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I can scarcely wait till tomorrow
When a new life begins for me,
As it does each day,

As it does each day.

~Stanley Kunitz~

Aan alle lieverds in mijn leven,

met Mams en Martijn voorop!
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General Introduction

11 Haemostasis and Venous Thrombosis

Haemostasis refers to a physiologic process whereby bleeding is halted (reviewed in (1-3)).
When a blood vessel is damaged, several processes occur to staunch the flow of blood. Firstly,
vasoconstriction narrows the blood vessel, reducing vessel diameter and slowing bleeding.
Then, during primary haemostasis blood platelets bind to collagen in the exposed sub-
endothelium to form a haemostatic plug within seconds after an injury. This is followed by
secondary haemostasis or coagulation, which involves the activation of a complex cascade of
coagulation factors, ultimately resulting in the conversion of fibrinogen into polymerized
fibrin, making a clot. Finally, the clot attracts and stimulates the growth of fibroblasts and
smooth muscle cells within the vessel wall, and initiates the repair process, which ultimately
results in the dissolution of the clot through fibrinolysis (tertiary haemostasis). Disorders of
haemostasis can be roughly divided into platelet disorders, such as Glanzmann
thrombasthenia and Bernard-Soulier syndrome, and disorders of coagulation, such as

haemophilia or thrombosis.

Most coagulation factors circulate as the zymogen of a serine protease. The coagulation
cascade is a series of reactions in which the zymogens and their glycoprotein cofactors are
activated and then catalyze the next reaction in the cascade. Coagulation is initiated mainly in
response to the interaction between factor VII (FVII) and exposed tissue factor (TF) from the
vascular sub-endothelium. The TF-activated FVII (FVIIa) complex activates coagulation
factors IX (FIX) and X (FX) (4), thereby activating the coagulation cascade (Figure 1). The
final product of the cascade, thrombin, increases its own production by activating other
components of the coagulation cascade, amongst which factors V (FV), VIII (FVIII), and XI
(FXTI) and so the cycle continues. The primary role of thrombin is the conversion of

fibrinogen into fibrin fibres, the main component of the blood clot together with the platelets.

Activated clotting factors are the driving force of the coagulation cascade. To prevent
excessive clotting, activated coagulation factors are inactivated by the circulating blood
protease inhibitors; antithrombin (5) and heparin cofactor II (6), by tissue factor pathway
inhibitor (TTFPI) (7) and by Activated protein C (APC), the end product of the protein C

anticoagulant pathway (8). Whereas blood protease inhibitors and TFPI bind to the activated
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Chapter 1

clotting factors and/or clotting factor complexes theteby tendering them inactive, APC
inhibits the coagulation cascade through the proteolytic degradation of the two key
coagulation factors activated FV (FVa) and activated FVIII (FVIIIa).

The coagulation cascade is tightly regulated since excessive production of fibrin would lead
to the occlusion of blood vessels and thrombosis, whereas too little fibrin would cause
(excessive) bleeding and impaired wound healing. When clots are formed in the venous
system we refer to venous thrombo-embolism. These clots most often occlude veins in the
extremities (e.g. legs; deep vein thrombosis), and may form emboli, which travel through the
blood to the narrow pulmonary arteries, where they may cause life-threatening obstructions
(pulmonary embolism). The annual incidence of venous thrombosis is 1-3 per 1000
individuals (9;10). A predisposition towards this disease may be genetic or acquired. Acquired
risk factors include a.o. aging, immobilisation, trauma, pregnancy, and use of female hormones
(11). Genetic risk factors include loss of function mutations in the genes coding for
antithrombin, protein C, and protein S (PS) and gain of function mutations in the FV and
prothrombin gene (12). The most common genetic risk factor is a mutation in the gene
encoding FV, causing an amino acid substitution, R506Q), which renders this coagulation
factor resistant to inactivation by APC (13). FV-R5006Q) is referred to as FVicen and occurs in

almost 50% of the patients with a family history of venous thrombosis (14).

1.2 The Protein C Anticoagulant Pathway

The protein C anticoagulant pathway is initiated by the activation of protein C to APC by a
complex of thrombin and the transmembrane glycoprotein thrombomodulin.
Thrombomodulin present in the membranes of vascular endothelial cells amplifies protein C
activation more than 1000 fold (15), and when protein C is bound to the Endothelial Protein
C Receptor (EPCR), this process is stimulated another 20-fold (16). Upon its generation, APC
inactivates F Va and FVIIIa (Figure 1) thus inactivating the prothrombinase and tenase
complexes (17;18). Both proteolytic reactions are greatly enhanced by the negatively charged
phospholipids present on activated platelets and vascular endothelium, and by PS, the non-

enzymatic cofactor to APC (19).
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PS forms a complex with APC on the phospholipid surface and increases the affinity of
APC for negatively charged phospholipids (17;20;21). Moreover, PS relocates the APC active
site closer to the membrane surface, which contains the activated coagulation factors (22). In
the inactivation of FVIIIa, PS and FV act as synergistic cofactors to APC (23). PS also has
direct anticoagulant properties independent from APC. It was shown to directly inhibit the
activity of the tenase and prothrombinase complexes, presumably by binding to factors VIIIa
(24), Va and Xa (25-27). The physiological implications of these findings are the subject of

active research (28-31).

>N
FXI FXIa FVIla, TF

o

FIXa

L
v FVIIi
PV |+ — N .

FVIIIa FVIla, TF

/TN

FX FXa FX
Ry t . Lopvi [+PS
> FWa

YR APC <4— PC

w Thfombin\T

Thrombomodulin
J’_

EPCR

Fibrinogen Fibrin

Figure 1 Schematic representation of the coagulation cascade and the protein C
anticoagulant pathway. Blunted arrows represent inhibitory reactions.

Next to inhibiting the formation of thrombin, APC also has profibrinolytic properties.
During fibrinolysis cross-linked fibrin, the main component of a blood clot, is solubilized by
plasmin. Plasmin is generated from its precursor, plasminogen, by tissue-type plasminogen
activator (t-PA). t-PA however, is strongly inhibited by plasminogen activator inhibitor-1
(PAI-1). APC is thought to stimulate fibrinolysis through binding and inhibition of PAI-1
(Figure 2) (32-34). The APC-PAI-1 interaction is greatly enhanced upon binding of the

extracellular matrix protein vitronectin to PAI-1 (35).
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Thrombomodulin + EPCR

e

Thrombin —p» APC
m + Vitronectin
Fibrinogen  Fibrin
+ PAI-1
Fibrin monomer

+ t-PA

Fibrin polymer Plasmin Plasminogen

v v

Cross-linked Fibrin ———p Fibrin degradation products

Figure 2 Schematic representation of the proposed role for APC in fibrinolysis. Blunted
arrows represent inhibitory reactions.

In addition to their anticoagulant role, both APC and PS have been implicated in other
major physiological processes. APC has been shown to have both anti-inflammatory and anti-
apoptotic effects (36-38), and successful clinical trials have been conducted for development
of its use in the treatment of sepsis (39;40). Similar functions have been allocated to PS (41).
The emphasis of the research into a role beyond coagulation for this protein has focused
mainly on its mitogenic properties (42;43) and its potential role in the regulation of cell

survival (44-47).

Just as the coagulation cascade is under strict regulation by several inhibitory pathways, so
are the main components of the protein C anticoagulant pathway. APC anticoagulant activity
is inhibited after binding to protein C inhibitor (PCI) and o-antitrypsin, both members of the
serpin family of blood protease inhibitors (48-50). Moreover, PCI prevents the formation of
APC by inhibiting the thrombin-thrombomodulin complex (51). The PAI-1-vitronectin
complex was also suggested to be important in limiting APC anticoagulant activity on the
platelet and endothelial surface (35). The regulation of PS will be discussed in the following

section.
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1.3 Protein S

1.3.1 Protein

DiScipio and Davie in Seattle first isolated and named protein S(eattle) in 1977 (52). Not
much later Walker described PS as the non-enzymatic cofactor to APC (17;19). PS (Figure 3)
is a vitamin K-dependent glycoprotein with a molecular weight of 75 kilo Dalton that is
present in plasma at a concentration of ~ 0.35 uM (53-55). The structure and function of its
individual domains are well-documented and reviewed elsewhere (56-59) and will therefore
not be covered here. Regretfully, a crystal structure of PS has not yet been successfully

generated.

) pro peptide
) Gla domain
,—}thrombin sensitive region

[s|P]|G|As|T|E1|E2[E3|E4] SHBG

I—} pre peptide J
’ sex hormone-binding globulin
» 4 domains homologous to EGF

Figure 3 Schematic representation of human Protein S. (A) Immature PS. AS: aromatic
stack, EGF: epidermal growth factor-like domain (B) Mature post-transiationally modified PS. "X
carboxylated carboxyglutamic (Gla) residues,v: glycosylation sites, illustration (B) taken from
(60).

PS is produced and secreted mainly by hepatocytes (61) in the liver but also at low levels by
various other cell types, such as megakaryocytes (62), endothelial cells (63;64), Leydig cells

(65), osteoblasts (66) and cells of the nervous system (67). In addition, a small portion
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(~2.5%) is stored in the a-granules of blood platelets (68). That extra-hepatically produced PS
is an important source of plasma PS, is illustrated by the fact that in patients with liver disease
PS levels are reduced but not to the same low levels as other vitamin K-dependent coagulation
factors (69;70). The anticoagulant reactions in which PS participates (Figure 1), take place on
the surface of endothelial cells and activated platelets, cell types that both produce and/ot can

release PS.

PS can bind to the surface of (endothelial) cells not only through its interaction with
negatively charged phospholipids (71), but also by binding to a specific family of membrane
receptort tyrosine kinases (Tyro/Axl) (67;72-74). This interaction was first shown for growth
arrest-specific 6 (GASO) (75), a protein structurally related to PS (76). The relevance of this
finding is questionable though since in contrast to GASG6, which binds to and stimulates its
receptor, PS seems to only bind, not activate, the receptor at physiological relevant

concentrations (77).

Functional PS levels in plasma are mainly regulated in two different ways. Firstly, PS can be
inactivated by proteolytic cleavage in the thrombin-sensitive region. Iz vitro PS is cleaved by
thrombin after Arg 49 and Arg 70 in the thrombin-sensitive region (78). In vivo PS is protected
against thrombin-mediated cleavage by the binding of calcium ions to the Gla-domain (79).
Nevertheless, increased cleaved PS levels were found in patients with disseminated
intravascular coagulation (DIC) (80). Long e# a/. demonstrated that 7z vitro PS is cleaved after
Arg 60 by FXa (81). This cleavage site was later shown to be the actual cleavage site 7 vivo
(82;83). It is therefore assumed that it is FXa that inactivates PS by proteolytic cleavage 7 vivo.
Secondly, PS circulates in plasma in two forms; a free form (40%) and in complex with the
complement inhibitor, C4b-binding protein (C4BP) (53-55). Multiple binding sites for C4BP
are located in the SHBG domain of PS (84-87). The C4BP protein contains 6 or 7 identical a-
chains and a single $-chain, although 17% of the C4BP molecules lack the $-chain (55). PS
binds with high affinity to C4BP via the B-chain (Figure 4a) (88). Unbound PS circulating in
plasma represents the molar excess of PS over C4BPg (53;55).

Whereas only free PS functions as a cofactor to APC, the APC-independent anticoagulant

properties of PS do not seem to be negatively influenced by complexation to C4BP (24;27;31).
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Moreovet, the newly proposed role for PS in the phagocytosis (44;45) and/or rescue (43;47)
of eatly apoptotic cells is thought to be mediated at least in part by directing C4BP to the

surface of apoptotic cells (Figure 4b).

A

Phagocytosis

Surface of (apoptotic) cell

Figure 4 Interaction of PS with C4BP. (A) Schematic representation of binding sites on C4BPB".
PS binds to the 3-chain of C4BP. The binding of other proteins at their specific binding sites
does not affect PS binding to C4BP (89;90). C3b: activated complement factor 3, C4b:
activated complement factor 4, LRP: low-density lipoprotein receptor-related protein, SAP:
Serum Amyloid P component. Illustration adapted from (59). (B) Properties of PS on the cell
surface. Illustration adapted from (91).

1.3.2 Gene

Two copies of the gene for PS, PROS7 and PROS?2, are located near the centromeric
region of chromosome 3 (3p11.1-3q11.2) (92;93). PROS mRNA (94-906) is produced only
from the PROS7 gene, which spans a length of 80 kb and contains 15 exons and 14 introns

(97-99). This is because PROS2 is a pseudogene that lacks the promoter and the first exon. It
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contains several frame-shift deletions leading to premature stopcodons that render this gene
inactive. PROS2 most likely originated from the functional gene, PROS7, through partial
duplication (98). As with promoter regions from other genes coding for vitamin K-dependent
coagulation proteins (100-100), a distinct TATA-box is absent from the PROS7 promoter
region. The finding of various transcription start sites reported for both published (94-96) and
unpublished (NCBI-dbEST database entries (107)) PROS7 cDNA sequences, suggests that
transcription is initiated through multiple transcription start sites. In addition, the presence of
an alternative promoter and first exon was postulated by Ploos van Amstel ez a/ (98) upon
their finding of two distinct start sites by primer extension analysis and the identification of
two putative splice acceptor sites in the promoter region. This last hypothesis was, however,

never borne out by experimental data.

In contrast to the coding region of the PROS7 gene, which has been thoroughly
investigated (reviewed in (108;109)), the promoter region has been pootly investigated. A
promising abstract on the regulation of the PROS7 promoter by various transcription factors,
which was presented at a meeting of the International Society of Thrombosis and
Haemostasis ISTH) in 1995, was never followed by a paper in a peer reviewed journal (110).
Since then, only a single report on the regulation of the promoter region has been published
(111). In this last report, transcription directed from PROS7 promoter-reporter gene
constructs was stimulated in hepatoma HepG2 cells iz vitro by binding of the ubiquitous
transcription factor, Sp1. The liver-specific transcription factor, forkhead box A2 (FOXA2,
HNF3p), also bound to the PROST promotet, but frans-activation studies were not conducted

with this transcription factor.

On a completely different level, Hooper and coworkers (112-114) measured PS levels after
stimulation of cultured human hepatoma cell line HepG2, primary Human Umbilical Vein
Endothelial Cells (HUVEC), and the human microvascular endothelial cell line, HMEC-1,
with interleukin 6 (IL6), a mediator of the acute phase response during inflammation (115).
IL6 stimulated PS production by all cell types and this could be suppressed by the addition of
tumor necrosis factor a (TNFa). Although these authors did not directly investigate
transcriptional regulation of PROS7, the results allude to the possible binding of the nuclear
factors, which are induced by IL6 such as the signal transducer and activator of transcription 3

(STAT3) (116) and the CCAAT/enhancet-binding protein § (C/EBP) (117). In Figure 5 the
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data from the various studies are combined and putative binding sites for STAT3 and

C/EBPS ate included.

All in all, the components that determine (normal) variation in PS levels at the

transcriptional level are still largely unknown.

FOXA2
-299 GCTGGTGAAG AAGGATGTCT CAGCAGTGTT TACTAGGCCT CCAACACTAG

Sp1 C/EBPB/STAT3?
-249 AGCCCATCCC CCAGCTCCGA AAAGCTTCCT GGAAATGTCC TTGTTATCAC

-199 TTCCCCTCTC GGGCTGGGCG CTGGGAGCGG GCGGTCTCCT CCGCCCCCGG
— —>
-149 CTGTTCCGCC GAGGCTCGCT GGGTCGETGG CGCCGCCECG CAGCACGGCT

-99 CAGACCGAGG CGCACAGGCT CGCAGCTCCG CGGCGCCTAG CGCTCCGGTC
-49 CCCGCCGCGA CGCGCCACCG TCCCTGCCGG CGCCTCCGCG CGCTTCGARA

+2 TG

Figure 5 Partial PROS15’ sequence. FOXAZ2 and Sp1 bind the PROS7 promoter at the
undetlined tegions (111). A putative binding site for C/EBPB and STAT3 binding is depicted.
The arrows indicate published transcription start sites derived from cDNA libraties (65;95;96).
+1 is the first nucleotide of the translational startcodon, ATG.

1.4  Protein S Deficiencies

1.4.1 Hereditary PS deficiency

Partial PS deficiency was first reported to be associated with venous thrombotic disease in
1984 (118). In subsequent years it was established that in thrombophilic families heterozygous
PS deficiency was associated with an increased risk of venous thrombosis. Homozygous or
compound heterozygous PS deficiency is extremely rare and associated with severe purpura
fulminans in the neonatal period. Hereditary PS deficiency is classified in three types (119).
Type I deficiency corresponds to low levels of both free and complexed PS, type II PS

deficiency is characterized by normal total and free PS levels but reduced PS activity, and type
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IIT is defined by normal total PS levels but low free PS levels and activity. The disorder
inherits as an autosomal dominant trait with incomplete penetrance (120) and is present in
about 2% to 8% of families with hereditary thrombophilia (121;122). Many abnormalities in
PROST underlying hereditary PS deficiency have been described (reviewed in (108;109)). More
recently Johansson ez a/ reported a high incidence of large PS gene deletions in a group of
Swedish PS deficient families (123). Not all familial PS deficiencies are explained by an
abnormality in PROS7 though (124). In this respect it must be noted that intronic sequences
and 5, and 3’ sequences are not routinely included in the investigation of familial PS
deficiency and that possible functional mutations and polymorphisms in these regions are
therefore not found. Of course, the remainder of unexplained inherited PS deficiencies may
also be caused by variations in other genes. The Spanish Genetic Analysis of Idiopathic
Thrombophilia (GAIT) project described the genetic linkage between free PS levels and the
1932 genetic locus, which contains both genes for C4BPa and C4BP (125). This was not a
surprising finding since PS binds to the C4BP-chain present in most C4BP molecules. This
binding is of a 1:1 stoichiometric nature, which means that all C4BP-3* molecules are bound
by one PS molecule. A drop or rise in C4BP-$* protein levels thus directly influences free PS

levels either positively or negatively, respectively.

An example of a genetic abnormality/polymorphism is the relatively rare Ser 460 to Pro
change in PSpceren (126) which, in some families, is associated with a type III PS deficiency
(127;128). The anticoagulant properties of PS are not negatively affected by this amino acid
change (29;31). A recent publication shows that instead, free PSpcerlen is cleared more rapidly

than wild type PS from the circulation in mice (129).

1.4.2 Acquired PS deficiency

Whereas hereditary PS deficiency is relatively rare, many circumstances can lead to
acquired deficiency, in which case it may be transient. Several non-genetic and environmental
factors such as liver disease (130), DIC (80;130), and hormonal status (gender, contraceptive
use, pregnancy) (131-133) influence PS levels. In liver disease PS levels as well as C4BP levels
are decreased. Patients with DIC have decreased PS activity most likely due to increased

cleavage of PS (80). Total PS levels remain similar as in controls and reports on the levels of
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free PS in this hypercoagulable state are inconclusive (69;130). PS levels were shown to
decrease with age (134), but when these data are corrected for gender the effect appears
specific for females (135). It is evident from several studies that PS levels (total and free) are
downregulated by female sex hormones, but the mechanism of this effect has not been

clarified and would form an interesting area of research.

A more controversial issue is the regulation of PS levels during inflaimmation. C4BP is an
established acute phase reactant with 2-3 fold elevated plasma levels during inflammation
(136-139). Although PS levels are upregulated by the acute phase cytokine, IL6, i vitro (112),
this finding was not confirmed by 7 vivo data. Several studies have demonstrated similar or
only slightly increased total plasma PS levels (140-144). A controversy surrounds the levels of
free PS during inflammation, with some studies showing reduced free PS levels in patient
plasma (140-142), whilst others report stable free PS levels (143;144). A difference in the
regulation of C4BP «- and B-chains in patient populations during the acute phase may explain

the obsetved discrepancy (145).

1.5  Aim of this thesis

Opverall the components that determine variations in PS levels at the transcriptional level
are still largely unknown and the promoter region of PROS7 has been poorly investigated.
Knowledge of the PROS7 promoter structure and the proteins regulating its transcriptional

activity may help in acquiring a greater understanding of PS levels and PS function since;

a. Transcription factors that regulate PROS7 transcription may be tissue-specific (e.g.
liver-specific transcription factors), thereby explaining PS production in certain cell
types,

b. Mutations or polymorphisms in the PROS7 5’ sequence may lead to deficiencies if they
are located in important binding sites for transcription factors or for the basal
transcriptional machinery,

c. Deficiencies (qualitative or quantitative) in the regulatory factors of PROS
transcription may explain idiopathic hereditary PS deficiencies,

d. Transcription factors that upregulate PROS7 transcription may themselves be triggered

by a specific physiological process, thereby linking PS to this process.
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The aim of this thesis was to identify the factors regulating PROST transcription, to determine whether
PROST transcriptional regulation has a tissue/ cell-specific component and to elucidate the underlying

mechanisms.

In Chapter 2 the transcriptional initiation of endogenous human PROS7 is examined in
liver and the relevant cell types that are exposed to the blood stream. Since PS is produced
primarily by hepatocytes and to a lesser extent also by endothelial cells and megakaryocytes,
we hypothesized that PS transcription might be regulated in a cell type-dependent manner.
Cell-specific transcription may be regulated through a difference in the location of
transcription start sites. Four major endogenous start sites were identified, the usage of which
differed slightly between cell types. Furthermore, a minimal promoter with optimal
transcriptional activity was identified in basal expression studies with PROS7 promoter-
reporter constructs in all cell types. It is this promoter construct that, in Chapter 3, was used
in a pilot study in which the effect of a range of transcription factors on PROS7 promoter
activity was tested. Phylogenetic footprinting further provided a solid basis on which to select
certain conserved regions within the human PROS7 promoter for further research. Chapter 4
expands the data presented in chapter 3 with a large scale investigation into the possible
binding of nuclear proteins to the sequence contained in the PROS7 promoter. Sp1 is
identified as a transcription factor with multiple binding sites within the PROS7 promoter.
From further functional studies it became apparent that Sp1, and possibly also the related
transcription factor Sp3, is almost solely responsible for the basal transcriptional activity of the

PROST promoter.

Previously published reports suggest that 116 has a direct effect on PROST transcription.
In Chapter 5 the ILG6 responsive element within the PROS7 promoter is identified. STAT3
binding to this element was essential for induction of PROS7 transcription, which is illustrated
by the absence of STAT3 binding and IL6 induction of PROS7 transcriptional activity when
this region is mutated. Major stimulatory effects on PROS7 transcription were also observed
upon cotransfection of another mediator of IL6 signalling, C/EBPp. However, the role for
C/EBP8 in PROS7 promoter regulation was not fully elucidated duting the course of this

project.
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Chapter 6 describes a classic case of serendipity. During the development of a real-time
rtPCR analysis (QPCR) for the accurate measurement of PROST transcipt levels, an additional
unexpected PCR product was identified. The product was sequenced and resulted in the
identification of a relatively abundant alternatively spliced PROS7 mRNA. The alternative PS
product from this alternative mRNA is compared to that of normal recombinant PROS7 in

COSI1 cells 7 vitro.

In Chapter 7 the results described in this thesis are discussed and related to insights from

the literature.
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Initiation of Protein S mRINA synthesis

Summary

Protein S (PS), a cofactor of activated protein C (APC), is a vitamin K-dependent
anticoagulant plasma protein, which is produced mainly in the liver but which is also produced
extrahepatically. Therefore, the production of this protein may be regulated in a tissue-specific
manner. Upon analysis we found that the 5’-flanking region of the human PS gene (PROST)
lacks characteristic “CCAAT” and “TATA” boxes. To determine the sites of transcriptional
initiation PROST transcripts from HepG2, HuH7, HelLa, HUVEC, and Meg01 cells and
human liver were subjected to transcription start site (T'SS) analysis by using 5’-rapid
amplification of cDNA ends. In all cell types, as well as in human liver, transcription is
initiated most frequently at one of three TSSs located 100 bp, 117 bp or 147 bp upstream
from the translational startcodon. HUVEC cells contained an additional TSS at —200 bp. In all
cell lines, reporter constructs containing a minimal promoter of 370 bp upstream of the
translational startcodon demonstrated maximal promoter activity. Whereas three distinct TSSs
were identified for the endogenous PROS7 transcripts, no preferred TSSs could be
determined for transiently transfected PROS7 promoter luciferase constructs. This is
consistent with our finding that deletion of the first 181 bp proximal to the translational start
in these constructs did not result in complete deterioration of promoter activity. This suggests

a relaxation of TSS regulation when using plasmid constructs in transient transfection studies.
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Introduction

Reduced plasma Protein S (PS) levels were first reported to be involved in the
development of venous thrombo-embolism (VIE) in 1984 (1-3). PS deficiency has been well
established as a risk factor for VIE since then (4-7). PS is a vitamin K-dependent plasma
protein that displays anticoagulant properties by acting as a non-enzymatic cofactor for
activated Protein C (APC) in the proteolytic degradation of blood clotting factors Va and
VIIIa (8-11). In human plasma, PS circulates in an active free form (40%) and a C4b-binding
protein (C4BP)-bound inactive form (60%) (12-14). The major source of circulating plasma
PS is the hepatocyte (15). However, PS is also known to be produced by a variety of other cell
types such as megakaryocytes (16;17), endothelial cells (18;19), Leydig cells (20), osteoblasts
(21) and cells of the nervous system (22). In mammals, PS mRNA was found in virtually all

tissues and organs examined (23).

Two copies of the PS gene are located on chromosome 3. The active PS gene (PROST)
shares 96% homology with the inactive pseudogene (PROS2). The pseudogene, which lacks
the promoter and the first exon also contains several frame-shift deletions leading to
premature stopcodons that render this gene inactive (24-26). Mutational analysis of the exons
of PROST in patients with PS deficiency has shown various mutations within the PS gene to
be responsible for low PS levels in plasma [reviewed by Gandrille ¢f a/ (27;28)]. In contrast to
the coding regions of the PROS7 gene, the promoter region has been poorly investigated. As
with other promoter regions from genes coding for vitamin K-dependent coagulation
proteins, a distinct TAT'A-box is absent from the PROS7 promoter region (29;30). The
literature to date describes one primer extension assay (25) and multiple cDNAs derived from
cDNA libraties (31-33). The databases at the National Center for Biotechnology Information
(NCBI) provide multiple direct submissions of PROS7 cDNAs (34). However, none of these
cDNAs are necessarily full-length, whereas primer extension studies are notoriously difficult

to interpret.

In the present study, we describe an analysis of the transcriptional control region of
PROST. To our knowledge for the first time we provide a transcription start site (T'SS)
distribution after analysis of multiple full-length PROS7 cDNAs from various cell lines and

human liver. Using a method that targets capped mRNA for reverse transcription we show
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that there are a number of major start sites in the promoter of the endogenous PROS7 gene.
The cell types that were tested displayed small differences in TSS usage. In addition, we show
that this preference for specific positions is lost in luciferase reporter constructs. The

implications of these findings are discussed.

Experimental procedures

Plasmids - 'The PROST promoter reporter constructs used in this study, originated from a 7
kb EcRI promoter fragment which was isolated from BAC clone #2513H18 from the
CITBI-E1 genomic library (Research Genetics, Invitrogen, Carlsbad, CA) and ligated into the
EcRI site in the multiple cloning site region (MCS) of the pcDNA3 cloning vector
(Invitrogen). This pcDNA3-PROS7 construct contained 716 bp of sequence downstream
from the translational startcodon. The complete sequence was determined through automated
sequencing (ABI PRISM and Beckman CEQ2000 sequencers) and deposited in Genbank
under accession number AY605182. Subsequently, pcDNA3- PROS7 was modified to contain
nucleotides -5948 to -1 from the translational startcodon as follows. First, the construct was
digested with BazHI and EcRI (all restriction enzymes were obtained from New England
Biolabs, Hertfordshire, UK) resulting in two fragments. Fragment -5948/-410 contained a
pcDNA3-BamHI and a PROS7-BanHI terminus, and fragment -410/4716 contained a
PROS7-BamHI and a pcDNA3-EwRI terminus. Fragment -410/+716 was ligated into
pcDNA3, which had been linearized by digestion with BazHI and EcwRI. The pcDNA3-
PROS1-410/4716 was used to generate a product spanning from bp -410 to -1 by polymerase
chain reaction (PCR) using the T7 primer in pcDNA3 and a mutant reverse gene-specific
primer (GSP), PSstart, in which the initiation methionine was modified into an EwRI site
(Table 1). After digestion with BazHI and EcwRI this PCR product was ligated into pcDNA3,
which had been lineatized by digestion with the same enzymes. PROST fragment -5948/-410
was then religated into the BanHI site connecting the 5’ terminus of PROS7-410/-1 and
pcDNAZ3. The resulting PROS7 fragment (-5948/-1) was cloned ditectly 5 to the luciferase
reporter gene in the pGL3basic vector (pGL3b, Promega, Madison, WI) after digestion with
MCS restriction sites Kpzl and Xhol. This construct was named PS5948. PS5948 was
linearized with Kpxl and Ndel (located at position —5798) and subsequently subjected to
exonuclease III digestion (Erase a Base kit, Promega). The size of the resulting 5’ deletion was
determined by sequence analysis. The 5’-deletion constructs were used for transient

transfection assays. After digestion of construct PS1062 with PsA and EcwRI, exonuclease 111
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digestion was also used to obtain 3’-deletion fragments from this construct. Additional 3’-
deletion constructs, PS-370/-181, PS-1062/-256 and PS-370/-256, wete cteated using
restriction enzymes. PS-370/-181 was created by combination of constructs PS-370 and PS-
1062/-181 after digestion with HizdIIL. PS-1062/-256 and PS-370/-256 originated from the
original PS370 and PS1062 constructs by religation after excision of a SzI-EcRI PS fragment

(-256/-1). An overview of all luciferase repotter constructs is given in Figure 1.

Figure 1 PROSI promoter-luciferase constructs in pGL3basic. The numbers indicate the
length of the PROS7 5’ flanking region proximal to the luciferase gene in pGL3basic.
Constructs PS1062 and PS370 were also used in 3’ deletion studies. The length of the 3’
indentation is shown at the 3’ end of the construct.

Human liver, cell lines and media --- A human liver sample was obtained from a deceased
healthy donor and was a kind gift from E. de Wit at TNO Center for Prevention and Health,
Leiden (TNO). The human hepatoblastoma cell line HepG2, and cervical adenocarcinoma cell
line HelLa were purchased from the American Type Culture Collection (ATCC, Manassas,
VA). Megakaryocytic cell line Meg01 was a kind gift from G. van Willigen from the Utrecht
Medical Centre. The hepatoma cell line HuH7 was a kind gift from M. Verschuur (TNO).
Primary human umbilical vein endothelial cells, HUVEC cells, were a kind gift from J.
Grimbergen (TNO). HepG2, HuH7, Hel.a cells were grown in Minimal essential medium
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(MEM), 10% Fetal Bovine Serum (FBS), 100 pg/ml penicillin, 100 pg/ml streptomycin, and
1x MEM non-essential amino acids (all purchased from Gibco, Invitrogen). HUVECs were
grown in M199-medium (BioWhittaker, Walkersville, MD), 10% heat inactivated human
serum (local bloodbank), 10% Newborn Calf Serum (home made), 10 IE/ml heparin
(BioWhittaker), 150 U/ml endothelial cell growth factot, 100 pg/ml penicillin (BioWhittaker)
and 100 pg/ml streptomycin (BioWhittaker). 24 hrs before transfection the medium was
replaced with heparin-free medium to prevent interference with the transfection assay. For PS
antigen level measurements HUVEC cells were grown in serum-free EBM medium
(BioWhittaker). Meg01 cells were grown in RPMI 1640 medium, 20% FBS, 100 pug/ml
penicillin, 100 pg/ml streptomycin (all purchased from Gibco, Invitrogen). For PS antigen
level measurements Meg01 cells wete suspended at 1*10° cells/ml in RPMI 1640 medium
with 10% FBS.

Reporter gene assays --- 1¥106 Meg01 suspension cells were used per transfection. All adherent
cell lines (HepG2, HuH7, HelLa, HUVEC) were transfected at 60-80% confluency. HUVEC
cells were transfected in passage 2-3, whereas the other cell types were used up to passage 25.
Each transfection was performed in triplicate in 12-wells plates, all assays were conducted
with two different DNA preparations of each construct. Transfections with HepG2, Hel a,
HUVEC and HuH7 cell lines were carried out using 3 pl Tfx-20 lipids (Promega) per pg
transfected DNA. Meg01 cells were transfected using 10 ug DAC-30 (Eurogentec, Seraing,
Belgium) per 2 pg DNA. In each transfection an equimolar concentration of construct was
used supplemented with pUC13-MCS vector to obtain a fixed amount of transfected DNA.
In pUC13-MCS the MCS had been removed by digestion with Prxll and religation. Control
vector pRL-SV40 (Promega), expressing the Renilla luciferase, was co-transfected for
correction of transfection efficiency in a 1:500 ratio to total transfected DNA in HepG2,
HuH7 and Hel.a cell lines, a 1:100 ratio in transfections with HUVEC and Meg01 cells. The
cell extracts were harvested at either 24 hours (HepG2, HuH7) or 48 hours Meg01, HUVEC,
Hel a) after transfection. Luciferase activity was measured according to the Dual Luciferase
Assay System Protocol (Promega). All cell lines were lysed in 250 pl Passive Lysis Buffer/well,
after which 20 ul was used to measure luciferase activity in HepG2 and HuH7 cells, 100 pl
was used for HelLa, HUVEC and Meg01 cells. Activity was measured using a Lumat LB9507
luminometer (Berthold, Bad Wildbad, Germany).

PS measurements - Total PS antigen levels in culture media were determined by enzyme-

linked immunosorbent assay (ELISA) as described previously (35), with the following
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modifications. ELISA plates were coated with goat anti-human PS IgG (Kordia, Leiden, The
Netherlands) overnight at 4°C. A second coating with 2.5% ovalbumin (Sigma-Aldrich, St.
Louis, MO) at 37°C for 1 hour was performed to reduce background absorbance. Complexes
were detected with horseradish peroxidase-conjugated rabbit anti-human IgG (Dako,
Glostrup, Denmark). Absorbance at 450 nm was determined with an Organon Teknika plate

reader (Turnhout, Belgium).

RNA-assays --- Total RNA was isolated from cell culture or frozen tissue using Ttizol
reagent (Invitrogen) according to the manufacturers recommendations. Samples were treated
with RNAse-free DNAse I (Amersham, Roosendaal, The Netherlands) after which RNA was
purified with the RNeasy mini kit (Qiagen, Hilden, Germany). For 5> RACE (Rapid
Amplification of cDNA Ends) experiments polyA RNA was isolated from total RNA
preparations with a PolyA isolation kit (Ambion, Austin, TX). PROS7 RNA levels were
determined by quantitative real-time PCR analysis (QPCR). First, 1pg total RNA from each
cell line was reverse transcribed using Superscript II reverse transcriptase and random
hexamers (Invitrogen). 1/20th of the obtained cDNA was subsequently used in a QPCR
reaction with primers and probes specific for PROS7. The primers and probe sequence
locations and lengths were determined by using the ABI Primer Express Program (Applied
Biosystems, Foster City, CA), and custom synthesized at Eurogentec. PROS7 QPCR reactions
(Eurogentec) were performed in 0.5 ml thin-walled, optical-grade PCR tubes (Applied
Biosystems) in a 50 pl final volume, by addition of the following components: 0.25 U
AmpliTaq Gold DNA polymerase, 160 nM TagMan probe, 300 nM of each primer, and 3
mM MgCl,. A QPCR of the internal standard, the porphobilinogen deaminase gene (PBGD),
was catried out in a similar fashion for each RNA sample with 4 mM MgCl,. An Applied
Biosystems Prism model 7700 sequence detection instrument monitored the reactions.
Thermal cycling conditions consisted of 10 min at 95°C followed by 50 cycles of 15 s at 95°C
and 1 min at 60°C. Determinations of cycle threshold (Cr) were performed automatically by
the instrument. The results are expressed as fold transcript relative to the internal standard
PBGD (=24¢),

Determination of the TSS - 'TSS analysis was performed on polyA RNA isolated from
untransfected and transfected cell lines and human liver. The procedure was carried out using
the Gene Racer™ kit (Invitrogen). The amount of polyA RNA used for the experiment varied
from 300 to 2000 ng and was dependent on the amount of protein and mRNA detected in
ELISA and QPCR analysis. After selection of full-length mRNA with the Gene Racer Kit,
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first strand cDNA synthesis was performed with Superscript II reverse transcriptase and
random hexamers (Invitrogen). For the untransfected cell lines and human liver the gene-
specific amplification of full-length cDNA was performed with a 5’-primer provided in the
Gene Racer kit and a 3> GSP located in the first exon of the PROS7 mRNA (PSex1). For the
cell lines transfected with a PROS7 promoter reporter construct, the GL2 primer (Promega)
was used as GSP. A PROS7 primer in exon 2 was used for amplification of PROST transcripts
from a more downstream position (PSex2). The sequence and location of all non-
commercially available primers are depicted in Table 1. The PROS7 PCR cycle conditions
were as follows; 5 cycles with an annealing temperature (T3) of 72°C, 5 cycles with T, 70°C, 25
cycles with T, 68°C. After 20 cycles an equal volume of fresh PCR mix was added. For the
construct PCR the annealing temperatures were, 68°C, 66°C, and 64°C respectively. The
elongation time was set to 1.5 minutes to ensure complete elongation of all possible
transcripts. After amplification of full-length PROST transcripts all PCR products were ligated
into sequencing vector pCR4.0. Approximately 40 clones of each cell type were analysed
resulting in a TSS distribution estimate. The positional indications used throughout this article,

are respective to the translational startcodon.

Target Name? Assay Location Primer/Probe sequence 5-3
PS PS-F QPCR  +32/+51 exl TGCTGGCGTGTCTCCTCCTA

PS-R QPCR +109/+85 ex2 CAGTTCTTCGATGCATTCTCTTTCA

PS-P QPCR  +55ex1/+7ex2 CTCCCCGTCTCAGAGGCAAACTTTTTGTC
PBGD PBGD-F QPCR  +13/+28 exl GGCAATGCGGCTGCAA

PBGD-R QPCR  +25/+43 ex2 GGGTACCCACGCGAATCAC

PBGD-P  QPCR  +30ex1/+23ex2 CTCATCTTTGGGCTGTTTTCTTCCGCC
PS PSstart GR -1/-21 GAATTCGAAGCGCGCGGAGGCGCC
PS PSex1 GR +62/+33 ACGGGAAGCACTAGGAGGAGACACGCCAG
PS PSex2 GR +40/+21 CTTCCTAACCAGGACTTGTG

Table 1 Primer and probe sequences. I, forward primer; R, reverse primer; P, probe. All
Tagman probes contain the reporter dye, 6-carboxy-4,7,2’,7-tetrachlorofluorescein, TET, and
the quencher dye 6-carboxy-tetramethyl-thodamine, TAMRA. GR= gene racer.
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Results

PROST mRINA and PS protein are produced by HepG2, HuH7, Hel_a, HUVVEC, Meg01 and
buman liver - PS circulates in normal plasma at a concentration of 0.33 uM (14). Hepatocytes
are the largest contributor to the systemic concentration (15), but other cell types have also
been shown to produce PS (16-18;20). ELISA analysis demonstrated that all cell lines used in
this study produce PS (Figure 2). HepG2, and HuH?7 cell lines were most productive whereas
Meg01, HelLa, and HUVEC cells expressed smaller amounts of PS. Since mature
megakaryocytes (platelets) are known to contain storage pools of coagulation factors in their
a-granules, cell lysates were also analysed for PS antigen levels (36). Very low and comparable
levels of PS antigen were found in lysates from all cell types including Meg01 (<10 fmol per
107 cells). PROST transcript levels were determined by QPCR of total RNA from each cell
line. All cell lines were found to contain PROST transcripts, indicating de #ovo production of
PS. The relative level of PROS7 transcript in the various cell types correlated with the PS
protein level found in each cell type, i.e. HepG2 and HuH7 cells produced high amounts of

PS protein and contained high relative levels of PROS7 transcript.

PROST mRINA contains multiple start sites --- For TSS determination, full-length PROS7
transcripts were isolated from polyA RNA samples from all cell lines and from a human liver
sample. Figure 3a shows the PCR products obtained after selection and amplification of full-
length PROS7T mRNA products. Specificity of the amplified products was confirmed with a
nested PROS7 PCR, in which an internal GSP was used on the PCR mix (Figure 3b). The size
of the resulting PROS7 fragments decreased by the expected number of base pairs (62 bp).
Sequence analysis of the cloned cDNAs revealed the presence of multiple TSSs in PROS7
mRNA in all cell types. The start site distributions (Figure 3c) generated from these data
revealed that four distinct start sites, located at -200, -147, -117 and -100 bp upstream from
the translational start, can be defined for PROS7. Other start sites were found, but most were
encountered only once. HUVEC and HuH?7 cells do not use the TSS at -100 bp, whereas all
other mRNA samples do contain this starting point. Also, HUVEC cells use the initiation site

at -200 bp more frequently than other cell types. Long transcripts commencing at -340 bp,

-347 bp, and -360 bp were found for Meg01, HelLa and HuH?7, respectively.
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Figure 2 PS antigen and mRNA levels in various cell lines. (A) PS antigen levels were
measured over time in media from cell culture. Cells were seeded in 12 well plates and
incubated with 1 ml medium. Experiments were started at 80% confluency or, in the case of
Meg01, at 1*¥106 cells/ml. HepG2, HeLa, Meg01 and HuH7 medium included 10% FBS,
HUVEC medium was serum-free. Fresh media in the appropriate dilutions were used as
blanks to correct for background interference in the ELISA. Media and total RNA from

triplicate samples were pooled. (B) PS mRNA levels are expressed as fold transcript relative to
the internal standard PBGD (22¢).
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Figure 3 PROSI transcription is directed from multiple start sites. (A) Full-length
PROS7 cDNAs were amplified using the GeneRacer™ technique. M; DNA size standard, -
actin; positive 5 RACE control, -; negative PCR control, e.g. the reaction without cDNA, +;
PS positive PCR control with primers spanning from exon 2 to exon 5. The PS primer is
located in exon 1 at +62 to +32 (PSex1) (B) Nested PCR on the PCR mix which is depicted
in Figure 3A. The PS primer is located in the 5 UTR at -1 to -21 (PSstart). M; DNA size
standard. (C) Observed start site frequencies are given as percentage of the total. TSS
numbering is relative to the translational startcodon. “other” indicates start sites different
from the ones denoted, start sites in this category occurred no more than twice. (n) equals the
number of PCR clones sequenced. L; longest transcript.

No evidence for an alternative promoter --- In 1986 Lundwall e a/ reported the presence of a
PROST transcript that starts in intron A (33). This could indicate the presence of an alternative
promoter in intron A. The transcript has an intronic sequence of 236 bp and commences
approximately 14.9 kb downstream from the first exon and 31.1 kb upstream from the second
exon. This transcript is not prominently present in our HepG2 mRNA population. Figure 4

shows a 5> RACE PCR, which was conducted with a PS-specific primer in exon 2. The
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products were not digested by Mzel, a restriction enzyme with a site in the alternative
transcript that was found by Lundwall and co-workers (33). Moreover, all PCR products were

digested by Avall, for which restriction sites are present in exon 1.
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Figure 4 PROSI transcripts with a start in intron A are not present. Full-length PROS7
transcripts were amplified from HepG2 mRNA using the GeneRacer™ technique. PSex2 was
used as GSP for PS in the second exon. M; DNA size standard. The arrow indicates the
specific digestion products after digestion with Avall.

A minimal promoter of 370bp confers maximal transcriptional activity

5 deletion experiments --- Transient transfection studies were conducted in unstimulated cells
with equimolar amounts of PROS7 promoter constructs cloned upstream from the luciferase
reporter gene (Figure 5a). Luciferase levels differed widely per transfected cell type and are
dependent on transfection efficiency of the cell type and on the presence of the correct
combination of nuclear transcription factors by which transcription is regulated. For
comparison purposes, promoteractivity of the most active promoter construct in each cell
type was adjusted to 100% after which the activity of the other constructs in the same cell type
was normalised to this 100%. These studies pointed out that the first 370 bp of the PROS7 5’
flanking region are sufficient for optimal promoter activity in all cell types. This activity was
maintained up to a 5’ region of 1062 bp. A marked difference in activity for longer constructs
was observed among the various cell lines. In HuH7 and Meg01 cells promoter activity
decreased only slightly with increasing construct size, whereas in HepG2 and HelLa cells

promoter activity decreased more rapidly with increasing construct size.

3’ deletion experiments --- Transient transfection experiments in HepG2 with PROS7 3
deletion reporter constructs confirmed the importance of the transcription start sites located

at -100 bp and -117 bp. Deletion of the first 131 bp upstream from the startcodon decreased
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promoter activity by approximately 50% (Figure 5b). The importance of the -147 bp TSS
could not be confirmed in these experiments since promoter activity remained at a similar
level after further deletion up to -181 bp. Transcriptional activity decreased significantly after
deletion of the 5’ region up to -256 bp from the startcodon, and deletion up to -806 bp
completely reduced the level of activity to that of pGL3basic. Comparable results were
obtained in all cell lines (results not shown). Since the -147 bp start site was one of the three
most prominently found endogenous TSSs in all cell lines, we set out to validate the TSS

usage in the transfected PROS7-luciferase constructs.

Construct start site determination --- The transcription start sites that were used in PROS7
promoter constructs, PS370, PS1062, and PS5948 were determined after transfection in
HepG2 cells. If the transfection system reflects the 7 vivo situation, the TSSs from the
transfected constructs should be identical to those of the endogenous PROS7 gene.
Surprisingly, a large range of mostly unique TSSs was found for the three constructs tested
(Table 2). Start sites -100 and -117, which were shown to be important sites in endogenous
PROST transcriptional initiation, were also used by the constructs. However, these sites were

not used more frequently than the other TSSs.

Discussion

The experiments described in this study provide a more detailed understanding of the
transcription start site usage during the initiation of PROST transcription in various cell lines

and human liver. Our results show that human liver has three prominent start sites, namely

-100 bp, -117 bp and -147 bp upstream from the translational start. These TSSs were found in
most cell types tested. Whereas hepatoma cell line HepG2 uses TSS -100 bp, this TSS was not
found for the related cell line HuH7. Since human liver does contain this TSS we conclude
that, for PROST transcription, HepG2 cells are more representative of the 7 situ situation than
HuH7 cells. HUVEC cells also do not use the aforementioned start site, moreover in this cell
type transcription is regularly initiated from -200 bp. This TSS is rare in the other cell types
suggesting that, in HUVEC, a different array of regulatory nuclear proteins may be present.
Even though human liver, HepG2, Hela, and Meg01 cell types all contain the same start sites,
the contribution of the three main start sites to the total PROS7 mRNA pool was different

(Figure 3c).
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Figure 5 A minimal promoter of 370 bp is sufficient for maximal promoter activity. Cell
lines were transiently transfected with the pGL3basic vector carrying PROS7 promoter-
luciferase gene constructs. Bars represent a mean of 2 triplicate assays with 2 different
preparations of each plasmid (n = 12). (A) Luciferase activity is relative to the activity of
construct PS370, which was designated as 100%. Note that the activity for PS370 was
different for each cell line. Luciferase activities can therefore not be compared among cell
lines, as they are also dependent on transfection efficiency in addition to promoter activity (B)
HepG2 cells were transfected with 3’ deletion constructs. Luciferase activity is relative to the
activity of the 5” parent construct, i. e. PS1062 or PS370.
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Construct 5’ start position of cDNA
-1-100 -100-200 -200-300 -300-400 >-400
370 -36,-60,-73 -100,-115 -238,-242 -308,-320,-356
1062 -59,-65,-87 -100,-119 -203,-242, -308,-328,-332, -412,-434,
-289 -337,-395% -464, -523
5948 -2 -100%-119  -230,-238, -302,-318%, -332% 424
-247, -290

Table 2 PS construct start site distribution. Full-length luciferase cDNAs were amplified
from mRNA isolated from transfected HepG2 cells using the GeneRacer™ technique. Primer
GL2 was used as GSP for luciferase mRNA. TSS numbering is relative to the luciferase
translational startcodon. The start sites were all unique with exception of those with an
asterisk (*), for these TSSs n=2.

Published and unpublished (NCBI database entries) PROS7 cDNA sequences suggest the
presence of multiple TSSs. To our knowledge for the first time, our results pinpoint exactly
which TSSs are used for PS transcription in human liver and various cell lines. In accordance
with some database entries we show that transcriptional initiation can take place from sites
located more than 300 bp upstream from the translational start. However, these start sites are
not used frequently. One can conclude that for GC-rich promoters, such as the PROS7

promoter, the longest reported transcript does not necessarily represent the most abundantly

used TSS.

The transcriptional regulation of the PROS7 gene has, to date, been poorly investigated.
According to a recent review this may be due to the presence of an additional exon 5’ to what
currently is considered exon 1 (37). Ploos van Amstel e a/ (25) identified two TSSs by primer
extension analysis at -174 bp and -286 bp, respectively. Based on these findings and on the
presence of a putative splice acceptor site, they postulated the presence of an alternative
promoter and first exon. Also, Lundwall ¢z @/ reported the presence of a PROST transcript that
starts in intron A (33). In our studies we found only uninterrupted PROS7 sequences
stretching from the 5’ flanking region into exon 1. Also, restriction analysis of GeneRacer
products generated with a GSP in exon 2 provided no support for the hypothesis of an

alternative promoter.
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At present, two DNA elements have been found to be involved in core promoter function
in the transcriptional regulation from TATA-less promoters: the initiator (Inr), and the
downstream promoter element (DPE)(38). The DPE islocated precisely 28-30 nucleotides
downstream from the transcription start site (for review see (39)). TSSs -200 bp, and -100 bp,
form the center of an Inr consensus sequence (YYA+1INWYY). However, the consensus
sequence (RGWYYV) for the DPE was not detected in the PROS7 promoter at the designated
positions. A schematic presentation of the TSSs and their interspecies conservation, is shown
in Table 3. Phylogenetic footprinting revealed that the region surrounding the -100 bp TSS is

pootly conserved, whereas the other regions have a higher degree of conservation.

Species -200 -147 -117 -100

Human .TATCACTTCC. .CGGCTGTTCC. .GGCGCCGCCG.  .GCTCAGACCG.
Chimpanzee .TATCACTTCC. .CGGCTGTTCC. .GGCGCCGCCG.  .GCTCAGACCG.
Rhesus monkey .TATCACTTCC. .CGGCTGTTCC. .GGCGCCGCCG.  .GCTCAGACCG.
Dog .TATCACTTCC. .CGGC (*)TGTTGG .GGCGCCGCCG. .CCTCGGAGAG.
Pig .TATCACTTCC. .CGGCTCGGCA. .GGCGCCGCTG. .CTTCAGAGAG.
Mouse .CACCGCTTCC. .TGGCTGCTCC. .GG.GCCGCCG.  .GCTGGGAGAG.
Rat .CGCCGCTTC.. .TGACTGCTCC. .GG.GCCGCAG. .GTTGGGAGAG.
Cow .TATCACTTCC. .CGGCTCCGCT. .GGCGCCCCCG.  .CCTTAC.TAG.

Table 3 Phylogenetic footprint for the most prominent PROSITSSs. Gaps introduced
to maximize alignment are indicated by dots. The TSS is underlined.

A region up to 370 bp upstream from the translational start is sufficient for optimal
promoter expression in our model transfection system. We show that this activity is
maintained up to a length of 1062 bp upstream. The subtle differences between the cell lines
in these transfection studies do not allow a firm conclusion regarding tissue-specific regulation
of the PROS7 promoter under basal culture conditions. However, it can be concluded that the
promoter region apparently does not contain additional upstream regulatory elements, e.g.
enhancers and repressors that can be detected in our model system. Surprisingly, only a 60%
decrease of promoter activity was shown after deletion of the three most prominent start sites
in the 3’ deletion experiments. This led us to investigate the TSS usage in three of the PROS7

promoter constructs that were used in our transfection studies. The TSSs at -100 bp and -117
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bp were observed for all constructs but the -147 bp and -200 bp start sites were not found
amongst the cloned mRNAs derived from the transfected constructs. Moreover, even though
similar TSSs were found for the three constructs that were tested, most identified transcripts
were rare, indicating a relaxation of the transcriptional machinery (Table 2). A reduction to
10% of original promoter activity was obtained after deletion of the first 256 bp proximal to

the translational start. The deleted region contained all of the endogenously important TSSs

(-100, -117, -147 and -200). However, the absence of these sites is most likely not the sole
cause of the abrogation of promoter activity. By deletion of this region also essential
transcription factor binding sites may have been deleted. For instance, Tatewaki and co-
workers (40) have recently shown transcription factor Sp1 to bind within the deleted region, at
-247 to -238 bp. Since Sp1 is a major component in the transcriptional regulation from many
genes with GC-rich promoters (41), deletion of this site may well be, at least in part,
responsible for abrogation of promoter activity. A similar argument probably applies to the

PS-1062/-806 construct, which has lost all promoter activity.

Our findings suggest that the mechanism of transcriptional initiation in this model system
differs from the zz vivo situation. A possible explanation for this phenomenon may be that
transfected DNA is in plasmid form and not in a chromosomal form. It therefore may lack
necessary structural elements that are present in normal genomic DNA. Based on our results,
researchers should express great caution to use this model system for determining TSSs. We
believe that even though transcriptional initiation is directed differently, i.e. more relaxed, this
system remains a valuable tool for examining promoter regulation as the binding of essential
transcription factors and their role in transcriptional activation is in general not affected as has
been shown in numerous publications. However, it is clear from our results that transient
transfection of luciferase reporter gene constructs may not be a suitable tool for dissecting

subtle differences in promoter activity and TSS usage.
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