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Chapter one- Introduction 

Regulation of transcription by the Sp-famiiy of 
transcription factors 



1.1 General introduction and aim of this thesis 

Biological processes are largely controlled by the synthesis and the modulation of proteins. 
For the synthesis of proteins. two steps are of critical importance. Firstly, the genetic 
information for the protein has to be transcribed from the DNA of the gene encoding the 

protein to the mRNA intermediate and secondly the mRNA has to be translated into the 

amino acid sequence that forms the protein. 
For the regulation of transcription, control of initiation is of critical importance. In 

eukaryotes. the transcription of genes to mRNA is accomplished by RNA polymerase II that 
acts in a complex with a number of multi-subunit accessory factors (reviewed in Lemon and 

Tjian, 2000). One ofthese factors, basal transcription factor liD (TFIID), is essential for the 
initiation of transcription of a gene through its interaction with the core promoter, a 

regulatory sequence present 30-40 bp upstream or downstream of the transcriptional start 

site. The interaction of TFIID with the core promoter is often established through the 
T ATA box, an AT -rich sequence 25-30 bp upstream of the start site that can be bound by 
the TFIID subunit TATA binding protein (TBP). Another motif that can be found in many 

promoters is the initiator (lnr; Smale and Baltimore, 1989) that encompasses the RNA start 
site and consists of the sequence Py-Py-A+1-N-(T/A)-Py-Py. Many promoters contain 
functionally important sequences downstream of the promoter and one of these motifs with 

the putative consensus sequence (A/G)G(AIT)CGTG and called OPE (downstream 
promoter element) can interact with lnr to provide a binding site for TFIID in TAT A-less 
promoters (Burke and Kadonaga, 1996; Burke and Kadonaga. 1997). This implicates a role 
for TFIID in the specificity of transcription initiation, which can also can be deduced from 

the specific interaction of some TBP associated factors (TAFs) with distinct sequence 

specific transcription factors (Chen eta/., 1994a; reviewed in Verrijzer and Tjian, 1996). In 
addition, certain TAFs may show a tissue restricted interaction with TFIID as appeared to 

be the case for TAF(II) I 05 in B cells (Dikstein eta/., 1996). 
The basal transcription machinery formed by the RNA polymerase II complex is not 

sufficient for the adequate initiation of transcription in vivo. In addition, sequence specific 

DNA binding proteins or transcription factors are required that bind to proximal promoter 

elements within 50-200 bp upstream of the TATA box and stabilize the interactions of the 
pre~initiation complex with the DNA. Apart from the proximal promoter, transcription 

factors also bind to so-called enhancer elements that are located more distally from the 

TATA box, up to several kilobases upstream or downstream. Enhancers regulate 

transcription independent of their position or orientation relative to the start site (Banerji 

eta/., 1981; Moreau eta/., 1981) and can directly interact with the proximal promoter upon 
transcription factor binding, thus looping out the intervening DNA (Li et a/., 1991; 
Mueller-Storm et a/., 1989; Su et a/., 1991 ). Such a looping model is also applicable to 

another type of distal regulatory element, the locus control region (LCR) that regulates the 

10 



expression of a whole gene locus in a position independent manner (reviewed in Grosveld, 

1999). 

Although transcription factors like Sp I can directly interact with TBP and TAFs, it has 

recently become clear that they require additional cofactor complexes to fully potentiate 

transcription activation (reviewed in Rachez and Freedman. 200 I). Interestingly a cofactor 
complex like CRSP (cofactor required for Sp I activation; Ryu eta/., 1999) shares subunits 
with other cofactors like the mediator (Kim eta/., 1994), the TRAP/DRIP (Fondeil eta/., 
1996; Naar eta/., 1999; Rachez eta/., 1998) and the NAT (Sun eta/., 1998) complex which 
suggests that they are functionally related. 

In eukaryotes, transcription takes place in the nucleus where the DNA is packed into a 
chromatin structure. At its basic level of organisation, chromatin consists of DNA wrapped 

around a repetitive array of protein cores or nucleosomes formed by the histone proteins 

H2A, H2B, H3 and H4 (two copies of each per core). Packaging of DNA into chromatin has 
important consequences for the regulation of transcription as is exemplified by the inability 

of proteins like TBP to bind to their consensus site if it is occluded by a nucleosome 

(lmbalzano et a/., 1994). Therefore, transcription activation by sequence specific 
transcription factors is tightly connected to the action of chromatin modifying complexes. 

Currently r:wo major types of chromatin modifiers are known, one that modifies histone 

polypeptides covalently and another that alters nucleosome location or conformation in an 

ATP-dependent manner (reviewed in e.g. Kadonaga, I 998; Kingston and Narlikar, 1999; Kuo 

and Allis, 1998; Wu and Grunstein, 2000). The first identified member of the latter category 
is the yeast SWI/SNF complex, a multiprotein complex that is required for normal mating 

type switching and/or sucrose fermentation. SWIISNF related complexes in human include 
the erythroid KrUppel like factor (EKLF) coactivator remodelling complex I (E-RC I), that 
specifically interacts with transcription factor EKLF in the activation of the 13-globin 
promoter (Armstrong et a/., 1998). Possible covalent modifications of histones include 

phosphorylation, ubiquitination, methylation, and acetylation. Of these, acetylation has been 

most intensively studied in relation to transcriptional regulation which has lead to the 

identification of several histone acetyltransferases (HAT) and histone deacetylases 
(HDACs). HAT activity is often associated with transactivation whereas a decreased 
acetylation via HDACs results in repression of transcription. The interplay with 

transcription factors is complex which is illustrated by the fact that they can not only target 
histone acetylation (e.g. Kundu et a/., 2000) but also can be regulated by acetylation 

themselves (e.g. Boyes et a/., 1998; Zhang and Bieker, 1998; Zhang et a/., 200 I). 
In summary, the initiation of transcription is accomplished via the interactions of many 

different proteins with common and gene specific regulatory motifs. Clearly. sequence 

specific transcription factors play a crucial role in the specificity of transcription initiation. 

A group of related sequence specific DNA binding proteins that has been implicated in 

the regulation of many different processes is the Sp/XKLF family of transcription factors 
(reviewed in Philipsen and Suske, 1999; Turner and Crossley, 1999). Binding sites for these 

II 



transcription factors (GC/GT boxes) are present in the transcription regulatory regions of 
a diverse set of genes. These include the human !3~globin locus control region that consists 

of 5 erythroid specific cis-acting elements of which at least one depends on the integrity of 

Sp/XKLF DNA motifs (Philipsen eta/., 1993). 
In the erythroid lineage as well as in other cell types the simultaneous occurrence of 

several homologous GC/GT box binding factors precludes a readily deduction of their role 
in transcriptional regulation. The availability of powerful techniques for the genetic 

modification of mice enables us to overcome this problem. With the objective to analyze 
the function of Sp/XKLF members Sp3 and Sp4 in vivo, we have disrupted their genes in the 
mouse. In this thesis, an initial description of phenotypical characteristics of both knockout 

mice is presented. 

Outline of this thesis 

After an introduction on the Sp-subgroup of Sp/XKLF transcription factors in chapter I, 

chapters 2, 3, and 4 describe different aspects of the phenotype of Sp3 knockout mice. Sp3 
is essential for survival during late gestation and in the perinatal period. Null mutants are 

growth retarded and display abnormalities in for instance late tooth development. heart 

functioning and lymphopoiesis. 

Sp4-/- mutants, described in chapter 5, show an apparently normal development in utero 

and during the first week after birth but then become severely growth retarded. A high 
percentage of Sp4 deficient mice die around weaning and suffer from starvation. Surviving 

knockout mice remain small and the males display an impaired mounting behaviour and do 
not reproduce. 

Finally, in chapter 6 the phenotypes of Sp knockout mice are discussed in relation to each 
other. 
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1.2 The Sp/XKlF family of transcription 
factors 

Many different prokaryotic and eukaryotic proteins use zinc-coordinated motifs to bind to 

DNA. One common type of these so called zinc fingers consists of a beta sheet and an alpha 

helix that contain two cysteine and two histidine residues that contact the zinc atom. These 

C2H2 zinc fingers are often found in clusters that allow each of their alpha helices to tightly 

interact with the major groove of the double stranded DNA helix (Pavletich and Pabo, 

1991 ).The amino acid composition of the zinc fingers determines their DNA binding 

specificity and by using them in different arrangements DNA binding proteins can recognize 
the specific sequences of nucleotides to which they bind. 

One particular combination of three conserved Cys2His2 zinc fingers forms the DNA 
binding motif of the still expanding Sp/XKLF (Specificity Protein/Kruppel Like Factor) family 

of transcription factors (reviewed in Philipsen and Suske, 1999; Turner and Crossley, 1999). 

Kruppellike factors have been named after the Drosophila segmentation gene Kruppel that 

shows a similar arrangement of zinc fingers (Schuh eta/., 1986). In human, the Kruppel-like 

three zinc finger motif was first found in Sp I (Kadonaga eta/., 1987). The zinc fingers of the 

Sp/XKLF family are structurally related to those of the transcription factor Zif268/Egr-1 and 

therefore are likely to contact the DNA in the same fashion as has been determined for this 

protein (Kriwacki et a/., 1992; Kuwahara et a/., 1993; Narayan et a/., 1997; Pavletich and 

3' 
5' 

F3 F2 

NH2 

Fl 

F 1 G u R E I : Schematic drawing of the three Sp I zinc fingers interacting with a 
classical GC box. 
The individual fingers (F I, F2 and F3) are depicted as a ~sheet (arrows) and an a helix (cylinder) 
held together by a zinc ion (dark grey sphere). DNA containing a classical GC box 
(S'GGGGCGGGG 3') is shown as a double array of beads on strings with the nucleotide pairs 
partially overlapping. The amino acids in the ex helices are indicated and interactions between 
critical residues (black) in each finger and a specific triplet of nucleotides of the GC box are 
shown with dotted lines. Orientations of protein and DNA are marked. 
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Pabo, 1991 ). Accordingly family founder Sp I is thought to contact the DNA with the amino 
acids KHA in the first. RER in the second and RHK in the third zinc finger (Figure I). As a 
consequence of the conserved DNA binding motif, Sp/XKLF members all recognize the 

same GC- (GGGGCGGGG) and GT- (GGTGTGGGG) boxes albeit with different affinities 
due to substitutions of critical amino acids in the first (L for H in Sp2) or in the third (K for 
L in e.g. EKLF, UKLF, BKLF) finger. GC- and GT- boxes are important for the expression 
of many different ubiquitous as well as specifically regulated cellular and viral genes. In 
addition, these motifs are required for the maintenance of the methylation~free CpG island 

that is thought to play a role in transcriptional regulation of the adenine phospho
ribosyltransferase (APRT) gene (Brandeis eta/., 1994; Macleod eta/., 1994). 

As the name of the family already indicates, it can be subdivided into at least two major 
subgroups. Firstly the Sp proteins named after transcription factor Sp I, that are virtually 
identical in their zinc finger region but also have similar N-terminal motifs and secondly a 

more heterogeneous group including the KLFs. Although many KrUppel like factors are 
unified by the aforementioned amino acid substitution in the third zinc finger they can differ 
substantially at their N-terminus. Nevertheless, a further subdivision in groups with 

common structural motifs is possible (Philipsen and Suske, 1999). 
The Sp/XKLF family comprises a large number of homologous transcription factors of 

which at the moment already 20 members have been cloned in human. With the 
completion of the genomic sequencing projects (Lander eta/., 200 I; Venter et al., 200 1), it 
will be only a matter of time before the full family has been identified. Knowing all the 

members of the family raises one important question: what determines their specificity? 

Obviously, the regulation of transcription via GC and GT boxes by these proteins is a 
complex process that needs to be tightly controlled. Factors like EKLF (erythroid Kruppel 
like factor) or Sp4 show tissue restricted expression patterns and their in vivo requirement 

in those tissues became apparent after gene targeting experiments in mice (Gollner eta/., 

200 I a; Nguyen-Tran eta/., 2000; Nuez et al., 1995; Perkins eta/., 1995; Supp eta/., 1996, this 
thesis). Others like Sp I and Sp3 are ubiquitously expressed but also fulfill distinct functions 
as has been indicated by various in vivo and in vitro experiments (chapters I .4; Bouwman et 

a/., 2000; Gollner eta/., 200 I b; Marin eta/., 1997; this thesis). 

Since the work presented in this thesis concerns transcription factors Sp3 and Sp4, the 
Sp I subfamily will be discussed in more detail in the next chapter. 

1.3 Structural characteristics of the Sp I 
subfamily 

Sp I, the first cloned member of the Sp I subfamily (Kadonaga et a/., 1987; Kadonaga et a/., 

1988), was identified as a transactivator of the SV40 (Simian Virus 40) early promoter 
(Dynan and Tjian, 1983a; Dynan and Tjian, 1983b). It was long thought that Sp I would be 
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essential for the transcriptional control of many of the genes that are regulated via GC or 

GT boxes. However, that view changed dramatically when shortly after each other several 
new members of what was to become the Sp/XKLF family of transcription factors were 

cloned (e.g. Hagen et a/., I 992; lmataka eta/., I 992; Kingsley and Winoto, I 992; Miller and 
Bieker, I 993; Sogawa et a/., I 993). 

The structural element that defines the relationship between these proteins is the 

conserved three zinc finger DNA binding motif that has been discussed in the previous 

chapter. The zinc fingers are not only responsible for the similar binding site specificities of 

individual members, they are also involved in interactions with other proteins (discussed in 

chapter I .5.5). 

Within the Sp/XKLF family Sp I, Sp2, Sp3 and Sp4 form a subgroup based on homology 
in the zinc finger domain and their similar modular structure (Figure 2). Sp3 (SPR-2) and Sp4 
(SPR- I) were cloned in a search for GT box binding factors that would be responsible for 
cell type specific activation of the rabbit uteroglobin promoter (Hagen et a/., I 992). 
Independently, Sp2 and Sp3 were cloned from a human T cell library during a search for 

proteins containing the Sp I zinc finger domain (Kingsley and Winoto, I 992). 
Sp I, Sp3, and Sp4 contain 2 major glutamine rich transactivation domains (A and B, Figure 

2) that are essential for transcription activation. Next to these A and B domains, 

serine/threonine rich sequences are located that may be targets for post-translational 

modification (chapter I .5.4). While Sp2 has only one glutamine rich domain, it does share 
a highly charged domain C and a serine/threonine rich region with the other members of 

the subfamily. Another connection between the human Sp I -4 genes is that they co-localize 
with the four HOX gene clusters on chromosomes 12ql3 (Spi/HOX C) (Matera and 
Ward, I 993), I 7q21.3-q22 (Sp21 HOX B) (Scohy et a/., I 998), 2q3 I (Sp3/HOX D) 
(Kalff-Suske eta/., 1996) and 17pl5 (Sp4/HOX A) (Kalff-Suske eta/., 1995) suggesting an 
evolutionary relationship. 

Nevertheless, Sp2 is more distantly related to Sp I than Sp3 and Sp4. This distant 

relationship is also reflected in a different consensus binding site affinity due to the 

substitution of a critical histidine residue I to a leucine residue in zinc finger. 

Apart from the similar functional domains. Sp I, 3, and 4 also show some unique structural 

features that have been linked to their transactivation potential and that will be discussed 

in chapter I .4. 
Recently several new Sp/XKLF genes have been cloned and based on the composition of 

their zinc finger domains two of them, Sp5 (Harrison eta/., 2000; Treichel eta/., 200 I) and 
Sp6 (Scohy et a/., 2000) have been added to the Sp-subfamily. 

The DNA binding domain of Sp6 has been described as more closely related to that of 
Sp2 than that of the other Sp factors (Scohy et a/., 2000), although from its amino acid 
composition it might be better to conclude that both Sp2 and Sp6 are more distantly 
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141:1 Highly charged region 0 Btd box I Zinc finger 

F l G u R E 2 : Schematic representation of human Sp 1-4 showing their similar 
modular structure. 
Sp and Btd boxes, serine/threonine-rich, glutamine-rich and highly charged regions and zinc 
fingers are indicated, as well as activation (AD) and inhibitory (ID) domains. A. B. C and D 
modules of Sp I (Courey and Tjian, 1988) are marked with black bars. Each pair of arrow heads 
points at a PEST domain with a significant PESTfind score (>5.0; Rogers et al.. 1986). On the 
right lengths in amino acids according to accession numbers P08047 (Sp I), Q02086 (Sp2), 
CAC34575 and Q02447 (Sp3) and CAA48563 (Sp4). 

F 1 G U R E 3 : The Drosophila Btd box is 
conserved in Sp 1-6. 
Alignment of Btd boxes (rectangle; Wimmer et 
al., 1993) from drosophila Btd (accession 
number CAA82545) and D-Sp I (CAB55429), 
human Sp I (P08047). Sp2 (Q02086), Sp3 
(Q02447) and Sp4 (CAA48563), mouse Sp5 
(AAF87798). zebrafish "Sp5" (AAK83353) and 
human Sp6 (AC003665). Strictly and highly 
(> 75%) conserved amino acids are indicated 
with a dark grey and a light grey background 
respectively. 

Btd 

dSpl 

hSpl 

hSp2 

hSp3 

hSp4 
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dSpS 

hSp6 
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I
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I
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T~REAIRIINI 

related to Sp I than Sp3 and Sp4. Nevertheless. chromosomal localization revealed that the 

Sp2 and Sp6 genes are closely linked both in rat (I Oq3 l-q32.1) and in human ( 17q2 1.3-q22) 

(Scohy eta/., 2000; Scohy eta/., 1998) which has led to the suggestion that they share the 
same ancestral founder gene (Scohy et a/., 2000). 
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hSp! 

hSp2 

hSp3 

hSp4 

mSpS 

dSpS 

dNocA 

dNozl 

GGQESA 

TTQDSQ 

AAQDTQPi 

G s QD SQPI 

SPDlGK I 

SPENSK 

TTMDAK 

IElDAK 

TPGENQ 

PGAAA 

FIG u R E 4: The Sp box is conserved in Sp 1-5 and Drosophila and zebrafish NocA
Iike proteins. 
Alignment of Sp box (rectangle) containing sequences from human Sp I (accession number 
P08047), Sp2 (Q02086), Sp3 (CAC34575) and Sp4 (CAA48563), mouse SpS (AAF87798), 
zebrafish "SpS"(AAK83353), drosophila NocA (AS5929) and zebrafish Nozl (AAK08969). 
Strictly and highly (> 75%) conserved amino acids are indicated with a dark grey and a light grey 
background respectively. 

At the N-terminal site of their Sp-like zinc finger domain, SpS contains in addition a 

so-called Buttonhead box (Harrison et at., 2000; Figure 3). This conserved stretch of I I 
amino acids was originally identified in the Drosophila Sp I homologue Button head (Btd; 
Wimmer et at., 1993). It is also present in Sp 1-4 but not in other Sp/XKLF family members 
and may contribute to the transactivation potentia!, since a deletion of an overlapping region 

resulted in reduced activity of Sp I in vitro (Courey and Tjian, 1988). Furthermore, domain 
C (Yieh eta/, 1995), and more specifically the Btd element within domain C (Athanikar et 

a/., 1997), is involved in synergistic activation by Sp I or Sp3 with sterol regulatory element

binding proteins (SREBPs; see also chapter 1.5.5). Interestingly, one proline and three 
cysteine residues of the Btd domain are also conserved in Sp6 and another Drosophila Sp I 
related protein D-Sp I (Wimmer et of., 1996), indicating that they may have a crucial role in 
the function of this domain. The Btd box is evolutionarily conserved in Sp-factors as it is 
also present in a recently cloned zebrafish homologue of Button head that is almost identical 
to Sp5 (accession number AAK83353; Figure 3). Harrison and co-workers (Harrison et o/., 
2000) identified another stretch of conserved amino acids consisting of the sequence 
SPlALlAA TCSR/Kl (Sp box) that is located at the N-terminus of Sp I, 2, 3, 4, and 5 and can 
also be found in "zebrafish Sp5" (Figure 4). This element contains an endoproteolytic 
cleavage site and is situated close to a region at the N-terminus of Sp I that targets 
proteasome-dependent degradation of C-terminal sequences in vitro (Suet a/., 1999; see also 
chapter 1.5). Although it is not required to direct cleavage, the fact that the Sp box is highly 
conserved in Sp 1-5 might indicate that this motif has a function in the regulation of 
proteolysis. Another possible role for the Sp box may lie in the control of transactivation 
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potential via the interaction with a putative repressor protein that interacts with the 

N-terminus of Sp I (Murata eta/., 1994). Besides in Sp-proteins, sequences similar to the Sp 
box can also be found in the Drosophila NocA zinc finger protein (Cheah et a/., 1994), a 
zebrafish homologue Nez I or NocA-Iike (Andreazzoli eta/., 200 I; Sagerstrom eta/., 200 I) 
and putative human homologues (accession numbers NP 079345, XP 053438; Figure 4). 

Genetic mutations indicated that NocA is involved in the development of embryonic brain 

and the adult ocellar structures (Cheah eta/., 1994). However, the protein has not been 
studied in detail and therefore the relevance of its Spwlike box remains to be explored. 

Although the function of the Btd and Sp boxes are not clear at the moment, their 
presence in Sp-proteins but not in the other Sp/XKLF members confirms the relationship 

between these transcription factors and suggests that they have specific roles in the 

regulation of gene expression. 

With the exception of the Btd and the Sp boxes however, the N-terminal regions of Sp5 
and Sp6 are completely different from those of Sp 1-4 and therefore Sp5 and Sp6 will not 

be discussed in the remainder of this chapter. 

1.4 Functional analysis of the Spl subfamily: 
transactivatio n pro pe rti es 

1.4.1 Introduction on transactivation assays in Drosophila Schneider cells 

Studies on the transactivation potential of Sp I, Sp3 and Sp4 as described below were 
performed in vivo in transiently transfected Drosophila Schneider SL2 cells unless indicated 
otherwise. The ideal host for functional analysis would be a mammalian cell line not 

expressing these proteins. However, when these experiments were performed. it was not 

yet known that mammalian cells lacking important transcription factors like Sp I could be 

viable (Marin et a/., 1997). The reason for the use of SL2 cells was that Sp 1-like proteins 
were thought not to be present in Drosophila. Although this has been challenged by the 
cloning of the Drosophila Sp I homologues Button head (Wimmer et a/., 1993) and D-Sp I 
(Wimmer eta/., 1996), SL2 cell extracts are reportedly devoid ofSp 1-like activities (Courey 
and Tjian, 1988; Santoro et a/., 1988). Nonetheless, it has become increasingly clear that 

there are important differences in the composition of the transcription machinery between 

different cell types, not to mention those between different species. Therefore. the results 

regarding transactivation potential should always be related to the system in which they 

were obtained. 

1.4.2 Spl 

The presence of an activity in a Hela cell fraction termed Sp I that could stimulate 
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transcription in a promoter dependent manner in vitro was the first direct evidence of the 

existence of sequence specific transcription factors (Dynan and Tjian, I 983a). After some 
initial experiments with this heterogeneous fraction (e.g. Gidoni eta/., I 984; Gidoni et a/., 
I 985; Jones and Tjian, I 985), Briggs and co-workers succeeded in further purification, 
resulting in one protein that could recapitulate this specific in vitro transactivation and which 

was named Sp I (Briggs et a/., I 986). On basis of a partial amino acid sequence of this 
purified protein, the eDNA encoding Sp I could be cloned thus allowing a more detailed 
study of its transactivational properties (Kadonaga et a/., I 987; Kadonaga et a/., I 988). 

It was discovered that Sp 1 can directly interact with itself which has important 

implications for its transactivation potential (Pascal and Tjian, I 99 I). Sp I is not only able to 
stimulate transcription from proximal promoters but also from distal enhancers (Courey 

eta/., 1989). In vitro experiments suggest that Sp I tetramers are involved in the synergistic 

activation via distant sites (Mastrangelo et al., 1991) that enable them to interact with each 

other, thus looping out the intervening DNA (Li et a/., I 991; Mastrangelo et a/., I 991; 
Mueller-Storm et a/., 1989; Su et a/., 1991 ). For the multimerisation, activation domain B 
appeared to be of critical importance (Pascal and Tjian, I 99 I). Together with domain A, 

domain B also mediates superactivation of Sp I dependent transcription which can be 

achieved by non-DNA binding mutants in case of multiple binding sites (Courey eta/., 1989; 
Hagen eta/., 1995; Pascal and Tjian, I 99 I). For synergistic activation via binding to multiple 

sites. domain D is required in addition to both tronsactivation domains (Pascal and Tjian. 

1991). 

1.4.3 Sp2 

Since the binding site specificity of Sp2 differs from that of the other Sp proteins (Kingsley 
and Winoto, 1992), the inability of Sp2 to activate promoters containing GC boxes (Chen 
eta/., 1998; Rotheneder eta/., 1999; Zhao and Chang, 1997) can be readily explained. Data 

from the only report of a promoter that is affected by co-transfected Sp2 indicate that this 
transcription factor may function in a cell type dependent manner. Sp2 represses Sp I or Sp3 
driven activation of a construct containing the murine CTP:phosphocholine 

cytidylyltransferase a promoter in Drosophila cells but activates the same construct in 

C3HIOTJ/2 mammalian cells (Bakovic eta/., 2000). It seems likely that Sp2 has different 
characteristics than Sp 1.3. and 4 since it has only one glutamine rich transactivation domain 

whereas two domains are required for superactivation and synergistic activation by Sp I 

(Pascal and Tjian, 1991 ). 

1.4.4 Sp3 

Although Sp3 was found to be highly homologous to Sp I with similar affinities for GC and 
GT boxes, it soon became clear that there are some striking functional differences. Sp3 can 
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activate transcription from different promoters in SL2 cells as well as in certain mammalian 

cell lines (e.g. Ding et al., 1999; Galvagni et al., 200 I; lhn and T rojanowska, 1997; Liang et al., 

1996; Udvadia et al., 1995; Zhao and Chang, 1997) and upon cotransfection with Sp I 
additive (e.g. lhn and Trojanowska, 1997; Ko eta/., 1998) and synergistic (e.g. Bigger et al., 

1997; Netzker et al., 1997) effects were noticed. However, under other circumstances Sp3 

is at most weakly active and in case of promoters containing multiple adjacent binding sites, 

it can repress transcription driven by Sp I or other transcription factors (Birnbaum et a/., 
1995; De luca et al., 1996; Dennig eta/., 1996; Majello eta/., 1997). Intriguingly, there is also 
a report that shows that Sp I can inhibit the Sp3-mediated transactivation of the mouse 
growth hormone l2 promoter in Schneider cells (Yu eta/., 1999). It should be noted that 
some promoters could be activated by Sp3 in Drosophila cells but not in certain mammalian 
cells (Hansen et al., 1999) and vice versa (Sjottem eta/., 1996) which further demonstrates 

the complex nature of this transcription factor. 

1.4.5 Sp4 

As was shown for Sp3, the functional properties of Sp4 turned out to be different from 
those of Sp I despite obvious structural similarities. Compared with Sp I, Sp4 shows similar 

transactivation potential through its glutamine rich activation domains. In addition, Sp4 can 

be superactivated by fingerless Sp I and repressed by Sp3 (Hagen et al., 1992). However, 
whereas Sp I can synergistically activate promoters containing multiple binding sites (Courey 

eta/., 1989; Pascal and Tjian, 1991 ), transactivation by Sp4 only occurs in an additive manner 
(Hagen eta/., 1995). The transactivation potential ofSp4 with respect to different promoters 
and cell types has not been studied as intensively as in the case of Sp I or Sp3. Several 
promoters could be activated by Sp4 in mammalian cell lines as well as in Drosophila cells 
(Ahlgren et al., 1999; Hagen et al., 1995; Hagen eta/., 1994; Majello eta/., 1994; Rotheneder 
et a/., 1999; Wong et al., 200 I) but others only seemed to respond to different family 
members (Kwon eta/., 1999; Yan eta/., 2000). 

1.5 Specificity in the regulation of 
transcription by Spl family members 

1.5.1 Introduction 

As was shown in the previous chapter, Sp I family members have different functional 
properties and most likely fulfill specific roles in the regulation of biological processes. 
Unique functions in vivo are demonstrated by the clear and different phenotypes ofSp I, Sp3, 
and Sp4 knockout mice (Bouwman eta/., 2000; Gellner eta/., 200 I a; Gellner eta/., 200 I b; 
Marin et al., 1997; Nguyen-Tran eta/., 2000; Supp eta/., 1996; this thesis). On the other 
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hand, under certain circumstances apparently depending on cellular conditions and 

promoter context, Sp-factors seem to be at least partly redundant. This chapter focuses on 
various control mechanisms that could determine the combined effect of these highly 

homologous proteins on transcription regulation. 

1-5-2 Expression 

The presence of Sp I, Sp3 and perhaps also Sp2, in many if not all different cell types does 

not imply that the levels of these proteins are not subject to specific regulation. Whereas 

there are no published data for Sp2 with respect to this topic, there are several reportS on 

the control of Sp I and Sp3 expression. 

Expression of Sp I differs between cell types and during development and is down 
regulated in many fully differentiated cells. (Saffer et a/., 1991 ). Murine Sp I mRNA can 
undergo alternative splicing (Persengiev et a/., 1995; Takahara et a/., 2000) which during 

spermatogenesis leads to an N-terminally truncated protein that lacks the first glutamine 

rich transactivation domain and both serine/threonine rich domains (Persengiev eta/., 1995). 

This protein is severely impaired in its potential to transactivatefrom single binding sites but 

can act synergistically with full length Sp I in Drosophila Schneider cells. It is not clear whether 
it has a function in vivo since it normally seems to be expressed at relatively low levels. 

Although the available amount of Sp I protein appears to be regulated to a large extent 
at the mRNA level (Saffer eta/., 1991), there are also other control mechanisms. As 

mentioned before (chapter 1.3), Sp I undergoes proteasome dependent degradation under 
conditions of nutrient starvation and adenylate cyclase stimulation (Han and Kudlow, 1997). 

Initiation of this process is thought to be determined by a low glycosylation state of Sp I 
(Han and Kudlow, 1997); see also chapter 1.5.4) and consists of an endoproteolytic cleavage 
triggered by an N-terminal region of Sp I (Su eta/., 1999).The cleavage site is situated in the 

Sp-box that is conserved in Sp 1-5 (chapter I .3), which may indicate that proteolysis of other 
Sp-proteins can be regulated in a similar fashion. 

The N-terminal peptide that directs cleavage remains stable and might have a functional 

role, for instance via interactions with the proteasome-dependent system (Su eta/., 1999) 
or with other proteins (Murata et a/., 1994; chapter 1.5.5). Interestingly, under other 
circumstances C-terminal Sp I peptides have been found. Despite the presence of both ends 

of Sp I mRNA, in naive human myeloid leukemia cells the GC box is bound by a truncated, 
approximately 30 kDa DNA binding Sp I isoform and full length Sp I protein can only be 
found after differentiation (Rao eta/., 1998). Treatment of full length Sp I with the serine 
protease myeloblastin, that is downregulated during differentiation, yields a fast migrating 

binding activity similar to that in undifferentiated cells. Therefore, myeloblastin or a related 

protease might provide a switch that regulates Sp I dependent transcription through limited 

proteolysis. In such a scenario, the small C-termina! peptide could act as a transcription 

inhibitor since it lacks the transactivation domains but does contain the DNA binding zinc 
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finger region. Apoptosis also coincides with Sp I proteolysis (Piedrafita and Pfahl, 1997; 

Rickers et a/., 1999) and the action of a caspase-3 like protease in B cells can produce a 
similarly truncated DNA binding Sp I isoform (Rickers eta/., 1999). The caspase-3 cleavage 

site is contained in a region of domain C (Figure 2) that has earlier been identified as a PEST 

sequence, a putative target motif for inducible proteolysis (Mortensen et a/., 1997; 

Rechsteiner and Rogers, 1996; Rogers eta/., 1986). Although this specific sequence is not 
conserved in the other Sp proteins, they all contain a PEST motif at a different positions 

(Figure 2). Sp I is also degraded by the cathepsin-like protease termed SPase that is 
expressed in the green monkey kidney cell line CV-1 (Nishinaka eta/., 1997). SPase displays 
some specificity in its action since it targets Sp I and the phosphorylated retinoblastoma 

susceptibility gene product (Rb) but not other nuclear factors such as c-Jun or c-Fos. 

Although not assessed directly, it is likely that SPase also degrades Sp3 -and perhaps other 
Sp/XKLF factors- given the complete depletion of different GC-box binding proteins from 
extracts treated with this protease (Chen eta/., 1994b; Nishinaka eta/., 1997). Interestingly, 
in the context of known interactions ofSp I with cell cycle regulators (e.g. Datta eta/., 1995; 
Karlseder eta/., 1996; Lin eta/., 1996), SPase expression is regulated through the cell-cycle 

with high levels at the G 1/S transition (Fu et a/., 1998). 
Often, for several cell types and promoters, Sp I and Sp3 have been identified as the major 

GC/GT box binding activities. Variation in especially the expression of Sp I and Sp3 may 

have important consequences for transcription activation given the dual nature of Sp3 that 

can function as an activator as well as an inhibitor. 

There are a number of reports that show variations in the ratio Sp I/Sp3 under different 

cellular conditions. Sp3 was originally cloned as one of the factors binding to the GT box 
of the uteroglobin promoter that is active in endothelial cells from lung and endometrium 

(Hagen eta/.. 1992). Interestingly, a recent report suggests that the Sp I /Sp3 ratio is involved 
in the up-regulation of tissue factor expression upon progestin-induced decidualization of 

human endometrial stromal cells (HESCs, Krikun et a/., 2000). Progestin treatment of 
HESCs results in an up-regulation of the transactivator Sp I whereas Sp3 which is unable to 
enhance activation of the tissue factor promoter, is down-regulated. 

In another endothelial cell line, human umbilical vein endothelial cells (HUVECs), hypoxia 
enhances the amount of Sp I protein while Sp3 levels remain unaltered (Xu et a/., 2000). 
Hypoxia induces a similar change in the Sp I /Sp3 ratio in myoblasts, albeit in these cells this 
is achieved via the post-transcriptional down regulation ofSp3 protein levels (Discher eta/., 

1998). 

In addition, relatively high Sp I /Sp3 ratios are also seen in epithelial cells compared to 
fibroblasts (Apt eta/., 1996) and in endothelial cells compared to non-endothelial cells (Hata 
et a/., 1998). It should be noted that the expression of both Sp I and Sp3 was found to be 
much higher in the endothelial than in the non-endothelial cell lines (Hata eta/., 1998). 

In most cases, the increase of the Sp I /Sp3 ratio has been correlated with the increased 

expression of responsive genes. In their respective cellular contexts, these genes can be 
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activated by Sp I and repressed by Sp3 which suggests that transcription is regulated via the 
cooperative action of both transcription factors. 

Transactivation by Sp3 may also be dependent upon the regulation of alternative 
translation initiation. The nucleotides surrounding the first two internal AUG cedens allow 

reasonably efficient translation initiation (Kozak, 1986; Kozak, 1987) giving rise to ± 70 kDa 
N-terminal truncated Sp3 isoforms (Kennett et a/., 1997). It has been found that the 
activation of a reporter gene by Sp I or full length Sp3 is inhibited by the smaller isoforms 
(Kennett eta/., 1997; Whetstine and Matherly, 200 I). Since these truncated Sp3 molecules 
lack part of the transactivation domains. it seems likely that they are less potent activators 

and repress transcription by competing for binding sites. It was then suggested that the 

contradictory results obtained with Sp3 in transactivation assays are a consequence of 
differences in Sp3 expression constructs leading to different ratios of full length versus 

truncated isoforms (Kennett eta/., 1997). This may indeed explain some results, as has been 

indicated in experiments with specifically designed constructs (Pan eta/., 2000; Whetstine 
and Matherly, 200 I), but nto all since full length Sp3 can also repress Sp 1-mediated 
transcription (Dennig et a/., 1996; Fandos et a/., 1999). 

Nevertheless. regulation of alternative translation initiation probably provides an extra 

level of control in the regulation of Sp3-dependent transcription. Although the functional 
relevance of such a mechanism in biological processes still needs to be explored, it has 

recently been shown that the ratio between full length protein and isoforms of the expected 

size can indeed be subject to regulation. Glucose treatment of human hepatoma cells results 

in a increased level of full length protein versus reduced amounts of the smaller isoforms 

(Moon eta/., 1999). A different process takes place during early myoblast differentiation 
when there is a specifically pronounced up-regulation of the ± 70 kDa isoforms (Fandos et 
a/., 1999). There is also a report of a 28 kDa protein specifically detected with Sp3 
antibodies in decidualized endometrial stromal cells (Gao and Tseng, 1996) but the nature 

of this protein is unknown. The same holds true for a fast migrating Sp3 complex that seems 
to replace the alternatively transcribed proteins in the uterus upon pregnancy (T u et a/., 

1998). Possibly small DNA binding isoforms of Sp3 are a result of proteolysis as has been 
shown for Sp I (Rao et at .. 1998). 

Whereas Sp I and Sp3 are ubiquitously expressed and Sp2 mRNA has been detected in 
various different cell lines, Sp4 shows a more restricted expression pattern (Hagen et af .. 
1992; Kingsley and Winoto, 1992; Saffer et a/., 1991; Supp et a/., 1996; chapter 5 of this 
thesis). Throughout murine development, high levels of Sp4 mRNA have predominantly 

been found in the brain (Supp eta/., 1996). The robust expression of Sp4 in the central 
nervous system correlates with the impaired mounting behaviour of Sp4-/- mutant males 

(Gellner eta/., 2001a; Nguyen-Tran eta/., 2000; Supp eta/., 1996; this thesis). Another 
aspect of the Sp4 knockout phenotype is sudden cardiac arrest and this could be linked to 
the specific expression of Sp4 in the conductive system of the heart (Nguyen-Tran eta/., 

2000). The recent identification of the murine Sp4 gene will be helpful in the further 
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characterization of its regulation (Song eta/., 200 I). Preliminary experiments indicate that 
Spl but not Sp3 has a repressive effect on its proximal promoter (Song et at., 2001). 

1.5.3 Binding site specificity 

Obviously, Sp2 is the least homologous member of the subfamily since it lacks a second 
glutamine-rich transactivation domain and, perhaps more importantly, because it has a 

different binding site specificity. In vitro translated Sp2 binds weakly to a critical GT box of 
the T cell antigen receptor variable gene segment Va I 1.1 promoter and not at all to an Sp I 
consensus GC box (Kingsley and Winoto, 1992). Based on these data, it seems likely that 

Sp2 is involved in the regulation of a different set of genes than Sp I, Sp3 and Sp4 that all 
bind to GC and GT boxes with similar affinities (Hagen et at., 1992). However, binding 
affinities determined in vitro can not always be extrapolated to the in vivo situation where 

events like post-translational modifications and interactions with chromatin and other 

proteins play a role. There are several examples of promoter or enhancer sequences that 
are specifically bound by distinct members of the Sp I family in vivo. For instance, Sp2 has 

been shown to bind to a GC box containing region that appears to be essential for the 

activity of the methionine adenosyltransferase II (MATII) promoter in Jurkat cell extracts 
(Halim eta/., 200 I). Strikingly, whereas Sp3 and Sp4 were also part of the complexes bound 
to this region. Sp I could not be detected. Another example is a GT motif in the neuronal 

nicotinic acetylcholine receptor~ promoter that specifically interacts with Sp I and Sp3 in 

extracts from a neuronal cell line and from rat brain (Bigger eta/., 1997). Although Sp2 and 
Sp4 are present in these cells, there was no evidence that they could bind to this motif 

while Sp4 antibodies did show binding of this factor to a consensus GC box. 

1.5.4 Post-translational modifications 

Glycosylation 

like many other transcription factors, Sp I is subject to post-translational modifications 

which can influence its activity. Early evidence for the significance of these processes was 
obtained when Escherichia co/i-synthezised human Sp I turned out to be a less effective 

transactivator in vitro than Hela cell derived protein (Kadonaga et at., 1988). The two major 
types of post-translational modification that are thought to be involved in transcription 

regulation by Sp I are glycosylation and phosphorylation. 
There are no published data that show glycosylation of the other Sp-proteins, but they 

do contain putative glycosylation sites (Hagen eta/., 1992; Kingsley and Winoto, 1992). This 
may indicate that glycosylation plays no role in the specificity of different Sp-subfamily 
members in transcription regulation. Nevertheless, because of the lack of experimental 

evidence for such an assumption, the data on glycosylation of Sp I will be discussed here. 
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0-glycosylation has been related to the nuclear localisation, the stability and/or the 
transactivation potential of Sp I, which is repressed in the recombinant protein {Kadonaga 

et a/., I 988) and when the O-lin ked N-Acetylglucosamine (GicNAc) monosaccharide 
residues are bound by lectin Uackson and Tjian, I 988). However, direct evidence for the 
effect on Sp I function had not been obtained and with respect to transactivation potential, 

it has recently been shown that glycosylation can have adverse effects (Roos et a/., I 997; 

Yang eta/., 200 I). One of the explanations suggested for an increased transactivation was 
that GlcNAc residues might act as ligands for recognition by components of the 
transcription machinery Uackson and Tjian, I 988). In contrast, the opposite of such a 
mechanism has been observed for the glycosylation of the carboxy-terminal part of Sp I 
activation domain B (Roos eta/., I 997). Interactions between this domain and dTAF(II) I I 0 
and full-length Sp I are markedly decreased upon glycosylation which correlates with a 
decreased transactivation potential in vitro (Roos eta/., I 997) and in vivo (Yang eta/., 200 I). 

Glucose deprivation in combination with adenylate cyclase stimulation results in reduced 

glycosylation of Sp I, associated with an increased susceptibility to proteasome dependent 

degradation (Han and Kudlow, I 997). It has recently been shown that the ATPase activity 
of 26S proteasome subunit Sug- I (also known as p45 or TRIP I) is involved in this 
degradation and that Sug- I can directly interact with Sp I (Su et a/., 2000). The process is 
blocked in cells treated with glucosamine, a metabolic derivative of glucose that is used 

primarily as a substrate for protein glycosylation (Han and Kudlow, I 997). Interestingly, the 
majority of the GlcNAc residues lie within the N-terminal part of Sp I Uackson and Tjian, 

I 988). the first 54 amino acids of which trigger the endoproteolytic cleavage that forms the 
first step in the degradation of the protein (Su et a/., I 999). It has been suggested that 
glycosylation blocks protein interactions and prevents Sp I from entering into protein 

complexes that are readily degraded by proteasomes (Roos et al., I 997). 

Phosphorylation 

0-glycosylated proteins are also phosphoproteins and there is some evidence indicating that 

both types of Sp I -modification may be reciprocally regulated (Du eta/., 2000; Haltiwanger 
et a/., I 998). Upon electrophoresis of mammalian cell extracts, two variants of Sp I can be 
distinguished with apparent masses of 95 and I OS kDa that arise by differential 
phosphorylation. It has been shown that Sp I becomes phosphorylated at its N-terminus by 
DNA-dependent protein kinase upon binding to DNA (Gottlieb and jackson, I 993;jackson 
et al., I 990). Also the C-terminus of Sp I can be phosphorylated which has been linked to 

cell cycle progression from G0 to G 1• In vitro data suggest that the unknown kinase that 

mediates this phosphorylation specifically targets serine residues in the most N-terminal 

zinc fingers I and 2 (Black et a/., I 999) . Whereas these types of phosphorylation do not 
seem to affect DNA binding activity, threonine phosphorylation of the zinc finger domain 

ofSp I by casein kinase II does result in a reduced affinity for the Sp I consensus binding site 
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(Armstrong et a/., 1997). Although there are several additional reports that implicate Sp I 

phosphorylation with decreased binding activity (e.g. Borellini et a/., 1990; Leggett et a/., 

1995; Schafer eta/., 1997; Zhu and Uao, 2000), phosphorylation can also result in increased 

binding (e.g. Haidweger eta/., 2001; Kumar and Butler, 1998; Merchant eta/., 1999; Rafty 

and Khachigian, 200 I; Rohlff et a/., 1997). In some cases, increased binding through 

phosphorylation has been correlated with enhanced transactivation (e.g. Merchant eta/., 

1999; Pal eta/., 1998; Rafty and Khachigian, 200 I; Zheng eta/., 200 I). For instance, protein 

kinase c-~ (PKC-Q mediated phosphorylation of Sp I in smooth muscle cells stimulates 

platelet-derived growth factorS-chain (PDGF-S) expression (Rafty and Khachigian, 200 I). 

Interestingly, PKC-1;, that can directly interact with the Sp I zinc finger region (Pal et a/., 

1998), has no apparent effect on two other factors that bind the PDGF-S promoter, 

Egr-land Sp3 (Rafty and Khachigian, 2001). 

Apparently. certain kinases can specifically regulate the transcriptional activity of distinct 
Sp-proteins. Even in the highly conserved zinc finger region there are differences in the 

localisation of serine or threonine residues that enable specificity in the modification by 
kinases and phosphatases. Nevertheless, it is likely that there are also forms of 
phosphorylation that effect different Sp-factors in an equal manner. Sp I for instance 

interacts with cyclin A and can be phosphorylated via a cyclin A associated kinase 

(Haidweger et a/., 200 I). As a result, DNA binding is increased concomitantly with 

transactivation mediated via Sp I binding sites. However, Sp3 DNA binding is similarly 

affected and Sp3 as well as Sp4 have also been reported to interact with cyclin A, suggesting 

a common regulatory pathway (Haidweger et a/., 200 I). 

1.5.5 Cooperative interactions with other proteins 

There are few data on functional interactions between Sp-factors and proteins other than 

those directly involved in the transcription machinery. Sp I, Sp2 and perhaps the other Sp's 

as well may be bound by proteins that repress their tronsactivation potential, but the nature 

ofthese putative inhibitors is not known (Murata eta/., 1994).1n another report, it has been 

suggested that the physical association of Sp I with the nuclear pore protein p62 reflects a 

role for this protein in nuclear translocation or in the spatial organisation of gene 

transcription (Han et a/., 1998). The specific repressive interaction of the 

retinoblastoma-related protein pI 07 with Sp I indicates that Sp-proteins may be differentially 

regulated through the cell cycle (Datta et a/., 1995). 

Sequence specific transcription factors 

Most data on proteins that functionally interact with Sp I involve other sequence specific 

transcription factors. Examples include ubiquitous factors like Oct- I (Strom et a/., 1996) 

NF-KB (Pazin eta/., 1996; Perkins eta/., 1994; Perkins eta/., 1993) and E2F-1 (Karlseder et 
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a/., 1996; Lin eta/., 1996) but also tissue specific regulators like MEF-2 (Grayson eta/., 1998) 
and GATA proteins (Merika and Orkin, 1995). Together with Spl, these transcription 

factors can synergistically activate transcription of various target genes. It is not dear to 

what extent these interactions provide specificity in Sp-mediated transcription, since often 

the highly conserved zinc finger region of Sp I is involved in direct physical interactions. 

Indeed, it has recently been shown that not only Sp I but also Sp2, Sp3 and Sp4 can 

physically interact with E2F-1 (Rotheneder et af., 1999). On tlhe other hand, apart from the 
zinc fingers also non-conserved domains can play a role as has been shown for Sp I and 

NF-KB in case of the HIV-1 promoter (Majello eta/., 1994). The interaction of Smad3 with 
Sp I but not with Sp3 demonstrates tlhat distinct Sp-proteins can specifically cooperate with 

other transcription factors (lnagaki et a/., 200 I). 
Sequence specific transcription factors can also repress each other's activity which can 

be achieved via several different mechanisms. The pro-myelocytic leukemia protein (PML) 
associates with the zinc fingers containing C-terminal region of Sp I and prevents it from 

binding to DNA (Vallian eta/., 1998). Interestingly, PML does not affect other complexes 
associated with the same DNA motif which may indicate that it possesses a specificity for 

Sp I and not for other Sp/XKLF factors. Often inhibition of transcription occurs via 

competitive binding of transcriptional repressors to or nearby activator binding sites. 

Because of its dual nature especially Sp3 seems an attractive candidate to act as a negative 

switch in Sp-mediated transcription regulation. In those cases that an inactive Sp3 inhibits 

transactivation mediated by other Sp/XKLF members, it seems likely that this is a result of 

competition for the same binding sites. In support of such a scenario, it has been shown that 

fingerless Sp3 mutants are not able to suppress Sp I or Sp4 mediated transactivation (Hagen 
et al., 1995; Hagen et af., 1994). However, fingerless Sp3 can also repress transcription 

induced by Sp I or unrelated transcription factors if tethered to a promoter via a 

heterologous DNA binding domain (De Luca et al., 1996; Majello et af., 1994) Moreover, 

repression is independent of the distance to the transcription start site (Majello et al., 1994) 
and can even be achieved from a nascent RNA target in case of the human 

immunodeficiency virus type I long terminal repeat (HIV-1 LTR) promoter (DeLuca et al., 

1996). 
Transactivation assays with mutant proteins revea[ that the transactivation potential ofSp3 

is influenced by an inhibitory domain (Dennig et af., 1996; Majello et al., 1997). This domain 

resides in a highly charged stretch of amino acids that is not present in the comparable 

region of Sp I (domain C, Figure 2) and which resembles repressor domains present in 
C/EBP~ (Williams et al., 1995), C/EBPe:(Angerer et al., 1999), c-Fos and FosB (Brown et af., 

1995). The presence of a repressive module explains the earlier observed inactivity of the 

N-terminal region of Sp3 despite the presence of glutamine-rich domains that resemble the 

Sp I transactivation domains A and B (Hagen et al., 1994). Mutation of a critical KEE amino 

acid triplet results in relief of repression and potentiates Sp3 transactivation. especially of 

promoters containing multiple binding sites (Dennig et af., 1996). 
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Exactly how the inhibitory domain exerts its function remains to be resolved. However, 

it has been shown to function autonomously, independent of its context or position (Dennig 

et al., 1996). Therefore, it seems likely that it functions in trans via interactions with other 

proteins. Supporting this hypothesis, recently the cloning of a protein termed SIF-1 
(Sp3-interacting factor) has been reported that specifically interacts with the intact Sp3 
inhibitory domain (Suske, 1999). Overexpression of the free inhibitory domain has no effect 
on Sp3 dependent transcription (Dennig et al., 1996) which is in accordance with the 
experiments that show that Sp3 can only repress transcription when tethered to a 

promoter (De Luca et a/., 1996; Dennig et al., 1996; Hagen eta/., 1994). Therefore, it is 
tempting to speculate that the interaction with a protein like SIF-1 somehow affects the 

basal transcription machinery. So far, there is no direct evidence for such a mechanism, but 

further experiments with SIF-1 might clarify this issue. The physical and functional 

interactions of dTAF I I 0 with Sp3, the only component of the basal transcription machinery 
that was tested, are not affected after deletion of the inhibitory domain (Dennig et a/., 

1996). 

The basal transcription machinery 

A central theme in the regulation of gene expression by transcription factors is the 

communication with the basal transcription machinery. Together with other complexes like 

the Sp I cofactor CRSP, the TFIID subunit of the RNA polymerase II holocomplex plays a 
critical role in these interactions. Sp I can directly interact with TBP (Emili et al., 1994) and 
dTAF(II) I I 0/h TAF(II) 130 via the glutamine rich activation domains A and B (Gill et al., 1994; 
Hoey et of., 1993; T anese eta/., 1996) and with h TAF(II)55 through the C-terminal domain 
(Chiang and Roeder, 1995). Interestingly TAF(II)250 plays a important role in the frequently 
observed stimulation of Sp I transcriptional activity by Rb (Shao eta/., 1995). Apart from the 

cooperation between Sp3 and dTAF(II) 110 (Dennig eta/., 1996), that is required for Spl 
mediated transactivation in vitro (Chen eta/., 1994a), nothing is known about the interactions 

of other Sp's with the basal transcription machinery. Therefore, it remains to be resolved 

whether basal factors confer any specificity on transcription regulation by different 

Sp-proteins. 

Chromatin modifier complexes 

Transcription regulation in vivo takes place in a chromatin environment which may affect the 

activity of individual transcription factors in a differential manner. Synergistic activation by 

Sp I and SREBP-1 a in vitro requires chromatin and a multiprotein coactivator complex that 

includes CREB binding protein (CBP; Naar eta/., 1998). In transient transfection assays, as 

mentioned before, the Btd box conserved in Sp 1-5 is needed for synergistic activation of 

the low-density lipoprotein (LDL) promoter that contains a single SREBP binding site 
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(Athanikar et al., 1997). Although this might suggest some degree of redundancy in the 

Sp-family, Sp2 can not substitute for Sp I indicating that other domains are also necessary. 
Moreover. deletion of the Btd box has no effect on other promoters that contain multiple 

SREBP binding sites. Nevertheless Sp3 can replace Sp I in synergistic activation with SREBP-1 
and could possibly equally well cooperate equally well with the coactivator. As expected 
from a CBP containing complex, the coactivator harbors HAT activity but it is not clear 

whether histone acetylation has any functional relevance for SREBP-1 aJSp I synergy (Naar 

et al., 1998). 
Sp I can also be a direct target for histone deacetylase I (HDAC I )-mediated 

transcriptional repression (Doetzlhofer et aL, 1999). However, binding involves the 
carboxy-terminal domain including the conserved zinc fingers and the observed repression 

is not likely to be specific for Sp I. Indeed, Sp3 has also been reported to interact with 
HDAC I (Doetzlhofer et al., 1999). 

In summary, the functional characteristics ofindividual Sp-factors are only partly overlapping 
despite the high degree of homology. Their activity in transcriptional regulation can be 

tightly controlled and is dependent upon the cellular conditions and promoter context. 
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Sp3 is a ubiquitously expressed transcription factor 
closely related to Spl (specificity protein 1). We have 
disrupted the mouse Sp3 gene by homologous recomb
ination. Sp3-deficient embryos are growth retarded 
and .invariably die at birth of respiratory failure. 
The cause for the observed breathing defect remains 
obscure since only minor morphological alterations 
were observed in the lung, and surfactant protein 
expression is indistinguishable from that in wild-type 
mice. Histological examinations or individua1 organs 
in Sp3'"'- mice show a pronounced defect in late tooth 
formation. In Sp3 null mice, the dentin/enamel layer 
of the developing teeth is impaired due to the lack of 
ameJoblast-specific gene products. Comparison of the 
Spl and Sp3 knockout phenotype shows that Spl and 
Sp3 have distinct functions in vivo, but also suggests a 
degree of functional redundancy. 
Keyv:ords: knockout/post-natal death/Spl/Sp3/tooth 
development 

Introduction 

Many housekeeping. tissue-specific and viral genes cont::rin 
functionally important GC :md related GT/CACC boxes. It 
has been known for some time that the genernl transcription 
factor Spl (specificity protein 1) (Kadonaga et al., 1987) 
can bind to and act through these elements. and it was 
generally accepted that Spl is involved in the expression 
of many different genes. More recently. however. it became 
clear that Spl is not the only protein acting through 'Sp1-
bindlng sites" but represents the first identified and cloned 
protein of a large, still growing fumjJy of transcription 
factors united by the presence of a highly conserved DNA
bindlng domain consisting of three zinc fingers. This Sp/ 
XKLF superfamily of proteins includes the Sp transcription 
factors.. their close relatives B1EBL TIEGI and TIEG2, 
and the Krtippel-like factors (reviewed in Philipsen and 
Suske. 1999). 

The Sp subfamily of transcription factors is composed 
of four proteins (Spl. Sp2, Sp3 and Sp4) characterized 
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by very similar structural features (Suske. 1999). In 
addition to the highly conserved DNA-binding domain. 
all four proteins cont:l.in glutamine-rich activation domains 
adjacent to serine/threonine-rich stretches in their 
N-tennina.l reglon. The linkage to the four human Hox 
gene clusters also documents their close evolutionary 
relationship (Kalff-Suske et al .. 1995, 1996; Scohv et al.. 
1998). SpL Sp3 and Sp4 are more closely related-to each 
other than to Sp2 (Philipsen and Suske, 1999; Suske, 
1999). Consistently. Spl. Sp3 and Sp4 recognize the 
classical GC box and the related GT/CACC box with 
identical affirrity (Hagen et al.. 1992, 1994). Sp3 and Spl 
are ubiquitously expressed. unlike Sp4. whlch shows a 
complex expression pattern but is most abundant in 
neuronal tissues (Supp et al.. 1996). 

A large variety of biological functions have been 
assigned to Sp 1-bindlng sites. This raises the question of 
whlch of the tasks are performed by which protein in vivo. 
This question is particularly interesting for Spl and Sp3 
because both proteins are ubiquitously expressed. Mlce 
JadOng Sp1 und Sp4 have been reported (Supp et al., 
1996: Marin et al., 1997). The most interesting aspect of 
the Sp4 phenotype is the complete absence of mating 
behavior in Sp4 null males. Since their reproductive org:ms 
are fully developed and apparently normal. the most likely 
cause of this behavioral abnormality is a neurological 
defect. 

Sp1 null embryos are severely growth retarded. and die 
after day 10 of embryonic development (ElO). They 
display a wide range of abnormalities. but all characteristic 
hallmarks up to this developmental stage are present. 
Blastocyst injections of Sp1 null embryonic stem (ES) 
cells showed that these cells contribute efficiently to early 
chimeric embryos. but after embryonic day 11 (Ell) this 
declines very rapidly with no detectable contribution to 
any tissue of newborn animals. Thus. Spl deficiency 
causes a cell-autonomous defect. and it appears that Spl 
function is generally required for cellular survival after 
EIO (Marin et al .. 1997). 

It was surprising that the Spl null embryos survive 
until the post~implantation stage. More than 3000 publica
tions have implicated thls factor in the activation of a 
very large number of genes and in cellul::tr proce..-.ses such 
as cell cycle regulation. chromatin remodeling and the 
propagation of methylation-free CpG islands. Thus. a cell 
lacking Spl would be predlcted to stand little chance of 
surviving. but surprisingly Spl null ES cells have normal 
growth characteristics and survival rates. It has been 
suggested that thls might be due to the presence of 
Sp3. the most closely related Sp family member (Marin 
er al.. 1997). 

Sp3 has been shown to act as a transcriptional activator 
on many promoters similarly to Spl (e.g. Udvadia et al.. 
1995: Li:mg et al .. 1996: Ihn and Trojanowska, 1997: 



Zhao and Chang, 1997). In other promoter settings. 
however. Sp3 remained inactive or acted only as a weak 
activator (e.g. Hagen et al.. 1994: Majello et al .. 1994: 
Dennig et al.. 1995: Kumar and Butler, 1997). Biochem· 
ically, the most obvious differences between Sp3 and Spl 
are the presence of a potent inhibitory domain in Sp3 
(Dennig et al.. 1996) and the existence of three Sp3 
iwforms (Kennett et al., 1997: Suske, 1999). However, 
the significance of these differences for in vivo functions 
remains an open question. 

Here we describe the targeted disruption of the mouse 
Sp3 gene by homologous recombination and analysis of 
Sp3 null mice. We find that the absence of Sp3 has 
consequences for mouse development that are very differ· 
ent from those observed in Spl knockout mice. Sp3 
!Ulll mice develop until birth with no obvious gross 
abnonnalities other than a reduction in bodv wei~t. After 
natural birth or Caesarian section. the knock'Out mice 
invariably die within 10 min. app::rrently of respiratory 
failure. Histological examination revealed minor structural 
abnormalities in the lungs. Furthermore. the mice show a 
pronounced defect in de~tinlenamellayer fonnation of the 
developing teeth. We conclude that Sp 1 and Sp3 may 
have similar, and therefore redundant. functions during 
early development but exert distinct and lllghly specifiC 
functions in later developmental stages. 

Results 

Isolation of mouse Sp3 gene fragments 
Primers derived from the human Sp3 eDNA were used to 
:unplify a fragment of the mouse Sp3 gene by PCR. The 
primers A3/K (5'·CAGATCATICCTGGCTCT-3') and 
A3!L (5'-TCTAGATCGACACTATIGAT·3') that pro
duced a unique 210 bp fragment with human and mouse 
genomic DNA were used to screen a genomic mouse ES 
cell PI phage library (Genome Systems Inc.). A single 
PI done of -80 kbp was mapped and several fragments 
were subdoned into the Bluescript KS vector. Sequence 
analyses revealed that both activation domains of Sp3 are 
encoded by a single large exon (Figure IA). 

Targeted disruption of the mouse Sp3 gene 
The target vector pBS·P-B-h.-l:lcZ-neo-5'-Sp3 (M:aterials 
and methods) was designed to substitute exon 2 [amino 
acids 38-490 according to Yajima et al. (1998)] of the 
murine Sp3 gene for IRES-LacZ-neo-polyA sequences 
(Figure IA). The WcZ-neo fusion gene is expressed under 
the control of the endogenous Sp3 promoter. The deleted 
sequences encode both glutamine-rich activation domains 
of Sp3 (Dennig et al.. 1996). Thus. the dlsruption should 
result in a null allele. 

Plasmid pBS-P-B-fl.-lacZ-neo-5'-Sp3 was linearized at 
a unique Notl site present in the vector for transfection 
into EI4 ES cells. Cells were maintained subsequently 
under G41S selection. A total of36 G418-resistant colonies 
were analyzed by Southern blotting for the homologous 
recombination event. Hvbridi7..ation of EcoRI-restricted 
DNA from inclividual clones with an EcoRI-Pstl intron 
fragment was predicted to show a > 11 kbp fragment from 
the wild-type locus and a 5.4 kbp fragment from a correctly 
targeted locus (Figure IA). Fourteen clones showed the 
predicted mutant fragment of 5.4 kbp (Figure 1B). In 
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Fi~:- L Targeted disruption of the mouse Sp3 gene. (A) Schematic 
representation of the Sp3 protein ~tructun:. The glulmnine-rich 
activation dom.Uns A ;md B. the inhibitory dom.Un (ID) and the ?.inc 
On:;m (black b'l.l'>) of the DNA-binding domain {DB D) are indicated. 
Connecting lines with the corresponding murine Sp3 gene regions 
indicate the deriv<l!ion of theN-terminal p;u:t of the Sp3 protein. Both 
ghm.mine-rich activation dorn:lins (A and B) are encoded by a single 
l:u::;e cxon. In the tar);cting vector. this cxon was replaced by a 
ca_=uc cont:Uning a splice acceptor site (SA). an intcmal riborornil 
entry site (IRES) and a !ocZ-neo fusion gene~ Kco) (Mountford 
<'l a.l., 1994). The positions of rclcv-.mt n:>triction sites (B. BamHI: E. 
EcoRJ; H. Hin.diD: P. Psri: N. NorD u.nd the probe used for Southcm 
blotting are indicated. Rc~1riction of genomic DNA with EcoRI and 
hybridb.ation with the indic:.rted probe detcCL> a > 11 kbp fro.~.gmcr~t of 
the wild-type :illdc u.nd a 5.4 kbp fro.~.gment of the mutated allele. 
(B) Southcrn blot an:ilysis of tar);eted ES cells. (C) PCR analysis of 
mouse embryo->. The primei"S produce a173 bp DNA fro.~.gmcnt from 
the wild-type u.nd a 593 bp fragment from the t<uJ;cted allele. 

addition, PCR analysis with a set of primers specific for 
the wild-type and the t:rrgeted Sp3 gene (Figure IC) 
confirmed the targeted disruption of the mouse Sp3 gene. 

Two of the targeted ES clones with the correct karyotype 
were injected into C57BU6 blastocysrs. Breeding of the 
clllmems revealed gennline transmission of the mutated 
Sp3 allele. Mating of heterozygous animals resulted in 
embryos deficient in all three Sp3 isoforms (Figure 2). 

Mice lacking 5p3 die immediately after birth due 
to respiratory failure 
Heterozygous Sp3+!- mice derived from male gennline 
clllmeras exlllbited no discernible phenotype. Sp3-deficient 
mice derived from heterorygous matings were not viable 
(Table 1). Genotyping of embryos obtalned by Caesarian 
section shortly before the parturition date (E18.5) showed 
no statistically significant loss of Sp3-l~ mice up to birth 
(Table 1). The weight of these pups was -25% lower than 
that of their wlld-type littermates (Figure 3; Table II). 

Close monitoring of El8.5 embryos after Caesarian 
section and of litters after birth revealed that Sp3-l- mice 
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Fi~::. 2. Sp3 protein expression iJJ wild-type and Sp3 mutant mice. 
(A) Wc~'tem blot :m:llysis of wild-type. SpJ+I- and SpJ-'· :mima.k 
Nuclear extr.Jct.'< (6 ).lg of protein) from brain~ of wild-type (WTJ. 
heterozygous (Sp3+1-) and Sp3-deficicnt (SpJ-1-) mice were 
fr.Jction.ated through 7.3% SDS-polyacrylamide gel!<. st.uined with 
Coomassie Blue (l;mcs 1-4; M. ITWiker lane) or blotted on 
nitrocellulose filter u.nd incub:w:d with Sp3-s]XX'ific :r.ntibodics (lanes 
'.5-7). (B) EI=opb.oretic mobility shlft assuy of GC box binding 
activity iu wild-type (WT) :md Sp3-ddicicnt (Spl"'-l mouse 
embryonic tlbrobla.~t'<, Crude nuclear cxtr<~ct.'> (1.25 j.l{: of protein) 
were incubated with 31f'.Jl!bclcd GC box oligonucleotide in the 
:ili:<CDce (l:.wes 8 and II) or preseuce of antiseru again.'1 Spl (lanes 9 
and 11, C7Spl) or a mixture of anti~" again:;r_ Spl n.nd Sp3 (lanes 10 
ancl 13, aSplfJ), 

Table L Genotype distribution of Sp3 heterozygous crossings 

EI8.5 
Duy 10 

T""' 

242 
68 

+I+ 

70 (28.8%) 
24 (35.3%) 

+I-

115 (47.1%) 
44 (64.7%) 

-1-

57 (23.4%) 
0 (0%) 

The genotype wu_~ determined by PCR unalysi~ us described in 
Materiu.ls and methods. 

were born alive and made visible efforts to breathe. 
In contrast to their wild-type and heterozygous littermates. 
the Sp3 null mice died within 10 min post-partum. The 
duration of the pregnancy was prolonged by up to 2 days 
with progesterone injections in an attempt to promote the 
maturation of the Sp3 null fetuses. However. thls did not 
rescue the neomtal lethality of the knockout mice. 

Expression of lung-specific genes is not affected in 
S~l-mice 
Lung tissue dis:;ected from several mutant neonates 
obtained from independent litters failed to float on water. 
inclicating that the alveoli were never filled with air. 
Histopathological examination of the lung (Figure 4) 
revealed that lung tissue of Sp3 null mice is more compact. 
featuring a smaller mean alveolar space diameter and 
tlUcker septa between the alveoli. In addition. fewer 
capillaries are observed in Sp3-t- lung tissue. but instead 
abnormal cubical pale cells are present at the inner surface 
of the alveoli. Ultrastructural analysis of these cells shows 
disruption of the apical membrane along with a small rim 
of cytoplasm leading to an artificial intracellular space 
filled with slightly electron-dense material (Figure 4). 

The histopathological examination suggests that the 
inability of the Sp3-1- mice to brenthe might be attributed 
to an intrinsic inability of the lungs to expand. We have 
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examined the presence of transcripts encoding surfactant 
and other lung-specific proteins involved in lung develop
ment and function. Northern blot analyses of RNA from 
E18.5 mice revealed that expression of surfactant proteins 
A. B. C and D. and the transcription factors. thyroid 
transcription factor 1 (TIF-1). which is highly expressed 
in lung Clara cells. and lung KrUppel-like factor (LKLF). 
was not affected in lungs of Sp3-t- embryos (Figure 5). 
In addition. elastin and p21 mRNAs were expressed at 
normal levels (data not shown). The only transcript that 
was slightly reduced (2-fold) was uteroglobin!Clara cell 
secretory protein (UG/CCSP). However. uteroglobin! 
CCSP-deficient mice develop normally and are apparently 
healthy (Stripp er al.. 1996). Thus. the 2-fold lower 
expression of uteroglobin!CCSP cannot account for the 
breathing failure. In conclusion. the molecular cause of 
the respiratory defect remains unknown at present. 

Impact on tooth development 
In the course of analyzing histological sections of mouse 
E18.5 embryos. we observed a morphological deviation 
in the developing teeth of Sp3-t- mice. In our sections. 
the dentin/enamel layer of the teeth is generally disrupted 
from the ameloblast cells in wild-type mice. leading to 
the creation of an artificial empty space (Figure 6). This 
was not observed in Sp3 null mice. At late embryonic 
stages. the processes of dentinogenesis (dentine formation) 
and amelogenesis (enamel formation) take place. Oose 
inspection of the sections revealed that the developing 
teeth of wild~type mice contain a continuous row of 
ameloblasts and a row of odontoblasts interrupted by 
small vessels (Figure 6A). Two layers of differentially 
stained pink and purple material. consisting of predentin. 
dentin and enamel. are visible between the ameloblasts 
and odontoblasts (Figure 6C). In Sp3-1- mice. only a few 
vessels are observed and the odontoblasts are arranged in 
a continuous row. Most significantly. teeth of Sp3_,_ mice 
contain only the pink layer and lack the purple layer 
(Figore6D). 

Lack of ameloblast-specific transctipts in Sp:rl
mice 
Odontoblasts and ameloblasts express genes that are 
required to form the dentin and the enamel extracellular 
matrix. respectively. We asked whether the altered dentin! 
enamel layers in sections of teeth from Sp3-l- mice 
might reflect the lack of odontoblast· and/or ameloblast
specific gene products. Amelogenin (Snead et al.. 1983: 
Couwenhoven and Snead. 1994) and ameloblastin 
(Krebsbach et al.. 1996: Lee et al.. 1996) are ameloblast
specific gene products involved in enamel formation. The 
dentin-matrix protein 1 (DMP1) is expressed specifically 
in odontoblasts (MacDougall et al.. 1998a). Tuftelin. yet 
another specialized protein secreted into the developing 
enamel matrix. is also synthesi7.ed in odontoblasts at thls 
stage of development (Diekwisch et al.. 1997). Northern 
blot analyses were performed with RNA extracted from 
jaws or heads of newborn mice and of El8.5 embryos 
(Figure 7). Amelogenin and ameloblastin mRNA was 
detectable at birth (Figure ?A and B) and at E18.5 
(Figure 7E and F) in wild-type and heterozygous mice 
but not in Sp3~/- mice. In accordance with published data. 
hybridization wjth the ameloblastin-specific probe detected 



+I+ +I+ +I- +/+ +/- -1- -1-

Fie. 3. Sp3 mu(Unt El8.5 embryO'<. Genotypcd ElliS embryos of one litter that urc wild-type (+/+ ). hetcroey);OuS ( +/-) or homozygous (-/-) for 
the targeted Sp3 gene locus. Homorygous mutant< arc -25% ,ma!Jcr than wild-type and hctcw;:ygou< embryos. 

Table IL Wdgb.t of embryos [g) of Sp3 bcrcrozygou.< crossings 

+I+ +1- ~-

El3.5 0.16, so "' 0.02, 0.15, so = 0.02. 0.1;), so= 0.01, 
n = 19 n = 31 n = 15 

£18.5 1.10. so = 0.16. 1.05. so"' 0.14, 0.72. so = o.os. 
n = 18 n = 39 n = 17 

two dlstinct transcripts that were both expressed only in 
teeth (Krebsbach et al., 1996). The odontoblast-::;pecific 
transcript encoding D:MPl (MacDougall et al., 1998a) as 
well as transcripts encoding tuftelin (Did.:wisch et al., 
1997; Zeichner-David et al., 1997; MacDougall et al .. 
199Sb) were detectable at simllar intensities in wild
type, Sp3_,_ and Sp3·1- mice (Figure 7C and D). Thus.. 
ameloblast-specific but not odontoblast -specific gene prod
ucts are missing in Sp3-deficient mice. These results 
strongly suggest that the absence of ameloblast-specific 
proteins contributes to the observed histological tooth 
phenotype in Sp3·1- mice, 

Discussion 

Sp3-deficient mice are not viable 
Our results demonstrate that the ubiquitous transcription 
factor Sp3 is essential for imme<liate post-natal survival 
of mice. Sp3·1- mice were found in expected Mendelian 
ratios until birth. but they all dled within a few minutes 
post-partum due to respiratory failure. The molecular 
c:lu:>e for the observed breathing defect of the Sp3·'
mutant:s remains obscure. Only slight morphological altera
tions were observed in the lung that we attributed inltially 
to developmental delay. However. a prolonged pregnancy 
<lid not rescue the lethal phenotype. In addition. surfactant 
protein gene expression in lung of Sp3 mutant mice was 
apparently indistinguishable from that in wild-type mice. 
Thus. undiscovered physiological alterations. such as in 
the enervation of respiratory muscles. are more likely to 
be responsible for the respiratory f:rilure of Sp3 null mice. 

Tooth development is impaired in Sp3-Ceficient 
mice 
Our analyses of Sp3-deficient embryos provide evidence 
that Sp3 plays an essential role in late tooth development. 
Newborn Sp3·1- embryos show only partial formation of 
the dentin/enamel layer. indlc:1ting that dentinogenesis or 
amelogenesis (dentin and enamel formation) is impaired. 
A consequence of epithelial cell differentiation into amelo
blasts is the expression of proteins that form the enamel 
extracellular matrix. a scaffold required to nucleate calcium 
phosphate salts to form calcium hydroxylapatite. Although 

Fi)::. 4. Hi;tological :md ultrastructur:J.l :mal~ of lung tis.<Ue in wild
type: and Sp3..J- mice. Lung tis.,"Ue at EIS.5 of wild-type (WT) (A. C 
and E) and Sp3 knockout mice(-/-) (B. D :md F) i~ ~hown in 
hb"tological sections ~1.alncd with hemutoxylin and eosin (A-D), or in 
ultrJ.,'lrucrural ~ons (E :md F). At low mugni~eution (A :md B), 
lung tis.,"Ue from Sp3-1- mice i~ more compact. with a ~mallcr mean 
diameter of u.lveolar ~-paces and a thicker •cptum betwi!CTI indiviclual 
alveoli. At higbcr magnil]c.Won (C :md D), capill;uic~ are regularly 
S<!Cil ut the inncr >urface of the alveoli in wild-type mice: (C. arrow). 
Lung tissue from Sp3-dcficicnt mice exhibit' small alveoli with tbc 
inner >"Urfncc linccl with cuboid pale cc:lls (D, =owhcncls). 
Ultru.,iructur:ll nnal)"is revenlcd that ttle apical membr.llles of these 
cells togcthcr with a smull rim of cytopla.=. (F, latJ;c urro,..,) = 
db-ruptcd from their original locution n= the nucleus (K, >mall 
arrows in F). These lead to artificiu.l intr.JCellulur •"JXlCCS (a,terioks) 
filled with slightly clectron-clen.'<C nmt.criuL In wild-type lung tissue. a 
regul:!r air-blood boundary (between arrowheads in E) con.'i~'ling of an 
endothcliu.l cell. a ba.'><!lllcnt membrane :md u pneumocytc type I is 
observed. AJl erythrocyte ('Er' in E) filling the '-p:!CC of a cupillmy 
:md ~-urf=t ('S' in E :md F) nrc indicated. Bur in (A} Ulld 
(B). 100 ).lm: in (C) :md (D), 10 ).lm: in (E) and (F), 0.5 pm. 
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Fit:. 5. Expression of put:lt.iv~ Sp3 target genes in the lung:. RKA wa_~ 
ex!r'.tetcd from lung~ of wild-type (+I+). Sp3+1- ( +/-) and Sp3-
dc!ici<:nt (-/-) £18.5 embryo:<. subjected to electropborcsis through 1.2 
or 0.8'7c formaldehyde-ag:rrosc geh :md tr .. uderred to nylon 
mcmbr.mcs. The Glte!'ll were hybridized with cOKA fr ... gment< of 
surfac-tant protciJ;L' A (SP-A}. B (SP-B). C (SP-C) and 0 (SP-0}, 
uteroj;lobinJCiaru ~ell ...:cn:tmy protein (UG/CCSP: two different 
membr.me~}.lun~; KrUppd-likc factor (lK.LF) and thyroid 
transcription factor (ITF-1). A< u ~ontrol. the fillet'; were probed with 
an J 8S rRKA-spc~ific oligonudcotide. 

the ameloblast cell layer is present in Sp3-'- mice. the 
:rrneloblast-~"Pec-i:fic products mnelogenin and ameloblastin 
are absent. In contrast. the odontoblast-specific gene 
products DMPl and tuftelin :rre present in Sp3 null 
embryos. At this stage, we do not know whether Sp3 
functions as a direct regulator of ameloblast-specific genes.. 
Recently .. the cloning and preliminary characterization of 
the murine ameloblastin (Dhamija et al.. 1999) and the 
amelogenin promoter (Chen et al.. 1 998) have been 
reponed. The :rrneloblastin promoter contains a potential 
Sp3-binding site (CACCC box) in a promoter region that 
contributes to its cell type-specific e:\"Jlression. Thus. the 
amelogenin and arneloblastin genes might be direct targets 
of Sp3. 

Physiological functions of Sp1 and Sp3 
Sp3 is a ubiquitously expressed tmnscription factor with 
structural features similar to Spl. Spl and Sp3 m:ognjze 
the same DNA elements and. in m:my reports. Sp3 has 
been shown to act as a potent transcriptional activator 
similar to Spl (Udvadia et al.. 1995: Liang et al., 1996: 
Dm and Trojanowska. 1997: Zhao and Chang. 1997). The 
physiological function of Spl and Sp3. however, appears 
to be significantly different. In contr.J.St to Sp3 null mice. 
Spl-deficient embryos are already severely retarded at 
early embryonic stages and die around day 10-11 of 
gestation (1\1arin ct al .. 1997). Thus. the obvious structural 
similarity. the common DNA recognition sites and the 
ubiquitous expression of Spl and Sp3 do not reflect 
identical physiological functions. Nevertheless. there still 
might be many overlapping functions of Spl and Sp3 
in vivo. The Sp I and Sp3 knockouts demonstmte that each 
protein on its own is not responsible for the expression 
of a very large number of essential genes. such as 
housekeeping. tissue-specific and cell cycle-regulated 

52 

Fi~.:. 6. Hi~to\ogicu.l analy;is of developing teeth in wild-type and 
Sp3-'- mice. Teeth ut EJ8.5 of wild-type (A and C) Ulld Sp3-deficient 
mice (Band D) lJfe shown in histologicnl sections ;-mined with PAS. 
Al low power magniJicution, the developing tooth of wild·typc mice 
shows u continuo<.~.< row of ameloblast<: ('Am". arrow) and 
odontobla_.;t~ ('Od". arrow) interrupt.W by ~mall vessels inte!'.'j)CI"SCd 
between the odontobl:'-'l~ (black arrowbeads in C). Between the 
amcloblu,ts und odontobla,1.<. a t<hcct of pink ;wd pllrple st.aincd 
mat<."'ial that conl.uins dentin and ~"llamcl is visible (marked in A and C 
by two wttitc arrowheads). This layer of secretory product' hn.'l been 
di~:rupted from the umelobbst<, leaving an artificial ''Pace (:J.stcrisb in 
A and C) that is regularly obscrvcd in wild-type mice of thi,; ;~gc. but 
not in Sp3 null mice. In contr;.st, $p3 knockout mice show only a pink 
lnyer (white arrowhcru:h: in B und D). In addition. only a few vessels 
are ob<crvcd in the dental papilla, lcuving the odontoblu.,t< in n 
contlnuous row ("Qd' with WTOw ·m B and bonom cell luyer in D). 
(E.-H) PAS-st.aincd bistologic:ul scctioJ;L~ of EIS.5 ti<>Sues with no 
obvious morphological Wtemtions in knockout mice. (E and 
F) Pancre:Js. (G and H) Liver: the arrow in (H) point' to u 
mer,ulalryocytc. Liver cells have u pale cytoplusm and are int~<perscd 
by small clu~"tcr> of ilcrrmtopoctic cell:<. Bar in (A) and (B). 100 ).Un: 

in (C) Ulld (D), 10 j.Ull: in (E.-H). 30 J.ll1l. 

genes. This suggests that Spl and Sp3 have a wide range 
of redundant functions that can compensate for each other 
in Spl and Sp3 knockout mice. 

Another. tissue-restricted member of the Sp family 
of transcription factors, Sp4. might u.Jso contribute to 
redundancy in vivo. Sp4, although expressed predomi
nantly in the brain. is also detectable in epithelial tissues, 
testis and developing teeth (Supper al.. 1996). Disruption 
of the mouse Sp4 gene revealed that Sp4 is also important 
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Fi(:. 7. E.xprcs~ion of putative Sp3 target genes in teeth. Rl'\!A wa_s 
cxrr..tetcd from head or jaws of wild-type (+/+). Sp3+l- (+/-) and 
Sp3-dc1icicnt {-/-) m:wbom or E!Sj embryo>. ~.-ubjectcd to 
ch:ctrophoresi< through 1.2'7c fonn..Jdcllydc--;~g:aro<;c gds and 
tr:m•;fcmd to nylon mcmbr<lllcs. The filter; were hybridil.cd with 
eDNA fr-~gmcnt< encoding amcloblastin (A and E). amdogenin (Band 
F). DMPl (C) and tuitclin (D). As u control. the filters were probed 
with il!l 18S rRNA-,"j)CCilic oligonucleotide. 

for early post-natal survival since approximately t\llo

thirds of the Sp4·1- rrrice dJe within a few days after 
birth for unknown reasons (S.Philipsen and G.Suske. 
unpublished d:lt:l). So far, essential target genes for Sp4 
have not been identified. 

On many reponer constructs containing multiple Sp
bindlng sites. Sp3. unlike Sp 1. is inactive or acts only as 
a we:J.k activator. The molecuJar b::J.Sis for the inactivity 
of Sp3 under these conditions has been mapped to an 
inhibitory domain located between the second glutamine
rich activation domain and the zinc finger region (Dennig 
et al .• 1996). The integrity of a charged o.mino acid triplet 
(KEE) within this domain is absolutely essential for 
inhibitor function. Mutation of these amino acids converts 
Sp3 to a strong activator (Dennig et al.. 1996) that is 
almost indistinguishable from Spl. A most intriguing 
possibility wouJd be that this molecuJar difference between 
Spl and Sp3 reflects the differences in their physiological 
functions. Can a mutant of Sp3 lacklng the inhibitory 
domaln rescue the Spl knockout? The generation of 
transgenic lines e;,:pressing different isoforms and mutants 
of Sp3 and imercrossings with heterozygous Spl. Sp3 and 
Sp4 mice could provide new insight into the physiological 
and biochemical relationships between these three tran
scription factors. 

The early embryonic lethality of Sp I knockout mice 
and the post-natal lethality of Sp3 knockout mice preclude 
the analysis of later developmental stages. In order to 

achieve this. conditional disruption of the Spl and Sp3 
genes in specific tissues at any glven stage of development. 
as well as the generation of compound knockouts of Spl. 
Sp3 and Sp4 \Vill be an important step to unravel further 
the physiologlcal roles of these proteins in vivo. 

Materials and methods 

Generation of the Sp3 homologous recombination construct 
A> ,"t:Lrting pl;1smid. we cb.ose the Blue:<eript derivative pBS4.5BamHI 
that contains a ~.5 kb BamHI f!':lt;mcnt cncoding both glutamine·ricb. 
activation dom;Uns on a 'ingle cxon and -1 kbp up>trc:.un and 2.5 kbp 
downstrc:.un intron w,qucnecs of the Sp3 gene locus (see Fir,ure lA). 
We removed the exon and the 5' intron sequences by restriction with 
Psri and n:-Iig"<~tion. leading to pB$-P·B. ~gal;,ctosiduse -;equences 
within the Blue~ript vector ttlat may interfere with the lacZ gene (= 
below) wcre removed by Nad and Kspi rc:miction. Klcnow lillinr, and 
re-ligation (pla.~mid name: pBS·P·B-!l.). Next. we introduced an IRE$
LacZ·neo casseue obt.l.incd a.~ a 7.3 kbp SalJ. fr<~grnent from the pla:illlid 
pGTLSires~geo (i\1ountford era/.. 1994) into the Saii polylinker ~ite of 
pBS·Psrl-Ba.mlllilacZ.lc:J.ding lO pBS·P·B-!l.·lacZ·m:o. In a final ,'lep, 
we cloned 5' intron sequences of tbe Sp3 gene a.' a 1.7 kbp f!ifldJJJ

BamHI fr.~gmcnt into the Xhol polylinker ~ite of pBS·P·B·LI·lacZ.neo 
usin:; Xhoi linken;. l~:adinr, to the knockout con,;ruc:t pBS·P·B·LI·lacZ. 
noo-5' -Sp3. For tr.m>fection into ES cells, the pl:c,mid wa.' lineari;..cd 
with Nori. 

T radeaion and selection of ES cells 
El4 ES cell' were clectroporatcd with 15 IJ.J; of Nori-lineari;.ed tru'!;eting 
vector pBS-P·B·LI·l:..cZ.nro.s'-Sp3. Clones wen: selcc:tW with G41S 
(200 j.!g/ml) and homologous recombination wa.~ an.Uyt-ed by South<!1ll 
blouing of &oRl·t<!!<victcd genomic DNA with the probe indicated in 
Figure L Unwanted nmdom lnte!;"!tions were detected by hybridi7.inr, 
thc~c blot-; with ll B1uescript vector·speeiiic probe. 

GenerJtion of chimeric and Sp3-dcficit:mt mice 
Sp3+1- ES cell clones wcre k:u'yotypcd. and two clones (1110 and JJ38) 
were microinjected in C57BU6 ho" bla. .. 10C)"<t>. Chimcric m.aks wen: 
muted to C57BU6 females. Germline tr:m~mission w:c~ obtained with 
both clones. The F1 off~-pring were interbrOO to expand the >tocb.. Ko 
viable Sp3 null animals wen: obtained with mice derived from clone> 
#10 and 113S. Prelimin:.ry in utero analJ"liS of Sp3 null f<:tu:<es rev<:iled 
no obvious diffcrenccs between the two line.;, For the analy,;.cs presented 
herein. we have U.'ed line 1110. To extend the dur.Won of pregnancy. 
pregnant fem.Ues received daily -;ubcutancous injections of progesterone 
(5 m[l'kr, body weight) [rom day 16 aftcr discovery of the vn.r,inal plug. 
Pn:gnaneicscxtended 1 duy,; beyond theirnorrn.al dur.11ion wereddivcred 
by Caes:..rian section. 

Genotyping of embryos by PCR 
DNA w<~s prcpJred from tu.il snips and ;waly7.cd for the prt>ence of the 
wild·type and knockout Sp3 allele by PCR. Three primers wcre used: :.1 

'<:n.'c primer in the Sp3 gene :unplifying the wild-type :Ulele 
(5'-ACTACTAGTGGGCAAGTCCA.-3'), a sense primcr in the nco f:~'1le 
amplifying the knockout allele (S'·AGCGCATCGCCTICTATCG-3') 
and an antisense primer in the Sp3 gene (5'·TACCATTGCA.CA.· 
1TIAATGA·3'). PCR conditions wcre 94"C. I min: 60°(:. 1 min: 7:2.'C. 
1 min: for 30 cyck-;, 

Nuclear cxtnJcts and gel retJJrdation aSSilys 
1\udc.a.r eXU".t.."i.s were prepared uccording to Andrew and Faller (1991). 
Electrophoretic mobility shift a."'>ays (EMSA~) wen: performed by pre· 
incubating 1-3 j.Jl of nucleur exU"Jct witb L51J.g of unspccilic competitor 
poly(di-<lC) in a buffer cont.l.ining 10 mNf HEPES pH 7.9. 150 mM 
KCl. 1 mJ\.1 dithiothreitol (DTI). 0.5 ll'll\1 MgCl~. 0.1 mM EDTA. 8.5% 
glycerol for 10 min on icc. Subsequently. 0.1 ng of :1Zp.labdcd double· 
str.mded GC box oligonucleotide w:c> added to :.1 final volume o[ 10 j.Jl. 
and =ples were incubated for :mothcr ::.0 min on icc. Antisem ar,;lin~1 
Sp1 and Sp3 u."Cd for >Upershifta."'"'YS w~-re de:<eribed previou_~ly (Hagen 
cr aL. 19\14). Usually. l j.Jl o[ the appropriate anti-;crum wus addOO to 
the binding n:uction. and incub...Uon wu_-; continued at room tempcr.,liurc 
for another:2.0 min. Samples were analyl.cd on J.SO native polyacrylamide 
gels in 45 mNf Tris. 45 ITh'Vl boric ucid. 1.6 mM EDTA. Gels wen: 
tmnsfcrred to Whatiron )MI\.1 papcr, dried under h~:at and vm=uum, and 
exposed to X-ray lihm overnight 
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Westem bloWng 
Nuclear extract.~ (6 J.lg of protein) were pn:pl.IJ:Cd from mou~~ embryonic 
EI8.5 br..Uns according to GoMer al. (1986). >ep!ll'l.ltcd on IO% SDS
polyncryl:unidc gel'>, bloued on nittoccllul= orPVDF membl1l.IIes.. :wd 
probed with u rabbit aSp3 serum (Hagen ef a[_ 199J.). Primary :mtibodie~ 
were vb'U:llizcd using the Amersbam ECL kit. 

Northern blot analyses 
Tot:!l RNA [rom =bryonic motJ..;c tissues :wd cell lines was extracted 
by ttlc gu:widiniumftsothiocy:mate procedure usinr, the Qiagen kit. 
RNA wa_~ ~d through 0.8 :wd 1.2% agw:ose gels eont:.Uniog 
2...2 M fonnaldehyde uod blotted to nylon rnembl1liieS. Prc-hybridiJ;ation 
and hybridiZ:J.tion were carried out u.~ described (Br..lun :wd Suske. 
1998). Gene-~-peeific probes W<TC obtained [rom appropri!!te plu.o;mids 
or primr:r sets. Detuiled inform:u.ion is av-.Lilablc upon rcque,"t. 

Morphological analysis 
Embryos were dis.'<ectcd :rt day 18.5 post-eoitum. :wd a ~"lii:r.H tail snip 
wa.., removed for genotyping. Fetu.<es were cut in hulflongitudinally :wd 
fixed in Camoy"s "II!lution (60% eth:mol, 30% chloroform. 10'7o acetic 
acid) at 4°C overnight and embedded in pnr.llfm according to ,"t:llldnrd 
procedure:<. Sections were ~iained with hemal;run :wd either eosin (HE) 
or periodic acid....Sehiff (PAS) reagent. For electron mi=py, lUDg 
tissue s:unples wen: cut into =II pieces of -1 mm3 :wd immersion 
fixed with 2...5'Tc pumformaldehyde, 2...5% glutarnldehydc and 0.05% 
pierinic acid in 0.067 M caeodyl:uc buffer pH 7.4 for 2 b. at 4°C. 
Stnndm:d proccd= for dcb.ydrJ.l.ion :md embedding in Epon were 
employed. Thin ~ons were ~tUned with ur:.wyl acetate :wd lead 
citmte. und examined in :m EM 109 electron miem;eopc (7..eis..,). 
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Abstract 

Targeted deletion of the Sp !-related transcription factor Sp3 in the mouse is incompatible 

with post-natal survival. Mutant newborns are growth retarded and, although they make 

visible efforts to breathe, fail to inflate their lungs. However, lung development is not 

dramatically affected in the absence of Sp3. We have further investigated the lethal 

phenotype of Sp3 knockout mice. A possible cause of their impaired growth may lie in 

circu[atory problems, signs of which become apparent during late gestation. The severity 

of the knockout phenotype increased upon backcrossing to the CS7BU6 inbred strain. 

resulting in prenatal lethality. Mutant hearts appear underdeveloped and display a thin 

myocardium and ventricular septal defects, suggesting that in utero lethality can be attributed 

to impaired heart functioning. We propose that, in combination with a developmental delay, 

the improper development of the heart also contributes to [etha!ity after birth. 

In addition we describe the phenotype of Spi/Sp3 compound heterozygous mice that 

appear to share phenotypical characteristics with Sp3-/- mice. This indicates that Sp I and 

Sp3 may be at least partly fulfill similar functions in vivo. 
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Transcription factor Sp3 belongs to the Sp/XKLF (Specificity Protei niX Kruppel Like Factor) 

family of transcription factors (Philipsen and Suske, 1999; Suske, 1999; Turner and Crossley, 

1999). Members of this family all share a DNA binding domain that has first been identified 

in Sp I (Kadonaga eta/., 1987). This motif contains 3 Cys2His2 zinc fingers that specifically 
bind to so-called GT- and GC-boxes which can be found in numerous enhancer and 

promoter elements. Therefore. Sp/XKLF proteins have been implicated in the 

transcriptiona! regulation of many different genes. Within the family. Sp3 is most closely 

reiated to Sp I and Sp4 that have a similar modu!ar structure of serine/threonine rich 

regions and glutamine rich transactivation domains. like Sp I. Sp3 is ubiquitous[y expressed 

whereas Sp4 is predominantly expressed in the brain and in the conductive system of the 

heart (Hagen eta/., 1992; Kingsley and Winoto, 1992; Nguyen-Tran eta/., 2000; Saffer eta/., 

1991; Supp et al., 1996). 
The successive targeted inactivation of the murine Sp4, Sp I and Sp3 genes has revealed 

that each of these transcription factors has a specific function in vivo. Sp4 knockout mice 
display impaired male sexual behavior, growth retardation and pronounced lethality in the 

first 3-4 weeks after birth (Gellner et al., 200 I a; Nguyen-T ran et al., 2000; Supp eta!., 1996). 

Surviving mutants suffer from cardiac rhythm disturbances and some of them die from 
sudden cardiac arrest at the age of 6-8 months (Nguyen-Tran et al., 2000). Sp I deficient 

embryos survive until day I 0 of embryonic development (E I 0), after which they die of cell 

autonomous defects (Marin et al., l997). Sp3 is essential for post-natal survival and late 
tooth and bone development (Bouwman eta/., 2000; Gellner eta/., 200 I b). Sp3 deficient 

newborns are growth retarded, unable to breathe and die within a few minutes after birth. 

Apart from the growth retardation. no gross morphological defects were found that could 

account for the phenotype. 
To find an explanation for the neo-natal lethality of the Sp3 knockout mice, morphology 

of organs critical for survival was analyzed in more detaiL No structural abnormalities could 
be identified in the brain. but Sp3 deficient embryos display a heart defect that becomes 

more apparent after crossing back to the C57BU6 genetic background. Both atria and 
ventrides of mutant hearts have a very thin myocardium and ventricular septa! defects 
(YSDs) are found often. We conclude that, in combination with the generally delayed 

development, impaired heart functioning is one of the factors that contribute to the lethal 

phenotype of the Sp3 knockout mouse. 
This chapter also includes a initial description of the phenotype of Sp I/Sp3 compound 

heterozygous mice. Of the Sp-proteins, especially Sp I and Sp3 are likely to be cooperatively 

involved in transcriptional regulation of a large number of genes. Not only are these 
transcriptional factors highly homologous, they also share their binding site preference and 

an ubiquitous expression pattern. We have found that Sp I/Sp3 compound heterozygous 
mice are growth retarded and suffer from perinatal lethality in a manner similar to Sp3 
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deficient mice which indicates that the in vivo functions of Sp I and Sp3 are at least partly 

connected. 

Material and Methods 

Mice. Embryos derived from timed matings of Sp3+/- x (Sp3+/- or Sp I +I-) mice were 
genotyped by PCR on yolk sac DNA as described (Bouwman eta/., 2000; Marin et at., 1997) 
but using the following oligonucleotides for the Sp3 alleles: 5' gcgtgcaagccagtggtc 3' (wild 

type Sp3 allele sense primer), 5' agcgcatcgccttctatcg 3' (targeted Sp3 allele sense primer) and 
S'ggacgattctatgatgcctcc 3' (common antisense primer). 

Morphology ond histology. (A) newborn brain. For the study of newborn brains, E20.5 
fetuses were anaesthetized with Nembutal and perfused with phosphate buffered saline 
(PBS) followed by 4% paraformaldehyde (PFA) I 0.1 %picric acid in PBS (solutions on ice). 
Brains were isolated, post-fixed in PFA for 2 hours at 4 °C, incubated overnight at 4 oc in 

I 0 % sucrose I 0.1 M phosphate buffer (PB) and embedded in I I %gelatin II 0 % sucrose. 
After post-fixation in I 0% formaline I 30% sucrose for 2 hours at room temperature and 

overnight incubation at 4 oc in 30% sucrose I 0.1 M PB, samples were frozen and 40 1-1m 

cryostat sections were made. Sections were stained with histological dyes according to 

standard protocols or using X-gal as a substrate for 13-galactosidase activity. X-gal staining 
was performed overnight at 30°C in PBS containing 5 mM K3Fe(CN)6, 5 mM 
K.,Fe(CN),.3H 20, 2 mM MgCI,, 0.0 I% sodium deoxycholate, 0.02% NP-40 and I mg/ml 
5-bromo-4-chloro-3-indolyi-13-D-galactopyranoside (X-gal). For immunostaining of calbindin 
(CaBP), sections were washed 4 times 10 minutes with 0.1 M Tris buffered saline pH 7.6 
(TBS) and blocked for I hour at 4 oc with I 0% normal goat serum in TBS containing 0.5% 

Triton X-1 00. Following incubation with I: I 0000 rabbit anti CaBP in 2% normal goat serum 
I 0.4% Triton X-I 00 in TBS (TBS+) for 2 days at4°C, sections were washed 4times for 10 

minutes with TBS and incubated for 2 hours with biotinylated goat anti rabbit diluted I :200 
in TBS+. Finally, sections were washed 4 times for I 0 minutes with TBS and stained using 
the avidin/biotin-peroxidase-complex (ABC) method (Vector laboratories, Burlingame, CA. 
USA) and 0.05% diaminobenzidine. For microscopic analysis, gelatin sections were mounted 

on glass slides using a gelatin/chrome alum solution (3 mg/ml gelatin, 0.15 mglml 
KCr,(S04) 2.12H,O in H20). (B) embryonic and fetal hearts. Hearts of embryos or 
fetuses of different days of gestation were isolated and fixed overnight with 4% PFA at 4 °C. 

After fixation, hearts were photographed using a Leica Wild M I 0 microscope (Leica 
Camera AG, Solms, Germany) equipped with a JVC KY-FSSB 3-ccd videocamera OVC Ltd., 
Yokohama, Japan), dehydrated and embedded in paraffin. Subsequently, 5 ~m sections were 
made that were HE stained and mounted on glass slides. 
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All sections were photographed using an Olympus BX40 microscope equipped with the 
DPSO digital camera system (Olympus Optical Corporation, Tokyo, japan). Digital images 
were captured and resampled using a combination of Pixera Viewfinder (Pixera 

Corporation, Los Gatos, C.A., U.S.A.) and Adobe Photoshop (Adobe, San Jose, CA, U.S.A.) 
software. 

RT- PCR on newborn hearts. E 18.5 hearts were snap frozen in liquid nitrogen and stored at 
-80°C until RNA was isolated using lithium-chloride urea precipitation (Auffray and 
Rougeon, 1980). After Dnase I treatment, eDNA was synthesized by reverse transcription 
using SuperRT reverse transcriptase (H.T. Biotechnology, Cambridge, UK). 

RT-PCR was performed using the following sets of oligonucleotides: 
glyceraldehyde-3-phosphate-dehydrogenase (gapdh) sense 5' gtcgtggagtctactggtgt 3' and 
antisense 5' gttcagctctgggatgacct 3'; myosin heavy chain (mhc) a antisense 5' 

agggtctgctggagaggta 3', mhc 13 antisense 5' tctgcttccacctaaagggc 3' and mhc common sense 
S'aatgagctggaggctgagca 3'; myosin light chain (mlc) lA sense 5' ttctctctcacgagccacct 3', mlc 
IV sense 5' cttcttccctcctctttgtg 3' and mlc common antisense 5' cactgcccgtaggtgatctt 3'. 

Results 

Breeding ofSp3 knockout mice. The initial characterization ofSp3 knockout mice was 

largely done using a colony of F2 129xC57BU6 mice that was maintained by brother-sister 
matings (Bouwman et of., 2000). The results described in this chapter were obtained with 
mice that were crossed back to C57BU6 an average of three generations more. Currently 

we are crossing Sp3 heterozygous males with C57BU6 and FVB females to obtain inbred 
strains of Sp3 mutant mice in t:NO different genetic backgrounds. 

Targeted deletion ofthe ubiquitously expressed transcription factor Sp3 does 
not affect morphology of the newborn brain. Previously we have shown that 
targeted deletion of transcription factor Sp3 in the mouse results in perinatal lethality, most 

likely due to respiratory failure (Bouwman et of., 2000). Although it was observed that Sp3 
deficient newborns make visible efforts to breathe. a diminished control of respiration in 

the brain could not be ruled out. Therefore, we decided to analyze the morphology of the 
Sp3 mutant brain in more detail. Following perfusion fixation we carefully analyzed gelatin 

sections of newborn brains, thereby especially focusing on the brain stem, where the 

respiration center is located (reviewed in Guz, 1997). However, no morphological 

differences in Sp3 knockout brains were found and immunohistochemistry on the calcium 

binding protein calbindin-D28K revealed normal neuronal expression patterns. In addition, 

we performed an X-gal staining of Sp3+/- and Sp3-/- brains using the 13 geo lacZ-neomycin 
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FIGURE 1: lethalityof 
Sp3-/- mutants during late 
gestation upon backcrossing 
to the C57/Bl6 inbred 
strain. 
Schematic representation of the 
amount of Sp3-/- embryos 
relative to the value expected 
according to Mendelian law 
(I 00%) from Sp3+/- x Sp3+/
matings at E16.5 (49 embryos 
out of 9 litters analyzed) and at 
E18.5 (113 embryos out of 17 
litters analyzed). 

B 

F 1 G u R E 2: Subcutaneous edema in Sp3-/- fetuses during iate gestation. 
(A) Two different El3.5 Sp3-/- embryos compared to an Sp3+/+ and Sp3+/- littermate. (B) 
Transversal sections of El6.5 Sp3+/- and Sp3-/- littermates. Arrows point at subcutaneous 
edema. sp = spinal cord. 

fusion gene inserted in the Sp3 locus (Bouwman eta/., 2000). Staining patterns appeared to 

be identical in the presence or absence of Sp3 and only reflected its ubiquitous expression 

in transcriptionally active cells (not shown). 
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The Sp3 knockout phenotype becomes more severe upon crossing to the 
C57BU6 genetic background: evidence of heart failure during late gestation. 
In a mixed 129-C57BU6 genetic background. heart function ofSp3-/- mutants was sufficient 
to allow survival until birth. However, after further backcrossing to the C57BU6 strain, the 
number of living E 18.5 Sp3-/-mice dropped to less than one fifth of the amount expected 
according to Mendelian law (Figure I). The presence of partially resorbed Sp3-/- fetuses at 

El6.5 and E18.5 indicates lethality during late gestation that appears to be 
gender-independent. Between E 13.5 and E 16.5 some Sp3-/- embryos display subcutaneous 
edema and later during development peripheral hemorrhages can be observed (Figure 2). 
Both phenomena are well known signs of circulatory failure. From approximately E 15.5 
onwards a dilation of the atria becomes apparent and also the right ventricle ofSp3 deficient 

fetuses is relatively large (Figure 3). Accordingly. the myocardium of especially the atria was 
found to be extremely thin. In addition. sections of mutant hearts revealed a ventricular 

septal defect (Figure 4). 
At the molecular level, E 18.5 Sp3 deficient heartS contain a reduced amount of the adult 

cardiac myosin heavy chain I isoform (mhc 1-a) relative to Sp3+/- and wt heartS (Figure 5). 

This may indicate that mhc l-ex is a direct target gene of Sp3. Yet. the expression of other 

myosin I isoforms including the atrial and ventricle specific light chains is norma! and it is 

known that mhc 1-a is up-regulated around birth (Lyons et a/., 1990). Therefore, it might 
very well be that the relatively low expression of mhcl-a refiects the general delay in 
development and is only indirectly caused by the absence of Sp3-mediated transcriptional 
regulation. Importantly, Sp3-/- embryonic stem ce!ts have a normal capability to form beating 

heart colonies in vitro which argues against an intrinsic defect in cardiac myocyte 

differentiation (Gellner et a/., 200 I b). Nevertheless, heart development in vivo is clearly 
perturbed in the absence of Sp3 and does not depend on the myocyte lineage alone (e.g. 
Chen et at., 1998: Subbarayan et a/., 2000: T ran and Sucov, 1998). At present. we are 

measuring the expression levels of a set of genes that are known to be important for norma[ 

embryonic heart development. Preliminary data indicate an increased expression of Erbb2 

in E 18.5 mutant heartS, whereas other genes like N-myc and TEF-I are transcribed at 
normal levels (not shown). However. the effects of an impaired circulation are a[ready 

visible around E! 3.5 and therefore more relevant differences in expression are likely to be 

found at earlier stages of embryonic development. 

Evidence of heart failure has also been obtained in case of one Sp3 deficient mouse that 

survived birth. To investigate the Sp3 knockout phenotype in a different genetic background, 
we crossed the mixed 129-C57BU6 strain with FVB mice. Mating of F2xFVB Sp3+/- mice 
resulted in an Sp3-/- mutant that survived for one day after caesarian section at E! 9.5. 

Although still sma[lerthan its littermates. this pup was relatively large compared to newborn 

Sp3-/- mice of the 129-C57BU6 background. Respiration seemed normal after a critical 
phase immediately after birth and apart from the smaller size no abnormalities were 

noticed. 
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Spl +/+ Spl -/-

E 15.5 

E 16.5 

E 18.5 

FIGURE 3: Sp3-/- hearts at late gestation have a thin, translucent myocardium and 
an underdeveloped appearance. 
Sp3-/- hearts compared to Sp3+/+ hearts at E I 5.5 (B and A). E 16.5 (D and E) and E 18.5 (F and 
E) all photographed at the same magnification (ra = right atrium, la = left atrium, rv = right 
ventricle, lv = left ventricle). 
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FIGURE 4 (A B 0 v E): Ventricular septum defect in 
an E 18.5 Sp3-/- newborn. 
Coronal 5 !Jffi HE stained sections through the heart of an 
(A) E18.5 Sp3+/+ and (B) EIS.S Sp3-/- newborn. both 
photographed at the same magnification. Arrow indicates 
VSD. rv :::::: right ventricle, ra :::::; right atrium, vs :::::; ventricular 
septum. Also note the thin atrial and ventricular myocardium 
of the Sp3-/- heart. 

Gapdh 

Mlcl-a 

Mlcl-v 

Mhcl-a 

Mhcl-~ 

+/+ -1-

F 1 G u R E 5 (ABovE To R 1 G H T): Reduced expression of myosin heavy chain l ex 
in newborn Sp3-/- hearts. 
RT-PCR on total heart RNA of EIS.S wild type(+/+) and Sp3 knockout(-/-) littermates using 
specific primers for myosin l isoforms mlcl-a,_ mlcl-v. mhc I -a and mhc 1-[3 and GAPDH as a 
control. Densitometric analysis indicates an approximately 2-fold lower expression of mhc 1- a 
in E! 8.5 knockout hearts relative to wild type and heterozygous (not shown) littermates. 

The Sp3-/- pup was transferred to a foster mother together with an Sp3+/- littermate and 

both survived until the next day. However, the knockout was found dead a few hours !ater 

that day. whereas the heterozygous littermate was still alive and had been nursed. Upon 
dissection, the heart of the Sp3-/- pup showed grossly enlarged atria that were filled with 

blood (Figure 6) whereas the lungs were still filled with air. So far. no other Sp3-/- mice have 

F 1 G u R E 6: Abnormal heart morphology in an 
Sp3-/- pup that survived for I day after birth. 
Immature appearance of the heart of an Sp3w/M pup that 
died at I day post-partum with dilated, blood-filled atria 
(compare EIS.S wild type in figure 4. photographed at 
the same magnification; ra = right atrium, Ia = !eft 
atrium, rv = right ventricle, lv = left: ventricle). 
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managed to survive the respiratory distress immediately after birth which prevents us from 

drawing conclusions regarding post-natal aspects of the phenotype. 

Sp I/Sp3 compound heterozygous mice show phenotypical characteristics of 

Sp3-/- mice. The fact that targeted deletion of each of the highly homologous 

transcription factors Sp I and Sp3 is incompatible with mouse survival indicates that they 

both have an essential function in vivo (Bouwman et al., 2000; Marin et al., 1997). However, 

it is also evident that Sp! and Sp3 are not absolutely required for cellular survival and many 

putative target genes are normally expressed in their absence (Bouwman et al.. 2000; Marin 

et al., 1997; this thesis). It seems likely that other Sp/XKLF members can, to some extent, 

take over their function as transcription regulators. Since Sp l and Sp3 can both activate 

transcription, and share the same consensus binding site and ubiquitous expression pattern 

they might partially substitute for each other in some cases. 

On the other hand. under certain circumstances Sp3 can also function as a repressor of 

Sp !-mediated transactivation, which has led to the suggestion that the Sp I/Sp3 ratio is an 

important determinant for the regulation of gene expression (Philipsen and Suske. 1999; 

Suske, 1999). 
One way to assess the functional relationship between different proteins is through the 

use of compound knockout mice. Because of the early lethality ofSp l-/- and Sp3-/- mice we 

started to set up matings between heterozygous mice of both lines. So far. out of the more 

than 50 pups genotyped around post-natal day I 0 only 2 were Sp I +I-Sp3+1- mice. After a 

critical period around weaning these females seemed to deve!op normal!y. apart from a 

generally reduced size and an eye defect in one of them that has frequently been observed 

in Sp I +I- mice (Uirike Jagle, unpublished data). 

Apparently, most Sp I +/-Sp3+/- mice do not survive after birth and therefore we decided 

to investigate the genotypical distribution in utero. Interestingly. caesarean sections atE 18.5 
revealed a phenotype similar to that of Sp3 deficient mice. All 7 E 18.5 Sp I +1-Sp3+/- pups 

examined were approximately 30-40 % smaller than their wild type littermates and died 

because of respiratory distress 

FIGURE 7; Spi+/-Sp3+/
E i 8.5 newborns are under
represented and smal ier 
than theirSp l +/-, Sp3+/- and 
wild type iittermates. 
Graphic representation of the 
average weights of El8.5 Sp I+/
x Sp3+/- offspring. Results were 
obtained from 8 different litters, 
the number of pups per 
genotype are indicated between 
brackets. 
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F I G U R E 8: Sp l +/-Sp3+/- newborn hearts have a premature appearance. 
Compared to hearts of wild type littermates (left). E 18.5 Sp I +/-Sp3+/- (right) heartS have 
abnormal. compacted ventricles resembling an earlier developmental stage (see Figure 3, 
photographed at the same magnification; ra = right atrium, Ia = left atrium, rv = right ventricle, 
lv = left ventricle). 

(Figure 7). In addition. one or both eyes had often developed incompletely or were absent 

(not shown). Compound heterozygous newborn hearts have an premature appearance 

(Figure 8) resembling to what is seen in the Sp3 knockout and currently their morphological 

characteristics are being investigated. 

Whether all compound heterozygous mice survive until birth remains to be determined; 

given the distribution of genotypes in the litters examined so far it is possible that there is 

some degree of in utero lethality. 

Although the phenotype of the Sp I +/-Sp3+/- mice needs to be explored further, it does 

not support the hypothesis that the ratio between both transcription factors is a major 

determinant in transcription regulation. Rather. it seems that Sp I and Sp3 may at least partly 
take over each others function in vivo. The high mortality rate of compound heterozygous 
mice precluded a systematical analysis of the phenotypes of Sp 1-/-Sp3+/- or Sp I +/-Sp3-/

mice in utero which could further clarify the issue of their genetic interaction. 

Discussion 

The ubiquitous transcription factor Sp3 is essential for post-natal survival since Sp3 
knockout mice die from respiratory distress. Despite the distinct phenotype. gross 
morphological abnormalities were initially not found making it difficult to asses the 
underlying defects (Bouwman et of., 2000). Therefore, we decided to study the anatomy of 

some organs of vital importance in more detail. 
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The time immediately after birth is one of the most critical phases in development. The 

transition from fetal to neonatal life requires elimination of the placental circulation, lung 

expansion and an increase in lung blood flow. Neurological or muscular defects, 

abnormalities in the circulation. morphological obstructions of respiration or impaired lung 

development can all result in respiratory failure. There are many examples of mouse 

mutants that do not survive the perinatal period. In some cases. structural defects were 

found that are likely to inhibit breathing like the absence of the distal parts of the ribs in the 
Myf5 knockout (Braun et a/., 1992; Kaul et a/., 2000) or improper tracheal and lung 
morphogenesis in Hox5a deficient mice (Aubin et at., 1997). In other cases, such as in the 
DNA topoisomerase II knockout mouse (Yang et at., 2000), the lack of both spontaneous 
and tactile stimulated movements pointed at a defect in neuromuscular function. In various 

mouse mutants, malformations of the heart may contribute to neonatal lethality (Ma eta/., 
1998; Nagasawa et a/., 1996; Tachibana eta/., 1998; Takeuchi et at., 2000). Often however 

the cause of death remained obscure (Gerard eta/., 1999; Li et at., 1994; Rudolph eta/., 
1998; Schweizer et a/., 1999). 

Compared to wild type littermates, Sp3-/-lungs appear to be more compact and flattening 

of the type I cells is found less frequently in the Sp3-/- newborn (Bouwman eta/., 2000 and 

unpublished data). Both phenomena are consistent with a relatively immature status (Ten 
Have-Opbroek, 1981 ). At present, it is not clear whether the observed differences can 
account for the severe respiratory distress of Sp3 knockout mice. The fact that mutant 

lungs show normal transcription of surfactant proteins (Bouwman eta/., 2000) indicates that 
there is no dramatic delay in development. 

Moreover, the observation that one knockout pup survived birth implicates that Sp3 may 

not be absolutely essential for lung functioning. Although a diminished neuromuscular 

function can not be excluded, the fact that Sp3 knockout newborns do attempt to breathe 
suggests that there is another reason for the observed neonatal lethality. In addition, studies 

of newborn brain, where Sp3 is expressed ubiquitously, did not reveal any morphological 
abnormalities. 

The extremely thin myocardium of especially the atria prompted us to examine also the 

Sp3-/- heart more closely. In a mixed 129xC57BU6 genetic background, heart function in 

Sp3 deficient fetuses was apparently sufficient to allow development until term, However, 

after back crossing to C57BU6 for a few generations more we noted a lower number of 

Sp3-/- pups at E 18.5 than expected according to Mendelian law. Also heterozygous Sp3 
mutants appear to be affected in a C57BU6 genetic background resulting in a 
gender-independent lethality before weaning. During late gestation numerous resorptions 

were found, most of which were homozygous Sp3 knockout mutants. Lethality during mid
and late- gestation can often be attributed to insufficient oxygen supply caused by improper 
cardiac, erythroid or vascular development (reviewed in Copp, 1995). FromE 13.5 onwards, 
Sp3-/- embryos occasionally displayed subcutaneous edema and peripheral hemorrhages, 
which has been indicative of heart failure in several other mouse mutants (e.g. Mesaeli eta/., 
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1999; Schilham et at., 1996; Svensson et al., 2000; Tevosian eta/., 2000). In addition to these 
observations, Sp3 mutant heartS show a defective closure of the ventricular septum. 

Interestingly. similar heart defects have been described in other mouse mutants, including 

mice deficient for Jumonji (Lee et at., 2000; Takeuchi et at., 1999) and retinoic acid receptor 
RXRa (Kastner et al., 1994; Sucov et a/., 1994) which also share other aspects of their 
phenotype with the Sp3 knockout (Kitajima eta/., 1999; Makita eta/., 200 I; chapter 6 of this 
thesis). The myocardial defects of RXRa-/- mice appear to be non cell-autonomous (Chen 

eta/., 1998; Subbarayan et al., 2000; Tran and Sucov, 1998) and since Sp3-/- ES cell derived 
cardiac myocytes display normal in vitro differentiation (Gollner et al., 200 I b), this may also 
be the case for Sp3-/- mice. It was suggested that impaired signalling from outside the 
myocyte lineage is responsible for the heart phenotype of the RXRa mutant mice. An 
attractive candidate effector region would be the endocardium where growth factors like 

neuregulin- I are secreted, that are necessary for the formation of myocardial trabeculae 

(Kramer eta/., 1996; Meyer and Birchmeier, 1995). Analysis of genes that are differentially 

expressed in (hearts of) E 13. 5 RXRa-/- embryos suggested that part of the phenotype can 
be explained by a deficiency in cardiac metabolism (Ruiz-Lozano eta/., 1998). Although we 
could not establish a link between Sp3 and metabolism using a comparable approach 
(unpublished data), it will be interesting to examine the expression of RXRa target genes 
in Sp3 mutant mice. If Sp3 and RXRa are part of the same genetic pathway, similarities in 
expression profiles of both knockouts may be found. In that respect, it should be noted that 
the Sp3 homologue Sp I can structurally and functionally interact with RXRa (Suzuki eta/., 

1999) and that Sp I /Sp3 compound heterozygous mice show phenotypical characteristics of 
Sp3 deficient mice including growth retardation and perinatal lethality. Strikingly it has 
recently been shown that Sp4, the other known close relative of Sp3, is important for 
normal heart function (Nguyen-Tran et al., 2000). Sp4 knockout mice that survive after 
weaning display a sudden cardiac arrest syndrome due to a disturbed heart rhythm, which 
may also explain the unanticipated lethality we observe in adult Sp4 deficient mice that were 

independently generated in our laboratory (Gollner et al., 2001a; chapter 5 of this thesis). 
It will be interesting to investigate whether Sp3 and Sp4 play an independent role in heart 
development or if they can at least partly take over each other's function. 

Considering the apparent effect of the genetic background on the Sp3 knockout 
phenotype: similar observations have been reported before. Disruption of, for instance, the 

cell growth inhibiting transcription factor Necdin results in neo-natal lethality after crossing 

with C57BU6 mice, whereas crossing with C57BU6xC3H or C57BU6xCBA mice reduces 
lethality to wild type levels (Gerard eta/., 1999). Differences in the genetic background 
might also explain the absence of an overt phenotype in another Necdin knockout model 

(T sai eta/., 1999). Intriguingly, Necdin has recently been shown to specifically repress Sp I 

dependent activation of the c-Myc PI promoter via a so called GN box, a motif resembling 
multiple aligned GC boxes (Matsumoto et al., 200 I) . Since Sp3 can also function as a 
repressor of Sp I in case of promoters containing multiple binding sites (Birnbaum et a/., 
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1995; Dennig e! a/., 1996; Majello eta/., 1997) the phenotypes of mice that lack Necdin or 

Sp3 may both be related to a perturbed regulation of Sp I mediated transcription. 
The increased severity of Sp3 knockout mice upon backcrossing to the CS7BU6 genetic 

background emphasizes the role ofSp3 in heart development. On the other hand, a possible 

decrease in severity in a mixed background may result in post-natal survival of the Sp3-/

mice, which would permit us to examine the role of Sp3 during adult life. Therefore, it 

remains important to further investigate the Sp3 knockout phenotype in different genetic 

backgrounds. 
In summary, we have shown that Sp3 deficient embryos suffer from heart defects which 

-depending on the genetic background- may lead to prenatal lethality. It seems likely that 
these heart defects also contribute to the earlier observed neonatal lethality of Sp3-/
mutants. 
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Abstract 

The Sp/Kruppel like factor (Sp/XKLF) Sp3 plays a role in the development of multiple 
murine organs and tissues. Like its dose homologue Sp I, Sp3 is expressed in many- if not 

all- different cell types. We have studied the expression of Sp3 in cells of the hemapoietic 

system using a lacZ-neomycin fusion gene inserted in the mouse Sp3 locus. In lymphocytes, 

Sp3 appears to be down regulated upon terminal differentiation. To investigate the function 

of Sp3 in lymphopoiesis, the B and T cell populations of Sp3 deficient mice were analyzed 
at embryonic day 18.5 (E 18.5).1n line with their generally retarded growth, spleens of E18.5 
Sp3-/- mutants are small and contain relatively low numbers of especially the most 
developed B cells at that stage which are lgM+. T cell development is also affected in the 

absence of Sp3 resulting in 2-fold higher percentages of CD4-CDs- double negative- and 
CD41~1· cos+ immature single positive- T cell precursors in Sp3-/- E 18.5 thymi. 
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Introduction 

Sp3, an Sp/Kruppel like factor (Sp/XKLF; Philipsen and Suske, 1999) family member, is 
essential for normal late gestationa[ growth and post-nata[ survival in the mouse (Bouwman 

eta/,, 2000; this thesis). In the absence ofSp3 several developmental processes are affected, 

varying from tooth morphogenesis and bone formation to heart development (Bouwman 

eta/,, 2000; Gollner eta/, 200 I; this thesis). This wide range of defects correlates with the 

ubiquitous expression pattern of Sp3 and the fact that it has a similar preference for GC 
(GGGGCGGGG) and GT (GGTGTGGGG) boxes as its close homologue Sp I. GC and GT 

boxes are known to be important for the transcription regulatory regions of many different 

genes, varying from housekeeping- to tissue-specific- and viral- genes (Philipsen and Suske, 
1999; Turner and Crossley, 1999). Among these are genes that play a role in B lymphocyte 

development and function, like the non-receptor protein tyrosine kinase Bruton's 

agammaglobulinemia tyrosine kinase (Btk) (Himmelmann et a/., 1996; Muller et a/., 1996; 
Rohrer and Conley, 1998). Also some genes involved in T cell development are known to 
be regulated through Sp I binding sites. In fact, Sp3 has originally been cloned from an ai3 
T cell line in a search for Sp I related factors that bind to a GT box required for the 
transactivation of the T cell antigen receptor (TCR) variable gene segment Va I 1.1 (Kingsley 
and Winoto, 1992). 

Lymphopoiesis can be divided into antigen-independent development, when different 
antigen receptors are formed via V-D-J recombination, and selective differentiation upon 

antigen recognition. Specific cell surface markers allow the identification of distinct stages 

during these processes. Whereas T cell development takes place in the thymus, B cells are 
formed in bone marrow or in the fetal liver. In contrast to the well-balanced gradual 

process in bone marrow, B lymphopoiesis in the fetal liver takes place in a wave, with 

increased percentages of more mature cells towards birth (Hardy eta/., 2000). Compared 
to their adult counterparts, fetal liver derived B cell precursors show a relatively high 

proliferation rate. In addition, cells of the first category can be induced to clonal expansion 

by pre-B cell antigen receptor (BCR) mediated signalling, while fetal cells are driven out of 

the cell cycle after ~ heavy chain introduction. 

We have found that Sp3 expression is down-regulated upon differentiation of B- and 

T -lymphocyte precursors in bone marrow and thymi respectively of young adult mice. To 

gain more insight in the role ofSp3 in lymphopoiesis we have analyzed distinct BandT cell 
populations ofSp3 E 18.5 knockout mice. Fetal B cell development is impaired in the absence 
of Sp3, resulting in low percentages of B220+1gM· pro- and pre- B lymphocytes and 
immature lgM+ B cells. Cultured Sp3-/- pre-B cells are able to develop to a mature 
lgMhighlgDhigh stage, indicating that there is not an absolute block in differentiation. 

Not only B cell differentiation, but also T cell development is affected in the Sp3 
knockout. Flow cytometric analysis of E 18.5 Sp3-/-thymocytes revealed a relatively high 
percentage of precursor cells before the CD4+coa• double positive (DP) stage. In contrast, 
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the relative amount of CD4+ single positive (SP) cells in Sp3-/- thymi is lower than in those 

of wild type littermates. 
In light of the fact that Sp3 expression is down regulated upon terminal differentiation of 

lymphoid cells, these findings indicate a stimulatory role for Sp3 in both B and T cell 

development. 

Materials and Methods 

Knockout mice. The generation of Sp I and Sp3 knockout mice has been described before 
(Bouwman eta/., 2000; Marin et al .. 1997). Sp3-/- and Sp I +/-Sp3+/- fetuses were obtained 
from timed matings of heterozygous mice and genotyped by PCR (Marin et a/., 1997; 

Chapter 3). 

Flow cytometric analysis and ex vivo culwring of fetal liver derived B cells. Upon dissection, single 

cell suspensions were prepared (Siieker eta/., \993) and directly analyzed by fiow cytometry 

(2 x I 04
- I x I 05 cells; Hendriks eta/., 1996) or cultured as described (Dingjan eta/., 200 I; 

Ro\ink eta/., \99\ ). Fluorescein-di-13-D-galactopyranoside from Molecular Probes Europe 
(Lei den, The Netherlands) was used as a substrate for 13-galactosidase activity. The following 
monoclonal antibodies were obtained from Pharmingen (San Diego, C.A., U.SA): 
PE-conjugated anti-CD4, anti-CDS/Ly-1, anti-CD I I b/Mac I, anti CD43/S7 and anti-T erl 19; 
biotinylated anti-lgM; Cy-Chrome-conjugated anti B220/RA-6B2 and anti-CDS; 
FITC-conjugated anti B220/RA3-6B2 and anti-CD3. Southern Biotechnology Associates 

(Birmingham, A.L., U.SA) supplied PE-conjugated anti-lgD. Anti-CDS/53-6.7, 
anti-Gr i/RB6-8C5 and ER-MP20 were purified monoclonal antibodies conjugated to biotin 
according to standard procedures. Secondary antibodies used were TriColor- or 

PE-conjugated streptavidin (Caltag Laboratories, Burlingame, C.A., U.S.A.) or 

streptavidin-APC (Pharmingen). 

Results 

Sp3 expression is down regulated upon lymphocyte differentiation. Similar to 
what has been described for the closely related transcription factor Sp I, the presence of 
Sp3 in many different tissues and cell types does not exclude the possibility that its 
expression is tightly regulated. Accordingly, a role for Sp3 in lymphopoiesis may be indicated 
by alterations in the transcriptional activation of the Sp3 gene during differentiation. To 

determine whether such regulation occurs, we have analyzed Sp3 expression in different 

types of blood cells. This was accomplished via fiow cytometric analysis, using the 

13-galactosidase activity of the \acZ-neomycin fusion gene (13 geo; Friedrich and Soriano, 
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1991) present in the targeted allele ofSp3 heterozygous mice. Samples from spleen. thymus, 
bone marrow and peritoneal cavity of five week old mice were labelled with antibodies 

specific for the individual hematopoietic lineages and assayed for expression of the Sp3 gene 
with fluorescein-di-13-0-galactopyranoside (FOG) as a fluorogenic i3 geo substrate. 

Fluorescence intensity of lacZ expressing cells is comparable in all different cell types and 

high percentages of cells with 13-galactosidase activity were especially observed in the 
myeloid lineage. for instance in granulocytes and in peritoneal macrophages (not shown). 

Significant numbers of lacZ expressing cells during B lymphopoiesis were only found in 
B220+C043+1gM· pro- and B220+C043'1gM· pre-B cell precursors in the bone marrow 

(approximately 20% in both; Table 1.1 ). Mature B cells hardly show any lacZ expression 
(Table 1.1). 

A comparable pattern was seen during T cell development. In the thymus C04-cOs
double negative (ON) precursors develop via an intermediate COS+TcR- immature single 
positive (ISP) stage to C04+cos+ double positive (OP) cells that form the most abundant 
group of thymocytes. In most T cell populations, the percentage of Sp3 expressing cells 
becomes virtually undetectable after the ON (13 ± 2 %) and OP (5 ± 0.5 %) precursor 
stages (Table 1.2 and data not shown). The 12.2% of cos+ SP thymocytes that is lacZ 

positive may consist to a large extent of ISP intermediates between the DN and the DP 
stage. Alternatively, Sp3 is specifically expressed only in thymic cos+ cells but not in others 

such as those from the spleen or the peritoneum (Table 1.2 and data not shown). 

T A B E L I : Percentage of lacZ expressing cells in lymphoid populations of young 
adult (bone marrow, thymus, spleen; n = 3) and newborn (fetal liver, spleen; n = 2) 
Sp3+/- mice. 

1.1: B cell populations 

Bone Marrow Fetal Liver Fetal Spleen 

sno·co43 .. tgM· 1 23.4 ± 17.5 

B220 ... CD43"1gM· I 79.5::!:: 7.8 84.5 ± 3.5 
21.5 :t 6.3 

B220.,.lgM•IgD· 2.2 :1:: 0.8 
86.0 ± 2.8 90.0 ± 4.2 

B220.1gM•IgD.,. 4.1 ± 0.6 

1.2: T cell populations 

Thymus Spleen 

CD4"CD8" 12.6 ± 2.2 

co4·cos· 5.0 ± 0.5 

co4·cos· 12.4± 1.8 I 1.7 ± 0.6 

co4·cos· 0.2 ± 0.1 1.8 ± 0.2 
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Because of the difference between bone marrow and in fetal liver derived B cells. we have 

also examined Sp3 expression in E18.5 mice. In contrast to what was found in young adult 

mice, more than 80% of all lineage B cells are lacZ positive atE 18.5 (Table 1.1; Figure I). 

Moreover, there is no decrease in the relative amount of Sp3 expressing cells upon 

differentiation to the stage of lgM+ immature B cells. 

F 1 G u R E I : Sp3 is abundant in both lgM· and lgM• B lymphoid populations of late 
mouse fetuses. 
LacZ expression was analyzed in fetal liver and spleen of two E 18.5 Sp3+/- littermates and 
depicted as a histogram that has been divided in expressing (right paneD and non-expressing cells 
(left panel). The percentages of lacZ positive cells are shown in Table l.l. 

A 

B 

F 1 G u R E 2: Morphological characteristics of E 18.5 Sp3+/+, Sp3+/- and Sp3-/- spleens 
and thymi. 
(A) Spleens of El8.5 Sp3+/+ (+/+), Sp3+/- (+/-)and Sp3-/- (+/-) littermates photographed at the 
same magnification. The knockout spleen is relatively small and pale (* = remnants of pancreatic 
tissue). (B) Thymi of the same mice as in panel A at an equal magnification for the three indicated 
genotypes. Like the spleen, also the thymus of the knockout is small compared the normal E 18.5 
size. 
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Impaired lymphoid development in Sp3 deficient newborn mice. The differential 

regulation ofSp3 expression during lymphopoiesis prompted us to examine the BandT cell 
populations in Sp3 deficient mice. Consistent with the generally retarded growth of Sp3-/
newborn mice (Bouwman eta/., 2000 I; chapters 2 and 3), their spleens are relatively small 

when compared to those of wild type littermates (Figure 2A). Not only the absolute 
number of splenic B cells is low, there are also relatively few B220+ lineage B cells present 
in Sp3 knockouts. Flow cytometric analysis of lymphoid cells from E 18.5 liver and spleen 
indicates a 2-fold lower percentage of B220+1gM· B cell precursors and a 6-fold lower 
percentage of more mature B220+1gM+ B cells than normally found at this age (Figure 3). In 

addition, heterozygous Sp3 knockout mice show a slightly but significantly retarded B cell 
development. indicating a gene dosage effect of Sp3 on B lymphopoiesis. 

Similar to spleens. thymi of newborn Sp3 deficient mice are smaller than those of wild 

type littermates (Figure 2B). Flow cytometric analysis demonstrated that the relative 
numbers of the CD4+coa+ DP or common thymocytes are normal or near normal in the 

absence of Sp3 (Figure 3). However. in Sp3 knockouts the percentage of mature CD4 + T" 
cells is lower than in wild type !ittermates whereas there are approximately twice as many 

DN and ISP thymocyte precursors (Figure 4). 

F 1 G u R E 3 : A lower percentage of mature B cells in Sp3 knockout mice. 
Representative flow cytometric analysis plots of E18.5 Sp3+/+. Sp3+/- and Sp3-/- livers and 
spleens, gated for lymphocytes and screened for B cells using 8220 and lgM markers. Indicated 
are the percentages of lgM·and lgM+ B cells. 

Fetal liver derived Sp3-/- pre-B cells can differentiate to the mature lgD + stage 

in culture. The perinatal lethality of the knockout mice precluded the analysis of more 
mature stages of B lymphoid differentiation in the absence ofSp3 in vivo. We therefore used 
a culture system of fetal liver derived pre-B cells to study differentiation beyond the 
B220+1gM+lgD· immature B cell stage (Rolink eta/., 1991). Fetal liver cells were cultured in 
the presence of the cytokine interleukin-7 (IL-7), thereby specifically inducing the 
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Thymus 

F I G U R E 4 : CD4/CD8 analysis of 
thymocytes in Sp3 knockout mice. 
Representative flow cycometric diagrams of 
T cell populations in Sp3+/+ and Sp3-/
E 18.5 thymi.lymphocytes were gated on the 
basis of forward and side scatter 
characteristics and analyzed with anti-C04 
and anti-CD8. Indicated are the percentages 
of CD4·Cos· DN, CDS' ISP, CD4'CD8' 
and CD4' SP cells. 

proliferation of ~ heavy chain positive pre-B cells. After 5 days of culturing ll-7 was 
removed from the medium and the cells were placed on S 17 stroma cells for 48 h, to allow 
further differentiation. Flow cytometric analysis demonstrated that Sp3-/- B cell progenitors 
can differentiate into B220+ lgM• and surface lgD' cells albeit possibly with a reduced 

efficiency (Figure 5). Currently more experiments are underway to enable a quantitative 
analysis of B cell differentiation in the absence of Sp3. 

JgDL 
lgM 

• CountsL 
FSC 

7 

F 1 G u R E 5 : Sp3-/- B cells can differentiate to the lgD• stage. Flow cytometric 
analysis of B cell differentiation in fetal liver derived cells that were cultured in the 
presence of IL-7. 
B220+ B cells were gated and analyzed for lgM and lgD expression. The percentages of B220 '. 
lgM+lgD· and lgM+IgD+ cells are indicated. Removal of IL-7 after five days of culture further 
stimulated differentiation of Sp3+/+ cells and of Sp3-/- cells (right part) although the percentage 
of lgD+ did not increase in the knockout culture. Nevertheless expression of surface lgD is 
possible in the absence of Sp3 indicating that there is no absolute block in differentiation. In 
addition, forward scatter histograms show differentiation towards smaller cells after the removal 
of IL-7 from the medium. 
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Discussion 

Based on their ubiquitous expression and a large number of in vitro promoter analyses, 

transcription factor Sp3 and its close homologue Sp I are likely to be involved in the 

transcription regulation of many different genes. To study the role of Sp3 in the 

development of the lymphoid lineage, we have compared the populations of BandT cells 

in Sp3 deficient E I 8.5 late fetuses and wild type littermates. At birth, Sp3-/- mutants can 

easily be distinguished from their littermates because of their generally retarded growth 

which is also reflected in the small sizes of thymus and spleen. 

Compared to the wild type situation, the E I 8.5 Sp3-/- thymus contains nearly normal 

numbers of CD4+cos+ DP intermediate cells but a 2-fold higher percentage of both DN 

and ISP progenitor thymocytes. In addition, less DP cells have matured to the CD4 + T H 

stage. Since transcription of the Sp3 gene appears to be down regulated after the cos· ISP 

stage, Sp3 may predominantly be functional in early T cell development. At present. it 

remains to be determined what is the cause of the relatively high numbers of DN and ISP 

cells in the absence of Sp3. Contrary to other thymocytes, the wild type ISP population 

mainly consists of cycling cells (MacDonald et a/., I 988) and a role for Sp3 in driving 

expansion toward the DP stage may be reflected in a reduced proliferation capacity of 

Sp3-l- ISP cells. Increased percentages of progenitor thymocytes have also been found in 

mice deficient for the bHLH (basic helix loop helix) Hela E-box binding protein (HEB; 

Barndt eta/., I 999). Indeed, the number of HEB-1- ISP cells that are found in G 1 is relatively 

high. With respect to the ISP population, similar results have been reported for high 

mobility group protein (HMG) TCF I mutants (Verbeek et a/., I 995). Unlike Sp3- and 

HEB~knockout mice however, these mice show normal percentages ofDN cells. Currently. 

we are using CD44 (hyaluronic acid receptor) and CD25 (IL-2Ra) markers for a further 

subdivision of DN thymocytes (Godfrey et a/., I 993) which will be helpful to identify 

possible partial blocks in differentiation of these cells. 

The effect of Sp3 deficiency on B cell development is more pronounced, resulting in 

approximately 6-fold lower amounts of mature B220+1gM+ cells in the newborn spleen. 

Although !ate B cell differentiation is possible in ex vivo cell cultures. it may proceed at a 

lower rate in the absence of Sp3. This would mean that there is a B cell autonomous defect, 

since the cultured cells were allowed to differentiate in the presence of stromal cells. 

Further experiments are required to address this question. Another indication that B cell 

development is specifically affected by the absence of Sp3 is that it appears to proceed 

normally in Sp I /Sp3 compound heterozygous newborns which show a growth retardation 

comparable to that of the Sp3 knockouts (chapter 3 of this thesis; our own unpublished 

data). Similar to what was seen in T cell development. Sp3 is predominantly present in 

rapidly proliferating precursor cells during B lymphopoiesis. Again, this could be indicative 

of a role for Sp3 during specific stages of differentiation. 
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It is not clear which Sp3 target genes are responsible for the B cell phenotype. Btk 

seemed an attractive candidate given the importance of GC boxes for its promoter function 

and the relatively small and immature B cell population in Btk mutant mice (Hendriks eta/., 

1996; Kerner eta/., 1995; Khan eta/., 1995; Rawlings et al .. 1993; Thomas eta/., 1993). In 
addition, Sp I and Sp3 are able to transactivate the Btk promoter synergistically with PU.I 
through adjacent binding sites. However, Western blotting experiments indicate that the 

overall Btk expression in E 18.5 Sp3-/- spleens is not affected which implies that Sp3 is not 
essential for the transcriptional regulation of this gene (unpublished data). Likewise, Sp I was 

found to be dispensable for Btk expression which may indicate that Sp I and Sp3 are 
redundant with respect to Btk transactivation or that other related factors such as Sp4 are 

more important in vivo (Muller et al .. 1999). 
Several other mouse mutants have been described with impaired B cell development 

including mice deficient for transcription factors like Pax5, E2A E2.2, HEB, Sox-4 and NF-KB 
(reviewed in; Reya and Grosschedl, 1998) and mice lacking stromal cell-derived factor- I 

(SDF-1; Nagasawa eta/., 1996) or its receptor CXCR4 (Zou eta/., 1998). In addition to the 
aforementioned T cell phenotype of the HEB knockout (Barndt eta/., 1999) some of the 

other mutants share aspects of their phenotype with the Sp3 knockout. For example 
perinatal lethality and ventricular septal defects have also been found in SDF-1-/- and 
CXCR4-/- mice. Although SDF-1 and CXCR4are expressed at normal levels in E 13.5 Sp3-/
embryos (G. Suske, unpublished data) it can not be excluded that Sp3 is involved in their 
transcriptional regulation in specific cell types or at other stages of development. 

In summary, we have performed a first analysis of the role of Sp3 in murine 
lymphopoiesis. Sp3 expression appears to be regulated during lymphoid differentiation and 
decreases at later stages. In the absence of Sp3, both B- and T-cell development are 
hampered, leading to relatively low percentages of mature cells and accumulation ofDN and 
ISP precursor thymocytes. Although at least in lineage B cells Sp3 is not absolutely required 
for terminal differentiation, our results suggest a specific function for Sp3 in B- and T

lymphoid development. 
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Abstract 

Backt;round: Sp4 is a zinc finger transcription factor 
which is closely related to Sp1 and Sp3. All three 

proteins recognize the same DNA clements and can 
act as transcriptional activators through glutamine

rich activation domains. Unlike Spl and Sp3, which 
are ubiquitous proteins, Sp4 is highly abundant in the 
central nervous system, but also detectable in many 
other tissues. 

Results: We have disrupted the mouse Sp4 gene by a 
targeted deletion of the exons encoding the N
tcrminal activation domains. Sp4 knockout nrice show 
a complete absence of Sp4 expression. They develop 
until birth without obvious abnormalities. After birth, 
two-thirds die within 4 weeks. Surviving nrice are 

Introduction 

The Sp family of transcription :6ctors is composed of 
five proteins (Spl. Sp2. Sp3. Sp4 and SpS) character
ized by a highly conserved DNA-binding domain at 
the C-terminus (Harrison et a/. 2000; Philipsen & 
Suske 1999; Suske 1999; Treichd et al. 2001). In 
addition. Sp 1. Sp2. Sp3 and Sp4 show similarities in 
their glut:rmine-rich N-terminal region (Suske 1999). 
The linkage of these four Sp genes to the four human 
Hox gene clusters also document~ their close evolu
tionary relationship (Killf-Suske et al. 1995. 1996; 
Scohy eta/. 1998). Sequence alignments revealed thlt 
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biologie und Tumorforschung, Philipps-UniversitJt Mar
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growth retarded. Male Sp4"u11 nrice do not breed. The 
cause for the breeding defect remains obscure since 
they show complete spermatogenesis. In addition, 
pheromone receptor genes in the vomeronasal organ 
appear unaffected. Female Sp4"ull nrice have a smaller 
thymus, spleen and uterus. In addition, they exhibit a 
pronounced delay in sexual maturation. 

Condusions: The phenotype of the Sp4"uiJ mice differs 
significantly from those described for Spr1

- and 
SpT1

- nricc. Thus, the structural similarities, the 
common recognition motif and the overlapping 
e::>..l'ression pattern of these three transcription factors 
do not reflect similar physiological functions. 

Sp 1. Sp3 and Sp4 are more closely related to each other 
than to Sp2 (Philipsen & Suske 1999: Suske 1999). 
Consistently. Sp 1. Sp3 and Sp4 recognize the classical 
GC-box and the related GT /CACC-box with iden
tical affinity (Hagen eta/. 1992. 1994). Sp1 and Sp3 are 
ubiquitously e;..."Pressed. contrary to Sp4, which shows a 
complex expression pattern but is most abundant in 
neuronal tissues (Hagen et al. 1992; Supp et al. 1996). 

A hrge variety of biological functions have been 
assigned to Sp factor-binding sites. This raises the 
question of which of these functions are performed by 
which Sp protein in vivo. Gene ablation studies in mice 
have provided importmt clues to the :mswcr to this 
question. 

Sp 1 targeted embryos are severely retarded in gro\vth. 
and die after <by 10 of embryonic development (E10). 
They display a wide rmge of abnormalities. but all 
characteristic hillma.rks of this developmencl stlge are 



present. Blastocyst injections ofSp1-deficient embryo
nic stem cells showed that these cells contribute 
efficiently to early chimeric embryos, but after Ei 1, 

this declines very rapidly with no detectable contribu
tion to any tissue of newborn animals. Thus. Sp 1 
deficiency causes a cell-autonomous defect. md it 
appem that Sp 1 function is gener.illy required for 
cellulrr survival after E10 (Marin et al. 1997). Sp3-
deficient embryos l!e growth retarded md invariably 
die at birth of respiratory failure. The cause for the 
observed breathing defect is not clear. Only minor 
morphological alterations were observed in the lung, 
and surfactmt protein eA"})ression is indis-rin::,nuishable 
from wild-type mice. In addition, SpT 1

- mice show a 
pronounced defect in late tooth formation. The 
development of the dentin/ enamel layer is impaired 
due to a strongly reduced eA'}Jression of ameloblast
specific gene products (Bouwmm et al. 2000). A 
mutation of the Sp4 gene has been reported previously 
(Supp ec a/. 1996). However, the mice in this study still 
C.'\.'}Jressed a truncated Sp4 mRNA fragment encoding 
the two strong activation domains at a high level. Thus, 
the question remains whether the phenotype of these 
Sp4 mutmt mice reflects tl1e physiological conse
quences of a complete Sp4 knockout. SpS"" 1

- mice 
show no overt phenotype (Harrison et al. 2000). 

Here we describe the targeted disruption of the 
mouse Sp4 gene by deleting the cxons that encode for 
the N-terminal activation domains. We found that the 
complete absence of Sp4 has severe consequences for 
postnatal mouse development. Sp4""11 mice develop 
until birth without obvious abnormalities. i\fter birth, 
approximately two-thirds of the knockout mice die 
within 4 weeks. Those that survive are size retarded. 
Male Sp4""11 mice do not breed and have a slightly 
reduced testis size. However, they show complete 
spermatogenesis. In addition, the pheromone receptor 
genes in the vomeronasal organ that are essential for 
m:tting behaviour appear to be un::tffected. Female 
Spr 1

- mice have a small thymus, spleen md uterus, 
md they reach puberty with a pronounced delay. 

Results 

Targeted disruption of the mouse Sp4 gene 

A targeting vector wa.~ designed to replace sequences that 
encode the N-tennin:ll activation domains ofSp4 protein 
(amino acids 4-557). This was obtained by replacing 
exons 2 and3 of the mouse Sp4gcne (Songer aL 2001) by 
IRES-LacZ-polyAIPGK-neo sequences in the targeting 
vector (Fig. 1). The lacZ gene is expressed under control 

of the endogenous Sp4 promoter. The phosplwslyccratc 
kina$e (PGK) promoter controh the neomycin resi$taiUC (nco) 
gene md the herpes simplex virus thymidine kinase (hsvtk) 
gene to ensure e;..,'}Jression in embryonic stem cells. 

The wgeting pJo,mid pPNTSp4i/e/lRES-LuZ 
(Fig. 1B) was linearized at a unique Notl site present 
in the vector for transfection into E14 ES cells. Cells 
were :mbsequendy ffilintai.ned under G418 and 
gancydovir selection. A total of 200 G418 resistmt 
colonies were analysed by Southern blotting for the 
homologous recombination event. Hybridization of 
EcoRV restricted DNA from individual clones with :1 

ftelii-BamHI intron fragment was predicted tO show 
a > 10 kb fragment from the ·wild-type locus and a 
6 kb fragment from a correcdy targeted locus 
(Fig. 1B). One clone showed the predicted mutmt 
fragment. In addition, PCR analysis -,vith a set of 
primers specific for the ·wild-type and the targeted Sp4 
gene confirmed the e;..,'}Jected targeted disruption of the 
mouse Sp4 gene. Hybridization with a Bluescript vector 
probe showed no evidence for additional unwanted 
r.mdom integration events in this done. The integrity of 
this clone was further confirmed by karyotyping. The 
targeted ES clone was injected into C57BL/6 blasto
cysts. Breeding of male chimet:!S resulted in germ-line 
transmi~ion of the targeted Sp4 allele. 

Complete absence of Sp4 

Matings ofheterozygous Sp4+ I- animals. were set up to 
obtain embryos deficient in both wild-type Sp4 alleles 
(Fig. 1C,D). To test whether tbis resulted in the 
complete loss of Sp4 gene e;..,'}Jression, we performed 
Northern blot analyses ofRNA from bcin and heart of 
both control and Sp41

- embryos (Fig. 2A). Consistent 
with previous results, a probe coding for an N-terrninal 
activation region of Sp4 detected two transcripts larger 
than 28S RNA in wild-type and Sp4+ I- mice. These 
transcripts were undetectable in Sp4_1

_ mice (Fig. 2A. 
lanes 1-3). In addition, a probe encoding for the zinc 
finger region also shows no signal in Sp41

- mice 
(Fig. 2A, lanes 10 and 11). The absence of the Sp4 
protein in homozygous Spr1

- mice was confirmed by 
Western blot :malyses with m antiserum directed 
against the C-terminal domain ofSp4 (Fig. 2B). From 
these data we conclude that the Sp4 knockout mice 
lack any residual Sp4-specific transcripts and protein. 

Expression of Spl and Sp3 in Sp4 null mice 

To analyse whether the C.'\.'}Jression of other members of 
the Sp-family of transcription factors is altered in 
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Figur~ 1 Targeted cfuruption of the motL~e Sp4 gene. {A) SchemJtic repn.-scnotion of the Sp4 protein strucrure and Sp4 gene 
fr:tgments. The glucunine-rich activation dom:Un.~ A and B md the zinc fingers (bhck bars) of the DNA binding domain (DB D) :rrc 
indi.cated. Connecting lines with corre>-ponding murine Sp4 gene fr:tgmcnts indicate the dL-riv:ttion of individwl Sp4 donui.n_~ from 
dlfferent exons. Exons 1. 2 :md 3 uc present on l 6.7 kb ~III and m ll.S kb BamHl fr:tgment. Exon 4 coding for 76 :unino acids 
preceding the DNA-binding donuin, and exon 5 coding for the Mt two zinc fingers Jie present on a 3.5-kb ~III :md a 3.7-kb ~III 

fr:tgment. respectively. (B) Schcm.1.tic presentation of the knockout str::J.tcgy. In the t:trgeted Sp4locus. J c~scttc contlining IRES-latZ 
sequences :md the neomycin resistance gene driwn by the PGK promoter (PGK-nco) rL-pbo .. 'S exon_~ 2 md 3. The t:trgeting- vector also 
contains a positive selection m.:.u-ker (PGK-bvtk). E"--pCcted fug-mencs of the wild-t}-pe md the mutmt illele iller restriction with 
EcoRV, and the probe used for Southern blotting- .:u-e indi.cated. B. Bam HI; Bg, Bg/II; EV, EcoRV: S. San and N, Noti. (C) Southern blot 
:m:Uysis of mouse embryo~. Restriction of genomic DNA with EcoRV and hybridization with the probe indicated in Fig-. 1B detected 
a > 10 kb fug-ment of the wild-type illele (WT) and a 6 kb fugmem of the mut:J.ted illclc (Mut). (D) PCR an:liysis of moLL~ 
embryos. TI1e primers described in E"--perimental procedures produced J. 390 bp DNA fugment from the wild-type illde (WT) :md 
m approxim.:ttdy 600 bp fug-ment from the rugeted :illele. +I+. -..vild-r:.-pc; +I-, Sp4+ 1

-: -1-. Sp4_1
_; C, ncg::ttive control; M, size 

rmrker. 

Sp-11
- mice, we performed Northern malyses with 

Sp1- md Sp3-~peci£c probes. These e"l'eriments 
reve::Ued that the :1bundance of Sp 1 transcripts W:J.S 

unchmged (Fig. 2A. lanes 4-6 and 12-13) whereas 
Sp3 transcripts were slightly (lpproxim.ttely twofold) 
enhanced in Sp4_1

_ mice (Fig. 2A. lanes 7-9). Thus, 
the J.bsence of Sp4 might be partially compensated by 
enhanced trmscription of the Sp3 gene. 
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Embryonic expression of the Sp4LAcZ allele in 
heterozygous Sp4+!- mice 

E:: ..... pression of Sp4 mRNA during embryonic devel
opment was previously monitored by in situ hvbrid.izl
tion (Supp cr a/. 1996). Using the Sp41RES-furZ allele 

driven by the Sp4 promoter, we were able to 
rec:1pitulate the endogenous e:>..l'rt.'Ssion plttem of the 



Sp4 gene. In whole mounts of heterozygous E12.5 
embryos. 13-gahctosicbse JCtivity was highest in the 
centnl nervous system but abo deteruble in many 
other tissues (Fig. 3). 

Survival rates and growth of Sp41
- mice 

Heterozygou~ Sp4+J- mice exhibited no discernible 

phenotype and were able to breed. Genotyping of 
embryos obtained by Caes:rre:m section shortly before 
the parturition date (E18.5) showed no loss of Spr 1

-

miceup to birth (Table 1). Spr1
- newborn mice showed 

no obviou~ abnonrulities at birth. However, approxi
matcly half of them died within 10 days ofbirth (Table 1). 
An additional 30% died \vithin the follov.ing 3 weeks. 
Their cause of death renuiru undetermined A compar
isonofgrowthr:J.tes (Fig. 4) revealed tlutwithin thefi.n;t4 
weeks the gain of weight of the Spr1

- mice w.1S almost 

A 

1 2 3 4 5 6 7 8 9 10 11 1213 
Sp4 Sp1 Sp3 Sp4Zn Sp1 

• • -:::::::------

B 
): l: ;; li.y 

~.<.. 
..; 

<,~ ... <,~ <,~ <,~ 

100 kDa 1!;¥;--, ,,, 

*~,..~~~ 

Table 1 Genotype di·m:ibution of Sp4 heterozygous cros:tings 

£18.5 

DJ.y 10 

Tool 

22 

149 

+I+ 

4 (18.2%) 

50 (33.6%) 

+-

11 (50.0%) 

79 (53.0%) 

-I-

7 (31.8%) 

20 (13.4%) 

The genotype \V.1S determined by PCR arulysis :tS dL-=ibed in 

E\:periment:U procedures. 

::mested. A..fcerthis period their gro\vth :~ppeared rebtivdy 
normal. However. the body weight of the surviving 
Spr1

- mice never re:~ched tlut of their wild-type 
litteiiD:ltCS (Fig. 4). 

We determined st:mcbrd blood par::uneters (red cells 
(luematocrit. cell volume. haemoglobin per cell). white 
cells. phtclets) of the Sp41

- mice. These fell within 
nomul r:mges. Furthcrmore. we determined alkaline 
phosphat:JSe, asp:rrt.lte :nninotr:l.IlSfense. albumin. creati
nin. hct.'lte dehydrogeruse 1. bilirubin. :md mea levels in 
the circuhtion. Of these. aspmate :nninotrmsferase :md 
hctate dehydrogenease 1 were slightly devated (20% 
increa.~e) in the knockout mice. but this difference w.1S not 
signific:mt. Thus. the circuhtion is app::rrently normal :md 
these chta provide no clues to the physiological problems 
underlying the growth ret:Lrdation of Sp4nu'Ii mice. 

Male Spr1
- mice do not breed 

Breeding of Sp4_1
_ females with wild-type male mice 

Figure 2 Complete J.bsence of Sp4 in Sp4""11 mice. (A) 

Northern :uulyses of Sp1. Sp3 md Sp4 trmscripb;. RNA \.\o'lS 

e~mcted from hem (hnL'::i 1-9) :md bnin (LmL'::i 10-13) of 

wild-type (+/+), Sp4+1
- (+!-) md Spr1

- (-/-) E1S.5 

embryos. subjected to electrophoresis through 0.8% form:tlde

hyde/ag:u-ose geh. md tr;J.n-;ferred to nylon membr:lrles. The 

£hers were hybridized with DNA-fr:lgments L'l1Coding Sp4 
(lanes 1-3 and 10-11). Sp1 (lanes 4-6. :md 12-13) md Sp3 
(l:mes 7-9). Two differL'Dt Sp4-speci£c probes encoding the 

gluom.ine-rich actiVJ.tion domain (l:mes 1-3). md the DNA

binding domain (lanes 10-11) were used to detect Sp4 mRNA. 

The dot~ indicate the migntion of 28S :md 1SS ribosomal 

RNA. A~ a control. the £lters were probed \1,1th :m 18S 

ribosomal Rl'\JA specific oligonucleotide. (B) Western blot 

:m."Llysis. Nuclear e~tr.tct.o; (50 f.l.g of protein) from brains of J.dult 

female wild-type (WT), heterozygous (Sp4+ 1l md Sp4-
defi.c:iem (Sp-+" 1l mice were fr:lctionated t!uougl1 7.5% SDS

polyacrybmide gelo;, blotted on nitroccllulose £lter md 

incubJ.ted with :m Sp4--speci£c :mtiserum. Sp4 migrates :tS a 

100 kDa protein. The asterio;J..:.o; depict m =peci£c cross

reJ.cting protein. 
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Figure 3 LAcZ e:-..-pression in heterozygous Sp4+ !- =bryos. 

L1teral view of E12.5 \VT Oeft) md Sp4 .. t- (right) embryos 

soined for ~-g.U.1cto>i<hse act:iviry. H, hem; L.liver: I. intescirul 

tr.lct; Me, metencephalon; My, myelenceph.llon; T, tdencL'Pha

lon: Sc. spinal cord. 

was spondicilly successful. However, all attempts to 
breed :~.dult Sp4_1

_ males \vith female wild-type mice 
were unsuccessful. This prompted us to examine 
whether a flliure of spermatogenesis might be 
responsible for the observed infertility of Sp4_1

_ males. 
Histologid ::malyses of testicular ::md epididymal cross
sections revealed complete spemutogenesis in the 
seminiferous epithelium (Fig. 5). In addition. luminal 
spermatozoa in the epididymis of Sp41

- males were 
indistinguishable in numbers and shape from those in 
wild-type litter mates. 

The highest e: .. .'pression of Sp4 is found in the centr:J.l 
nervous system (H::tgen et a/. 1992). Thus, Sp4 might 
exert its essential functions primarily in the brain. 
Wild-type females that were mated v..r:ith Sp41

- males 
did not contain copulation plugs. indicating an altered 

30 

25 

2\) 

~ 
::: 15 
Q .. 
" 10 - WT1emales (n=S) 

- WT males (n=S) 

5 --o--- sp4·I·Jemales {n%8) 

-o- Sp4·f.malcs (n=4) 

0 50 100 150 
Age (days) 

Figure 4 Growth curve (body weight vs. :~.ge) of m:Ue :md 

fem:Ue wild-type (WT) :md Sp-11
- mice. 
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Figure 5 Hi-;tological :malyses of testis Oefi:) :md epididymi~ 

(right). H:!=ato:-..ylin st1ining revded complete sperm:J.togcn
csis in Sp-11

- mice. Abbreviation.' ue: Se, Sertoli cells: L::, 
Leydig cell<>; sg; spcrm.1togonia: sc, primary sperrmtocytes: st, 
sperm.1tidcs: sm: sperrll:lwzoa; pc, principle cell. Origin.ll 
rrugnific:~.tion: x 200. 

reproductive beh::tviour of Sp4_1
_ malt.'"$. Since the 

hypoth::t.hm.us and the vomeronasal org::m (VNO) play 
important rob in reproductive beh::tviour (Buck 
1993). we exmllned the VNO and the hypoth::tbmiD 
in sections. but no gross ::tbnormalitit.'$ were found in 
these tissues (data not sho-wn). 

Figure 6 Analysis of VR c.\.-pression by in situ hybridization. 
Cross-sections of vomero na.d on:.;:m:; di<~Sected from neomt:ll 

WT :md Sp.f+ mice wt:re hybridized with Digoxigcnin

hbelled :mti-scnse RNA probes for the VNO receptor gene; 
VR-12 :md VR2-9. 



Se.'\"'U.Jl behavioural alterations may reflect m altered A 
gene e.'\-pression pattern in specific neuronal cells of the Heart 
VNO. VNO neurones eA-press pheromone receptors of 
different classes (Bclluscio ct al. 1999; Herrada & Dulac 
1997; Matsumrni & Buck 1997). Therefore. we lSked 

whether the expression of a subset of pheromone 
receptors might be altered in Sp-11

- mice. We malysed 
the expression of two diff<.-rent receptor genes in the 
VNO of Sp41

- neonatal mice by in situ hybrid.izltion 

(VRl-12 from the apical zone md VR2-9 from the ba.<.al 
zone). The eA-pression of both genes was unaffected in 
Sp41

- mice (Fig. 6). Thus, we consider it unlikdy tlut 
the function of the VNO i~ imp:llred in Sp-11

- mice. 

The onset of puberty is impaired in female 
Sp-11

- mice WT +1- -1-
lll. 

WT +1- -1-

We determined the organ/body weight ratio of 
individual organs md found a significmtly smiller 
t11)'IllUS, spleen, uterus md testis in Sp4_1

_ mice 

compared to control mice (P < 0.05) (Fig. 7A). Other 
organs like the heart or kidney had a normal organ/ 
body weight r::~tio. A reduced uterus size was also 
observed in heterozygous Sp4+!- females (Fig. 7B). 
The very smill uterus in Sp41

- females prompted us to 
examine the onset of puberty by determining vaginal 
opening time (VOT). We found that Sp4_1

_ females 

have a pronounced delay in '%.-.ffial opening time WT +1- -/-
(VOT > 200 days) compared ·with wild-type and 
heterozygous Sp4+!- mice (VOT < 40 days). The B 
debyed puberty is in agreement '>vith the small uteri of 
Sp41

- females. which is cluracteristic for prepubertal 

immaturity. 

Discussion 
Phenotype of Sp4nu:U mice 

Our results demonstr:J.te that the transcription factor 
Sp4 is important for the early postnatal survival of 
mice. since two-thirds of the newborn die within 4 
weeks post-partum. The molecular cause for the 
observed death. however. remains unclear. 

Sp4-deficient mice that survive are impaired in their 
reproduction. Adult Sp41

- did not breed at all md the 
mating of Sp.f1

- females was only sporadically 
successful. The reduced testis md uterus weights of 

Sp4-1- mice indicated that Sp4 pbys an imporunt role 
for the function of these organs. A direct action ofSp4 
in these organs seems pbusible. since Sp4 mRNA is 
e:-._-presscd in testis md uterus (unpublished cbta). 

Figure 7 Org;m rizes in Sp4""11 mice. (A) Rel:trive wei~t of 
various org:ms. The VJlues represent the ratio of organ UJ.aS$ (in 
mg) per body rnl.<;S (in gram.~). (B) Uteri of 62-dly-old fenule 
-wild-type ('WT), Sp4+!- (+!-) md Sp4 1

- (-/-) littcrmJ.tL'S. 

However, all attempts to detect a morphological 
alteration of the testis failed. 

One could nevertheless speculate that the smiller 
reproductive organs are linked to the Ill.lturation of 
se."\."Ual functions. as reflected by the delay in the onset 
of puberty of Sp41

- females. It is noteworthy that 
these animals also have a smiller thymus. The reduced 
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thymus size .md the delay in the onset of puberty may 
be physiologic:illy linked. It is known that the thymus is 
involved in female se)."llll maturation. since neonatal 
thym(.;"ctomized mice also show a signific.mt delay in 
the onset of puberty (Besedovsl.-y & Sorkin 1974). 

Sp4""11 mice vs. Sp4 mutant mice 

A targeted mutation of the Sp4 gene has been reported 
previously (Supp ct a!. 1996). Two exons coding for the 
three zinc fingers of the Sp4 DNA-binding domain 
were replaced by a targeting vector resulting in a 19 kb 
deletion of mouse genomic DNA. Such a large 
deletion. however. raises the possibility that the 
e:-..-pression of an additional gene \v::LS disturbed. In 
addition. the Sp4 gene was not completely inactivated. 
A truncated Sp4 mRNA fr::tgment encoding the two 
strong activation domains wa..~ still e:-..-pressed at a high 
level (Supp ct a/. 1996). The e:-..-pression of the 
:::tctiv:::ttion domains of Sp4. however. might gain new 
functions or might interfere with other Sp-f:unily 
members. It might act as a supenctiVJ.tor by intenccing 
vvith glutamine-rich activation domains of other 
tr:m.Scription factors. Indeed. such :1 mechanism has 
been demonstrated for theN-termini ofSpl and Sp4. 
Both truncated proteins strongly enh.mce the tran

scriptional :1ctivity of Sp 1 and Sp4 (Pascal & Tji.m 
1991: Hagen et a/. 1995. and unpublished data). 
Therefore. it seems likely th::tt the ::tctiVJ.tion domains 
ofSp4 e:-..-pressed in vivo llso interfere \.vith Sp1 or other 
tr:m.Scription f::tctors. 

The Sp4 knockout mice described here do not 
e:-..-pre~ domains of Sp4 th::tt might interfere with other 
transcription factors. Neither the activation domains 
nor the DNA-binding domain "'vere e:-..-pressed. Never
thek--ss. the Sp4"u11 mice exhibit at least partial 
simibritit.'S with Sp4 mutant mice hcking only the 
DNA-binding domain. Both the Sp4'"'11 and the Sp4 
mutant strains have :1 high morulity rlte ::tfter birth md 
males do not breed. Body weight/ organ ntios. or the 
onset of the puberty were not reported for the Sp4 
mutant mice hcking only the DNA-binding domain. 
However. the e:-..nemely hte onset of puberty is :1 

phenotypic m:mifestation th::tt would hardly have been 
missed by propl::,rr:J.ting this mouse strain. Thus, it seems 
likely th::tt not all characteristic hallmarks of a Sp4'"'11 

mut::ttion :1re detectable in mice lacking only the Sp4 
DNA-binding domain. 

Function of Sp-family members in vivo 

Sp4 is closely rehted to the two ubiquitously e:-..-pressed 
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tr:m.Scription f:1ctors Spl and Sp3. !ill three proteins 
recognize the Slille DNA elements and can :1ct as 
tr:m.Scriptional ::tctiv::ttors through glutamine-rich acti
VJ.tion domains (Dennig ct a/. 1996; Hagen a a/. 199.i 
1994). The essential physiological functions. however. 
:1ppear to be signific.mtly different. In contr.lSt to 
Sp4""11 mice. Sp 1 mutant embryos :1re ilie::tdy severely 
ret::trded ::tt e:rrly embryonic st::tges and die :1round dly 
10 of gestation (Marin ct a/. 1997). SpT 1

- mice 
develop until birth but die :1 few minutes post-partum 
due to respiratory failure (Bouwman et al. 2000). Thus, 
the obvious structural similarity. tl1e common DNA 
recognition motif and the overlapping e.-...-pression 
p:1ttem do not reflect similar physiologic::tl functions. 
Nevertheless. there might be many overbpping func
tions in vivo. Since Sp3 m.RNA is up-regubted in 
Sp4"u11 mice, one could suggt.'St thlt it might compen
sate at lea:;t partially for the loss of Sp4 in Sp4nu/l mice. 
To lllli'lVd precisely tl1e degree of redundancy between 
the incliv:idU:1.1 Sp tr:m.Scription f::tctors. it might be 
necessll)' to geneme mice deficient for t\vo or all three 
GC-box binding Sp fuctors. 

Experimental procedures 

Cloning and mapping of the mouse Sp4 gene 

The cloning of the mou.~e Sp4 gene Ius recently bc~-n de~cribed 
{Song ct a/. 2001 ). A 1 LS kb &mHl fngment md three ~lll 

fngments of 6.7 kb. 3.7 kb md 3.5 kb in length (Fig. 1A) that 

hybridized •.vith the hum;m :8p4 eDNA were subcloned into the 
&mHI site of the pBluescript KS vector leading to the pbsmids 

pBS-11.5 (11.5 kb BamHI fr:tgment). pBS-6.7 (6.7 kb Bslii 

fragment), pBS-3.7 (3.7 kb ~m fr:tgment) md pBS-3.5 (3.5 kb 
lt~III fngment). SubsequL-ntly the pbsmids clones were m:~ppcd 

by South= blotting md pmi;illy sequenced. 

Generation of the Sp4 homologous 
recombination construct 

As :1 >tming pbsmid we chose the 7.2 kb pPNT vector 
(Tybulewicz ct a/. 1991) th.1.t cont:tiru PGKnco :md PGKhsvtk 
c:t:>.~ttL-s sep=ted md tbnked by :1 numbL"t of unique cloning 

sites. We fint introduced :t p:trt of the third intron of the Sp4 
gene into the multiple cloning site of the pPNT vector th:tt 

sep=tes the PGKnco md the PGKhwtk C:l$St:ttes. The l.S kb 

Sp4 intron fragment \v;JS obr."lined from pb.\mid pBS-6.7 
(Fig. lA) :tS .1 [Ec/136IW.\:bai-EcoRI fragment :md cloned into 

Xbai-EcoRI restricted pPNT pl:1$mid k::~ding to pPNTSp4i. 51-

funk.ing se:quences md the :first exon of the Sp4 g~-ne were 
obt:tincd from the pbsmid pBS-11.5 (Fig. lA) :tS :t 4 kb 
1'vToti-[.41w441]/Saii-Xilol fr:tgmL'l1t :md clone:d into the Noti 
:md )\Jroi (adjxent sites fbnking the PGKnco C:l$Sette) restricted 

pPNTSp4i pm'mid. The resulting 13 kb pbsmid w:~s n::uned 



pPNTSp4i/e. In :1 fi.n:J step we introduced m IRES-LacZ 
cassette obt:lined :1.~ :1 5.7 kb Safi fug.ment from the plasmid 
pGT1.8IRES,8sa/ into the San site of pPNTSp4ile ie:lding: to 
the knockout construct pPNTSp4i/e/IRES-LuZ. The pbsmid 
pGT1.8IRES,8.~al i~ :1 dL-riv:~tive of pGT1.8IRES,8gco {Mount
ford et al. 1994) hcking: the neomycin resistance gene. It ~ 
constructed by cloning :1 3.3-kb [&mHI]/.\'bai-Xbai fi:':lg.ment 
of pGT1.8IRES,8.eeo b:1ck into the b:1ckbone of Xhai restricted 
pGT1.8IRES,8geo. 

Transfection and selection of ES cells 

E14 ES cells were electroponted with 15 11g: of Notl-line:rrized 
t:rrgeting:vector pPNTSp4ile/!RES-LacZ. Clone were selected 
with G418 (200 tJ-g/mL) md gmcyclovir. Homologous recom
bimtion was :uulysed by Southern blotting of EcoRV-rctrictcd 
genomic DNA with the probe indioted in Fig. 1. Unwmted 
rmdom integntion.~ were detected by hybridizing the blots with 
:1 Bluescript vector-speci£c probe. 

Generation of chimeric and Sp4-deficient mice 

The Sp4,_,_ ES cell clone was bryotyped md microinjected in 
C57BL/6 host bL'l~tocysts. Chimeric mak-s were IllJted to 
C57BL/6 females, md germ-line t::r:1nsmission wa.~ obt:lined. 
The F1 offipring were interbred to e:-.."Pmd the stocks md to 
obt:lin Sp4"u/l mice. 

Genotyping of mice by Southern blotting and 
PCR 

DNA was prep:rred from nil snips md :uulysed for the presence 
of wild-type md t:u:gcted Sp4 illdes by Southern blotting or 
PCR. Southern blots were performed under stJndJrd conditions 
ming the 1.8 kb lt~III-BamHI fu.gment of the third Sp4 intron 
as a probe. For PCR :uulyses, three primers were ~ed. a sen.-;e 
primer in the Sp4 gene :tmplifying: the wild-type illcle (5 1

-

CCAGTAACAATCACTAGTGTIGCA-31), a sense primer in 
the neomycin resistance gene :tmplif)ring the t:rrgeted illcle (51-
CATCGCCTTCTATCGCCTTCTTGA-31) md m mti-sense 
primer in the Sp4 gene (51-CTCACMCCATATACCA.ATGC 
AAG-3'). PCR conditions were 94 °C, 1 min; 60 °C, 1 min; 
7'2 °C. 1 min for 30 cycles. 

Northern blot analyses 

Tocl RNA of mouse organs w:t.~ e:-..1I:lcted by the gt1:1diniuml 
i.-;othiocy:m;:tte procedure using: the Qi:lgen kit. RNA was 
>ep=ted through 0.8% agarosc gels containing 2.2 M for=.lde
hyde :md blotted on to nylon membr.mcs. Prehybridiz.:ltion md 
hybridiz.:ltion wa.~ curied out :J.S descnbed (Bnun & Suske 
1998). Gene-speci£c probes were obt:lined from appropriate 
pbsmids or primer sets Js follows. Sp4: 420 bp PCR-fi:':lg.ment 
:tmpli£.ed with AS-3 :md AS-6 primers on pbsmid pBS-6.7 (sec 
above). Sp4Zn encoding the Sp4 zinc finger region: 340 bp 

PCR fi:':lg.ment (nucleotidt:S 2074-2414 of the murine Sp4 
eDNA) obt:lined by RT-PCR using: mouse RNA as temphte. 
Sp1: 311-bp fr:tg.ment containing nucleotides 1371-1682 of the 
r:1t Sp1 eDNA (Imatab ct a!. 1992) obt:lined by RT-PCR using: 
mou.~ RNA :t.~ tempbte. Sp3: 800 bp P.>tl fr:tg.ment obt:lined 
from pbsnrid pBS4.6Hindlii {Bouwm.m ct a/. 2000). The 
hybridiz.:ltion rt::~ction with the Sp4 zinc £ng:er encoding region 
as :1 probe cont:lined 1 jkg each of pbsnrids encoding Sp1 and 
Sp3 to :1void cross-hybridiz.:ltion of the Sp4 zinc £ng:er probe 
with Sp1 and Sp3 tr:lllScripts. 

Western blotting 

Nucle:1r C.\.tr.lcts (50 11£ of protein) were prep=d from :J.dult 
female br.J.ins xcording to Gorski ct al. (1986), sep=ted on 7.5% 
SDS-polyacryb.mide gels. blotted on nylon membrmes, md 
probed with :1 r.ilibit mti-Sp4senun (Smt:t Cruz sc-645). Pri.m.ary 
mobodies were vi~tclized ming the Amersh:un ECL kit. 

Whole mount LacZ staining 

E12.5 embryos were dis.~ected from uteri md tixed in 4% 
p=form.a.ldehyde for 30-45 min md rubsequendy rinsed three 
rimes v.'ith LlcZ rinse-buffer (0.1 M phosphate buffer, pH 7.3, 
2 mM MgCI~. 0.01% sodium deso:-..)·chohte, 0.02% Nonidet P-
40) for 30 min. L:lcZ staining wa.~ performed with 1 mg:/ml of 
X-g:;ll solution in L:lcZ rinse-buffer supplemented with 5 mM 

pot:lSsium fcrricymide :md 5 mM pot:lSs:ium ferrocyanide over 
night :lt 37 °C. Embryos were post-tixed in 95% eclunol over 
night md stored in eclunoVglycerol (1 : 1). 

Organ weights 

.Aninuls were SJcrificed by cerviC:ll di.Joe:1tion. Org;m~ were 
collected md im.medi:ltely frozen on dry ice prior to weight 
determ.iru.tion. 
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Chapter s1x- Discussion 

Functional analysis of the transcription factors Sp3 and Sp4 -
discussion and future prospects 



6.1 T h e p h y s i o I o g i c a I r o I e o f S p -facto r s 

Many functional aspects of Sp-transcription factors have been investigated using transient 
transfections in combination with reporter plasmids. Additional approaches included the 
specific inactivation of Sp I and Sp3 using antibodies (Bevilacqua et a/., 1997; Bevilacqua et 
a/., 2000) or antisense RNA (Hata eta/., 1998; Noti, 1997; Noti eta/., 2000; Park eta/., 2000; 
Verrecchia eta/., 200 I; Xiao eta/., 1999). However, all these methods are of limited value 
for the assessment of the physiological role of proteins. A more powerful way to determine 
the role of Sp transcription factors in vivo is through gene inactivation in the mouse. 

As was already suggested by their unique transactivational properties (chapter I), Sp I, Sp3 
and Sp4 each appear to have a distinct function in vivo. Gene targeting experiments in the 
mouse yielded clear and different phenotypes that in addition seem to be consistent with 
expression patterns of the individual Sp family members. Disruption of the ubiquitously 
expressed Sp I (Marin eta/., 1997) and Sp3 (Bouwman eta/., 2000; this thesis) genes results 
in a general growth retardation and becomes incompatible with survival at mid- and late

gestation, respectively. The lethality of Sp I deficient mice around E I I precluded a 
systematic analysis of the role ofSp I in different organs and biological processes. However, 
mutant embryos show a broad range of defects and Sp 1-/- embryonic stem (ES) cells are 
unable to contribute to any tissue of chimeric mice beyond mid-gestation. There is a 
marked heterogeneity of the knockout phenotype, with some embryos developing to the 
I 0-12 somite stage and others that remain an undifferentiated mass of cells. Apparently, 
many early processes are not blocked but slowed down in the absence of Sp I and subtle 
differences for instance between genetic backgrounds may have a dramatic impact on the 
phenotype ofSp 1-/- embryos. Interestingly, there are also variations in the severityofSp3-/
phenotypes. Backcrossing of Sp3 deficient mice in the C57/BL6 inbred strain results in 
pronounced lethality during late gestation whereas most Sp3 knockout mice in a mixed 

129xC57/BL6 background survive until birth (this thesis). The establishment of mutant 
strains in different genetic backgrounds may provide valuable information about the roles 

ofSp-proteins in vivo. For instance, impaired heart functioning in Sp3 knockout mice became 
especially apparent in C57/BL6 mice. In contrast to Sp I deficient embryos, Sp3 mutants are 
able to survive during organogenesis which enabled us to investigate several biological 

processes. Initial experiments, most of which are described in this thesis, have uncovered 

a role for Sp3 in erythropoiesis (preliminary data), lymphopoiesis, heart, bone, (Gellner et 
a/., 200 I b) and tooth-development. With respect to ossification and B cell development 
there are indications of cell autonomous defects, but the direct involvement of Sp3 in the 

course of the other processes has not yet been determined. In all cases additional research 

is required to fully apprehend the nature of the disturbances. Part of these experiments can 

be done using the Sp3~/~ mice we have generated. For example, differentiation and 

proliferation of erythroid and lymphoid cells can be investigated in ex vivo colony assays. 

With respect to the impaired heart development, it is important to determine at which 

stage of gestation abnormalities are appearing. Such knowledge will be useful for the 
identification of the underlying defects at the physiological but also at the molecular level 
(see below). In addition, the appearance of phenotypical defects in knockout mice may 
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coincide with alterations in Sp3 expression in the wild type situation. Comparison of Sp3 

expression between all tissues and organs during development as has been performed for 
Sp I (Saffer eta/., I 99 I) may be informative. The ~ geo marker inserted in the targeted Sp3 
allele is of limited use for such experiments since it only indicates the transcriptional 

activation of the Sp3 gene, which does not necessarily correlate with protein levels. 

Furthermore, in some organs like the fetal liver we have not been able to detect lacZ 

staining despite the fact that Sp3 is expressed (unpublished data). The reason for this 
discrepancy is not clear but it has been observed before in Sp I knockout mice suggesting 

that it is caused by a common element in the inserted DNA like the IRES (internal ribosome 
entry site). Nevertheless, the ~ geo marker can be easily detected in most other tissues and 
allows a first estimation of expression patterns. For example, pilot experiments on E 18.5 

(Sp I+/- x Sp3+/-) litters have revealed differences in the intensity of lacZ staining between 
different organs of Sp I- and Sp3- heterozygous pups (unpublished data). 

Sp3-/- ES cells may also be used to assess the role of Sp3 in biological processes, as has 
been shown by their reduced capacity to undergo osteogenic differentiation (Go liner eta/., 

200 I b). Unfortunately, efforts to generate chimeric mice with Sp3-/- ES cells have failed to 
produce viable offspring containing these cells (unpublished data). Upon transfer of injected 
blastocysts to recipient females there were signs of pregnancy that disappeared before term, 

suggesting in utero lethality similar to what was observed after backcrossing to the C57BU6 

inbred strain. It may be informative to determine the consequences of the contribution of 

these cells to different organs and tissues during prenatal development. However, the 

generation of conditional knockout mice (Gu et al., I 994; Kilby eta/., I 993; O'Gorman et 
a/., I 99 I; Porter, I 998) would provide a more straightforward approach to gather such 
data. Restricted expression of the bacteriophage Cre- or the yeast FLP- recombinase can 

delete genes that are flanked by their respective loxP or FRT recognition sites in a cell type 
specific manner. In this way an unbiased understanding can be gained of the role of widely 

expressed genes like Sp I and Sp3 in distinct tissues and organs. An even higher level of 
control of gene targeting may be achieved through the use of ligand inducible recombinases 

(Feil eta/., I 996; Logie and Stewart, I 995; Porter, I 998; Zhang eta/., I 996). 
Although the Sp4 knockout also displays several different phenotypical characteristics, at 

least in some instances there is a correlation with the more restricted expression of this 

transcription factor. Potentially fatal disturbances of heart rhythm can be traced back to 

specific expression in the cardiac conductive system (Nguyen-Tran eta/., 2000) and there 
might also be a connection between impaired male sexual behaviour and the high levels of 

Sp4 in the central nervous system (Gellner eta/., 200 I a; Hagen eta/., I 992; Supp et at., I 996; 
this thesis) . Although the vomeronasal organ (VNO) is essential for the perception of 
female pheromones that trigger a sexual response in male mice (Dulac, 2000; Keverne, 

I 999), we have not found abnormalities in the expression of two different types of VNO 
receptor genes (Gellner eta/., 2001a; this thesis). To identify a defect in one or more 
systems that are responsible for normal male mounting behaviour, a detailed analysis ofSp4 

protein expression during development may be helpfuL Subsequently the molecular basis 
of this aspect of the Sp4 phenotype may be resolved (see below). 
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6.2 S p - m e d i at e d t r a n s c r i p t i o n r e g u I at i o n : 
target gene detection 

The physiological abnormalities ofSp-knockout mice are directly or indirectly caused by the 
aberrant transcription of genes that are regulated by these factors. Previous work in our 
laboratory has demonstrated that the expression of many putative Sp I target genes is not 
dependent on the presence ofSp I (Marin et at., 1997). Only the expression of genes for the 
cell-cycle regulated thymidine kinase (TK) and the methylated DNA binding protein MeCP2 
is reduced in Sp 1-/- embryos. Whereas growth rates and cell cycle distribution ofSp 1-/- ES 
cells was found to be normal, the low levels of MeCP2 could be linked to similarities in 
phenotype between Sp I knockouts and chimeric embryos containing a high percentage of 
MeCP2 deficient cells (Tate eta/., 1996). However, the recent generation of MeCP2 
deficient mice by different means did not result in lethality during in utero development and 

revealed that MeCP2 is mainly required for normal neurological function and post-natal 
viability (Chen et at., 2001; Guy et at., 2001). Most likely, the earlier described chimeric 
phenotype was due to a donal artefact. and thus the functional significance of lower MeCP2 
expression in Sp I~/- embryos remains to be determined. 

Impaired tooth and bone development in Sp3 knockout mice correlates with a diminished 
expression of ameloblast specific genes (Bouwman et a/., 2000) and osteoblast restricted 
osteocalcin, respectively (Gellner eta/., 200 I b). Yet, transcriptional disorders that underlie 
the general growth retardation and perinatal lethality of Sp3 null mutants remains to be 
determined. We have used a combination of eDNA arrays and a method for the 
amplification of differentially expressed transcripts (selective amplification via biotin- and 
restriction mediated enrichment or SABRE; Lavery eta/., 1997) to compare gene expression 

levels in E 13.5 Sp3 deficient embryos with those in wild type littermates. Knockout embryos 
contain relatively low amounts of alpha globin, coincident with a temporarily delayed 
development of erythropoiesis during late gestation (unpublished data). Strikingly, similar 
to what was found in Sp I null mutants, also in E 13.5 Sp3 knockouts many genes retain a 
normal expression leveL The decision to use total embryos of this age was based on the 
ubiquitous expression of Sp3 and on the observation that knockout embryos are generally 
growth retarded from approximately E 13.5 onwards. However, the increased severity of 

the knockout phenotype upon backcrossing to the C57/BL6 inbred strain points at a more 
important role for Sp3 in circulation than had previously been assumed. Since edematous 
embryos were already found atE 13.5, circulatory problems may be explained by events that 
occur earlier during organogenesis. When the critical timepoint has been determined, 
organs that are specifically important for circulation can be used for eDNA array analysis 
experiments. It should be noted that the thin myocardium and ventricular septal defects of 

Sp3 knockouts do not necessarily originate in the myocyte lineage. RXRa deficient mice 
suffer from comparable cardiac abnormalities despite the fact that RXRa is dispensable for 
the development of ventricular myocytes (Chen et at., 1998; Subbarayan et at., 2000; T ran 
and Sucov, 1998). Nevertheless, also in case the myocytes are non-autonomously affected 
alterations in their expression profile are to be expected as is illustrated by the 

downregulation of metabolic pathways in the absence of RXRa (Ruiz-Lozano eta/., 1998). 
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Sp3 target genes may also be detected using in vitro differentiated Sp3-/- ES cells that were 
found to express high levels of Delta like (Dik; unpublished data). However, expression 
differences were minimal in knockout embryos and therefore the physiological significance 
of this finding remains to be determined. 

For Sp4 some interesting potential target genes have been identified in relation to the 
disturbed control of cardiac rhythm in knockout mice (Nguyen-Tran et al., 2000). The 
number of connexin 40 (Cx40) expressing distal Purkinje cells of the cardiac conduction 
system is decreased in the absence of Sp4. Furthermore, the cellular distribution of Cx40 
and Cx43 is altered, with less immunostaining at the cellular borders where the gap junction 
plaques are located. Another marker of the conduction system, the potassium channel 
protein minK is also expressed aberrantly in Sp4 deficient mice. 

Although Sp4 is highly abundant in the adult central nervous system, we have not been 
able to detect abnormalities in the expression profile of young adult Sp4-/- male brains 
(unpublished data). It is possible that differentially expressed genes were not represented 
on the eDNA arrays that have been used or that their relative abundance was too low to 
allow detection. 

The combination of gene knockout strategies in the mouse with expression profile 
scanning using eDNA micro arrays enables the simultaneous identification of a large number 
of potential transcription factor target genes. In the light of accumulating evidence for cell 
type specific regulation of Sp-factors (chapter I), it will be of critical importance to dissect 
the sample that is to be investigated as precise as possible from surrounding tissues to avoid 
quenching of differentially expressed genes. 

Since eDNA hybridizations will predominantly allow the detection of the more abundant 
transcripts, additional procedures like SABRE may be useful to enhance the signals of low 
expressing genes. 

Another-way to unravel the function of the Sp family at the molecular level involves the 
immune precipitation of these proteins when bound to their regulatory sequences (Gould 
et al., 1990). This method, termed ChiP (chromatin immune precipitation), may be used 
complementary to the approach described above. After cloning and sequencing of 
precipitated control elements, the availability of genome databases allows the identification 
of their target genes. Accordingly, evidence can be provided for the direct involvement of 
the transcription factor in question in the regulation of these genes. 

6.3 C o o p e r a t i o n b e t w e e n S p I X K L F fa c t o r s 

How do Sp-factors function together in the regulation of transcription? Although its binding 
site preference is somewhat different from that of the other Sp-proteins, Sp2 can recognize 
at least some Sp-motifs. In addition, Sp 1-4 share glutamine- and serine/threonine- rich 
domains and the conserved Sp- and Btd- boxes and are frequently co-expressed. It is 
therefore conceivable that these factors cooperate in transcriptional regulation on several 
occasions and it will be interesting to compare the phenotype of Sp2 deficient mice with 
that of the other three knockouts. 
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The conserved DNA binding domain also implies other Sp/XKLF factors in Sp-mediated 
transcription and the in vivo function of a number of them has been assessed through the 
generation of knockout mice. Of these proteins, SpS is most closely related to Sp 1-4 and 
could be considered as a member of the Sp-subfamily despite the absence of glutamine- or 
serine/threonine rich domains. Targeted deletion of SpS did not result in an overt 
phenotype but there may be subtle effects on the Brachyury genetic pathway since SpS-/
T/+ double mutants show an enhancement of the frequency of taillessness (Harrison eta/., 

2000). 
At present, it is largely unknown to what extent different Sp/XKLF factors work together 

in the regulation of transcription. Despite similar binding site preferences and overlapping 

expression patterns, unique tronsactivating functions have been described for two family 

members. Experiments performed in our laboratory indicate that EKLF but not Sp I activates 
footprint 2 of one of the Dnase I hypersensitive sites (S'HS3) of the human ~-globin locus 
control region in vivo (Gil\emans et at., 1998). These data were obtained using transgenic 
mice harbouring mutant GT boxes that could be specifically recognized by Sp I and EKLF 
proteins with the same altered zinc finger region. The targeted deletion of several Sp/XKLF 
members in the mouse enables an additional approach to uncover interactions between 

these factors. As has been demonstrated for SpS and Brachyury, crossing of mouse mutants 
may provide evidence for genetic interactions. The phenotype of Sp I/Sp3 compound 
heterozygous mice resembles that of the Sp3 knockouts with respect to growth retardation 

and neonatal lethality (chapter 3). Since the targeting of one allele of Sp I or Sp3 alone does 
not have a strong effect on mouse development, this suggests that the in vivo function of 

both proteins is interconnected. It will be important to know at what level Sp I and Sp3 

influence each others action. So far there have been no indications of significantly altered 

levels of one of these transcription factors in the absence of the other (e.g. Bouwman eta/., 

2000; Marin et a/., 1997). However, it remains to be determined whether there are 
circumstances under which they are involved in mutual transcriptional regulation. Very 

likely, both factors are at least partly redundant and regulate an overlapping set of target 
genes. Compound heterozygous mice for Sp4 and Sp I or Sp3 have also been generated but 
do not show an obvious phenotype (unpublished data). However, it is likely that 
Sp4-mediated transcription is influenced by the amount of Sp I or Sp3 present because 
preliminary data indicate that effects of Sp I or Sp3 heterozygosity may be more obvious in 
the complete absence of Sp4 (unpublished data). Moreover, the Sp4 promoter may be 
directly regulated by other Sp/XKLF members (Song eta/., 200 I) and conversely, the levels 
of Sp3 were found to be 2-fold increased in Sp4-/- brains (Gellner eta/., 200 Ia). 

To investigate a possible functional redundancy, similar strategies may be followed as have 

been described for other closely related transcription factors. Knock-in experiments of 

myogenin (Wang and Jaenisch, 1997; Wang et a/., 1996) and En(grailed)-2 (Hanks et a/., 
1995) targeted to the loci of MyfS and En- I respectively have demonstrated functional 
similarity between these factors. In these cases, important aspects of knockout phenotypes 

disappeared after the insertion of the homologous genes. In an analogous setting, GATA-3 
and GA TA-2 are at most only partially able to replace GAT A-I in prenatal erythroid 
differentiation (Takahashi et a/., 2000; Tsai et a/., 1998). However, the impaired 
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erythropoiesis and consequent embryonic lethality of GA TA-l mutants could be rescued 
by GATA-2 and GATA-3 transgenes under control of GAT A-I regulatory sequences. It has 
been suggested that the knock-in approach may not provide adequate levels of GA TA-2 or 
GATA-3 to compensate for GA TA-l function due to differential post-transcriptional 
regulation (Takahashi eta/., 2000; Tsai et al.. 1998). Although this argues in favour of a 
transgenic approach, it may be complicated to faithfully reproduce endogenous expression 

patterns and therefore, also knock-in experiments should be considered to investigate 
whether Sp-factors are functionally interchangeable. 
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Chapter seven- Samenvatting 



Biologische ontwikkelingen vinden plaatst doorveranderingen in de beschikbare hoeveelheid 
of de functionaliteit van eiwitten. In principe bevatten de kleinste bouwstenen van een 
organisme. cellen, de informatie die nodig is voor de aanmaak van aile eiwitten waarover 

dat organisme kan beschikken. Het is daarom nodig dat de aanmaak ( expressie) van eiwitten 
zorgvuldig gereguleerd wordt waarbij twee fases van essentieel belang zijn. In de eerste fase 
wordt de genetische code voor een eiwit die ligt opgeslagen in het DNA omgezet naar RNA 

in een proces dat transcriptie wordt genoemd. Daama wordt dit RNA in een zogenaamde 
translatie stap vertaald naar de aminozuren volgorde waaruit het eiwit bestaat. 

Een groot deel van de regulatie van eiwit synthese vindt plaats op het transcriptie niveau 
waarbij specifieke transcriptie factoren een belangrijke rol spelen. Specifieke transcriptie 
factoren zijn eiwitten die in staat zijn om aan bepaalde motieven in het DNA te bind en om 
vervolgens de initiatie van transcriptie te stimuleren ofte onderdrukken. Door een variatie 
in transcriptie factor bindingsplaatsen kan het afschrijven van eiwit coderende DNA 
sequenties of genen worden beTnvloed door verschillende combinaties van transcriptie 
factoren. 

In de experimenten beschreven in dit proefschrift werden de in vivo functies van de nauw 

verwante transcriptie factoren Sp3 en Sp4 onderzocht. Hiervoorwerd gebruikgemaakt van 
de mogelijkheid om genen uit te schakelen in de muis. Wanneer er in deze knockout muizen 
vervolgens een verstoring van bepaalde process en optreedt. is dat een indicatie voor de rol 
die de door deze genen gecodeerde eiwitten hebben in levende organismen. 

In hoofdstuk I wordt een overzicht gegeven van de familie van transcriptie factoren 
waartoe Sp3 en Sp4 behoren. Hierbij komen met name de eigenschappen van de Sp 

factoren Sp 1-4 ter sprake waarvan Sp I het meest is onderzocht. Hoewel Sp 1-4 erg op 
elkaar lijken en aan dezelfde DNA motieven binden (waarbij Sp2 iets afwijkt), zijn er tech 
ook belangrijke verschillen die een specifieke regulatie van transcriptie mogelijk maken. Sp4 
onderscheidt zich door een meer afgebakend expressie patroon dan Sp I, Sp3 en mogelijk 
ook Sp2. In voiwassen muizen komt Sp4 met name voor in neuronaal weefsel maar het 
wordt ook aangetroffen in het ontwikkelende geleidingssysteem van het hart. 
Post-translationele modificaties, gereguleerde afbraak en interacties met andere eiwitten 
vormen andere controle mechanismen voor de activiteit van de diverse Sp's. 

Hoofdstuk 2 bestaat uit een eerste beschrijving van het fenotype van de Sp3 knockout. 
Sp3 blijkt essentieel te zijn voor overleving na de geboorte en voor een normale 
ontwikkeling van de tanden. Voor de geboorte zijn knockouts vanaf ongeveer dag 13.5 na 
bevruchting (E 13.5) van normale embryonen te onderscheiden door een algemene 

groeiachterstand. Wanneer er kort voor het einde van de draagtijd op E 18.5 een 
keizersnede wordt gedaan blijken ze, ondanks pogingen daartoe, niet in staat om adem te 
hal en. Behalve hun klein ere postuur werden er geen opvallende morfologische afwijkingen 
gevonden, zodat niet duidelijk was waardoor de ademhaling belemmerd is in de afwezigheid 
van Sp3. Ook bleek de expressie van de surfactant eiwitten. van belang voor een goede 
gaswisseling in de longen, onaangetast te zijn. Oit in tegenstelling tot enkele eiwitten die 
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specifiek voorkomen in de ameloblast laag van de tanden. Amelogenine en ameloblastine 

RNA kon niet worden gedetecteerd in de pasgeboren Sp3 knockout wat sam en bleek te 
hangen met een onvolledig gevormde dentine/enamel laag. 

Aanvullend onderzoek naar defecten die ten grondslag zouden kunnen liggen aan het 
fenotype van muizen zonder Sp3 is opgenomen in hoofdstuk 3. Terwijl de hersenen en de 
longen respectievelijk niet en in beperkte mate af blijken te wijken van het norma[e stadium 

van ontwikkeling op E 18.5 maakt het hart een onvolgroeide indruk. Niet aileen is het 

myocardium extreem dun. ook worden er gaten in het ventriculair septum aangetroffen. 

Naarmate de muizen verder worden terug gekruist naar de C57/BL6 stam blijkt het 
fenotype ernstiger te worden waardoor veei knockouts al tijdens de laatste fase van de 

ontwikkeling in utero sterven. 

Vanaf E 13.5 zijn duidelijke kenmerken van circulatoire problemen waarneembaar zeals 

subcutane oedeem vorming. Het lijkt dan ook aannemelijk dat een verminderde hartfunctie 

bijdraagt aan zowel de sterfte van Sp3 knockouts in utero als na de geboorte. Deze laatste 
aanname wordt onderstreept door het feit dat een Sp3 knockout van een gemengde 

genetische achtergrond de eerste dag na de geboorte kon overleven maar daarna dood 

werd aangetroffen met abnormaal vergrootte atria. Verder is er in dit hoofdstuk een korte 

beschrijving van het fenotype van zogenaamde Sp 1/Sp3 dubbel heterozygoten opgenomen. 
In elke eel van deze dieren is maar een kopie van zowel het Sp I als het Sp3 gen aanwezig 
terwijl dater normaal gesproken (netals van de meeste anderegenen) tweezijn. Hetgevolg 
hiervan is een a!gemene groeiachterstand en een hoog sterfte cijfer vlak na de geboorte. 

Bovendien is er een neg hogere incidentie van oogafwijkingen in de dubbel mutanten dan 

er bekend is van muizen die aileen heterozygoot voor Sp I zijn. Aangezien Sp I en Sp3 
heterozygoten verder niet veel verschillen van niet gemuteerde nestgenoten geven deze 

resultaten aan dat Sp I en Sp3 gedeeltelijk een gelijkwaardige functie hebben. 
De rol van Sp3 in lymfocyten, een specifiek soort bloedcellen die onderdeel vormen van 

het immuunsysteem, komt aan de orde in hoofdstuk 4. Lymfocyten zijn op te delen in B 

lymfocyten die adapter eiwitten (antilichamen) maken tegen de lichaamsvreemde eiwitten 

van ziekteverwekkers en T cellen die onder andere helpen bij de vernietiging van met 

antilichamen gemarkeerde eel len. In pasgeboren Sp3 knockout muizen blijkt de ontwikkeling 
van B- en T -cell en verstoord te zijn. Hierdoor hebben de populaties van beide eel soorten 

een relatief onvolgroeid profiel. Sam en met het feit dat Sp3 expressie normaal gesproken 

minder wordt naarmate lymfocyten zich verder ontwikkelen duiden de resultaten op een 

rol voor Sp3 in de onvolwassen stadia van deze cell en. Cel kweek experimenten tonen aan 

dat B cell en in afwezigheid van Sp3 wei in staat zijn om volledig te differentieren maar dat 

dit mogelijk minder efficient verloopt. 

In hoofdstuk 5 wordt het fenotype van de Sp4 knockout beschreven. De gevolgen van 
uitschakeling van Sp4 in de muis blijken pas na de geboorte. Aanvankelijk zijn Sp4-/- muizen 
niet zichtbaar te onderscheiden van hun nestgenoten maar als ze ongeveer een week cud 

zijn beginnen ze een groeiachterstand op te lopen. Een fiink aantal Sp4 knockouts sterft 
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rend een leeftijd van drie we ken wanneer ze normaal gesproken van de moeder gespeend 
zouden worden. De achterliggende oorzaak is niet precies bekend maar het lijkt er op dat 
ze zich niet voldoende kunnen voeden. De overlevende Sp4-/- muizen blijven enigszins 

kleiner dan normaal en de mannetjes planten zich niet voort. Opvallend hierbij is dat het 
normale seksuele gedrag van Sp4-/- mannetjes verstoord is waardoor ze niet op vrouwtjes 
reageren. Tenslotte worden volwassen Sp4 knockout muizen buitensporigvaak onverwacht 
dood aangetroffen. Andere onderzoekers hebben aangetoond dat dit te wijten is aan 

hartritme stoornissen. 
Hoofdstuk 6 bevat een discussie van de bovengenoemde resultaten. Hierin worden 

suggesties gedaan voor verder onderzoek naar aanleiding van de fenotypes van de Sp3 en 
Sp4 knockout muizen. 

Wanneer de fysiologische rollen van Sp3 en Sp4 precies zijn vastgesteld kan er ook op 
moleculair niveau onderzoek worden gedaan. Aangezien transcriptie factoren de expressie 
van andere eiwitten reguleren, liggen de oorzaken van de Sp3 en Sp4 knockout fenotypes 
in verstoringen van dergelijke processen. In experimenten die niet in dit proefschrift zijn 

opgenomen werd onderzocht welke genen afhankelijk zijn van Sp3 voor een normaal 

expressie niveau. Hoewel E 13.5 knockout embryonen al in grootte te onderscheiden zijn 
van hun nietgemuteerde nestgenoten kon dat nietworden herleid tot duidelijke verschillen 
in RNA populaties. Desalniettemin werd er een correlatie gevonden tussen een 
verminderde expressie van alfa globine en een vertraagde ontwikkeling van de 

erythropoiese (vorming van rode bloed cell en). Dit kon met name een dag later tijdens de 
ontwikkeling, op E 14.5, worden waargenomen. Behalve van embryonen is er voor 
onderzoek naar door Sp3 gereguleerde genen ook gebruik gemaakt van embryonale 
stamcellen (ES cellen) waarin beide kopieen van het Sp3 gen uitgeschakeld zijn (Sp3-/-). ES 
cell en zijn in staat om tot elke mogelijke celsoort (zeals bijvoorbeeld bot vormende cell en 
of spier cell en) te differentieren. Wanneer Sp3-/- ES cellen ertoe worden aangezet om zich 
willekeurigte ontwikkelen, blijken ze vee! meer Delta like (Dlk) RNA aan te maken dan niet 
gemuteerde ES cellen. De fysiologische significantie van deze bevinding is echter niet 
duidelijk aangezien er in Sp3 knockout embryonen geen grate verschillen in Dlk expressie 
kunnen worden waargenomen. 

De hartritme stoornissen van Sp4 knockout muizen konden door andere onderzoekers 
gerelateerd konden worden aan de verstoorde expressie van bepaalde genen. Wij hebben 
echter nog geen veranderingen in genexpressie kunnen vinden die een verklaring kunnen 
bieden voor andere aspecten van het Sp4 knockout fenotype zeals het ontbreken van 
normaal mannelijk seksueel gedrag. 

Omdat duidelijk is geworden dat Sp-factoren specifiek gereguleerd kunnen worden in 
verschillende weefsels en celtypes is het belangrijk om hun in vivo functie te bestuderen in 
meer afgebakende systemen dan in een complete muis. Hierbij kan de mogelijkheid om 
genen aileen onder bepaalde condities uit te schakelen behulpzaam zijn. Een interessant 
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aspect aan nauw aan elkaar verwante transcriptie factoren is de vraag of ze in sta.at zijn 

elkaars functie (gedeeltelijk) overte nemen. Kruisingen tussen verschillende knockout lijnen 

zoals beschreven voor Sp I en Sp3 kunnen daar het genetisch bewijs voor leveren. Ook kan 

er getracht worden om een uitgeschakeld gen te vervangen door een mogelijk redundant 

gen waarvan de transcriptie op eenzelfde wijze geregu!eerd wordt. 

Hoewel er dus een aantal andere benaderingen mogelijk is voor onderzoek naar de rol 

van Sp3 en Sp4 in Ieven de organismen, kunnen er nog verschillende vraagstukken worden 

opgelost met behulp van de knockout muizen die wij hebben gegenereerd. Er is met name 

meer gedetailleerd onderzoek mogelijk naar de hartafwijking en de vormingvan bloedcellen 

in de Sp3 knockout en naar de oorzaak van uithongering en afwijkende seksueel gedrag van 

de Sp4 knockout. 
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Abbreviations 

ATP 
BKLF 
Bp 
Btd 
BTEB 
C~terminal 

CREB 
DN 
(c)DNA 
DP 
EGR 
EKLF 
HAT 
HDAC 
lg 
lnr 
IRES 
ISP 
kB 
kDa 
lacZ 
LCR 
N~terminal 

PCR 

Py 
Rb 
(m)RNA 
RXR 
SP 
Sp/XKLF 
SREBP 
TAF 
TBP 
TF 
TIEG 
UKLF 
VNO 
VSD 

Adenosine triphosphate 
Basic KrUppel like factor 
Base pair 
Button head 
Basic transcription element binding protein 

Carboxy terminal 

Cyclic AMP responsive element binding protein 

CD4-cDs- double negative 
(complementary) Deoxyribonucleic acid 
CD4•cos• double positive 
Early growth response gene 
Erythroid KrUppel-like factor 
Histone acetyl transferase 
Histone deacetylase 

Immunoglobulin 
Initiator 

Internal ribosome entry site 

CD8+ TCR- immature single positive 

Kilo base 
Kilo Dalton 
13-galactosidase 
Locus control region 

Amino terminal 

Polymerase chain reaction 

Pyrimidine, base 
Retinoblastoma susceptibility gene product 
(messenger) Ribonucleic acid 
Retinoid X receptor 
CD4+ or CDS+ single positive 
Specificity protein I x KrUppel like factor 
Sterol regulatory element~binding protein 

TBP associated factor 
TATA box binding protein 
Transcription factor 

TGFI3-inducible early gene 
Ubiquitous KrUppel like factor 
Vomeronasal organ 
Ventricular septal defect 

117 





Curriculum vitae 

Naam: 

Geboortedatum: 

Geboorteplaats: 

1983-1989: 

1989-1995: 

1993-1995: 

1995: 

1995-2001: 

November 200 I: 

Roelof Jan Pieter Bouwman. 

IS juni 1971. 

Groningen. 

V.W.O. Atheneum aan het Wessel Gansfort College te Groningen. 

Doctoraal opleiding Biochemie aan de subfaculteit Scheikunde van 
de Rijksuniversiteit Groningen. 

Afstudeeronderzoek bij de werkgroep Eukaryote Genexpressie 
onder de supervisie van drs. C. F. Calkhoven en dr. G. AB. 
Onderwerp: 'Translation start site multiplicity of the 
CCAAT/enhancer binding protein alpha mRNA is dictated by a 
small 5' open reading frame'. 

Stage bij de werkgroep Ontwikkelingsgenetica aan de faculteit 
Biologie van de Rijksuniversiteit Groningen onder supervisie van dr. 
R. P. van Weeghel en Prof. dr. W. Kruijer. Onderwerp: 
'Overexpression and purification of RhoA-, Rae 1-, and Cdc42-
gluthathion $-transferase fusion proteins'. 

Assistent in opleiding bij de afdeling Celbiologie aan de faculteit der 
Geneeskunde en Gezondheidswetenschappen van de Erasmus 

Universiteit Rotterdam onder supervisie van dr. J. N.J. Philipsen en 

Prof. dr. F. G. Grosveld. Onderwerp: 'Functional analysis of the 
transcription factors Sp3 and Sp4'. 

Post-doc in de werkgroep van dr. C. L Mummery aan het 
Hubrecht Laboratorium, Nederlands lnstituut voor 
Ontwikkelingsbiologie, van de Koninklijke Nederlandse Akademie 
van Wetenschappen te Utrecht. 

119 





Dankwoord 

'Iedereen bedankt' is hetzelfde als 'niemand bedankt' en daarom: 

Mijn promotor Frank Grosveld en co-promotor Sjaak Philipsen: bedankt voor de 
uitdaging van het Sp3/Sp4 knockout project, ik heb veel van jullie geleerd. 

De groep van Guntram Suske uit Marburg waar ik nauw mee heb samengewerkt. 
Guntram und Heike: recht herzlichen Dank fUr die Zusammenarbeitung (ich habe es oft 
bedauert das Marburg so weit von Rotterdam enfernt ist). 

De naaste collega's op het lab spelen een belangrijke rol in het Ieven van een AIO. 
Fokke, Gaetano, Marisol, Nynke, Pieter-Fokko. Rita. Rita, Roy, R 2 en Uli uit de groep van 
Sjaak, Dave en Laura en de Oct-6ers Aysel, Dies, Ludo, Marko, Martine. Mehrnaz, 
Smiriti en Wim bedankt voor de goede sfeer, barbeques, Schwarzwalder taarten en 

Turkse ... (wat waren dat eigenlijk?). 

Zender secretaresses, muizenverzorgers, histologen, computer ondersteuning, keuken 
en inkoop was het allemaal natuurlijk niet gelukt. Marike en Rita: nog bedankt voor jullie 

kaartje teen ik in de kreukels lag. 

Alar, Rien en Mannoussos, bedankt voor het injecteren. 

Verschillende mensen van buiten de afdelingen Celbiologie en Genetica hebben een 

belangrijke bijdrage geleverd aan m'n promotie onderzoek. Rudi Hendriks en Sabine 
Middendorp van de lmmunologie, Chris de Zeeuw en Elize Haasdijk van de Anatomie, 
Thijs van Aken van het EDC en Ank ten Have-Opbroek, Adriana Gittenberger-de Groot 
en Bert Wisse van de afdeling Anatomie en Embryologie van het LUMC bedankt voor 
jul!ie tijd en adviezen. 

Soms was er ook nog tijd voor iets anders dan werken zeals bijvoorbeeld familie en 

vrienden. Pa & ma, Frank, Martijn & Marieke, 'schoonouders', Bert & Meike, Frank, 
Harm: ik ben blij dater straks weer eens echt vrije weekenden en vakanties zijn zodat 

soms wat vaker kan worden. 

Lieve Son, jou kan ik natuurlijk niet genoeg bedanken. Twee keer promotie stress wens 

je niemand toe ... Zullen we ens nu maar eens over andere dingen druk gaan maken? 

Peter 

121 








	Functional analysis of the transcription factors Sp3 and Sp4 = Functionele analyse van de transcriptie factoren Sp3 en Sp4
	Contents
	Chapter one - Introduction - Regulation of transcription by the Sp-famiiy of transcription factors
	Chapter two - Transcription factor Sp3 is essential for post-natal survival and late tooth development.Bouwman P, Göllner H, Elsässer HP, Eckhoff G, Karis A, Grosveld F, Philipsen S, Suske G.EMBO J. 2000 Feb 15;19(4):655-61.PMID:10675334[PubMed - indexed for MEDLINE] Free PMC Article
	Chapter three - Genetic background dependent late gestational lethalityof Sp3 deficient mice and Sp I /Sp3 compound heterozygousmice: indications of heart failure
	Chapter four - Impaired B-and T-lymphoid development inSp3-/- mice
	Chapter five - Complex phenotype of mice homozygous for a null mutation in the Sp4 transcription factor gene.Göllner H, Bouwman P, Mangold M, Karis A, Braun H, Rohner I, Del Rey A, Besedovsky HO, Meinhardt A, van den Broek M, Cutforth T, Grosveld F, Philipsen S, Suske G.Genes Cells. 2001 Aug;6(8):689-97.PMID:11532028[PubMed - indexed for MEDLINE] 
	Chapter six - Discussion --Functional analysis of the transcription factors Sp3 and Sp4 - discussion and future prospects
	Chapter seven - Samenvatting
	Abbreviations
	Curriculum vitae
	Dankwoord

