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1. ABSTRACT

Protein C (PC) is the zymogen form of a serine
protease, activated protein C (APC), a naturally occurring
anticoagulant. In control of the coagulation of blood, APC
functions by attenuating thrombin formation. It serves this
role through inactivation, by limited proteolysis, of two
important cofactors for overal clot formation, one of
which, Factor Va (FVa), stimulates prothrombin activation,
and ancther, Factor Vllla (FVIlIa), enhances activation of
coagulation Factor X (FX). In maintaining the fluidity of
blood, APC aso indirectly functions in fibrinolysis, in one
manner by directly inactivating an inhibitor of plasminogen
activation, plasminogen activation inhibitor-1 (PAI-1), and
in another manner via its role in attenuating thrombin
production, with the resulting effect of limiting production
of another thrombin-dependent fibrinolytic inhibitor,
thrombin activatable fibrinolysis inhibitor (TAFI). PC, and
other components of the PC anticoagulant pathway, e.g.,
protein S (PS), thrombomodulin (Tm), and endothelial cell
protein C receptor (EPCR), aso can serve as anti-
inflammatory mediators, through a number of different
thrombin-dependent and thrombin-independent
mechanisms. A large number of symptomatic and
asymptomatic mutations occur in PC in humans, which
express a variety of phenotypes. Generation and
characterization of a murine model of a tota PC gene
inactivation has demonstrated that while an untreated total
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PC deficiency resultsin neonatal death through DIC-related
abnormalities, a valuable resource is now available to study
phenotypes of less severe deficiencies of this protein. Such
studies will lead to advances in an understanding of the
relative role of this protein system in the various pathways
in which it has an influence.

2. INTRODUCTION

2.1. Structureof Protein C

Murine PC is trandated as a single chain
zymogen comprised of 458 amino acids (Figure 1),
including a 41-residue signal/propeptide sequence. The
mature form of the protein thus contains 417 amino acids.
Similarly, the mature form of human PC contains 419
amino acids (Figure 2). Approximately 85-90% of the
human protein is found in plasma as a two-chain form
consisting of a 155-residue light and 250-residue heavy
chains, linked by a single disulfide bond at Cys'*' and
Cys?. In this process, a propeptidase catalyzes cleavage
of the protein at residues 156 and 157, resulting in the loss
of the Lys-Arg dipeptide. A number of other post-
trandational modifications are also required to produce the
mature zymogen, such as Asn-linked glycosylation at
sequence positions 97 (absent in mouse PC), 248,
313(incompletely glycosylated in human PC), and 329, ¢



Protein C deficiency

" |. mn
vE=H O,
G [~ KR
EGF-LIKE DOMAINS Py Moo 12 - K [
(#4551 AND 92-138) 120 G ;7; 1 L
- s vl , Y
WE % NG G 4 sT YN W 5 PROTEASE
Pl N L R P R — SITES
P K ':: A o G R L= B
o F ! B Y _gs [ L
80 C—CQQELg C==CLE plLC o8 0180
Sp 8 FaD Nl 155{;:35 L
e v V l E
—r S G | EG y o '
Com=(; Fg 3 =i / " ACTIVATON
e o G Pl U = 3‘; [ PEPTIE
B |_.,” G E {+ i i i P E (128-170)
: GTol A R L g T L g P
Pe Ao | » o F'\.T R Ifl' & (8] L
i A{" pr K ¢ o P ACTIVATION
0 G a D 7 K A PEPTIDE
O a Py i & K 2] —=— CLEAVAGE
Wi = i3
G E W L i SITE
45 == D CATALYTIC i E v T N (170171}
F REGION | L L G Lrg"
v (a7 ¥ L LD 22H+ G
MELICAL A o 4 G
STRETCH C‘.l A A‘ Y
{38-48) ru. 300 B . |_I }L
i G gsgwp E L H a
a7me == L Q' s VinsT 5,
,_‘ 5 313 g W H I\‘L
.5 L L ] " =) 5
V H = h [l T \rr | VG
Q pG F vF F RGTWFL Y %_
F | Vo W G ]
[ L N Ve i L [
g gl FT K = i v ¥
a o M = GG %361 '3 g
. v ] o W K
A P E M G 9 L
g L oE
0 ] (\{ J- s (7 2 400
ARNEY T MGl g pTRQD Cy G
o) - 329 v
e
| w979 sGPAMOGLFESNA | N K
gg A N T
20 STWGE I v R L v W3 1Y
; 5 S PROCESSING "
GLA DOMAIN L | PHOTEASE
(1-37) L (=2 el HA
L'LF\_; AHPDRPYVFSSEE
A
R ll.'-
armw 9 18

Figure 1. The amino acid sequence of murine PC. A 41 amino acid leader sequence is shown with an intron at position —18.
The amino terminal amino acid of the mature protein is Ala, at position +1. The amino termina g-carboxyglutamate (Gla)
domain (Glaresidues are indicated by g), residues 1-37, is followed consecutively by a short helical stretch (residues 38-46), two
epidermal growth factor homology domains (residues 47-92 and 93-137, respectively), and the activation peptide domain
(residues 138-185). The Lys'>®Arg'>’ basic dipeptide that is processed out of the mature protein, which leads to the existence of
two-chain PC in plasma, is aso present in this domain. The serine protease region begins at residue Ile*’! and contains the
residues of the canonical catalytic triad (His?, Asp?5, and Ser31). The positions of introns in the gene, which we have used for
convenience in defining the limits of the protein domains, are shown by clear arrows. Sites of proteolytic processing are
indicated by filled arrows. Filled diamondsillustrate the sites of N-linked glycosylation consensus sequences.

carboxylation at Glu residues 6, 7, 14, 16, 19, 20, 25, 26,
29, in human PC, and these, along with an additiona site,
GIu® in mouse PC. Further, B-hydroxylation occurs at
Asp™. With regard to human PC, these processing events
occur in an orderly fashion, with g-carboxylation and core
glycosylation occurring in the early endoplasmic reticulum.
Endoproteolytic release of the Lys'®Arg'>” dipeptide then
takes place late in processing in the Golgi apparatus, as
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does complex oligosaccharide processing (1).

Characteristic of many of the vitamin K-
dependent coagulation proteins, PC consists of
distinguishable structural elements, such as an amino-
terminal  Gla domain, followed sequentialy by two
epidermal growth factor (EGF)-like regions, an activation
peptide region, and a serine protease domain (Figures 1 and
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Figure 2. The amino acid sequence of human PC emphasizing the large number of sequence positions in which type 1 (gray
circles) and type 2 (black circles) alterations occur in both symptomatic and asymptomatic individuals. All other symbols and

designations are asin Figure 1.

2). The R-hydroxyaspartic acid residue is located within
the first EGF module.

2.2. Function of Protein C

PC is a component of the natural anticoagulant
system and serves to maintain the fluidity of blood. As a
result, it functions in the clot forming and clot dissolving
pathways. In order to serve as an anticoagulant, the
zymogen, PC, is converted to the serine protease activated
Protein C (APC) by thrombin aone, or by the thrombin-
thrombomodulin (TM) complex on the endothelial cell
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surface ((reviewed in (2)). On a molecular basis, this
activation step is a consequence of cleavage and release of
the amino termina peptide from the heavy chain of two-
chain PC (residues 158-170 in human PC and residues 158-
169 in murine PC). The resultant APC, together with
Protein S (PS), functions to inactivate by limited
proteolysis the coagulation cofactors, Factor (F) V/Va (3)
and FVIII/VIlla (4). In addition, APC serves an indirect
profibrinolytic role via its ability to attenuate thrombin
formation through its action on FV/Va and FVIII/VIIla
The resulting diminished thrombin production would thus
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lead to lack of production of a thrombin-dependent
fibrinolytic inhibitor, viz., a plasma carboxypeptidase B-
like enzyme, thrombin-activatable fibrinolytic inhibitor
(TAFI). In this manner, PC indirectly stimulates
fibrinolysis (5). Further involved in PC and APC function
is atransmembrane I-type receptor, EPCR (6). Thisprotein
binds both PC (and APC) with high affinity and stimulates
its activation by thrombin-TM (7). The highest expression
of EPCR is on the endothelium of large vessels, such as the
aorta (8), in contrast to TM, which is similarly expressed on
small and large vessels. Small amounts of a soluble form
of EPCR are present in plasma (9), which inhibits APC
activity (10), perhaps providing a mechanism for negative
regulation of APC activity in plasma.

In addition to their roles in anticoagulation and
fibrinolysis, various components of the PC system have
also been implicated in inflammatory diseases, such as the
host-defense response to Escherichia coli-induced sepsis
(11-13), perhaps via effects on regulation of thrombin
levels, since uncontrolled coagulation results in thrombosis,
as well as promotion of cellular proliferation and an
inflammatory response. Additionally, certain cytokines,
such as tumor necrosis factor (TNF), downregulate TM
production on the endothelium, and upregul ate tissue factor
(TF) production, thereby leading to a thombin-rich
environment, further implicating the PC system in the
inflammatory response.

2.3. TheProtein C Gene

The primary site of PC synthesis is the liver,
although significant levels of the mRNA are present kidney
(35% of liver) and testis (22% of liver). Both the mRNA
and protein were shown to be present in tubular epithelial
cells in the renal cortex and in spermatogenic cells in the
testis. Lower levels of PC mRNA were present in the
epididymis, brain, and lung (14).

The human PC gene, located on chromosome
2p13-14, is comprised of 9 exons and 8 introns, an
arrangement that is similar to other vitamin K-dependent
coagulation factors, viz., FVII, FIX, FX, FlI, PS, and PZ.
One difference between PC and these other like genesisthe
insertion in both the human (15,16) and murine (17) PC
genes, as well asthe PSa gene (18), of a noncoding exon 1,
in which is present the transcriptional start site.  This
results in a separation of the transcriptional initiation
sequence from the trandational start codon, which is
present on exon 2.

The entire murine PC gene (15.2 kb) has been
sequenced, from 414 bp upstream of exon 1 through 80 bp
downstream of the trandation stop codon (17). This
sequence information allowed localization of a number of
functional sites. The major transcriptional start site was
found 1642 bp upstream of the trandation initiation site,
with several other minor start sites in that region. This
multiplicity of start sites is a usua feature of TATA-less
promoters (19), of which PC, FVII (20,21), and FX (22,23)
are examples. Other RNA polymerase Il promoter
regulatory sites seem to be present in the 5’ region of the
murine PC gene, including two likely CCAAT sites and
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two probable GC boxes, all within optimal distances from
the transcription Cap signal. The GC boxes appear to be
needed for transcription initiation of TATAA-less
promoters (24). Appropriate transcription termination
elements are present in the 3' region of the murine PC
gene, including a polyadenylation signal and a downstream
sequence that is of assistance in efficient 3’ termination of
mRNA (17).

Consensus sequences for a number of potential
important transcription factor binding sites are present in
the 5 promoter region of murine PC (17), upstream of
intron 1, including C/EBPR, AP1, AP2, P4, NF1, and GC
sites.  Intron 1 aso contains some high probability
consensus sequences for transcription factor binding (17),
including potential loci for C/EBPa, C/EBPR, HNF1,
HNF3R, HNF4, HFH1, HFH2, and a nucleotide sequence
also found to govern liver specific transcription of the a,-

antiplasmin gene.

In vitro promoter analysis shows that the region
between nucleotides -418 and +45 possesses determinants
for tissue specificity. The nucleotide stretch between -88 to
+45 was sufficient for basal promoter activity of the human
gene. Within this minima TATA-less promoter region, in
vitro studies show that human PC expression is largely
dependent upon liver-specific regions available for binding
the transcription factors HNF1 and HNF3, along with the
more general factor, NF-1. These factors function
synergistically for maximal activation. In addition, an SP1
binding site has also been identified in the promoter region
of PC (16,25,26). Natural heterozygous mutations have
been identified that disrupt the HNF-1, HNF-3, and NF-1
binding sites, and correspondingly diminish the promoter
activity (25). Upstream of this basal promoter area, a
strong silencer element exists between nuclectides -162 and
-82 and two possible liver-specific enhancer regions, which
interact in concert with the proximal promoter elements,
were also found between nucleotides -1462 and -162 (16).
The murine PC gene has been completely sequenced (17).
It contains 15 kb organized in the same manner as the
human gene.

2.4, Human PC Deficiencies
2.4.1. Single PC Deficiencies

A large number of PC deficiencies that lead to
type | (a parallel reduction in PC antigen and PC activity)
and type Il (reduction in PC activity with up to normal
levels of PC antigen) abnormalities have been described,
some as compound deficiencies. The most recent updated
database of mutations is available (27) and many of the
locations of those observed are summarized in Figure 2.
Mutations have been found in virtualy all domain regions
of the human PC molecule and many of these areillustrated
in Figure 2. Among some notable mutations are those in
the propeptide region, viz, Arg?, Arg® which affect
propeptide processing of the protein (28-30); Gla’, Gl&®,
and Gla® of the gcarboxyglutamate domain, which
influence binding of Ca?* and phospholipid to the protein
(and subsequent conformation and activation) (31-34), as
well as an Arg!® mutation in this same domain, which
results in an inability of PC to adopt a Ca?*-dependent
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conformation (33). A His®Asn mutation in EGF1 results
in an additional potential N-linked glycosylation site and an
Arg®” mutation at the start of the activation peptide causes
aloss of ability for proper processing to the two-chain PC
zymogen. An Arg!® mutation affects activation peptide
cleavage. Mutations in two of the residues of the serine
protease catalytic triad, viz., His?'! and Asp?®® substantially
attenuate protease activity of APC. A mutation at Arg?®
results in impaired activation of PC by the thrombin/Tm
complex. A Ser?®?Asn mutation creates a potential new
glycosylation site. An Asp®° mutation disrupts the
interaction of this residue with the heavy chain amino
terminal Leu” and, as a consequence, impairs the serine
protease activity of APC (35).

The prevadence of an asymptomatic PC
deficiency is as high as 1/500 in the overall population
(36), with approximately 10-fold higher prevalence in
patients with thrombotic episodes. A heterozygous
deficiency of PC carries arisk of venous thromboembolism
and one of these defects is present in as many as 5% of
patients presenting with venous thrombosis. However,
whether PC deficiency is a significant risk factor for
arterial thrombosis is less certain. Homozygous PC
deficiencies are extremely rare (1/200,000-1/400,000) and
cause fatal coagulopathies, including DIC, as well as
purpura fulminans and skin necrosis.

A type of PC deficiency results from a genetic
defect in one of the physiological substrates of APC, FV.
Here, heterozygotes or homozygotes for a point mutation in
the FV gene result in an abnormal protein FV-Leiden
containing an Arg®®GIn mutation. This is a functional
prothrombotic cofactor form of FV, but one that is not
efficiently inactivated by APC since this mutation occurs at
one of the cleavage sites on FV for APC. Thus, this
mutation results in a thrombotic phenotype (37). This
mutation has been found to be one of the highest genetic
risk factors for thrombosis, and reaches approximately 20%
of al symptomatic PC deficiencies (38). Heterozygotes for
the FV-Leiden mutation are 5-10-fold at increased risk for
thrombosis. Homozygotes have a 50- 100-fold increased
risk of venous thrombosis (39).

2.4.2. Compound PC Deficiencies

A PC deficiency is now well recognized as one of
the hereditary thrombophilias, and this condition has been
known to occur in patients in coexistence with other
acquired and/or congenital deficiencies of coagulation
factors. Of course, compound deficiencies of PC with
other vitamin K-dependent coagulation factors are observed
in generalized cases of vitamin K deficiencies. For
example, in one reported case defective gamma-
carboxylation machinery inside the hepatocyte led to a
multiple deficiency of prothrombin, as well as FVII, FIX,
FX, and PC, in a 15 month old female. This individual
presented with numerous hemorrhagic events, with
multiple bruises and hematomas (40). Similarly, two
families with a hereditary defect in the vitamin K-2,3-
epoxide reductase complex produced offspring with
perinatal  intracerebral  haemorrhage resulting from
bnormal levels of all vitamin K-dependent coagulation
factors (41).
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There exist more specific examples of patients
with selective multiple deficiencies involving PC. A case
report describing presentation of ischemic necrosisin a toe
revealed a patient with congenita afibrinogenemia,
combined with a heterozygous Type 1-PC deficiency (42).
In another case, an acquired compound deficiency of these
two proteins was reported resulting from orthotopic liver
transplantation. Here, transmission of a heterozygous PC
deficiency, combined with dysfibrinogenemia, resulted
from transplantation with an affected donor liver, leading to
severe thromboses in the recipient (43). Additionally, an
inherited combined dysfibrinogenemia and PC deficiency
was found in a 48-year old male who suffered from severe
atherosclerosis of the aorta and lower limb arteries (44).

Cases of a combined heterozygous deficiency of
two anticoagulants, PC (52% activity) and antithrombin-111
(38% activity), led to arterial occlusion, a less frequent
complication in the case of either single deficiency. The
more common presentation, venous thrombosis also
occurred, and subsequent amputation of a limb resulted
(45). In another case, thromboses of venous cerebral
sinuses were found (46). A combined PC deficiency with
another anticoagulant, heparin cofactor 11 (HCII), has also
been described (47).

An inherited combined PC/PS deficiency has also
been reported (48-50), presenting, in various cases, with
recurrent venous thrombosis and ischemic cerebral stroke.
The affected family showed three afflicted members over
three generations. All were characterized by low PC
antigen and activity and normal PS antigen, with a
dysfunctional protein (49). Another case of this same
combined deficiency state revedled a fatal case of
mesenteric arterial thrombosis in a 46 year-old woman
(51). This latter patient possessed a type 2 PC deficiency
and atype 1 PS defect.

A combined PC/FV-Leiden deficiency,
characterized by spontaneous venous thromboembolism,
has been reported by several groups of investigators (38,52-
54). 1t was found that the prevalence of the FV-Leiden
syndrome occurred in approximately 19% of symptomatic
PC-deficient probands. These double-deficient patients
presented with more than twice the thrombotic episodes
than those with either single deficiency (38).

Recurrent restenosis after coronary angioplasty
occurred in a patient with PC deficiency, combined with
high FVIla levels (55). Further, congenital PC deficiency
with elevated levels of FVII in a 29-year old male led to
myocardial infarction, suggesting that low PC levels
enhanced the procoagulant activity of FVII, a situation that
may play arole in the development of arterial thrombosis
(56). On the other hand, a combined FVII (50% activity
and antigen) and PC (50% activity and antigen) deficiency
was discovered in a 21 year-old female with peripheral
pulmonary artery stenosis, also accompanied by dyspnea,
progressive pulmonary hypertension, and hemoptysis (57).

Homozygous type 1 FIX deficiency (1% antigen
and activity), combined with a type 1 PC deficiency (27%
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activity and antigen), was found in a 1-year old male (58).
While the hemophilic trait was evident because of the low
FIX levels, plasma assays showed that the coagulation
system was activated likely due to stimulation of the
extrinsic coagulation system by low PC levels. For this
same reason, thrombogenicity was further enhanced upon
treatment of the patient with FIX concentrates for the
hemophiliac condition.

A type 1 deficiency of PC, with combined
hyperhomocysteinemia, was found in a 16-year-old female.
She developed a sinus sagittalis thrombosis. In addition,
her father, with this same combined defect, experienced a
transient ischemic attack (59). Both sisters possessed only
the PC deficiency, and did not display clinical symptoms.
While it is known that both of these factors present
independent risks for thromboembolism, these results
suggest that together they act to significantly enhance
thrombogenesis.

Regarding  combined  deficiencies  with
components of the fibrinolytic system, a family with a
congenital homozygous PC deficiency, combined with
heterozygous dysplasminogenemia, was found in a 21-year
old male presenting with recurrent thrombosis (60). This
patient avoided the thrombotic problems frequently noted
with PC defects during the neonatal period, likely due to
the presence of alow PC activity.

Triple combined deficiencies of PC have aso
been reported. A case of a heterozygous type 1 PC
deficiency (ca., 45% activity) has been studied, combined
with a type 2 deficiency of ATIII (ca, 50% activity) and a
type 1 deficiency of HCII (ca., 47% activity). While this
patient was asymptomatic (61), he ultimately presented
with spontaneous pulmonary embolism (62). In another
case, venous thrombosis occurred in a PC-deficient patient,
combined with type Il von Willebrand's disease and a
simultaneous ATIII deficiency (63). In arelated situation,
a deficiency of PC (10-28%), along with the presence of
the thrombotic FV-Leiden and prothrombin G20210A
mutations, led to mesenteric venous thrombosis in a 64-
year old mae (53). This latter mutation, in the 3'-
untranslated region of the prothrombin gene, allows higher
levels of prothrombin to occur, thus further enhancing the
likelihood of venous thrombosis, and possibly arterial
thrombosis. (64).

3. RESULTSAND DISCUSSION

3.1. Targeted Deletion of the PC Genein Mice
3.1.1. Nature of the Targeting Vector

The targeting vector, illustrated in Figure 3A,
was designed to replace al exons (2-9) of the murine PC
gene with the neomycin (neo) gene, using homologous
recombination at the PC chromosomal locus. The cytidine
deaminase gene (cda) cassette was employed for negative
selection of random integrations. Southern blots (Figure
3B) of EcoRI-digested DNA extracted from genomic DNA
of wild-type (WT or PC**), heterozygous (PC*), and null
(PC') mice, used with the 5' external probe (Figure 3A),
and blots of BamHI-digested genomic DNA of these same
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mice, used with the 3' external probe (Figure 3A), indicated
that proper targeting occurred. Northern blot analysis of
tota RNA extracted from these mice (Figure 3C) showed

the absence of PC mRNA in the PC”~ animals, thus further
demonstrating that there is a total deficiency of PC in these
mice. In association with this, PC activity was
undetectable in plasma of 17.5 dpc and neonatal PC’- mice.

3.1.2. Embryonic Development of PC- Mice (65)

The number of PC’~ offspring from breedings of
PC*- parents were underrepresented in the postnatal day 1
pool. Out of atotal of 207 mice, only 8% (expected, 25%)
were found to possess the PC’- genotype. Careful
monitoring of the births subsequently proved this to be due
to consumption by the mother of PC” pups that were born
dead. Examination of the genotypes of 84 cesarean
section-derived pups from similar breedings at gestation
day 17.5 showed that 26% (expected, 25%) of the resulting
embryos possessed the PC’- genotype. This indicated that
the embryos died between gestational age (dpc) 17.5 and
birth. These PC’- embryos usually lived only a few hours.
It has become clear in many subsequent analyses that
normal embryogenesis and development occurs in PC*
mice and neonatal death occurs from a coagulopathy
associated with the trauma of birth.

3.1.3. Characterization of PC” Mice

PC’ neonates grossly presented with bruising
within the brain, and blood was present in the subdural
cavity. Signs of DIC were present upon inspection of the
abdominal cavity, with severely anemic livers.

Microscopically, PC’- embryos showed normal
blood vessel development during development in a variety
of organs, but some evidence of thrombotic and necrotic
changes were found, especialy in the brains and livers.
Microscopic analysis of dead PC”- 1 day neonates showed
widespread coagulopathy, manifested by severe bleeding
(Figure 4A) and fibrin deposition (Figure 4B) in the brain,
as compared to wild-type embryos at the same age (Figures
4C and 4D). Interstitia fibrin deposits were also found in
livers of these PC* neonates, as well as necrosis of hepatic
tissue (Figures 4E and 4F), characteristics absent in age-
matched wild-type embryos (Figure 4G and 4H). In
addition, microscopic examination revealed some fibrin
deposition in kidney, heart, and lung (not shown).

In order to determine the timepoint of fibrin
deposition during embryonic development, embryos at
various stages of development were examined. At 135
dpc, a small amount of fibrin was found throughout the
telencephalic region of the brain (Figures 5A and 5B) in
PC- embryos, but not in age matched wild-type embryos
(Figures 5C and 5D). A very smadl level of interstitial
fibrin was seen in the livers of PC’ embryos of this age
(not shown). No signs of degradation of the brains or livers
of these animals were noted.

At 17.5 dpc, more extensive bleeding (Figure 6A)
and fibrin deposition (Figure 6B) was evident in the brains
of PC” mice. No evidence for such characteristics were
found in age-matched wild-type embryos (Figures 6
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Figure 3. Targeted gene replacement at the murine PC locus. A. Targeting vector for PC gene disruption. The top line
illustrates the targeting vector. Homologous flanking regions are shaded gray. The neoR selection cassette cloned between the
flanking regions was designed to replace the entire coding region of PC upon homologous recombination. An EcoRI restriction
site was introduced from the polylinker of the neoR cassette. A cda negative selection cassette, cloned upstream of the 5' flanking
region, was used to select against random integrants. The second line indicates the wild-type murine PC alele. The first
untrandated exon is presented as a darkened block while the other exons are presented as lighter shaded boxes. The 5 and 3
extended probes are indicated by the darkened boxes below the gene. The recombinant allele is indicated in the third line. The
differential restriction fragments that result from the diagnostic digests are indicated. The slanted bars indicate alocation where a
break was placed in alarge noncoding region. B. Southern blot analysis of DNA extracted from PC*+, PC*", and PC”- genomic
DNA. EcoRI-digested DNA was used with the 5' external probe and BamHI digested DNA was used with the 3' external probe.
C. Northern blot analysis of total RNA extracted from PC**, PC*-, and PC’- E17.5 livers. The murine HPRT cDNA and
murine PC cDNA probes were used ((taken from (65)).

C and 6D). Interstitial fibrin, as well as signs of necrosis strategies, of animals with compound gene deficiencies.

were observed in the livers of the PC null animals (Figures We have utilized this approach to generate animals with

6E and 6F), but not in wild-type age-matched controls targeted compound hemostasis-related gene defectsin order

(Figures 6G and 6H). Leukocyte infiltration was also to examine the effects of multigenetic factors on hemostasis

found in the brains of PC*-animals (Figure 6A). and aso to attempt to evaluate whether rescue of
unfavorable phenotypes of single gene deficiencies can

Since PC is a mgjor factor in regulating thrombin occur with other gene alterations.
levels, uncontrolled fibrin formation likely occurs in PC*
mice, leading to consumptive coagulopathy, and a bleeding 3.14.1. Micewith a PC/FXI Double Deficiency (66)

phenotype ultimately results. The fact that fibrinogen
depletion has occurred, at least a 17.5 dpc, in these latter mice, d . : : - :

i eposition previously observed in PC"™ murine embryos
was shown by the fact that pl asvnasamplesfrpm 1725. dpc PC_ and neonates was mediated through the FXI pathway, mice
embryos were not able to clot upon thrombin addition. This doubly deficient in PC and FXI (PC/FXI™) were
suggedtsthat al fibrinogen was consumed by the high levels of generated.  Several of these mice survived the early

thrombin present in the plasmas of these animals. ) ) - .
lethality observed in the PC™~ neonates, but this appeared

In order to determine whether the fibrin

3.1.4. Mouse Models of Compound PC Deficiencies to be random. The oldest animal lived for three months and
The availability of mice with separate deficiencies of a was sacrificed upon presentation with severe inflammation,
variety of genes alows development, through mating edema, and gangrene on its extremities such asits nose, tail
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Neonates

‘ PC+/+

Brain

Liver

H & E Vantl-Fn H&E anti-Fn

Figure 4. Analysis of tissue sections from neonatal PC-
deficient mice. Brain (A-D) and liver (E-H) sections of
PC’- (A, B, E, F) and wild-type (PC**; C, D, G, H)
tissues stained with hematoxylin & eosin (H & E) (A, E, C,
G) and anti-fibrin(ogen) (anti-Fn) (B, D, F, H) show
extensive bleeding (A, arrows) surrounding the clotted
vessels indicated by the arrows in panel B in PC’ mice.
The wild-type neonatal control sections (C, D) do not
demonstrate these abnormalities in the corresponding
region of the brain near the lateral ventricle. The PC’
neonatal liver sections (E, F) indicate severe necrosis with
anemia and increased levels of fibrin(ogen) deposition.
These abnormalities are not observed in the corresponding
neonatal wild-type (PC**) stained sections (G, H). Taken
from (65)).

13.5 dpc

PC++
=D

Brain

H&E anti-Fn
Figure 5. Analysis of brain sections from 13.5 dpc PC-
deficient mice. Sections of PC* (A, B) and wild-type
(PC**; C, D) tissue stained with H & E (A) and anti-Fn (B)
show clotted vessels in the telencephalic region. Clotting
did not occur in the corresponding sections of the wild-type
control (C, D). Taken from (65).

(Figure 7A) and paws (Figure 7B). Most PC-/-/FXI-/-
animals were sedentary and significantly growth-retarded
(Figure 7C). At necropsy, the surviving animals showed a
wide range of pathologies, among which were the presence
of fluid in the thoracic cavity, enlarged lymph nodes
(Figure 7D), enlarged hearts, ventricular infarction, atrial
clotting and fibrosis, and thrombosis near the truncus
pulmonalis. Hemmorhagic lesions in the lungs were also
apparent, as well as atherosclerotic changes in the large
vessels (Figure 7E).

Upon sacrifice or natural death, all of these pPC”

IFXI" mice demonstrated massive systemic fibrin
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deposition with concomitant hemorrhage and fibrosis, as
confirmed through histological analyses. The hearts of PC™"
IFXI” mice often contained multiple small and large
intravascular, epicardial, and lymphatic thrombus
formation, as observed by positive anti-fibrin (Figure 8A,
B) immunostaining. Activated platelets were present
within the thrombi (Figure 8C). Inflammatory cell
infiltrates (neutrophils, macrophages, mast cells) were seen
surrounding affected vessels and within  areas of
degeneration and repair. Lungs (Figure 8D) demonstrated
varying degrees of septal thickening, consolidation,
alveolar hemorrhage, and fibroblast infiltration into the
aveolar spaces, as compared to PC'*/FXI” controls
(Figure 8E). Collagen deposition and focal mineralization
were observed around these fibrotic lesions. In addition,
acute and chronic inflammation (neutrophils, leukocytes,
macrophages, giant cells) (Figure 8F), were evident. Livers
consistently demonstrated intravascular thrombosis (Figure
8G, H) with multifocal areas of hyperplasia, mineralization,
fibrosis, and hemorrhage.

This combined deficiency state provided the first
clear indication that the course of a severe thrombotic
disorder could be manipulated by blocking the FXI-
dependent intrinsic blood coagulation pathway and
provided the first opportunity to study atotal PC deficiency
in an adult animal.

3.1.4.2. Micewith a PC/FVII Double Deficiency (67)
PC* and FVII*" matings were established to evaluate
whether the additional absence of FVII had an influence on
the clot deposition found in PC’ embryos. In addition,
examination of the resulting doubly homozygous mice
would allow evaluation of the ability of the FXI-dependent
intrinsic coagulation system, alone, to deposit intravascular
clots under conditions wherein FVa and FVllla, generated
solely through the intrinsic system were not inhibited.
Embryos of the combined FVII7/PC’ genotype were
present at their expected Mendelian frequency at all times
examined (12.5 dpc, 14.5 dpc, and 17.5 dpc), showing that
the double deficiency of these coagulation factors did not
lead to embryonic lethality. However, the FVII7/PC* mice
displayed a phenotype that was different from each of the
single total deficiency animals.

At 125dpc, FVII/PC embryos, while
appearing developmentally normal, demonstrated an intra-
and extravascular coagulopathy, present in liver (Figure
9A) and brain (Figure 9B), as well as the neural cand,
caudal artery, pulmonary cavity, dorsa aorta, and left
hindlimb bud (not shown). These coagulopathies
progressed in 14.5 dpc embryos (Figure 9C-F), with fibrin
deposition and bleeding observed in the snout, lateral
ventricle, and spinad column. Hemmorhage and edema
occurred by 17.5 dpc, aong with collagen deposition and
the presence of CDA45-positive leukocytes (not shown).
Histologica analyses of atrial sections confirmed the
presence of blood in the atria, fibrin deposition, and
internal collagen invasion (not shown) around these areas
of fibrin resulting in mortality immediately following birth.
Figure 9G&H shows the hemmorhage and fibrin
deposition, respectively, in hindbrain sections of these 17.5
dpc embryos.  FVII*/PC’ embryos demonstrated a less
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17.5 dpe

Brain

Liver

H&E anti-Fn H&E anti-Fn
Figure 6. Analysis of tissue sections from 17.5 dpc PC-deficient mice. Brain (A-D) and liver (E-H) sections of PC™ (A, B, E,
F) and wild-type (PC*'*; C, D, G, H) tissues stained with H & E (A, E, C, G) and anti-Fn (B, D, F, H). Inthe PC" brain, a minor
bleeding event is seen near the lateral ventricle (A, arrow). The surrounding clotted vessels are indicated by the arrowsin B. The
wild-type control stains (C, D) do not show clotted vessels or bleeding. In the PC” liver, interstitial fibrin(ogen) deposition is
evident (F). Thewild-type liver (H) demonstrates no fibrin(ogen) deposition in thisregion. Taken from (65).

*
-

Figure 7. Gross appearance of PC"/FXI”" animals. The oldest surviving PC’/FXI”" mouse (94 days), presented with (A)
gangrene on the tail tip (arrow) and toes (B), and severe inflammation and edema on the paws (B). (C) The majority of the PC™
IFXI7" animals (left) were significantly growth retarded compared to their PC*/FXI”" (middle) and PC***/FXI-- (right) littermate.
(D) A common attribute observed in these animals was enlargement and apparent hemorrhage of lymph nodes (arrow). (E)
Atherosclerotic areas were seen in some of the larger vessels such as the abdominal and thoracic aorta (arrow). Taken from (66).

severe phenotype compared to the FVII*/PC’ embryos, FXa, since this inhibition is dependent on the presence of
suggesting a gene dosage effect. FVlla, and (2) the loss of negative control of production of

The augmented coagulopathy resulting in pc/- F_Va and thromb_in by th_e_abs_ence of AP_C. Further, the
animals that arises from a second FVII deficiency is likely discovery of fibrin deposition in embryos in the absence of
due to increased FXa and thrombin generation from at least fetal FVII shows that coagulation occurs to a substantial
two effects, viz., (1) the loss of the ability of TFPI to inhibit degree with the FXI-dependent pathway.

815



Protein C deficiency

i
? \
i
:

i it
R Cen BRGNS O TYRE
Figure 8. Histological analysis of PC’/FXI” tissue. Anti-Fn
immunostaining indicated thrombus deposition (brown aress) in
various regions of the heart, such as (A) the epicardium (100X)
and (B) aria (40X). (C) Anti-P-sdectin immunostaining
showed activated platelets within the thrombus (400X). (D)
Lung tissue demongrated focd aress of consolidation and
minerdization (*) (H&E, 100X) as compared to a (E)
PC**/FXI*- control (100X). (F) Macrophage infiltration
(brown), visualized by anti-Mac3 immunogtaining (200X), was
dso obsaved. Teaken from (66). (E, F) Livers showed
intravascular thrombi (arrows) that were visudized by anti-
fibrin(ogen) (G, arrow) and anti-vonWillebrand factor (H, arrow)
immunostaining (400X).

Figure 9. Histological and histochemical analysis of FVII*/PC*
mouse embryos.  Anti-Fn immunostaining of 12.5 dpc FVII*
/PC* embryo sections reveded fibrin deposition (brown areas)
in brain vessds (A) and liver interditia (B), characteristics not
obsarved at these early embryonic stages in PC* embryos. At
14.5 dpc, hemorrhage (red, C) and fibrin deposition (brown, D)
is seen in the snout, plus bleeding in the latera ventricle (E) and
behind the spind column (F). H&E <aining of hindbrain
sections of 17.5 dpc FVII#/PC’- embryo sections indicate areas
of hemmorhage (G). Anti-fibrin(ogen) immunostaining of a
pardld section demongtrates fibrin depostion (brown, H). This
figure was adapted from (67).
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4. PERSPECTIVE

The roles of components of the PC
anticoagulation pathway in regulating clot formation are
well known, but this system has been more recently
revealed to possess unanticipated functions in control of
fibrinolysis and in mediating the inflammatory response.
Since the PC system principally governs the levels of
thrombin, and thrombin, besides its coagulant properties, is
being continually revealed to be a mgor factor in cell
signaling responses, it is expected that the PC system will
be shown to have a much more expanded role in many
other pathways. This is in addition to the probable cell
signaling roles of PC and APC that result from its binding
to its own cell receptor, EPCR. Mice with a tota
deficiency of PC do not generally survive the neonata
period, as a result of the expected coagulopathies, but will
allow the study of a variety of phenotypes with single and
combined less severe deficiencies of this protein. Thus, the
next several years should be an important period in the
study of many thrombin-dependent, fibrin-dependent, and
inflammatory-dependent maladies, among many other
types of pathophysiological events, which are directly or
indirectly influenced by levels of PC and APC.
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