation of Serpinb3a
is somewhat misleading, as this protein demonstrates the
same inhibitory profile and tissue distribution pattern as
both SERPINB3 and -B4. Thus, of the 4 mouse genes in
this locus, Serpinb3a is likely to be the direct descendant
of the ancestral SERPINB3-B4-like gene. The other par-
alogues in this locus, Serpinb3b, -b3c and -b3d, all con-
tain different RSLs and probably have evolved functions
distinct from that of Serpinb3.
The amplification of serpin genes in the mouse genome
is not restricted to the clade B serpin clusters. For exam-
ple, the clade A serpin genes on mouse chromosome 12
are amplified greatly in comparison to the syntenic locus
on human chromosome 14 [146]. The expansion of serpin
gene numbers in the mouse is associated with a concomi-
tant diversification of RSL amino acid sequences. This
finding suggests that mice have expanded their inhibitory
repertoire to regulate a broader array of endogenous
and/or exogenous (e.g. bacterial) proteinases.
Mice with targeted deletions of Serpinb2 [47], Serpinb3a
[D. J. Askew and G. A. Silverman, unpublished], Serpinb5
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or Serpinb6 [P. I. Bird et al., unpublished] have been gen-
erated. Animals with homozygous deletions of Serpinb2,
-b3a and -b6 show normal development and longevity.
However, an abnormality may be revealed upon exposure
to different types of stressors. Animals with homozygous
loss of Serpinb5 die in development (see above) [103].

Clade B serpin cellular and subcellular distribution
Studies examining the subcellular distribution of the
clade B serpins show a pattern distinct from that of ser-
pins from the other human clades. All of the human clade
B serpins can be detected in the cytosol, and some appear
to be associated with cytoplasmic organelles such as cy-
totoxic or azurophilic granules (P. I. Bird et al., unpub-
lished and [127]). Bird and colleagues used subcellular
fractionation techniques and immunofluorescence mi-
croscopy to show that SERPINB1, -B2, -B6, -B8 and -B9
are present in both the cytoplasm and the nucleus [147].
In the case of SERPINB9 and depending on the cell type,
25–41% of the protein is detected in the nucleus. Nuclear
transport occurs in the absence of a classical nuclear lo-
calization signals (NLS), but appears to be an active
process involving cytoplasmic factors but not ATP. SER-
PINB9 does not appear to bind avidly to an intranuclear
site. Nuclear export of SERPINB9 is sensitive to lepto-
mycin B, thereby implicating Crm1p (exportin) in this
process. 
Unlike the serpins described above, SERPINB10 uses an
NLS within the CD-loop to access the nucleus [148]. This
motif, Lys-Lys-Arg-Lys77, is very similar to the monopar-
tite Pro-Lys-Lys-Lys-Arg-Lys-Val NLS of SV40 T antigen. 
The biologic function of nuclear clade B serpins is un-
known but may involve protecting the nucleus from ex-
ogenous proteolytic activity. Indeed, there are several ex-
amples of proteinases that localize to the nucleus (e.g.
granzyme B). Another possible role for nuclear serpins is
to facilitate chromatin condensation. Ment, a chicken
clade B serpin with similarity to SERPINB10, also con-
tains an NLS (Arg-Arg-Arg-Arg) in the CD-loop as well
as an AT hook motif and a nuclear lamin-like chromatin-
binding region [149]. Ment is the major non-histone chro-
matin protein, is bound stably to compact nucleosomes
and requires both its chromatin-binding CD-loop and
RSL to induce proper chromatin condensation. Ment is
also a potent papain-like cysteine proteinase inhibitor
[150].

Extracellular clade B serpins
There are numerous reports describing the presence of
different clade B serpins in extracellular fluids such as
blood, saliva, breast milk, urine and bronchiolar secre-
tions. In many cases, concentrations of clade B serpins in
these fluids are substantial and thereby likely to play an

important physiologic role. Thus, the absence of a proto-
typical N-terminal signal sequence does not preclude an
extracellular existence for some of the clade B serpin
family members. For example, ovalbumin is secreted
from the chicken oviduct [151, 152]. Secretion occurs via
the endoplasmic reticulum (ER)-Golgi pathway but ap-
pears to require an unusual internal hydrophobic secre-
tion signal located between residues 22 and 41 [151]. Of
the 13 human clade B serpins, there is evidence for a dual
intracellular and extracellular existence for SERPINB1-
B5 [105, 153, 154]. However, with the exceptions of
SERPINB2 and -B5, there is little compelling experi-
mental evidence to suggest that the release of clade B ser-
pins from cells is anything more than a passive process
associated with loss of cell surface membrane integrity or
cell lysis. The human clade B serpin SERPINB2 is found
primarily within monocytes and macrophages [39]. How-
ever, upon stimulation with PMA, LPS or TNFα, rela-
tively small amounts of SERPINB2 are secreted [39]. De-
pending on the cell type, this facultative secretion is de-
pendent or independent of the ER-Golgi pathway. In the
former case, SERPINB2 contains both complex-type N-
linked and O-linked oligosaccharides [44]. In the latter
case, SERPINB2 contains no detectable N-linked
oligosaccharides, and the process is not blocked by
brefeldin A [155]. 
SERPINB5 also resides in the cytosol but can associate
with secretory granules and the cell membrane [105]. Us-
ing an in vitro transcription, translation and translocation
assay, Pemberton and colleagues showed that SERPINB5
partitioned to microsomal membranes and appears capa-
ble of sorting into the classical secretory pathway.
In contrast to SERPINB2 and -B5, SERPINB6 resides
exclusively within the cell [156]. SERPINB6 is not de-
tected in the culture media of a variety of cell types
treated with inducers of the protein kinase A (dibutyl
cAMP) or C (PMA) signal transduction pathways or
TNFα [156]. Fusion of a signal peptide (influenza HA)
to the N-terminus of SERPINB6 resulted in its translo-
cation across the ER where it was retained in a nonfunc-
tional form. This finding suggests that conditions within
the ER prevent correct folding of SERPINB6 so that it
cannot transit the remainder of the secretory pathway.
Experiments with SERPINB1, -B8 and -B9 yielded re-
sults similar to those for SERPINB6 [F. Scott et al. un-
published].
Previous reports suggest that SCC cells actively secrete
SERPINB3 and -B4 into the circulation or culture me-
dium [154, 157, 158]. However, using pulse-chase ana-
lysis, under conditions that increase SERPINB3 and -B4
synthesis (incubation with PMA or TNFα), relatively
scant amounts of SERPINB3 and -B4 appeared in the
culture medium. These pulse-chase studies were per-
formed using a squamous cell tumor line that was con-
sidered to be a high ‘secretor’ of SERPINB3 and -B4
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[154]. The increased amount of LDH in the medium sug-
gested that cell lysis rather than an active secretory
process contributed to the scant amount of SERPINB3
and -B4 in the culture supernatant. Relative to the few
clade B serpins that have been studied to date, the cellu-
lar fate of SERPINB3 and -B4 appeared more like that of
SERPINB6 [156] rather than that of SERPINB2 [44] or 
-B5 [105]. In contrast to SERPINB6, when a signal pep-
tide was fused to the N-terminus of SERPINB3, this ser-
pin readily appeared in the culture supernatant. More-
over, these molecules retained their biologic activity as
proteinase inhibitors. Thus, if the SERPINB3 and -B4 can
traverse the ER membrane, then secretion along the clas-
sical pathway is feasible. However, in vitro experiments
using microsomal membranes suggest that the transloca-
tion of wild-type SERPINB3 or -B4 across the ER mem-
brane is a formidable task and is unlikely to occur in vivo.
Mutagenesis studies show that two embedded (non-
cleaved) N-terminal hydrophobic motifs, H1 (residues
4–16) and H2 (residues 28–46), play an important role in
directing clade B serpin secretion [105, 151, 153, 159].
Examination of the amino acid sequences of SERPINB3,
-B4 and -B6 revealed the presence of a charged Glu
residue within the H1 domain. SERPINB3 and -B4 also
harbor a Lys residue in this domain. However, substitution
of one or both of these residues for those present in SER-
PINB2 failed to increase the secretion of SERPINB3.
This finding suggested that the charged residues in the
H1 domains of SERPINB3 and -B4 were not in them-
selves an impediment to secretion via the classical or al-
ternative pathways. Conversely, these data indicated that
the hydrophobicity of the H1 domain was insufficient to
augment clade B serpin secretion and that other residues
or motifs within the serpin backbone may participate in
the secretory process.
These data also indicated that SERPINB3 and -B4 in the
circulation of cancer patients may be a simple function of
the mass of SERPINB3 and -B4 synthesized and released
by necrotic tumor cells. This notion is consistent with the
diagnostic and prognostic data collected for serum SER-
PINB3 and -B4 levels in SCC patients as well as an intra-
cellular site for clade B serpin function. However, inter-
actions between serpins and potential target proteinases
depend on the relative concentrations of the reactants,
binding constants and local environmental factors. The
latter factors are particularly important, as serpin-pro-
teinase binding is influenced by redox state, pH, solute
concentrations and the presence of accessory molecules
such as heparans, vitronectin, defensins and other pro-
teinases [160, 161]. Thus, a precise knowledge of an in-
tra- and/or extracellular location is a prerequisite to un-
derstanding the actual range of target proteinases and bi-
ologic functions of serpin molecules. The detection of
SERPINB3 and -B4 in the cytosol suggests that under
normal conditions, these serpins (like SERPINB6) regu-

late intracellular proteolytic cascades rather than those in
the circulation or extravascular space. However, under
pathologic conditions in which they are actively or pas-
sively released into the circulation, a systemic role for
SERPINB3, -B4 and other clade B serpins cannot be pre-
cluded [162].

Intracellular serpins in other species
Based on information currently available in the genomic
and expressed sequence tag (EST) databases, clade B
members, per se, have been detected only in vertebrates.
Moreover, they are the only serpin clade within this taxon
with a predominately intracellular distribution. Since it is
generally accepted that the primordial serpin was intra-
cellular [4] and that all species harboring serpin family
members also contain a subset of intracellular serpins, it
can be asked whether there is a deeper evolutionary rela-
tionship between the clade B serpins and these other in-
tracellular serpin groups. The answer to this question
hinges on our ability to identify and trace a sequence pat-
tern or structural motif common to all intracellular ser-
pins. At present such a trait has not been identified, and it
is not possible to detect an insect/nematode/mam-
malian/plant/jellyfish/bacterial/archaeal intracellular ser-
pin group that excludes the extracellular serpins. The rea-
son for this is that relationships at this depth in the serpin
tree are not clear. Furthermore, since there is presently no
example of a conserved proteinase regulated by intracel-
lular serpins in widely separated species, the possibility
of convergent evolution in generating intracellular serpin
families cannot be evaluated. Thus, it is not yet possible
to determine whether the intracellular serpins have arisen
once or multiple times during evolution.
Despite the current lack of a clear evolutionary distinc-
tion between the intracellular and extracellular serpins,
all of the intracellular serpin groups share several subtle
structural and functional features in common with clade
B serpins: (i) the absence of typical (cleavable) N-termi-
nal signal peptides (i.e. they are leader-less), (ii) the lack
of N- or C-terminal extensions comparable to those of the
canonical clade A serpin, α1-antitrypsin (SERPINA1),
(iii) a cytosolic or nucleocytosolic subcellular distribu-
tion (for those that have been examined), (iv) inhibition of
serine and/or cysteine proteinases (each group also con-
tains as a few noninhibitory types), (v) a conserved Ala
residue at the canonical P10 position of the inhibitory
type RSLs and (vi) a significant likelihood of containing
one or more Cys residues in the RSL and/or the contigu-
ous  β strand, 1C. 
The ability of these serpins to inhibit both serine and/or
cysteine proteinases may reflect the need of cells to guard
efficiently their intracellular space against a broader ar-
ray of misdirected proteinases or to possess strategic reg-
ulators at key nodes of interaction between cysteine and
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serine proteinase cascades. The significance of the con-
served P10 Ala is unknown, but may be necessary to fa-
cilitate RSL movement and inhibitory function within the
intracellular space. The presence of Cys residues in the
RSL-β s1C in the intracellular serpins is intriguing. In hu-
mans, only serpins in the B clade contain Cys residues in
this region (table 4). A more global analysis reveals that
~ 65% of 70 putative intracellular serpins, but only
~ 11% of 92 putative extracellular serpins contain at least
one Cys residue in the RSL- s1C region (table 4). This as-
sociation of these Cys residues with serpins lacking sig-
nal peptides is significant (χ2 = 50.37, P ≤ 0.001) and

does not take into account the recent findings that even
the relatively few ‘extracellular’ serpins with RSL-con-
taining Cys residues may actually reside intracellularly.
For example, the gene for mouse Serpina3g (Spi2-1, ser-
pin 2A) contains Cys-Cys residues at the reactive center
(P1-P1′) and encodes for a N-terminal signal peptide, as
do all clade A serpins. However, by immunohistochem-
istry this protein demonstrates a nucleocytoplasmic dis-
tribution [163]. This subcellular distribution appears to
be a consequence of an alternative 5′splicing event that
eliminates that portion of the transcript encoding for the
N-terminal signal peptide. It has yet to be determined
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whether other clade A-like serpins with Cys residues in
the RSL follow a similar fate. The presence of Cys
residues in the RSL- s1C of intracellular serpins may be
required to facilitate or stabilize the interactions with the
types of proteinases encountered within the cell. More-
over, the relative reducing environment of the cytosol
may facilitate this process by deterring the formation of
intramolecular disulfide linkages capable of interfering
with inhibitory functions. Alternatively, these Cys
residues may help maintain proteinase-inhibitor balance
in the extracellular space by limiting the half-life of ser-
pins released from necrotic cells. In unique circum-
stances, however (e.g. the Crenarchaeote thermophile,
Pyrobaculum aerophilum), a Cys residue on the P′ side of
the RSL could be employed to stabilize the serpin fold
without interfering with serpin inhibitory function [5].
Although the precise biologic function of the majority of
these serpins is unknown, they are likely to play critical
roles in cellular metabolism by safeguarding the intracel-
lular environment from endogenous or exogenous pro-
teinase-mediated injury. Thus, intracellular serpins,
which encompass the vertebrate clade B serpins and
leader-less serpins from other taxa, have functionally
converged to fulfill the common need of organisms to
carefully regulate intracellular proteolysis.

1  Gettins P. G. (2002) Serpin structure, mechanism and func-
tion. Chem. Rev. 102: 4751–4803

2  Silverman G. A., Bird P. I., Carrell R. W., Coughlin P. B., Get-
tins P. G., Irving J. I. et al. (2001) The serpins are an expand-
ing superfamily of structurally similar but funtionally diverse
proteins: evolution, mechanism of inhibition, novel functions
and a revised nomenclature. J. Biol. Chem. 276: 33293–
33296

3  Remold-O’Donnell E. (1993) The ovalbumin family of serpin
proteins, FEBS Lett. 315: 105–108

4  Irving J. A., Pike R. N., Lesk A. M. and Whisstock J. C. (2000)
Phylogeny of the serpin superfamily: implications of patterns
of amino acid conservation for structure and function.
Genome Res. 10: 1845–1864

5  Irving J. A., Steenbakkers P. J., Lesk A. M., Op den Camp H.
J., Pike R. N. and Whisstock J. C. (2002) Serpins in prokary-
otes. Mol. Biol. Evol. 19: 1881–1890

6  Ragg H., Lokot T., Kamp P. B., Atchley W. R. and Dress A.
(2001) Vertebrate serpins: construction of a conflict-free phy-
logeny by combining exon-intron and diagnostic site analyses.
Mol. Biol. Evol. 18: 577–584

7  Scott F. L., Eyre H. J., Lioumi M., Ragoussis J., Irving J. A.,
Sutherland G. A. et al. (1999) Human ovalbumin serpin evo-
lution: phylogenic analysis, gene organization, and identifi-
cation of new PI8-related genes suggest that two interchro-
mosomal and several intrachromosomal duplications gener-
ated the gene clusters at 18q21-q23 and 6p25. Genomics 62:
490– 499

8  Kumar S. and Hedges S. B. (1998) A molecular timescale for
vertebrate evolution. Nature 392: 917–920.

9  Askew Y. S., Pak S. C., Luke C. J., Askew D. J., Cataltepe S.,
Mills D. R. et al. (2001) SERPINB12 is a novel member of the
human ov-serpin family that is widely expressed and inhibits
trypsin-like serine proteinases. J. Biol. Chem. 276: 49320–
49330

10  Bartuski A. J., Kamachi Y., Schick C., Overhauser J. and Sil-
verman G. A. (1997) Cytoplasmic antiproteinase 2 (PI8) and
bomapin (PI10) map to the serpin cluster at 18q21.3. Ge-
nomics 43: 321–328

11  Eyre H. J., Sun J., Sutherland G. R. and Bird P. (1996) Chro-
mosomal mapping of the gene (PI9) encoding the intracellu-
lar serpin proteinase inhibitor 9 to 6p25 by fluorescence in situ
hybridization. Genomics 37: 406–408

12  Evans E., Cooley J. and Remold-O’Donnell E. (1995) Char-
acterization and chromosomal localization of ELANH2, the
gene encoding human monocyte/neutrophil elastase inhibitor.
Genomics 28: 235–240

13 Loebermann H., Tokuoka R., Deisenhofer J. and Huber R.
(1984) Human alpha 1-proteinase inhibitor. Crystal structure
analysis of two crystal modifications, molecular model and
preliminary analysis of the implications for function. J. Mol.
Biol. 177: 531–557

14 Stein P. E., Leslie A. G., Finch J. T., Turnell W. G., McLaugh-
lin P. J. and Carrell R. W. (1990) Crystal structure of ovalbu-
min as a model for the reactive centre of serpins. Nature 347:
99–102

15  Wright H. T., Qian H. X. and Huber R. (1990) Crystal struc-
ture of plakalbumin, a proteolytically nicked form of ovalbu-
min. Its relationship to the structure of cleaved alpha-1-pro-
teinase inhibitor. J. Mol. Biol. 213: 513–528

16  Wei A., Rubin H., Cooperman B. S. and Christianson D. W.
(1994) Crystal structure of an uncleaved serpin reveals the
conformation of an inhibitory reactive loop. Nature Struct.
Biol. 1: 251–257

17  Carrell R. W. and Owen M. C. (1985) Plakalbumin, alpha 1-
antitrypsin, antithrombin and the mechanism of inflammatory
thrombosis. Nature 317: 730–2

18  Stein P. E., Tewkesbury D. A. and Carrell R. W. (1989) Oval-
bumin and angiotensinogen lack serpin S-R conformational
change. Biochem J. 262: 103–7

19  Huntington J. A., Read R. J. and Carrell R. W. (2000) Struc-
ture of a serpin-protease complex shows inhibition by defor-
mation. Nature 407: 923–926

20  Schechter I. and Berger A. (1967) On the size of the active site
in proteases. I. Papain. Biochem. Biophys. Res. Commun. 27:
157–162

21  Yamasaki M., Arii Y., Mikami B. and Hirose M. (2002) Loop-
inserted and thermostabilized structure of P1-P1′ cleaved
ovalbumin mutant R339T. J. Mol. Biol. 315: 113–120

22  Sugimoto Y., Sanuki S., Ohsako S., Higashimoto Y., Kondo
M., Kurawaki J. et al. (1999) Ovalbumin in developing
chicken eggs migrates from egg white to embryonic organs
while changing its conformation and thermal stability. J. Biol.
Chem. 274: 11030–11037

23  Lukacs C. M., Zhong J. Q., Plotnick M. I., Rubin H., Cooper-
man B. S. and Christianson D. W. (1996) Arginine substitu-
tions in the hinge region of antichymotrypsin affect serpin
beta-sheet rearrangement. Nat. Struct. Biol. 3: 888–893

24 Baumann U., Bode W., Huber R., Travis J. and Potempa J.
(1992) Crystal structure of cleaved equine leucocyte elastase
inhibitor determined at 1.95 A resolution. J. Mol. Biol. 226:
1207–1218

25  Harrop S. J., Jankova L., Coles M., Jardine D., Whittaker J. S.,
Gould A. R. et al. (1999) The crystal structure of plasminogen
activator inhibitor 2 at 2.0 A resolution: implications for ser-
pin function. Structure Fold Des. 7: 43–54

26 Jankova L., Harrop S. J., Saunders D. N., Andrews J. L., Bertram
K. C., Gould A. R. et al. (2001) Crystal structure of the complex
of plasminogen activator inhibitor 2 with a peptide mimicking
the reactive center loop. J. Biol. Chem. 276: 43374–43382

27  Dickinson J. L., Norris B. J., Jensen P. H. and Antalis T. M.
(1998) The C-D interhelical domain of the serpin plasminogen
activator inhibitor-type 2 is required for protection from TNF-
alpha induced apoptosis. Cell Death Differ. 5: 163–171

320 G. A. Silverman et al. Human clade B serpins



28  Whisstock J. C., Skinner R., Carrell R. W. and Lesk A. M.
(2000) Conformational changes in serpins: I. The native and
cleaved conformations of alpha(1)-antitrypsin. J. Mol. Biol.
296: 685–699

29  Berman H. M., Westbrook J., Feng Z., Gilliland G., Bhat T. N.,
Weissig H. et al. (2000) The Protein Data Bank. Nucleic Acids
Res. 28: 235–242

30  Remold-O’Donnell E. (1985) A fast-acting elastase inhibitor
in human monocytes. J. Exp. Med. 162: 2142–55

31 Remold-O’Donnell E., Chin J. and Alberts M. (1992) Se-
quence and molecular characterization of human mono-
cyte/neutrophil elastase inhibitor. Proc. Natl. Acad. Sci. USA
89: 5635–5639

32  Dubin A., Travis J., Enghild J. J. and Potempa J. (1992) Equine
leukocyte elastase inhibitor. Primary structure and identifica-
tion as a thymosin-binding protein. J. Biol. Chem. 267: 6576–
6583

33  Cooley J., Takayama T. K., Shapiro S. D., Schechter N. M. and
Remold-O’Donnell E. (2001) The serpin MNEI inhibits elas-
tase-like and chymotrypsin-like serine proteases through effi-
cient reactions at two active sites. Biochemistry 40: 15762–
15770

34  Rees D. D., Rogers R. A., Cooley J., Mandle R. J., Kenney D.
M. and Remold-O’Donnell E. (1999) Recombinant human
monocyte/neutrophil elastase inhibitor protects rat lungs
against injury from cystic fibrosis airway secretions. Am. J.
Respir. Cell. Mol. Biol. 20: 69–78

35  Packard B. Z., Lee S. S., Remold-O’Donnell E. and Komoriya
A. (1995) A serpin from human tumor cells with direct lym-
phoid immunomodulatory activity: mitogenic stimulation of
human tumor-infiltrating lymphocytes. Biochim. Biophys.
Acta 1269: 41–50

36  Torriglia A., Perani P., Brossas J. Y., Chaudun E., Treton J.,
Courtois Y. et al. (1998) L-DNase II, a molecule that links pro-
teases and endonucleases in apoptosis, derives from the ubiq-
uitous serpin leukocyte elastase inhibitor [published erratum
appears in Mol Cell Biol 1998 Aug;18(8):4947]. Mol. Cell.
Biol. 18: 3612–3619

37 Belmokhtar C. A., Torriglia A., Counis M. F., Courtois Y.,
Jacquemin-Sablon A. and Segal-Bendirdjian E. (2000) Nu-
clear translocation of a leukocyte elastase Inhibitor/Elastase
complex during staurosporine-induced apoptosis: role in the
generation of nuclear L-DNase II activity. Exp. Cell. Res. 254:
99–109.

38  Altairac S., Zeggai S., Perani P., Courtois Y. and Torriglia A.
(2003) Apoptosis induced by Na(+)/H(+) antiport inhibition
activates the LEI/L-DNase II pathway. Cell. Death Differ. 10:
548–557

39  Bachmann F. (1995) The enigma PAI-2. Gene expression, evo-
lutionary and functional aspects. Thromb. Haemost. 74: 172–
179

40  Kruithof E. K. O., Baker M. S. and Bunn C. L. (1995) Bio-
logical and clinical aspects of plasminogen activator inhibitor
type 2. Blood 86: 4007–4024

41  Ellis V., Wun T. C., Behrendt N., Ronne E. and Dano K. (1990)
Inhibition of receptor-bound urokinase by plasminogen-acti-
vator inhibitors. J. Biol. Chem. 265: 9904–9908

42  Pollanen J., Vaheri A., Tapiovaara H., Riley E., Bertram K.,
Woodrow G. et al. (1990) Prourokinase activation on the sur-
face of human rhabdomyosarcoma cells: localization and in-
activation of newly formed urokinase-type plasminogen acti-
vator by recombinant class 2 plasminogen activator inhibitor.
Proc. Natl. Acad. Sci. USA 87: 2230–2234

43  Kruithof E. K., Vassalli J. D., Schleuning W. D., Mattaliano R.
J. and Bachmann F. (1986) Purification and characterization
of a plasminogen activator inhibitor from the histiocytic lym-
phoma cell line U-937. J. Biol. Chem. 261: 11207–11213

44  Ye R. D., Wun T. C. and Sadler J. E. (1988) Mammalian pro-
tein secretion without signal peptide removal. Biosynthesis of

plasminogen activator inhibitor-2 in U-937 cells. J. Biol.
Chem. 263: 4869–4875

45  Jensen P. J., Wu Q., Janowitz P., Ando Y. and Schechter N. M.
(1995) Plasminogen activator inhibitor type 2: an intracellular
keratinocyte differentiation product that is incorporated into
the cornified envelope. Exp. Cell. Res. 217: 65–71

46  Jensen P. H., Schuler E., Woodrow G., Richardson M., Goss
N., Hojrup P. et al. (1994) A unique interhelical insertion in
plasminogen activator inhibitor-2 contains three glutamines,
Gln83, Gln84, Gln86, essential for transglutaminase-medi-
ated cross-linking. J. Biol. Chem. 269: 15394–15398

47  Dougherty K. M., Pearson J. M., Yang A. Y., Westrick R. J.,
Baker M. S. and Ginsburg D. (1999) The plasminogen acti-
vator inhibitor-2 gene is not required for normal murine de-
velopment or survival. Proc. Natl. Acad. Sci. USA 96:
686–691

48  Kumar S. and Baglioni C. (1991) Protection from tumor
necrosis factor-mediated cytolysis by overexpression of plas-
minogen activator inhibitor type-2. J. Biol. Chem. 266:
20960– 20964

49 Dickinson J. L., Bates E. J., Ferrante A. and Antalis T. M.
(1995) Plasminogen activator inhibitor type 2 inhibits tumor
necrosis factor alpha-induced apoptosis. Evidence for an al-
ternate biological function. J. Biol. Chem. 270: 27894–27904

50  Antalis T. M., La Linn M., Donnan K., Mateo L., Gardner J.,
Dickinson J. L. et al. (1998) The serine proteinase inhibitor
(serpin) plasminogen activation inhibitor type 2 protects
against viral cytopathic effects by constitutive interferon al-
pha/beta priming. J. Exp. Med. 187: 1799–1811

51 Foekens J. A., Buessecker F., Peters H. A., Krainick U., van
Putten W. L., Look M. P. et al. (1995) Plasminogen activator
inhibitor-2: prognostic relevance in 1012 patients with pri-
mary breast cancer. Cancer Res. 55: 1423–1427

52  Nagayama M., Sato A., Hayakawa H., Urano T., Takada Y. and
Takada A. (1994) Plasminogen activators and their inhibitors
in non-small cell lung cancer. Low content of type 2 plas-
minogen activator inhibitor associated with tumor dissemina-
tion. Cancer 73: 1398–1405

53  Hasina R., Hulett K., Bicciato S., Di Bello C., Petruzzelli G. J.
and Lingen M. W. (2003) Plasminogen activator inhibitor-2: a
molecular biomarker for head and neck cancer progression.
Cancer Res. 63: 555–559

54  Takeuchi Y., Nakao A., Harada A., Nonami T., Fukatsu T. and
Takagi H. (1993) Expression of plasminogen activators and
their inhibitors in human pancreatic carcinoma: immunohisto-
chemical study. Am. J. Gastroenterol. 88: 1928–1933

55  Mueller B. M., Yu Y. B. and Laug W. E. (1995) Overexpression
of plasminogen activator inhibitor 2 in human melanoma cells
inhibits spontaneous metastasis in scid/scid mice. Proc. Natl.
Acad. Sci. USA 92: 205–209

56  Ganesh S., Sier C. F., Griffioen G., Vloedgraven H. J., de Boer
A., Welvaart K. et al. (1994) Prognostic relevance of plas-
minogen activators and their inhibitors in colorectal cancer.
Cancer Res. 54: 4065–4071

57  Zhou H. M., Bolon I., Nichols A., Wohlwend A. and Vassalli
J. D. (2001) Overexpression of plasminogen activator in-
hibitor type 2 in basal keratinocytes enhances papilloma for-
mation in transgenic mice. Cancer Res. 61: 970–976

58  Jensen P. H., Jensen T. G., Laug W. E., Hager H., Gliemann J.
and Pepinsky B. (1996) The exon 3 encoded sequence of the
intracellular serine proteinase inhibitor plasminogen activator
inhibitor 2 is a protein binding domain. J. Biol. Chem. 271:
26892–26899

59  Wilczynska M., Lobov S., Ohlsson P. I. and Ny T. (2003) A re-
dox-sensitive loop regulates plasminogen activator inhibitor
type 2 (PAI-2) polymerization. EMBO J. 22: 1753–1761

60  Kato H. (1992) Squamous cell carcinoma antigen In: Serolog-
ical Cancer Markers (S. Sell, ed.) pp. 437–451, Humana
Press, Totowa, NJ

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 321



61  Ngan H. Y. S., Chan S. Y. W., Wong L. C., Choy D. T. K. and
Ma H. K. (1990) Serum squamous cell carcinoma antigen in
the monitoring of radiotherapy treatment response in carci-
noma of the cervix. Gynecol. Oncol. 37: 260–263

62  Duk J. M., Groenier K. H., de Bruijn H. W. A., Hollema H., ten
Hoor K. A., van der Zee A. G. J. et al. (1996) Pretreatment
serum squamous cell carcinoma antigen:  a newly identified
prognostic factor in early-stage cervical carcinoma. J. Clin.
Oncol. 14: 111–118

63  Lara P. C. and Cuyas J. M. (1995) The role of squamous cell
carcinoma antigen in the management of laryngeal and hy-
popharyngeal cancer. Cancer 76: 758–764

64  Snyderman C. H., D’Amico F., Wagner R. and Eibling D. E.
(1995) A reappraisal of the squamous cell carcinoma antigen
as a tumor marker in head and neck cancer. Arch. Otolaryngol.
Head Neck Surg. 121: 1294–1297

65  Maruo T., Shibata K., Kimura A., M. H. and Mochizuki M.
(1985) Tumor-associated antigen, TA-4, in the monitoring of
the effects of therapy for squamous cell carcinoma of the uter-
ine cervix. Cancer 56: 302–308

66  Suminami Y., Kishi F., Sekiguchi K. and Kato H. (1991) Squa-
mous cell carcinoma antigen is a new member of the serine
protease inhibitors. Biochem. Biophys. Res. Commun. 181:
51–58

67  Schneider S. S., Schick C., Fish K. E., Miller E., Pena J. C.,
Treter S. D. et al. (1995) A serine proteinase inhibitor locus at
18q21.3 contains a tandem duplication of the human squa-
mous cell carcinoma antigen gene. Proc. Natl. Acad. Sci. USA
92: 3147–3151

68  Schick C., Kamachi Y., Bartuski A. J., Cataltepe S., Schechter
N. M., Pemberton P. A. et al. (1997) Squamous cell carcinoma
antigen 2:  a novel serpin that inhibits the chymotrypsin-like
proteinases cathepsin G and mast cell chymase. J. Biol. Chem.
272: 1849–1855

69  Schick C., Pemberton P. A., Shi G.-P., Kamachi Y., Cataltepe
S., Bartuski A. J. et al. (1998) Cross-class inhibition of the
cysteine proteinases cathepsins K, L, and S by the serpin squa-
mous cell carcinoma antigen 1:  A kinetic analysis. Biochem-
istry 37: 5258–5266

70  Schick C., Bromme D., Bartuski A. J., Uemura Y., Schechter
N. M. and Silverman G. A. (1998) The reactive site loop of the
serpin SCCA1 is essential for cysteine proteinase inhibition.
Proc. Natl. Acad. Sci. USA 95: 13465–13470

71  Cataltepe S., Gornstein E. R., Schick C., Kamachi Y., Chatson
K., Fries J. et al. (2000) Co-expression of the squamous cell
carcinoma antigens 1 and 2 in normal adult tissues and squa-
mous cell carcinomas. J. Histochem. Cytochem. 48: 113–122

72  Komiyama T., Ray C. A., Pickup D. J., Howard A. D., Thorn-
berry N. A., Peterson E. P. et al. (1994) Inhibition of inter-
leukin-1β converting enzyme by the cowpox virus serpin
CrmA. An example of cross-class inhibition. J. Biol. Chem.
269: 19331–19337

73  Sun J., Bird C. H., Sutton V., McDonald L., Coughlin P. B., De
Jong T. A. et al. (1996) A cytosolic granzyme B inhibitor re-
lated to the viral apoptotic regulator cytokine response modi-
fier A is present in cytotoxic lymphocytes. J. Biol. Chem. 271:
27802–27809

74  Bird C. H., Sutton V. R., Sun J., Hirst C. E., Novak A., Kumar
S. et al. (1998) Selective regulation of apoptosis: the cytotoxic
lymphocyte serpin proteinase inhibitor 9 protects against
granzyme B-mediated apoptosis without perturbing the Fas
cell death pathway. Mol. Cell. Biol. 18: 6387–6398

75  Suminami Y., Nagashima S., Vujanovic N. L., Hirabayashi K.,
Kato H. and Whiteside T. L. (2000) Inhibition of apoptosis in
human tumour cells by the tumour-associated serpin, SCC
antigen-1. Br. J. Cancer 82: 981–989

76  Suminami Y., Nagashima S., Murakami A., Nawata S., Gondo
T., Hirakawa H. et al. (2001) Suppression of a squamous cell
carcinoma (SCC)-related serpin, SCC antigen, inhibits tumor

growth with increased intratumor infiltration of natural killer
cells. Cancer Res. 61: 1776–1780.

77  Murakami A., Suminami Y., Hirakawa H., Nawata S., Numa F.
and Kato H. (2001) Squamous cell carcinoma antigen sup-
presses radiation-induced cell death. Br. J. Cancer 84:
851–858.

78  Luke C., Schick C., Tsu C., Whisstock J. C., Irving J. A.,
Bromme D. et al. (2000) Simple modifications of the serpin
reactive site loop convert SCCA2 into a cysteine proteinase
inhibitor: a critical role for the P3′ proline in facilitating RSL
cleavage. Biochemistry 39: 7081–7091.

79  McGettrick A. F., Barnes R. C. and Worrall D. M. (2001)
SCCA2 inhibits TNF-mediated apoptosis in transfected HeLa
cells. The reactive centre loop sequence is essential for this
function and TNF-induced cathepsin G is a candidate target.
Eur. J. Biochem. 268: 5868–5875

80  Zou Z., Anisowicz A., Hendrix M. J., Thor A., Neveu M.,
Sheng S. et al. (1994) Maspin, a serpin with tumor-suppress-
ing activity in human mammary epithelial cells. Science 263:
526–529

81  Sheng S., Carey J., Seftor E. A., Dias L., Hendrix M. J. and
Sager R. (1996) Maspin acts at the cell membrane to inhibit
invasion and motility of mammary and prostatic cancer cells.
Proc. Natl. Acad. Sci. USA 93: 11669–11674

82  Shi H. Y., Liang R., Templeton N. S. and Zhang M. (2002) In-
hibition of breast tumor progression by systemic delivery of
the maspin gene in a syngeneic tumor model. Mol. Ther. 5:
755–761

83  Jiang N., Meng Y., Zhang S., Mensah-Osman E. and Sheng S.
(2002) Maspin sensitizes breast carcinoma cells to induced
apoptosis. Oncogene 21: 4089–4098

84  Futscher B. W., Oshiro M. M., Wozniak R. J., Holtan N., Hani-
gan C. L., Duan H. et al. (2002) Role for DNA methylation in
the control of cell type specific maspin expression. Nat.
Genet. 31: 175–179

85  Zou Z., Gao C., Nagaich A. K., Connell T., Saito S., Moul J.
W. et al. (2000) p53 regulates the expression of the tumor sup-
pressor gene maspin. J. Biol. Chem. 275: 6051–6054

86  Umekita Y., Ohi Y., Sagara Y. and Yoshida H. (2002) Expres-
sion of maspin predicts poor prognosis in breast-cancer pa-
tients. Int. J. Cancer 100: 452–455

87  Maass N., Hojo T., Rosel F., Ikeda T., Jonat W. and Nagasaki
K. (2001) Down regulation of the tumor suppressor gene
maspin in breast carcinoma is associated with a higher risk of
distant metastasis. Clin. Biochem. 34: 303–307

88  Maass N., Teffner M., Rosel F., Pawaresch R., Jonat W., Na-
gasaki K. et al. (2001) Decline in the expression of the serine
proteinase inhibitor maspin is associated with tumour pro-
gression in ductal carcinomas of the breast. J. Pathol. 195:
321–326

89  Zou Z., Zhang W., Young D., Gleave M. G., Rennie P., Connell
T. et al. (2002) Maspin expression profile in human prostate
cancer (CaP) and in vitro induction of Maspin expression by
androgen ablation. Clin. Cancer Res. 8: 1172–1177

90  Song S. Y., Lee S. K., Kim D. H., Son H. J., Kim H. J., Lim Y.
J. et al. (2002) Expression of maspin in colon cancers: its re-
lationship with p53 expression and microvessel density. Dig.
Dis. Sci. 47: 1831–1835

91  Maass N., Hojo T., Ueding M., Luttges J., Kloppel G., Jonat W.
et al. (2001) Expression of the tumor suppressor gene Maspin
in human pancreatic cancers. Clin. Cancer. Res. 7: 812–817

92  Sood A. K., Fletcher M. S., Gruman L. M., Coffin J. E., Jab-
bari S., Khalkhali-Ellis Z. et al. (2002) The paradoxical ex-
pression of maspin in ovarian carcinoma. Clin. Cancer. Res. 8:
2924–2932

93  Heighway J., Knapp T., Boyce L., Brennand S., Field J. K.,
Betticher D. C. et al. (2002) Expression profiling of primary
non-small cell lung cancer for target identification. Oncogene
21: 7749–7763

322 G. A. Silverman et al. Human clade B serpins



94  Domann F. E. and Futscher B. W. (2003) Editorial: maspin as
a molecular target for cancer therapy. J. Urol. 169: 1162–1164

95  Mohsin S. K., Zhang M., Clark G. M. and Craig Allred D.
(2003) Maspin expression in invasive breast cancer: associa-
tion with other prognostic factors. J. Pathol. 199: 432–435

96  Sheng S., Pemberton P. A. and Sager R. (1994) Production,
purification, and characterization of recombinant maspin pro-
teins. J. Biol. Chem. 269: 30988–30993

97  Hopkins P. C. R. and Whisstock J. (1994) Function of maspin.
Science 265: 1893–1894

98  Pemberton P. A., Wong D. T., Gibson H. L., Kiefer M. C., Fitz-
patrick P. A., Sager R. et al. (1995) The tumor suppressor
maspin does not undergo the stressed to relaxed transition or in-
hibit trypsin-like serine proteases. Evidence that maspin is not
a protease inhibitory serpin. J. Biol. Chem. 270: 15832–15837

99  Sheng S., Truong B., Fredrickson D., Wu R., Pardee A. B. and
Sager R. (1998) Tissue-type plasminogen activator is a target
of the tumor suppressor gene maspin. Proc. Natl. Acad. Sci.
USA 95: 499–504

100  Bass R., Fernandez A. M. and Ellis V. (2002) Maspin inhibits
cell migration in the absence of protease inhibitory activity. J.
Biol. Chem. 277: 46845–46848

101  Zhang M., Magit D., Botteri F., Shi H. Y., He K., Li M. et al.
(1999) Maspin plays an important role in mammary gland de-
velopment. Dev Biol. 215: 278–287

102  Zhang M., Volpert O., Shi Y. H. and Bouck N. (2000) Maspin
is an angiogenesis inhibitor. Nat. Med. 6: 196–199

103  Zhang M. (2002) The role of maspin in tumor progression and
normal development. In: Hendrix M. J. C., (ed.) pp. 96–116,
Maspin, Landes Bioscience, Georgetown, TX.

104  Dokras A., Gardner L. M., Kirschmann D. A., Seftor E. A. and
Hendrix M. J. (2002) The tumour suppressor gene maspin is
differentially regulated in cytotrophoblasts during human pla-
cental development. Placenta 23: 274–280

105  Pemberton P. A., Tipton A. R., Pavloff N., Smith J., Erickson
J. R., Mouchabeck Z. M. et al. (1997) Maspin is an intracellu-
lar serpin that partitions into secretory vesicles and is present
at the cell surface. J. Histochem. Cytochem. 45: 1697–1706

106  Coughlin P. B., Tetaz T. and Salem H. H. (1993) Identification
and purification of a novel serine proteinase inhibitor. J. Biol.
Chem. 268: 9541–9547

107  Morgenstern K. A., Henzel W. J., Baker J. B., Wong S., Pas-
tuszyn A. and Kisiel W. (1993) Isolation and characterization
of an intracellular serine proteinase inhibitor from a monkey
kidney epithelial cell line. J. Biol. Chem.. 268: 21560–21568

108  Morgenstern K. A., Sprecher C., Holth L., Foster D., Grant F.
J., Ching A. et al. (1994) Complementary DNA cloning and
kinetic characterization of a novel intracellular serine pro-
teinase inhibitor: mechanism of action with trypsin and factor
Xa as model proteinases. Biochemistry 33: 3432–3441

109  Coughlin P., Sun J., Cerruti L., Salem H. H. and Bird P. (1993)
Cloning and molecular characterization of a human intracel-
lular serine proteinase inhibitor. Proc. Natl. Acad. Sci. USA
90: 9417–9421

110  Riewald M. and Schleef R. R. (1996) Human cytoplasmic an-
tiproteinase neutralizes rapidly and efficiently chymotrypsin
and trypsin-like proteases utilizing distinct reactive site
residues. J. Biol. Chem. 271: 14526–14532

111  Scott F. L., Hirst C. E., Sun J., Bird C. H., Bottomley S. P. and
Bird P. I. (1999) The intracellular serpin proteinase inhibitor 6
is expressed in monocytes and granulocytes and is a potent in-
hibitor of the azurophilic granule protease, cathepsin G. Blood
93: 2089–2097

112  Kato K., Kishi T., Kamachi T., Akisada M., Oka T., Mi-
dorikawa R. et al. (2001) Serine proteinase inhibitor 3 and
murinoglobulin I are potent inhibitors of neuropsin in adult
mouse brain. J. Biol. Chem. 276: 14562–14571

113  Scott F. L., Paddle-Ledinek J. E., Cerruti L., Coughlin P. B.,
Salem H. H. and Bird P. I. (1998) Proteinase inhibitor 6 (PI-6)

expression in human skin: induction of PI- 6 and a PI-6/pro-
teinase complex during keratinocyte differentiation. Exp.
Cell. Res. 245: 263–271

114  Mikolajczyk S. D., Millar L. S., Marker K. M., Rittenhouse H.
G., Wolfert R. L., Marks L. S. et al. (1999) Identification of 
a novel complex between human kallikrein 2 and protease 
inhibitor-6 in prostate cancer tissue. Cancer Res. 59:
3927–3930

115  Saedi M. S., Zhu Z., Marker K., Liu R. S., Carpenter P. M.,
Rittenhouse H. et al. (2001) Human kallikrein 2 (hK2), but not
prostate-specific antigen (PSA), rapidly complexes with pro-
tease inhibitor 6 (PI-6) released from prostate carcinoma cells.
Int. J. Cancer 94: 558–563

116  Tsujimoto M., Tsuruoka N., Ishida N., Kurihara T., Iwasa F.,
Yamashiro K. et al. (1997) Purification, cDNA cloning, and
characterization of a new serpin with megakaryocyte matura-
tion activity, J. Biol. Chem. 272: 15373–15380

117  Miyata T., Nangaku M., Suzuki D., Inagi R., Uragami K.,
Sakai H. et al. (1998) A mesangium-predominant gene,
megsin, is a new serpin upregulated in IgA nephropathy. J.
Clin. Invest. 102: 828–836

118  Inagi R., Miyata T., Imasawa T., Nangaku M. and Kurokawa
K. (2002) Mesangial cell-predominant gene, megsin.
Nephrol. Dial. Transplant. 17 Suppl. 9: 32–33

119  Miyata T., Inagi R., Nangaku M., Imasawa T., Sato M., Izuhara
Y. et al. (2002) Overexpression of the serpin megsin induces
progressive mesangial cell proliferation and expansion. J.
Clin. Invest. 109: 585–593

120  Sprecher C. A., Morgenstern K. A., Mathewes S., Dahlen J. R.,
Schrader S. K., Foster D. C. et al. (1995) Molecular cloning,
expression, and partial characterization of two novel members
of the ovalbumin family of serine proteinase inhibitors. J.
Biol. Chem. 270: 29854–29861

121 Strik M. C., Bladergroen B. A., Wouters D., Kisiel W., Hooij-
berg J. H., Verlaan A. R. et al. (2002) Distribution of the hu-
man intracellular serpin protease inhibitor 8 in human tissues.
J. Histochem. Cytochem. 50: 1443–1454

122  Ah-Kim H., Zhang X., Islam S., Sofi J. I., Glickberg Y., Male-
mud C. J. et al. (2000) Tumour necrosis factor alpha enhances
the expression of hydroxyl lyase, cytoplasmic antiproteinase-
2 and a dual specificity kinase TTK in human chondrocyte-
like cells. Cytokine 12: 142–150

123  Dahlen J. R., Foster D. C. and Kisiel W. (1997) Expression,
purification and inhibitory properties of human proteinase in-
hibitor 8. Biochemistry 36: 14874–14882

124  Dahlen J. R., Foster D. C. and Kisiel W. (1998) The inhibitory
specificity of human proteinase inhibitor 8 is expanded
through the use of multiple reactive site residues. Biochem.
Biophys. Res. Commun. 244: 172–177

125  Dahlen J. R., Jean F., Thomas G., Foster D. C. and Kisiel W.
(1998) Inhibition of soluble recombinant furin by human pro-
teinase inhibitor 8. J. Biol. Chem. 273: 1851–1844

126  Medema J. P., Schuurhuis D. H., Rea D., van Tongeren J., de
Jong J., Bres S. A. et al. (2001) Expression of the serpin ser-
ine protease inhibitor 6 protects dendritic cells from cytotoxic
T lymphocyte-induced apoptosis. Differential modulation by t
helper type 1 and type 2 cells. J. Exp. Med. 194: 657– 668

127  Hirst C. E., Buzza M. S., Bird C. H., Warren H. S., Cameron P.
U., Zhang M. et al. (2003) The intracellular granzyme B in-
hibitor, proteinase inhibitor 9, is up-regulated during accessory
cell maturation and effector cell degranulation, and its overex-
pression enhances CTL potency. J. Immunol. 170: 805– 815

128  Young J. L., Sukhova G. K., Foster D., Kisiel W., Libby P. and
Schonbeck U. (2000) The serpin proteinase inhibitor 9 is an
endogenous inhibitor of interleukin 1beta-converting enzyme
(caspase-1) activity in human vascular smooth muscle cells. J.
Exp. Med. 191: 1535–1544

129  Buzza M. S., Hirst C. E., Bird C. H., Hosking P., McKendrick
J. and Bird P. I. (2001) The granzyme b inhibitor, PI-9, is pre-

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 323



sent in endothelial and mesothelial cells, suggesting that it
protects bystander cells during immune responses. Cell. Im-
munol. 210: 21–29

130  Bladergroen B. A., Strik M. C., Bovenschen N., van Berkum
O., Scheffer G. L., Meijer C. J. et al. (2001) The granzyme B
inhibitor, protease inhibitor 9, is mainly expressed by den-
dritic cells and at immune-privileged sites. J. Immunol. 166:
3218–3225

131  Kanamori H., Krieg S., Mao C., Di Pippo V. A., Wang S., Zaj-
chowski D. A. et al. (2000) Proteinase inhibitor 9, an inhibitor
of granzyme B-mediated apoptosis, is a primary estrogen-in-
ducible gene in human liver cells. J. Biol. Chem. 275:
5867–5873

132  Kannan-Thulasiraman P. and Shapiro D. J. (2002) Modulators
of inflammation use nuclear factor-kappa B and activator pro-
tein-1 sites to induce the caspase-1 and granzyme B inhibitor,
proteinase inhibitor 9. J. Biol. Chem. 277: 41230–41239

133  Hoffmann J. A. and Reichhart J. M. (2002) Drosophila innate
immunity: an evolutionary perspective. Nat. Immunol. 3:
121–126

134  De Gregorio E., Han S. J., Lee W. J., Baek M. J., Osaki T.,
Kawabata S. et al. (2002) An immune-responsive serpin regu-
lates the melanization cascade in Drosophila. Dev. Cell. 3:
581–592

135  Annand R. R., Dahlen J. R., Sprecher C. A., De Dreu P., Fos-
ter D. C., Mankovich J. A. et al. (1999) Caspase-1 (interleukin-
1beta-converting enzyme) is inhibited by the human serpin
analogue proteinase inhibitor 9. Biochem. J. 342 Pt 3: 655–
665

136  ten Berge R. L., Meijer C. J., Dukers D. F., Kummer J. A.,
Bladergroen B. A., Vos W. et al. (2002) Expression levels of
apoptosis-related proteins predict clinical outcome in anaplas-
tic large cell lymphoma. Blood 99: 4540–4546

137  Bladergroen B. A., Meijer C. J., ten Berge R. L., Hack C. E.,
Muris J. J., Dukers D. F. et al. (2002) Expression of the
granzyme B inhibitor, protease inhibitor 9, by tumor cells in
patients with non-Hodgkin and Hodgkin lymphoma: a novel
protective mechanism for tumor cells to circumvent the im-
mune system? Blood 99: 232–237

138  Riewald M. and Schleef R. R. (1995) Molecular cloning of
bomapin (protease inhibitor 10), a novel human serpin that is
expressed specifically in the bone marrow. J. Biol. Chem. 270:
26754–26757

139  Riewald M., Chuang T., Neubauer A., Riess H. and Schleef R.
R. (1998) Expression of bomapin, a novel human serpin, in
normal/malignant hematopoiesis and in the monocytic cell
lines THP-1 and AML-193. Blood 91: 1256–1262

140  Schleef R. R. and Chuang T. L. (2000) Protease inhibitor 10
inhibits tumor necrosis factor alpha-induced cell death. Evi-
dence for the formation of intracellular high M(r) protease in-
hibitor 10-containing complexes. J. Biol. Chem. 275: 26385–
26389

141  Abts H. F., Welss T., Mirmohammadsadegh A., Kohrer K.,
Michel G. and Ruzicka T. (1999) Cloning and characterization
of hurpin (protease inhibitor 13): a new skin-specific, UV-re-
pressible serine proteinase inhibitor of the ovalbumin serpin
family. J. Mol. Biol. 293: 29–39

142  Spring P., Nakashima T., Frederick M., Henderson Y. and
Clayman G. (1999) Identification and cDNA cloning of head-
pin, a novel differentially expressed serpin that maps to chro-
mosome 18q. Biochem. Biophys. Res. Commun. 264:
299–304

143  Jayakumar A., Kang Y., Frederick M. J., Pak S. C., Henderson
Y., Holton P. R. et al. (2003) Inhibition of the cysteine pro-
teinases cathepsins K and L by the serpin headpin (SER-
PINB13): a kinetic analysis. Arch. Biochem. Biophys. 409:
367–374

144  Welss T., Sun J., Irving J. A., Blum R., Smith A. I., Whisstock
J. C. et al. (2003) Hurpin is a selective inhibitor of lysosomal

cathepsin L and protects keratinocytes from ultraviolet-in-
duced apoptosis. Biochemistry 42: 7381–7389

145  Kaiserman D., Knaggs S., Scarff K. L., Gillard A., Mirza G.,
Cadman M. et al. (2002) Comparison of human chromosome
6p25 with mouse chromosome 13 reveals a greatly expanded
ov-serpin gene repertoire in the mouse. Genomics 79:
349–362

146  Forsyth S., Horvath A. and Coughlin P. (2003) A review and
comparison of the murine alpha(1)-antitrypsin and alpha(1)-
antichymotrypsin multigene clusters with the human clade A
serpins. Genomics 81: 336–345

147  Bird C. H., Blink E. J., Hirst C. E., Buzza M. S., Steele P. M.,
Sun J. et al. (2001) Nucleocytoplasmic distribution of the
ovalbumin serpin PI-9 requires a nonconventional nuclear im-
port pathway and the export factor crm1. Mol. Cell. Biol. 21:
5396–5407.

148  Chuang T. L. and Schleef R. R. (1999) Identification of a nu-
clear targeting domain in the insertion between helices C and
D in protease inhibitor-10. J. Biol. Chem. 274: 11194–11198

149  Grigoryev S. A., Bednar J. and Woodcock C. L. (1999) MENT,
a heterochromatin protein that mediates higher order chro-
matin folding, is a new serpin family member. J. Biol. Chem.
274: 5626–5636

150  Irving J. A., Shushanov S. S., Pike R. N., Popova E. Y.,
Bromme D., Coetzer T. H. et al. (2002) Inhibitory activity 
of a heterochromatin-associated serpin (MENT) against 
papain-like cysteine proteinases affects chromatin struc-
ture and blocks cell proliferation. J. Biol. Chem. 277:
13192–13201

151  Tabe L., Krieg P., Strachan R., Jackson D., Wallis E. and Col-
man A. (1984) Segregation of mutant ovalbumins and oval-
bumin-globin fusion proteins in Xenopus oocytes. Identifica-
tion of an ovalbumin signal sequence. J. Mol. Biol. 180:
645–666

152  Palmiter R. D., Gagnon J. and Walsh K. A. (1978) Ovalbumin:
a secreted protein without a transient hydrophobic leader se-
quence. Proc. Natl. Acad. Sci. USA 75: 94–98

153  Belin D. (1993) Biology and facultative secretion of plas-
minogen activator inhibitor-2. Thromb. Haemost. 70: 144–
147

154  Numa F., Takeda O., Nakata M., Nawata S., Tsunaga N.,
Hirabayashi K. et al. (1996) Tumor necrosis factor-alpha stim-
ulates the production of squamous cell carcinoma antigen in
normal squamous cells. Tumour Biol. 17: 97–101

155  Ritchie H. and Booth N. A. (1998) Secretion of plasminogen
activator inhibitor 2 by human peripheral blood monocytes
occurs via an endoplasmic reticulum-golgi-independent path-
way. Exp. Cell. Res. 242: 439–450

156  Scott F. L., Coughlin P. B., Bird C., Cerruti L., Hayman J. A.
and Bird P. (1996) Proteinase inhibitor 6 cannot be secreted,
which suggests it is a new type of cellular serpin. J. Biol.
Chem. 271: 1605–1612

157  Kato H., Nagaya T. and Torigoe T. (1984) Heterogeneity of a
tumor antigen TA-4 of squamous cell carcinoma in relation to
its appearance in the circulation. GANN 75: 433–435

158  Tsuyama S., Hashimoto K., Nakamura K., Tamura H., Sasaki
K. and Kato H. (1991) Different behaviors in the production
and release of SCC antigen in squamous-cell carcinoma. Tu-
mour Biol. 12: 28–34

159  von Heijne G., Liljestrom P., Mikus P., Andersson H. and Ny
T. (1991) The efficiency of the uncleaved secretion signal in
the plasminogen activator inhibitor type 2 protein can be en-
hanced by point mutations that increase its hydrophobicity. J.
Biol. Chem. 266: 15240–15243

160  Mimuro J. and Loskutoff D. J. (1989) Purification of a protein
from bovine plasma that binds to type 1 plasminogen activa-
tor inhibitor and prevents its interaction with extracellular ma-
trix. Evidence that the protein is vitronectin. J. Biol. Chem.
264: 936–939

324 G. A. Silverman et al. Human clade B serpins



161  Panyutich A. V., Hiemstra P. S., van Wetering S. and Ganz T.
(1995) Human neutrophil defensin and serpins form com-
plexes and inactivate each other. Am. J. Respir. Cell. Mol.
Biol. 12: 351–357

162  Uemura Y., Pak S. C., Luke C., Cataltepe S., Tsu C., Schick C.
et al. (2000) Circulating serpin tumor markers SCCA1 and
SCCA2 are not actively secreted but reside in the cytosol of
squamous carcinoma cells. Int. J. Cancer 89: 368–377

163  Morris E. C., Dafforn T. R., Forsyth S. L., Missen M. A.,
Horvath A. J., Hampson L. et al. (2003) Murine serpin 2A is
a redox-sensitive intracellular protein. Biochem J. 371:
165–173

164  Silverman G. A., Askew D. J., Irving J. A., Luke C. J., Kaiser-
man D., Bird P. I. et al. (2003) Serpins: Evolution, Nature Pub-
lishing Group, London

165 Sun J., Whisstock J. C., Harriott P., Walker B., Novak A.,
Thompson P. E. et al. (2001) Importance of the P4′ residue in
human granzyme B inhibitors and substrates revealed by
scanning mutagenesis of the proteinase inhibitor 9 reactive
center loop. J. Biol. Chem. 276: 15177–15184

166  Al-Khunaizi M., Luke C. J., Askew Y. S., Pak S. C., Askew D.
J., Cataltepe S. et al. (2002) The serpin SQN-5 is a dual mech-
anistic-class inhibitor of serine and cysteine proteinases. Bio-
chemistry 41: 3189–3199

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 325


