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Abstract. Recent studies on human protein C gene
expression have revealed the presence of three transcrip-
tion factor binding sites in close proximity to the tran-
scription start site. Binding sites for the liver-enriched
hepatocyte nuclear factors 1 and 3 (HNF-1 and HNF-3,
respectively) are located immediately upstream of the
transcription start site, whereas just downstream of the
start site a presently unidentified transcription factor may
bind. To identify other candidate transcription factor
binding sites in the protein C promoter, we studied the
promoter sequence identity in a number of evolutionarily
close and more distant species:Gorilla gorilla, Pongo
pygmaeus, Pan troglodytes, Homo sapiens, Cebus
apella, Macaca mulatta, Callithrix jacchus, Papio ha-
madryas, Macaca fascicularis,and Rattus norvegicus.
This analysis showed that a high degree of identity
(78%) exists among the different primates. Comparison
of the primate consensus sequence with theRattus nor-
vegicusprotein C promoter sequence revealed the pres-
ence of seven identical regions (I to VII). Two of these
regions overlap with established regulatory sequences

for HNF-3 and HNF-1 (region VI) and for PCE-1 (region
VII), respectively. The functional importance and the
transcription factors that may bind to the other five iden-
tical regions are now to be determined.
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Introduction

Protein C is synthesized in the liver as a vitamin K-
dependent zymogen of a serine protease. After activation
by the thrombin–thrombomodulin complex, through the
release of a dodecapeptide from the amino terminus of
the heavy chain (Kisiel, 1979), activated protein C in-
hibits blood coagulation. In the presence of protein S
(Dahlbäck, 1991), calcium ions, and phospholipids, ac-
tivated protein C inactivates two of the regulatory pro-
teins of the coagulation cascade, factors Va and VIIIa
(Walker and Fay, 1992; Esmon, 1992). Furthermore, ac-
tivated protein C neutralizes plasminogen activator in-
hibitor-1 (PAI-1) (van Hinsberg et al. 1985), with the
stimulation of fibrinolysis as a possible consequence.

The physiological significance of protein C antico-
agulant activity is clearly shown in individuals homozy-
gous or compound heterozygous for protein C defi-
ciency. These individuals suffer from massive
disseminated intravascular coagulation or neonatal pur-
pura fulminans (Branson et al. 1983; Seligsohn et al.
1984; Marlar et al. 1989). Individuals affected by het-
erozygous protein C deficiency, although more mildly
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affected, are at risk of thrombophlebitis, deep vein
thrombosis, and/or pulmonary embolism (Griffin et al.
1981; Broekmans et al. 1983; Allaart et al. 1993).

The human protein C gene, located on chromosome
2q13–q14 (Patracchini et al. 1989), contains nine exons
spanning 11 kb of genomic DNA (Foster et al. 1985;
Plutzky et al. 1986). Of these nine exons the first and part
of the second exon (21 bp) consist of non-protein coding
sequences. Genetic analysis of the promoter region of
the protein C gene of protein C-deficient individuals re-
vealed the importance of three transcription factor bind-
ing sites. From position −33 to −22 a hepatocyte nuclear
factor-3 (HNF-3) binding site was identified. Reversely
orientated and partly overlapping with this first HNF-3
binding site a second HNF-3 binding site is located from
position −26 to −37 (Spek et al. 1995). Finally, it has
been shown that from position −22 to −10 a HNF-1
binding site is present (Berg et al. 1994). These three
binding sites have been shown to be critically important
for protein C gene transcription (Spek et al. 1995; Berg
et al. 1994).

Functional characterization of the promoter region of
the protein C gene has been carried out by chloramphen-
icol acetyltransferase reporter assays (Miao et al. 1996).
These experiments suggested the presence of two pos-
sible liver-specific enhancer regions between −1475 and
−175 and a strong silencer element between −175 and
−95. Moreover, a unique liver-specific regulatory se-
quence between +1 and +18 (PCE-1) was identified by
DNase I protection assays (Miao et al. 1996).

Functionally important segments of DNA tend to be
conserved between species. In the present study we have
compared structural features of the protein C promoter
region between a number of different species. As a result
of this comparison seven evolutionarily identical regions
have been identified as potential regulatory regions. Two
of the identical regions overlap with the previously re-
ported HNF-3 and HNF-1 binding sites and with the
proposed PCE-1 binding site, respectively.

Materials and Methods

Animals

Genomic DNA of different primates, rodents, and carnivores was iso-
lated according to standard protocols. From the primates, DNA of the
Gorilla gorilla, Pongo pygmaeus, Pan troglodytes, Homo sapiens, Ce-
bus apella, Macaca mulatta, Callithrix jacchus, Papio hamadryas,and
Macaca fasciculariswas kindly provided by Dr. R. Bontrop. Rodent
DNA was isolated from blood ofRattus norvegicusandMus musculus,
whereas carnivore DNA was isolated fromFelis silvestrisand Canis
lupus familiaris.

Amplification of Genomic DNA

To PCR amplify part of the protein C promoter of the different mam-
mals we used the primers listed in Table 1. Amplifications were per-
formed in a 20-ml reaction mixture containing 10 mM Tris–HCl, pH
8.0, 1 mM MgCl2, 50 mM KCl, 350 ng primers, 100 ng genomic DNA,
250mM dNTP’s, 60mg/ml BSA, and 0.3 U AmpliTaq DNA polymer-
ase (Perkin Elmer). After an initial incubation at 91°C for 4 min, 32
cycles were carried out at 91°C for 1 min, 58°C for 1 min, and 72°C for
1 min.

Sequencing

PCR-amplified fragments were gel purified and cloned into the pMOS-
Blue T-vector (Amersham). Subsequently, 2mg of plasmid DNA was
sequenced using the Sequitherm Cycle Sequencing Kit from Epicenter
Technologies according to the manufacturer’s protocol.

Southern Blotting and Hybridization

The PCR-amplified fragments were electrophoresed on 1.5% agarose
gels and transferred to a membrane by alkaline blotting. The Southern
blots were prehybridized and hybridized at 60°C in 10% dextran sul-
fate, 0.5% SDS, 5× Denhards, and 6× SSC. As probe we used a random
primed-labeled PCR fragment of the human protein C promoter, rang-
ing from nucleotide −282 to nucleotide −153.

Results

To identify important regulatory regions in the protein C
promoter region, we studied the evolutionary identity of

Table 1. Primers used for the PCR amplification of the promoter region of the protein C gene in different mammalsa

Identification Identical to Sequence and position

58pr1 Human −447CATCTTCTCATGATTTTATGTATCAG−418

58pr2 Human −396CAGCGTCCCCGGGCTTGTATGGTGGCACATAAATACATGT−357

58pr3 Primates −325GAAATATGGAATATTACCT −307

58pr4 Primates/rat −302TGCTGC/AC/TCA/TTGA/GA/GCAAA/GCTATAATATCT−275

38pr1 Human +122CTCTTCTCTTCTCCCGGGGGCAGCCCTCCCTCCACACCCCTCATA+78

38pr2 Human +51GGCGGGTCGTGGAGATACTG+32

38pr3 Primates +24GCCGTCCTGCCGCCATGAC+6

38pr4 Rat +43AAGGAGAAACTGCAATTT+24

38pr5 Primates/rat +18C/GTG/ACCGCCATGT/ACAGNCTG−1

a Indicated in boldface in primer 58pr2 are mutagenic nucleotides, which create aSmaIrestriction site. All nucleotide numbering is relative to the
transcription start site (Plutzky et al. 1986). Primers indicated as identical to primates/rat are chosen after the alignment of the primate sequence with
the rat sequence.
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part of this promoter region. Therefore, we attempted to
amplify the protein C promoter region in a number of
primates, rodents, and carnivores. The primates we ana-
lyzed can be subdivided into four groups. First, the hu-
mans and great apes (family Hominidae), which is com-
prised ofHomo sapiens, Gorilla gorilla, Pan troglodytes,
and Pongo pygmaeus.Second, monkeys from the Old
World (family Cercopithecinae), i.e.,Macaca mulatta,
Papio hamadryas,andMacaca fascicularis.Third, mon-
keys from the New World (family Cebidae), of which we
studied Cebus apellaand, finally, Callithrix jacchus
(family Callithrichidae). The rodents we attempted to
study wereRattus norvegicusandMus musculus(family
Muridae), whereasFelis silvestris(family Felidae) and
Canis lupus familiaris(family Canidae) were selected to
represent carnivores.

Two upstream (58pr1 and 58pr2) and two downstream
(38pr1 and 38pr2) primers were used to PCR amplify
genomic DNA of the different mammals. The primers
were deduced from the human protein C sequence. Suc-
cessful amplification was achieved with all combinations
of upstream and downstream primers for the primates
only. Irrespective of the combination of primers used,
specific fragments could not be amplified from DNA of
the other mammals tested (Rattus norvegicus, Felis sil-
vestris, Canis lupus familiaris,andMus musculus). Re-
duction of the annealing temperature during PCR of
DNA from the nonprimates from 58 to 56°C resulted in
the formation of a number of different products of vary-
ing lengths. Southern blotting experiments with the hu-
man protein C probe were negative, which makes it un-
likely that these are specific protein C promoter
fragments.

The derived sequences of the primates and the previ-
ous reported region of the human protein C gene (Foster
et al. 1985) are shown in Fig. 1. Seventy-six percent of
the nucleotides are the same in all species. One of the
HNF-3 binding sites is completely identical in all spe-
cies, whereas the other HNF-3 binding site, the HNF-1
binding site, and the proposed liver-specific enhancer
region PCE-1 are not completely identical. However,
identity percentages of 83 and 89 for the HNF-3 site and
the PCE-1 region, respectively, are higher then the over-
all identity percentage.

After examining the consensus sequence of the pri-
mates we synthesized additional upstream and down-
stream primers (58pr3 and 38pr3, respectively). These
primers were chosen on the basis of their maximal iden-
tity in all species and on the basis of their location on the
far 58 upstream and 38 downstream ends. PCR amplifi-
cation with combinations of primers 58pr1, 58pr2, or
58pr3 and 38pr1, 38pr2, or 38pr3 again did not result in
any amplified fragments from the nonprimate DNAs.
Decreasing the annealing temperature to 56°C resulted in
PCR products of variable length, but again, with South-

ern blotting none of these products seemed to be specific
protein C promoter fragments.

Next we made a 38 primer (38pr4) identical to the first
18 base pairs of the reported rat cDNA (Okafuji et al.
1992). Comparison of these 18 base pairs with the human
protein C cDNA shows a 78% identity in the first exon,
making it likely that these 18 base pairs are located in the
first exon of the rat protein C gene. PCR amplification of
nonprimate DNA with this primer and primer 58pr2 re-
sulted in a specific product of approximately 500 base
pairs for the rat DNA only. Sequence analysis of this
fragment showed an overall identity with the primate
consensus of only 52% (Fig. 2). However, seven regions
(I to VII) with a significant identity could be distin-
guished (Table 2). Region VI, which is 97% identical
between the primates andRattus norvegicuscontains
both HNF-3 binding sites and the HNF-1 binding site.
These three sites are maximally identical between the
species examined. Region VII, ranging from −2 to +15,
is 88% identical and contains almost all of the proposed
PCE-1 enhancer.

In order to confirm the identity of regions I to VII and
thereby the possible functional importance of these re-
gions, we synthesized degenerative primers overlapping
with region I (58pr4) or region VII (38pr5), respectively.
PCR amplification of genomic DNA of cat, dog, and
mouse with these primers did not, however, result in
specific protein C promoter fragments.

To identify the possible transcription factor(s) binding
to the evolutionary identical promoter sequences, we
used the MatInspector program (Quandt et al. 1995).
This program uses a large library of nucleotide distribu-
tion matrices to screen for potential transcription factor
binding sites. For identical regions I, III, V, VI, and VII,
MatInspector did find a number of potential binding sites
with significant matrix similarity scores of over 0.8.
However, the presence of these binding sites could not be
confirmed by a manual comparison of the relevant se-
quences with a compilation of vertebrate-encoding tran-
scription factors (Faisst and Meyer, 1992).

Discussion

Recent studies of the protein C gene promoter have iden-
tified the liver-enriched transcription factors HNF-1 and
HNF-3 as major regulators of protein C gene expression.
Directly downstream of these binding sites a DNase I
protected region was found of which the functional sig-
nificance is not yet clear. In this study we examined the
evolutionary identity of the protein C promoter region to
identify other possible regulatory sequences.

Comparison of the protein C promoter sequence of the
different primates revealed that 76% of the nucleotides
are the same in all nine species. Eighty-five percent of
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the nucleotides are the same in eight of the nine primates,
whereas 95% of the nucleotides of the protein C pro-
moter are identical in seven primates. The high degree of
sequence similarity makes it difficult to point out impor-
tant regulatory sequences. However, essential sequences
for human protein C gene transcription, which have been
reported previously, are identical above average (>83%).
This indicates the functional relevance of evolutionary
identical sequences.

In Fig. 3 a phylogenetic tree based on the protein C
promoter region is shown. Despite the relatively small
non-protein coding DNA fragment on which it is based,
the tree completely matches the common classification
of primates into four families, i.e., Hominidae (Homo
sapiens, Gorilla gorilla, Pan troglodytes,and Pongo
pygmaeus), Cercopithecinae (Macaca mulatta, Papio ha-

<

Fig. 1. Comparison of the protein C gene promoter region in a num-
ber of primates. Identical nucleotides are indicated inuppercase,
whereas nonidentical nucleotides are indicated inlower case.Repre-
sented by consensus are nucleotides that are invariant between all spe-
cies. Indicated inboldfaceare the PCE-1 region (+1 to +18), the HNF-3
binding sites (−33 to −22 and −26 to −37), and the HNF-1 binding site
(−22 to −10). The nucleotide numbering is relative to the transcription
start site of the human protein C gene (Plutzky et al. 1986). The PileUp
program (GCG Sequence Analysis Software Package Version 8.1)

was used to align the sequences. The nucleotide sequence data will
appear in the GenBank, EMBL, and DDBJ nucleotide sequence data-
bases with the following accession numbers: U77648 (Gorilla gorilla ),
U77647 (Pan troglodytes), U77650 (Pongo pygmaeus), U77652 (Ce-
bus apella), U77651 (Macaca mulatta), U77649 (Callithrix jacchus),
U77646 (Papio hamadryas), and U77654 (Macaca fascicularis). The
human protein C sequence is derived from GenBank accession number
U47685, nucleotides 1117–1505.

Fig. 2. Comparison of the protein C
promoter region of the rat with the consensus
sequence of the primate protein C promoter
region. Identical nucleotides are indicated in
uppercase,whereas nonidentical nucleotides
are indicated inlowercase.The identical
regions I to VIII are indicated inboldface.The
known transcription factor binding sites
(HNF-3 and HNF-1) and the PCE-1 region are
underlined.The nucleotide numbering is
relative to the transcription start site of the
human protein C gene (Plutzky et al. 1986).
The PileUp program (GCG Sequence Analysis
Software Package Version 8.1) was used to
align the sequences. The nucleotide sequence
data of the rat will appear in the GenBank,
EMBL, and DDBJ nucleotide sequence
databases with the accession number U77653.

Table 2. Identical regions of the protein C promoter region between
primates and rat

Region Localizationa

Identity

Number
(n)

Percentage
(%)

I −289 to −275 14/15 93
II −231 to −221 9/11 82
III −211 to −192 19/20 95
IV −139 to −131 9/9 100
V −113 to −92 17/22 77
VI −43 to −10 33/34 97
VII −2 to +15 15/17 88

a Numbering refers to the human protein C sequence [all nucleotide
numbering is relative to the transcription start site (Plutzky et al.
1986)].
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madryas,and Macaca fascicularis), Cebidae (Cebus
apella), and Callitrichidae (Callithrix jacchus).

Analysis of the rat protein C gene clearly illustrates a
loss of similarity in the promoter region when compared
with its primate homologue. However, more detailed in-
spection of the aligned sequences reveals seven identical,
in both sequence and position, areas among primate and
rat genes. One of these regions, located from position
−44 to −10, overlaps with both the HNF-3 and the
HNF-1 binding sites and is completely identical. Region
VII (−2 to +15) contains most of the DNase protected
PCE-1 region (+1 to +18). The fact that DNase protected
regions tend to be larger than the corresponding tran-
scription factor binding site may explain the discrepancy
between the DNase protection assay and the evolutionary
identity.

Recently, Maio et al. (1996) proposed a silencer ele-
ment between −193 and −75. Regions IV and V are
located in this area. However, comparison of these re-
gions with a number of transcription factor consensus
sequences does not give candidate transcription factors
binding to these regions. Therefore, the involvement of
these regions in downregulating protein C gene expres-
sion is uncertain. Whether these, and the other identical
regions, are involved in transcriptional regulation of the
protein C gene should be determined in functional as-
says.

The impossibility of PCR amplifying rat protein C
promoter fragments on the basis of human sequence in-
formation is understandable considering the low overall
sequence identity between primates and rat. Outside the
seven identical regions, only 35% identity exists between

the species, indicating that selection of PCR primers
based solely on the human protein C sequence will be
unsuccessful. As shown for the rat, the success rate of the
amplifications can be increased with the use of one hu-
man-specific primer and one species-specific primer.
This also explains why we were unable to amplify the
promoter region of cat, dog, and mouse protein C to
which no species-specific sequence information is avail-
able. The inability to PCR amplify the promoter region in
cat, dog, and rat with primers overlapping regions I and
VII does not imply that these two regions are not alike in
these three species. It is well conceivable that the degen-
erative primers are not suited to amplify DNA from these
species. This suggestion is strengthened by the fact that
human DNA is only very poorly amplified by these
primers (data not shown).

In conclusion, we have identified seven evolutionary
identical regions in the protein C promoter region. The
functional relevance of the majority of these regions in
protein C gene expression remains to be determined.
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