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Lysosomal degradation of the ganglioside GM2 by hu-
man �-hexosaminidase A requires the presence of the
GM2 activator protein as an essential cofactor. Here
we demonstrate that GM2 activator mRNA is differ-
entially expressed and mainly localized to the apical
part of the epithelial cells of distal renal tubules and the
collecting duct. 

In order to understand the mechanism underlying
the regulation of the GM2 activator gene, we analyzed
the genomic organization upstream exon 2 as well as
the 5�-flanking region. The GM2 activator gene spans
about 16.8 kb with a first intron of 6.5 kb, and the tran-
scription start is located at position -96 upstream from
the ATG. DNA elements responsible for GM2 activator
expression were identified in a PCR-based method 
of long-distance DNA walking. Sequence analysis re-
vealed a 2.9 kb region upstream of the ATG that con-
tained regulatory elements like CAAT boxes, Sp1 bind-
ing sites as well as AP1, and AP2 sites. Transfection
experiments in COS-1 cells with a series of chimeras
of 5�-stepwise deletion mutants of the GM2 activator
gene 5�-flanking region and the secretory alkaline
phosphatase (SEAP)-reporter gene indicated that a
genomic fragment encompassing –323 to +1bp had
significant promoter activity. EMSA experiments
showed that Sp1 and other transcription factors like
AP1, AP2 and CCAAT-Box binding proteins are in-
volved in GM2 activator gene regulation.
Key words: GM2 activator expression / 
GM2 gangliosidosis.

Introduction

Gangliosides are glycosphingolipid constituents of the
outer surface of most cell membranes (Kolter and Sand-
hoff, 1999). They are particularly abundant in the nervous

system (Kracun et al., 1984; Svennerholm et al., 1994),
where they are implicated in neuritic growth, cell recogni-
tion and neural transmission (Schengrund, 1980; Sven-
nerholm, 1980). They are catabolized by lysosomal hydro-
lases resulting in the sequential removal of terminal sugars
to a ceramide core. Hydrolysis of cellular gangliosides
with short oligosaccharide chains often requires the par-
ticipitation of non-enzymatic cofactors, the sphingolipid
activator proteins (Fürst and Sandhoff, 1992). The GM2
activator is a small monomeric glycoprotein that mediates
the release of a terminal N-acetylgalactosamine residue
by lysosomal �-hexosaminidase A. This water-soluble
sphingolipid activator protein is a membrane-active pro-
tein capable of penetrating lipid monolayers (Giehl et al.,
1999). It binds to GM2 ganglioside substrates, thereby
solubilizing the ganglioside monomers from membranes.
The importance of this activator in vivo is demonstrated by
the occurrence of the AB variant form of GM2 gangliosi-
dosis, a recessively inherited disorder caused by a GM2
activator protein deficiency (Schröder et al., 1991, 1993;
Gravel et al., 1995; Schepers et al., 1996). Due to this defi-
ciency, GM2 ganglioside accumulates to pathological lev-
els in neuronal lysosomes, resulting in a clinical phenotype
similar to Tay-Sachs disease with progressive neurode-
generation and death by early childhood (Gravel et al.,
1995).

The GM2 activator protein is synthesized as a 193
amino acid precursor, which is glycosylated  and modified
along the secretory pathway during transport to the lyso-
somes (Glombitza et al., 1997). The GM2 activator gene is
composed of 4 exons and 3 introns and spans approxi-
mately 16.8 kb. The active gene was mapped to chromo-
some 5q31.3-33.3 (Xie et al., 1992; Swallow et al., 1993;
Heng et al., 1993), whereas a processed pseudogene is
located on chromosome 3.

Although the sequences of the GM2 activator cDNA
and most of the GM2 activator gene have been cloned
several years ago (Klima et al., 1991), no studies have been
reported analyzing possible regulatory sequences that
may function in the transcriptional control of human GM2
activator gene expression. Different amounts of GM2 acti-
vator protein in several tissues suggest that the expres-
sion of the GM2 activator gene is regulated and highly
tissue-specific (Banerjee et al., 1984).

In humans, mice, and rats GM2 activator protein ex-
pression is up to 20-fold higher in kidney in comparison to
other tissues like placenta, brain, spleen and liver or to
urine and serum (Banerjee et al., 1984). The reason for the
tissue-specific differences is not yet clear. It is likely, how-
ever, to be related to differences in transcriptional regula-
tory control of the GM2 activator gene. The extremely high
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Fig.1 GM2 Activator Gene Expression Is Up-Regulated Mainly in Kidney Epithelial Cells of the Distal Renal Tubules and Tubules of the
Collecting Duct. 
All panels show 8�m cryosections of different parts of human kidney and perirenal adipose tissue labeled with antisense GM2 activator
riboprobes in in situ hybridization experiments. (a) perirenal adipose tissue; (b) rhodamine labeling of the kidney medulla; (c) magnified
view of a medulla section: labeling occurs in the apical part of the epithelial lining of collecting duct epithelial cells. The detection was per-
formed in a colorimetric reaction with NBT/BCIP; (d) fluorescence micrographs of sections after labeling the GM2 activator mRNA with a
rhodamin-UTP labeled riboprobe; (e) labeling of epithelial cells of the collecting duct with an antisense riboprobe and as a control; (f) with
a sense GM2 activator riboprobe; (g) magnified view of a collecting duct epithelium labeled with a rhodamin-UTP-antisense riboprobe; (h)
phase contrast image of the same section.
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Regulatory Elements in the GM2 Activator Gene 5�-Region 533

values found in kidney (800 ng/mg protein) may either be
due to increased biosynthesis of the GM2 activator protein
and/or recapturing from primary urine. Recent observa-
tions from other laboratories (Haltia et al., 1996 ) showed
that also other lysosomal proteins and enzymes which 
are participating in glycosphingolipid degradation, like
sphingolipid activator protein (SAP B and C) or �-hexos-
aminidase A, are abundantly expressed in the kidney.

The present study was undertaken to investigate the
molecular basis of cell type and tissue-specific expression
of the GM2 activator protein. We examined in particular
whether the specific increase of protein in the kidney is
due to an enhancement of transcription and in which type
of kidney cells an enrichment of the mRNA and protein
amounts were found. Here we report the identification of
the promoter region for the GM2 activator gene, GM2A.
Several transcription factor binding sites found in elec-
trophoretic mobility shift assays (EMSA) and reporter gene
assays suggest a regulation of the GM2 activator gene ex-
pression.

Results

GM2 Activator mRNA Is Predominantly 
Produced in the Epithelial Cells of Distal Renal and
Collecting Tubules 

The localization of GM2 activator gene expression in
human kidney cells was investigated by in situ hybridiza-
tion of 8�m cryosections using antisense mRNA probes.
Digoxygenin-UTP (DIG-UTP) and rhodamine-UTP labeled
sense and antisense mRNA probes were generated from
GM2 activator cDNA corresponding to exons 3 and 4. The
probes were hybridized to cryosections of different re-
gions of the human kidney, i. e. capsule, cortex, medulla,
and the renal adipose tissue (Figure 1), which were pre-
treated with 4–8% paraformaldehyde and permeabilized
with 0.001% proteinase K as described in Materials and
Methods. GM2 activator mRNA-antisense mRNA hybrids
were detected in a colorimetric reaction using an alkaline
phosphatase-coupled anti-DIG antibody and the appro-
priate substrate NBT/BCIP or by visualization in a fluores-
cence microscope for rhodamine-labeled probes (Fig-
ure 1). Attempts to correlate GM2 activator protein and
mRNA amounts in the same cryosection failed because
none of the available anti-GM2 activator protein antisera
were suited for immunofluorescence experiments. 

The kidney showed low amounts of GM2 activator
mRNA over the outer cortical rim with markedly increased
levels of hybridization over the inner cortex and medulla.
The pattern of GM2 activator mRNA expression appeared
to be epithelial-specific, since the density of fluorescent
label or NBT/BCIP grains observed over the stromal tissue
was significantly reduced. However, low levels of expres-
sion in stromal cells could not entirely be ruled out by these
studies. GM2 activator gene expression was found pre-
dominantly in the apical part of epithelial cells of the distal

convoluted tubules and the tubules of the collecting duct
(Figure 1).

Quantification of GM2 Activator mRNA in 
Different Cell Types

Primary cultures of human renal epithelial cells and renal
fibroblasts as well as human skin fibroblasts were gener-
ated to determine the relative amount of GM2 activator
mRNA in different cell types.  The primary culture of mixed
populations of renal epithelial cells exhibited an epithelial
phenotype, formed monolayers and produced ‘domes’ in-
dicative of transepithelial solute transport. Since GM2A
mRNA is not very abundant in skin fibroblasts a quantifi-
cation by Northern Blot was very difficult, and therefore a
different technique was used.

mRNA of each culture was transcribed with reverse
transcriptase using a GM2 activator gene-specific primer
which corresponds to exon 4. Transcripts were amplified
by PCR using a set of primers described in Materials and
Methods. The primers chosen in this reaction amplify only
the GM2A cDNA but not the corresponding pseudogene
cDNA, which is known from previous studies (Schepers 
et al., 1996). In order to normalize GM2 activator mRNA
amounts �-actin was amplified from each mRNA pool as a
standard for quantification. As shown in Figure 2, quantifi-
cation of the amplified transcripts resulted in a 3-fold in-
crease of GM2 activator mRNA in kidney epithelial cells
compared to skin fibroblasts, whereas in kidney fibrob-
lasts only a 1.7-fold increase was detected. These results
were consistent with the distribution of GM2 activator
mRNA observed in the in situ hybridization experiments
described above.

Detection of the Promoter Sequence by 
DNA-Walking-PCR 

For understanding of the factors affecting the expression
of GM2 activator protein in different tissues we deter-
mined the genomic organization of the GM2 activator
gene. Since conventional screening of genomic libraries
did not yield any positive clones which include the com-
plete first intron and the 5�-flanking region with the tran-
scriptional start site, we turned to a PCR-based method of
DNA walking.

First, intron 1 was amplified in a long distance PCR 
(LD-PCR) using primers from exon 1 (primer 28) and exon 2
(primer 185i). It is about 6.5 kb in length. Accordingly the
complete gene spans approximately 16.5kb from the
translation initiation codon to the end (Figure 3a) .

For the identification of the DNA elements that are re-
sponsible for the GM2 activator gene expression, a PCR-
based method of long-distance DNA walking was used as
described previously (Siebert et al., 1995). Five separate
aliquots of genomic DNA were thoroughly digested with
different restriction enzymes and ligated to a 48bp 5�-ex-
tended oligonucleotide adaptor (see Materials and Meth-
ods). In LD-PCRs each pool of adaptor-ligated DNA frag-
ments was amplified using a GM2 activator specific prim-
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Fig.2 GM2 Activator Gene Expression Is Regulated in Different Cell Types. 
GM2 activator mRNA levels were compared in different cell types. Panel (a) shows primary cell cultures of human kidney epithelial cells (I)
and of human kidney fibroblasts (II), which were used in a semi-quantitative measurement of GM2 activator mRNA. Panel (b), total RNA 
(1�g) from the indicated human cells was amplified in a RT-PCR. During amplification the DNA was labeled with [�-32P]dATP. The amount
of each PCR product was normalized by monitoring simultaneous amplification of the ‘housekeeping’ gene �-actin. The lowest amount
of amplified mRNA was found in human skin fibroblasts and was set as 100 %. The values measured in the other cell types were compared
to this amount. The results represent the mean of eight independent experiments performed in triplicates ± standard deviation.

Fig.3 Structural Organization of the GM2 Activator Gene and Its Processed Pseudogene. 
Panel (a), scheme I shows the structural organization of the GM2 activator gene. Exons are denoted by solid boxes in proportion to their
sizes. White boxes belong to the coding regions, whereas black boxes indicate untranslated regions of the mRNA. Scheme II demon-
strates a diagram of the corresponding GM2 activator mRNA. -96 refers to the transcription start site. Position 1 is numbered from A of the
translation initiation codon ATG. In scheme III, the structure of the GM2 activator polypeptide is illustrated. Pre, pro, mature denote the
pre-peptide released in the ER, the pro-peptide released during the proteolytical processing and the lysosomal mature form. Black bars
and arrow indicate the cystein residues and the glycosylation site. Panel (b) shows the structural organization of the processed pseudo-
gene pGM2A.

a b

Pre Pro
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Identification of the Transcriptional Start Site

Two independent strategies were used to identify the po-
sition of the GM2 activator gene transcription start. First,
primer extension was performed on human skin fibroblast
mRNA using the two primers, 55i and 78i (Figure 4). A 151
nucleotide product using primer 55i and a 174 nucleotide
product using primer 78i were obtained. The length of the
extended products corresponded to a transcription initia-
tion site at position -96 (Figure 4). The extension of primer
78i revealed a second product of 177 nucleotides, which is
not obtained with other reverse primers from exon 1 in sev-
eral repetitions of the experiment. It is thought to represent
an artifactual band. In order to confirm the location of the
transcription initiation site using an independent method
and to obtain the sequence of the 5�-end of the transcript,
we performed a 5�-RACE with the same primers. The 
5�-RACE products were sequenced and compared to the
genomic sequence found in the DNA-walking-PCR de-
scribed above, showing identical nucleotide sequences 
in the region of overlap (Figure 5).

To further verify that the transcription of the GM2 acti-
vator gene initiates at position -96 and that the first exon,
known from the cDNA clone, does not contain further in-
trons, a comparative PCR between cDNA from skin fibro-
blasts and genomic DNA was performed. cDNAs were
generated from human skin fibroblasts RNA that previous-
ly had been treated with DNase to remove the genomic
DNA. Three different antisense primers, 78i, 55i, and -7i,
which contain sequences downstream of the translation
start site, were used in PCR in conjunction with one sense
primer, -96, containing the proposed transcription initia-
tion site. The results are shown in Figure 6. PCR products
obtained by amplifying cDNA compared to genomic DNA
using primer pairs -96/-7i, -96/55i, and -96/78i indicated
that the intervening sequence is exonic and did not con-
tain additional sequences. Since the primer -96 is specific
for the GM2 activator gene and can not be found on its
processed pseudogene on chromosome 3 the PCR prod-
ucts obtained with cDNA and genomic DNA are specific
for GM2A.

er complementary to exon 1 (-78i) and an adaptor-specif-
ic primer (ASP1). The 5�-extended adaptor, which is par-
tially single-stranded, has no binding site for the adaptor-
specific primer ASP1 used in the primary PCR. This is due
to the fact that an ASP1 binding site can only be generat-
ed by extension of the gene-specific primer. In combina-
tion with nested PCR (-7i/ ASP2), about 2.9kb of the
unknown 5�-end were amplified. Sequencing of the PCR
products, obtained in these reactions, revealed two differ-
ent species of 5�-flanking sequences, which correspond
to the functional GM2 activator gene and presumably to its
processed pseudogene on chromosome 3 (Figure 3b).
Since very little is known about the entire structure of this
pseudogene we focussed our analysis mainly on the se-
quence encoding the GM2A-gene. None of the primers
chosen in the following experiments amplified any other
DNA species. 

Fig.4 Mapping of the Transcriptional Start Site. 
Total mRNA (1.5�g) from human skin fibroblasts was annealed to
antisense 5�-end labeled primers, 55i and 78i, derived from the 
5�-flanking sequence of human GM2 activator cDNA. After re-
verse transcription the extended products were separated on a 
8% polyacrylamide, 7 M urea sequencing gel alongside a dideoxy
sequencing reaction as a marker. The lower part shows a
schematic diagram of primers used in both reactions and the ex-
tended products of 151 nucleotides (1 for primer 55i) and 174 nu-
cleotides (2 for primer 78i). The difference in length of the exten-
sion products corresponds to the 23 bases distance between
both primers in the GM2 activator sequence. The second exten-
sion product of 177 nucleotides, visible in lane 2, could not be ex-
plained at this time.

Fig.5 Partial Nucleotide Sequence of the First Exon and 5�-
Flanking Region of the Human GM2 Activator Gene.
‘+1’ refers to the translation start site [1 = A of ATG (Met 1)]. 
‘-96’refers to the transcription start site determined by primer
extension analysis and 5�-RACE as described (bold arrow). The
different putative transcription factor binding sites are boxed.
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Multiple Positive and Negative Regulatory 
Sequences Are Present in the Promoter Region 
of the GM2 Activator Gene

Computer analysis was performed to match potential
transcription binding sites within the 5�-flanking se-
quences by comparison of the genomic DNA upstream of
the identified transcription start site with known transcrip-
tion factor binding consensus sequences. The search re-
vealed four putative Sp1 (Briggs et al., 1986) and three
CCAAT-box binding protein (CP) binding sites as well as
three putative AP1 and one AP2 binding sites (Figure 5).
The Sp1 binding sites spanned nucleotide coordinates 
-22/-17 (Sp1/1), -181/-176 (Sp1/2), -269/-274 (Sp1/3), 
-333/-338 (Sp1/4). The other consensus sequences
spanned the regions -16/-13 (AP1/1), -104/-101 (AP1/2), 
-225/-222 (AP1/3), -289/-282 (AP2), -78/-74 (CP-1), 
-158/-154 (CP-2), and -199/-195 (CP-3) (Figure 5). Further
examination of the GM2A sequence failed to identify a
classical TATA box at the appropriate position (Figure 5).

In order to determine the functional capacity of the pu-
tative transcription factor binding sites located within the
GM2A promoter, electrophoretic mobility shift assays

Fig.6 PCR Analysis of Genomic DNA and cDNA. 
Amplification of genomic DNA from human skin fibroblasts and
GM2 activator cDNA with primers located at the transcriptional
start site (–96) and on exon 1 (-7i, -55i, -78i) revealed fragments
identical in size. Lane 1, genomic DNA amplified with –96/-7i; 
lane 2, genomic DNA amplified with –96/-78i; lane 3, genomic
DNA amplified with –96/-55i; lane 4, GM2 activator cDNA ampli-
fied with –96/-7i; lane 5, GM2 activator cDNA amplified with
–96/78i; lane 6, GM2 activator cDNA amplified with –96/-55i. PCR
products were separated on a 2% agarose gel.

Table1 Double-Stranded Oligonucleotides of the GM2A Promoter Used for EMSAs. 

Oligonucleotide Sequence Position

GM2A-Sp1/4 -349/-322

GM2A-AP2 -305/-277

GM2A-Sp1/3 -284/-258

GM2A-AP1/3 -235/-210

GM2A-CP-3 -212/-183

GM2A-Sp1/2 -190/-163

GM2A-CP-2 -172/-142

GM2A-AP1/2 -116/-87

GM2A-CP-1 -90/-61

GM2A-SP1/1 -31/-2
-AP1/1

GM2A-AP1/1 -20/+7

Oligonucleotides were designed by computer analysis to fit the different putative transcription fac-
tor binding sites found by an alignment of the GM2A 5’-flanking region with a variety of transcrip-
tion factor binding sites. Nucleotide positions in the promoter are indicated. Transcription factor
consensus sequences are underlined.
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to changes in intracellular concentration of SEAP mRNA
and protein (Cullen and Malim, 1992). The resulting chi-
meras were then transfected into COS-1 cells. 72 h after
transfection media were tested for alkaline phosphatase
activity. Cells transfected with pSEAPControl vector, a se-
creted alkaline phosphatase expression vector containing
a SV40 promoter and enhancer, served as a positive con-
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(EMSA) were performed. The synthesized double-strand-
ed oligonucleotides (Table 1), which correspond to the pu-
tative transcription factor binding sites, were endlabeled
with [�-32P]ATP and incubated with crude nuclear extracts
(15�g) from neuroblastoma cells. With probes containing
the four Sp1 sites, Sp1/4-Sp1/1 (Figure 7a lanes 4, 5, 6, 7),
two major nucleoprotein complexes were observed. All
four oligonucleotides formed at least one prominent re-
tarded band, while a slower migrating complex was also
evident, probably due to the binding of more than one
transcription factor. The specificity of the complexes was
demonstrated by addition of a 100-fold excess of the un-
labeled probes, which competed with the labeled probe in
each case (Figure 7b, lanes 4, 5, 6, 7). 

The probe for Sp1/1 is also encoding the AP1/1 con-
sensus sequence. The gel-shift reaction with this probe
produced a slightly different pattern of nucleoprotein
complexes compared to Sp1/2-4 (Figure7a, lane 6). A third
nucleoprotein complex was observed. The additional
complex was determined to be specific, which is shown in
Figure 7b, lane 6. To determine the use of this AP1 binding
site by a transcription factor, we performed the same
EMSA with an oligonucleotide probe containing only the
AP1/1 consensus sequence. As indicated in Figure 7a
(lane 10), no retarded gel-shift signal was detected, sug-
gesting no binding of AP1 at this site. The gel-shift re-
actions with probes encoding the AP1 consensus se-
quences AP1/2 and AP1/3 produced specific gel-shift
bands identical in relative mobility to a major complex and
several additional complexes with faster migration. Al-
though the intensity of the signals was very faint even after
prolonged phosphoimaging screen and X-ray film expo-
sure, there were at least four specific complexes de-
tectable (Figure 7a, lanes 8, 9). Competition experiments
strongly suggest that all complexes are sequence-specif-
ic (Figure 7b, lanes 8, 9).

In addition, specific nucleoprotein complexes with
probes containing the AP2 consensus sequence (Figure
7a, lane 11) as well as sequences coding for the different
CP binding sites, CP-2 and CP-3 (Figure 7a, lanes 1, 2),
were identified. The probe carrying the CP-1 consensus
sequence failed to pull down the transcription factor (Fig-
ure 7a, lane 3).

Functional Analysis of the GM2 Activator Promoter

To define DNA regions upstream of the GM2 activator start
site responsible for basal transcriptional activity, we con-
structed a series of promoter fragments that covered the
region from –2900 to +1 of the GM2 activator gene and
which were placed upstream of the promoterless secreto-
ry alkaline phosphatase gene in the pSEAPEnhancer vec-
tor. The secreted alkaline phosphatase (SEAP) reporter
gene encodes a truncated form of the placental enzyme
which lacks the membrane anchoring domain, thereby
allowing the protein to be efficiently secreted from the
transfected cells. Levels of SEAP activity detected in the
culture media have been shown to be directly proportional

Fig.7 Electrophoretic Mobility Shift Assays (EMSA) with Neu-
roblastoma Nuclear Extracts and Oligonucleotide Probes Con-
taining Sequences within the 5�-Flanking Region of the Human
GM2 Activator Gene. 
Panel (a): nuclear extracts were prepared from unstimulated neu-
roblastoma cells (SHSY5Y) as described under ‘Materials and
Methods’. Each binding reaction contained 15�g of nuclear pro-
tein and 200 pg of each labeled oligonucleotide listed in table 1
[GM2A-CP-3 (lane 1), GM2A-CP-2 (lane 2), GM2A-CP-1 (lane 3),
GM2A-Sp1/4 (lane 4), GM2A-Sp1/3 (lane 5), GM2A-Sp1/1-AP-
1/1 (lane 6), GM2A-Sp1/2 (lane 7), GM2A-AP1/3 (lane 8), GM2A-
AP1/2 (lane 9), GM2A-AP1/1 (lane 10), GM2A-AP-2 (lane 11).
Panel (b): for competition experiments a 100-fold excess of each
unlabeled oligonucleotide, respectively, was added before incu-
bation with the labeled probe: GM2A-CP-3 (lane 1), GM2A-CP-2
(lane 2), GM2A-CP-1 (lane 3), GM2A-Sp1/4 (lane 4), GM2A-Sp1/3
(lane 5), GM2A-Sp1/1-AP-1/1 (lane 6), GM2A-Sp1/2 (lane 7),
GM2A-AP1/3 (lane 8), GM2A-AP1/2 (lane 9), GM2A-AP-2 (lane
10). The nucleoprotein complexes were resolved by a 6% non-
denaturing PAGE. A bold triangle indicates nucleoprotein com-
plexes formed by incubation with each probe, respectively. The
open triangle indicates the non-bound probe.
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not contain a consensus TATA-Box, but might probably
possess an Inr element from position -3 to +5, if the tran-
scriptional start site is not located at position -96 but at
position -97. When this sequence is aligned with other
reported Inr elements, considerable sequence homology
is observed (Figure 9).

Discussion

Our previous studies demonstrated that the GM2 activa-
tor protein is enriched to varying amounts in different

trol (100%), whereas cells transfected with promoterless
pSEAPEnhancer vector were used as a negative control
(background). Efficiency of transfection was assessed by
monitoring simultaneous transfection with another plas-
mid containing the �-galactosidase gene. Thus, data are
reported as normalized alkaline phosphatase activity
based on measurement of �-galactosidase. The complete
sequence of the human GM2 activator gene promoter is
shown in Figure 4 and the structures of the chimeras are
indicated in Figure 8. All chimeras, truncated at positions 
-370, -323, -294, -266, -240, -180, -123, and -323/-96,
were specifically designed to assess the relative contribu-
tion of each of the elements identified as protein-binding
region in the EMSA experiments by sequentially deleting
the different Sp1, AP1, AP2, and CP elements, respective-
ly. Among the chimeras shown in Figure 8, the fragments
including the region between the translational start site +1
and the upstream position -180 had no significant pro-
moter activity. Significant promoter activity of 68–71%
compared to pSEAPcontrol was detected in cells trans-
fected with the HuGM2A(-323/+1)SEAP and HuGM2A-
(-323/-96)SEAP constructs. The removal of the Sp1-bind-
ing site at position -323- decreased the SEAP activity to
approximately 25% of the positive control. The decreased
SEAP activity suggests that Sp1 present in this position is
a positive regulatory element necessary for full activity of
the basal promoter.

Does the GM2 Activator Promoter Contain an 
Inr Element?

We have demonstrated that the transcription of the human
GM2 activator gene starts at a single site (Figure 4). Based
on sequence analysis, the GM2 activator promoter does

Fig.8 Development of GM2 Activator Promoter-Secretory-Alkaline-Phosphatase Chimeras: Promoter Function under Basal Con-
ditions.
The upper panel shows the structure of human GM2 activator gene corresponding to positions –2900 to +1 relative to the translation start
site (+1 = first base of translation initiation codon ATG). The thick solid bars represent the putative transcription factor binding sites found
by computer analysis and the arrow indicates position –96 described as the transcription start site (Figure 2). A series of chimeras with se-
cretory alkaline phosphatase gene (SEAP) was generated by stepwise deletion of 5�-flanking sequences as described in ‘Materials and
Methods’. Each construct was transiently transfected into COS-1 cells and the SEAP activity was measured in the medium as described.
The promoterless vector pSEAPBasic and the pSV40SEAP vector were used as a negative and positive controls respectively. The relative
activity shown in the right panel refers to the ratio of normalized SEAP activity of each construct to that of the promoterless pSEAPBasic
vector (= 0%) and the SEAP expression stimulated by the SV40 promoter (pSV40SEAP = 100%). The results represent the mean of three
independent experiments performed in triplicates ± standard deviation. Replicates within an experiment varied by less than 1%. Variabil-
ity of normalized SEAP activity between experiments was less than 10%.

5�-UTR

Fig.9 Sequence Alignment of Initiator Elements.
The nucleotide sequence surrounding the transcription start site
of the GM2 activator gene (-3 to +8) was aligned to the initiator
sequences found in the promoters of CYP1B1, a new member 
of the cytochrome P450 family, human immunodeficiency virus 
type 1 and 2 (HIV), adenovirus major late promoters 1 and 2
(AdML), and the murine kidney-specific  Na-K-Cl cotransporter
gene promoter (Nkcc2). Nucleotides homologous to the GM2
activator promoter are boxed.
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cloning and sequencing of 2900 bp of the 5�-flanking re-
gion and identified a single major transcriptional start site
at position -96 upstream of the translational start site. In
this case the cap of GM2 activator mRNA would be en-
coded by a cytosine, which is generally unlikely. Since
guanine or adenosine in position 1 and 3 of mRNA is the
dominant transcription initiation site (Lewin, 1994), we as-
sume that in consistency with our data probably the posi-
tions -98 or -97 are responsible for the transcription initia-
tion sites. The 5�-flanking region is responsible for tran-
scription factor binding which triggers the up-regulation of
gene expression especially in kidney epithelial cells of the
collecting duct. However, the GM2 activator gene is not
expressed to any significant degree in skin fibroblasts and
other stromal tissue. These data suggest that negative
regulatory elements may exist within the promoter of the
gene, which are responsible for suppressing its expres-
sion in certain cell types, as well as maintaining low levels
of expression in stromal tissue under basal conditions. In
these initial studies, we have identified the region -323/-96
as important for basal transcription of the GM2 activator
gene. In contrast, constructs encompassing the -2900/+1
region appear far less responsive to promoter activity. Fur-
thermore, constructs of -240/+1, -180/+1, and -123/+1
had very low promoting activity suggesting that either
negative regulatory elements may be located within this
region, or the elements upstream -240 bp are essential for
the activity of the promoter. However, in most cases the
proximal promoter region contains sufficient information
for efficient and tissue-specific gene transcription, al-
though distal enhancers may be required to achieve max-
imal levels of expression. For example, regulatory ele-
ments located within the first 300 bp 5� to the transcription
initiation site are sufficient to mediate the tissue-specific
expression of albumin, �-globin, and growth hormone
genes in hepatocytes, erythroid cells, and somatotrophic
cells, respectively (Karin, 1993). These proximal regulato-
ry elements represent binding sites for tissue-specific or
tissue-enriched proteins that activate gene transcription.
Accordingly, we first focussed on elements within the
proximal 5�-flanking region that may be responsible for
tissue-specific transcription of the GM2 activator gene.

The sequence of the 5�-flanking region contains two
used CCAAT-Boxes, which is a typical eukaryotic pro-
moter element in tissue-specific genes but is frequently
absent from genes that are expressed ubiquitiously. Al-
though the recognition sequences of other transcription
factors that mediate kidney-specific gene expression re-
main unknown, consensus binding sites were identified
for several transcription factors, like Sp1, AP1, AP2, which
regulate tissue-specific expression in other organs and
are also present in the kidney. There are four potential
binding sites for members of the Sp1 family. All of them
have been shown to bind to a Sp1-like transcription factor
and activate high levels of transcription. Sp1 dependend
enhancer activity has been shown for several genes, such
as human adenosine deaminase gene (Dusing and Wigin-
ton, 1994) and the rat �2MR/LRP gene (Gaeta et al., 1994).

tissues (Banerjee et al., 1984), with a maximum in kidney,
which could be based on multiple criteria, including en-
hanced gene expression or recapturing of protein from 
the primary urine. 

The present study indicates that the high amounts of
GM2 activator protein in these tissues are partially due 
to increased protein expression, resulting from enhanced
transcription. In situ hybridization experiments on cryo-
sections of human kidney and quantification of GM2 acti-
vator mRNA in primary cell cultures of different kidney cell-
types and skin fibroblasts revealed an up-regulation of
gene expression especially in kidney epithelial cells of the
distal convoluted tubules and tubules of the collecting
duct. In contrast, the GM2 activator gene is barely ex-
pressed in skin fibroblasts and other stromal tissue cells.
Based on metabolic labeling experiments in kidney ep-
ithelial cells and skin fibroblasts (Schepers et al., unpub-
lished data), no significant difference in the half-life of the
GM2 activator protein occurs, indicating a direct correla-
tion between the amount of GM2 activator protein and 
its mRNA. Since the amount of GM2 activator protein 
does not always correlate well with the amount of ganglio-
side GM2 measured in homogenates of different tissues
(Banerjee et al., 1984), it remains unclear which factors
affect the concentration of GM2 activator protein in kid-
ney. It is possible that up-regulation especially in epithelial
cells of the collecting duct is due to an increased cell sur-
face expression and/or degradation of ganglioside GM2.
However, the findings of enhanced levels of GM2 activator
protein in kidney are consistent with enhanced amounts of
sphingomyelinase (Langmann et al., 1999), SAP-precur-
sor (Haltia et al., 1996), �-hexosaminidase A (Norflus et al.,
1996) and other proteins, which are involved in lysosomal
degradation of glycosphingolipids. 

Relatively little is known regarding molecular mecha-
nisms of tissue-specific gene expression in the kidney,
particularly when compared to other organs such as liver
(Igarashi et al., 1997). However, to date no enhancer ele-
ments or kidney-specific transcription factors that are
responsible for increased gene expression of several lyso-
somal proteins have been identified. An understanding of
the mechanisms governing the transcriptional regulation
of genes coding for this group of proteins can therefore
offer insights into the establishment and maintenance of
specific patterns of gene expression within the kidney. 
We identified the motifs that are supposed to be essential
for regulation of GM2A transcription. Consequently, we
determined the organization of the so far unknown gene
sequence upstream of exon 2 by LD-PCR. The length of
the gene is about 16.8 kb and consists of 4 exons and 
3 introns. The genomic organization of the human GM2
activator gene is similar to that of murine gm2a gene. Both
genes contain an exon 1 encoding the 5�-untranslated
region, and a large intron 1 (~ 6.5–7kb), and are highly
conserved in their residual structure, like splice sites, in-
tron and exon sizes. Unlike the high homology of the pro-
tein-coding region of both genes, the 5�-flanking se-
quences are not conserved. Here we have reported the
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virus 1 and 2 (HIV1,2) (Rittner et al., 1995), adenovirus
major late promoter (Hu and Manley, 1981; Carcamo et al.,
1990) considerable sequence homology is observed.

Taken together, these data support the concept that the
expression of the GM2 activator gene is controlled by a
TATA-less promoter, which shows several binding sites for
a variety of known transcription factors. Toward this end,
studies are under way to dissect the role of these and oth-
er putative transcription factor binding sites as well as
suppressing and enhancing regulatory elements in di-
verse cell types in both basal and pathological states.

Materials and Methods

Preparation of Renal Suspension 

For the preparation of renal suspension the method of Wong
(1988) was used with modifications. Minced pieces of medulla
and cortex of human adult kidney were digested (37 °C, 30 min)
with 0.25% trypsin in Hank’s balanced salt solution and cen-
trifuged (800 g, 5 min). The supernatant containing kidney fibro-
blasts was diluted with DMEM (GIBCO-BRL, Scotland, UK) or
MEM supplemented with 10% FCS and the cells were grown at
37 °C in an atmosphere of 5% CO2. The pellet was further digest-
ed (37 °C, 12 h) with collagenase (1 mg/ml) and centrifuged as de-
scribed above. The pellet was resuspended in D-valine modified
MEM (GIBCO-BRL) supplemented with 15% FCS (BioWhit-
akker), and dialyzed against TBS. The suspension was trans-
ferred into a 25 cm2 flask and incubated for 3 h at 37 °C to allow
attachment of non-epithelial cells such as fibroblasts to the plas-
tic surface. The supernatant were transferred in a new flask and
cultured for several days under the same conditions.

Quantification of GM2 Activator mRNA 

Total RNA of kidney epithelial cells, kidney fibroblasts, and skin
fibroblasts (107 cells) was isolated using the RNEasy kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
One �g of total RNA of each culture was transcribed with reverse
transcriptase (Superscript H+, GIBCO-BRL) as described in the
manufacturer’s protocol using a GM2 activator gene-specific
primer, which corresponds to exon 4 (e617i 5� – TCACACCGCT-
CCATTCTGCTGTGGCAG – 3�). Transcripts were amplified in PCR
reactions using a set of gene-specific primers (e322 5� – TTTGAA-
CACTTCTGTGATGT – 3�; e617i 5� – TCACACCGCTCCATTCTG-
CTGTGGCAG – 3�). The RT-PCR was performed with a 30 min
incubation at 30 min for reverse transcription and the following
PCR program:  94 °C for 2 min and 20 cycles at 94 °C for 30 s, 
50 °C for 45 s, and 72 °C for 2 min using the Biometra Mono-
block Thermocycler. In order to normalize GM2 activator mRNA
amounts, �-actin was amplified from each mRNA pool as a stan-
dard for quantification using the same program and a set of gene-
specific primers (primer 1, 5� – CAAGATTCAATTCGCCCCC – 3�;
primer 2, 5� – TACGCAGCTTAACAGAATGAC – 3�). During the
reaction, PCR products were labeled by addition of 10�Ci 
[�-32P]dATP. The radioactive RT-PCR products were purified in an
1.2 % agarose gel and transferred to a nylon membrane. The yield
of each PCR reaction was measured densitometrically with the
Phosphorimager (Fuji-Bas 1000).

In Situ Hybridizations (ISH) 

Biopsies of human kidney were fixed in 4% and 8% para-
formaldehyde for 4h and soaked with 1x PBS overnight. The

Sp1 also can act synergistically with either the androgen
(Faber et al., 1993), glucocorticoid (Schule et al., 1988), or
epidermal growth factor (Merchant et al., 1995) receptor 
to enhance gene expression. Sp1 sites located as far as 
100 bp upstream of the transcription initiation start have
been shown to be functional and to act in a bidirectional
manner (Smale and Baltimore, 1989). In this regard, most
of the Sp1 sites observed were located on the comple-
mentary strand of the GM2 activator gene.

Several consensus sites were identified for transcrip-
tion factors that function as effector molecules in signal
transduction pathways. These include one site for AP1,
which consists of heterodimers of the Fos and Jun pro-
teins, and one site for AP2, which is inducible by protein
kinase C. No information is currently available regarding
the regulation of the GM2 activator gene expression by
any of these signaling pathways. Further studies will be re-
quired to dissect the role of the regulatory elements within
the promoter as this relates to variable basal expression
and induction in diverse cell types. 

An interesting finding is the observation that the GM2
activator promoter likely belongs to the family of TATA-less
promoters (Azizkan et al., 1993). Sequence analysis re-
vealed no typical TATA-box at the appropriate position up-
stream of the transcriptional start site (usually within 25 bp
of this site; Azizkan et al., 1993). Other genes whose
expression is regulated in a tissue-specific manner and
that lack TATA consensus sequences have been identi-
fied, such as synapsin I (Sauerwald et al., 1990), brain-
specific aldolase C (Buono et al., 1993), nerve growth
factor (Sehgal et al., 1988), leukocyte integrin � subunit
(Lopez-Cabrera et al., 1993) and lymphocyte CD4 (Sal-
mon et al., 1993). Despite the finding that TATA-less pro-
moters are often associated with ‘housekeeping genes’,
other such genes have been demonstrated to be con-
trolled by complex regulatory mechanisms (Azizkan et al.,
1993). Indeed, the present data and previous observa-
tions concerning promoters of different lysosomal en-
zymes and proteins which are involved in the degradation
of glycosphingolipids, for example �-hexosaminidase A
and B (Norflus et al., 1996), acid sphingomyelinase (Lang-
mann et al., 1999), and the SAP-precursor (Sun et al.,
1998), cathepsin D (Hetman et al., 1994) support its addi-
tion to the latter subset of TATA-less promoters. Other
studies on TATA-less promoters have suggested the in-
volvement of the Sp1 motifs in transcription start site se-
lection (Kollmar et al., 1994; Lu et al., 1994; Kumar et al.,
1995). Either a TATA-box or an initiator sequence (Inr) is
sufficient to direct the Sp1-dependent activated tran-
scription from a single site (Smale et al., 1990; O’Shea-
Greenfield and Smale, 1992). Since a strict conservation in
many known Inr elements is missing, this element in the
GM2 activator gene could not be defined. However, in an
alignment of the sequence from position –3 to +9, sur-
rounding the transcriptional start site, with Inr elements 
of other genes like CYP1B1, a new member of the cy-
tochrome P450 superfamily (Wo et al., 1997), murine TdT
(Smale and Baltimore, 1989), human immunodeficiency
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using a Biometra Monoblock thermocycler. A 1:50 dilution was
reamplified in a nested PCR using the primers ASP2 and –7i ac-
cording to the same protocol. The PCR products were analyzed
on a 1.2% agarose gel and cloned into pCRscript vector (Strata-
gene). DNA sequencing was performed using the Sequenase 2.0
DNA sequencing kit (USB, Amersham). PCR analysis of exon 1
was performed using the primers –7i (5�-GGGTGGGTCAGG-
GCGGAGTTAACTGCAAGG-3´), -55i (5�-TCGCGAGAAGCAAG-
CCCCAGGGCGATCAGGAGG-3�), -78I (78i (5�-TTTCAGGTGG-
GCTTGCGCAGGGGTCGCGAG-3�), and –96 (5�-CTCAGCTTC-
TTTGCGTAACCAATACTGG-3�). Cycling conditions were: 95 °C/
5min, followed by 35 cycles 95 °C/30 s, 55 °C/2 min, 72 °C/2 min,
and then 72 °C/10 min. Resulting amplified products were ana-
lyzed on a 2% agarose gel.

Primer Extension Analysis

The 5�-end of the GM2 activator transcript was identified using
5�-RACE- PCR and primer extension analysis. 5�-RACE was per-
formed as described previously (RACE Kit, Clontech) with anti-
sense primers, 78i (5�-TTTCAGGTGGGCTTGCGCAGGGGTCG-
CGAG-3�), 55i (5�-TCGCGAGAAGCAAGCCCCAGGGCGATCA-
GGAGG-3�), -7i (5�-GGGTGGGTCAGGGCGGAGTTAACTGCA-
AGG-3�), containing the complementary sequence of exon1
downstream of the translation start site. PCR products were ana-
lyzed on 2.5% agarose gels. Primer extension analysis was per-
formed using the antisense primers 55i (5�-TCGCGAGAAG-
CAAGCCCCAGGGCGATCAGGAGG-3�), and 78i (5�-TTTCAGG-
TGGGCTTGCGCAGGGGTCGCGAG-3�). The oligonucleotides
were end-labeled with [�-32P]ATP using T4 polynucleotide kinase.
50 000cpm of labeled primers were incubated overnight at 30 °C
with 1.5–5 �g of total RNA from human skin fibroblasts in hy-
bridization medium containing 40mM PIPES (pH 6.4), 400mM

NaCl, 1mM EDTA, and 60% formamide. Hybridization products
were precipitated with ethanol and resuspended in 20�l of buffer
containing 50mM Tris-HCl (pH8.3), 75mM KCl, 3mM MgCl2, 1mM

DTT, 10mM dNTP’s, and 0.5�l RNAsin (Promega, Mannheim,
Germany). Superscript Reverse Transcriptase (GIBCO-BRL) was
added (200 units) and samples were incubated for 2 h at 42 °C.
The reaction was stopped with EDTA, extracted with phenol-
chloroform and precipitated with ethanol. Reaction products
were separated on a 8% polyacrylamide, 7 M urea sequencing
gel. A sequence ladder of acid ceramidase cDNA was used for
size comparison.

Preparation of Nuclear Extracts 

Nuclear extracts were prepared from human SHSY5Y neuroblas-
toma cells and human skin fibroblasts by a modified procedure
described by Dignam et al. (1983). The modifications were as fol-
lows: phenylmethylsulfonyl fluoride (PMSF) was omited from all
the buffers and was replaced by Pefabloc SC [4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride] (Roche) in the concen-
trations indicated below. The total volume of buffer C (low salt
bufffer) used to resuspend the nuclear pellet did not exceed half a
volume of the nuclear pellet. The nuclear extracts were dialyzed
for a maximum period of 1 h at 4 °C. The modified Dignam buffers
had the following compositions: buffer A (hypotonic buffer), 
10mM HEPES (pH 7.9 at 4 °C), 1.5mM MgCl2, 10mM KCl, 0.2mM

Pefabloc, and 0.5mM dithiothreitol; buffer C (high salt buffer), 
20mM HEPES (pH 7.9 at 4 °C), 25% (v/v) glycerol, 1.5mM MgCl2,
1.2 M KCl, 0.2mM EDTA, 0.5mM Pefabloc, and 0.5mM dithiothrei-
tol; low salt buffer C, the same as buffer C except for a reduction
in the KCl concentration to 0.02 M; buffer D (dialysis buffer), 
20mM HEPES (pH 7.9), 20% (v/v) glycerol, 0.1 M KCl, 0.2mM

EDTA, 0.5mM Pefabloc, and 0.5mM dithiothreitol. The protein
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whole biopsies were frozen in liquid nitrogen and dissected 
in 8�m cryosections. After thawing the sections were heated 
to 70 °C for 60 sec and incubated with proteinase K (10�g/ml, 
500mM Tris-Cl pH 7.5, 100mM EDTA, 100mM NaCl) for 10 min at
37 °C. Lipid vesicles on the surface were extracted with chloro-
form. After a second fixation with 4% paraformaldehyde for 5 min
positively charged amino groups were acetylated with 0.25%
acetanhydride/triethanolamine 100mM, washed with PBS and
stepwise dehydrated with ethanol (50–70–85–90–100 %). Pre-
hybridization was performed in DIG-Easy-Hyb (Roche, Mann-
heim, Germany) in a humid chamber for 2 h at 50 °C. Hybridization
was initiated by the addition of 20�g of DIG-UTP-labeled sense
and antisense riboprobe (containing exon 3 and 4 of the GM2
activator gene) and performed for 12 h under the same condi-
tions. The riboprobes were made by in vitro transcription of exon
3 and 4 and labeled with either digoxigenin-UTP or rhodamine-
UTP according to the DIG RNA labeling system (Roche). The DNA
carrying exon 3 and 4 was cloned into pSVSport vector (GIBCO-
BRL) and transcribed under the control of Sp6 and T7 promoters,
flanking the multiple cloning site of the vector. To remove excess
probe, sections were washed three times for 30 min in a buffer
containing 50% formamide, 4�SSC, RT; 1�1 min, 0.1 M Tris-HCl
pH 7.5, 0.25 M NaCl, RT). The sections were blocked overnight in
2% FCS, 1x PBT at 4 °C, incubated with a 1:50–1:100 dilution 
of the anti-DIG-alkaline phosphatase antibody or anti-DIG-rhod-
amine antibody, and washed six times for 5min with 1x PBT. The
sections were mounted in Mowiol® (Calbiochem, San Diego,
USA). The colorimetric detection was performed before embed-
ding with NBT/BCIP for 5–10 min and a mounting in Mowiol®.

Cloning of the GM2 Activator Gene 

Intron 1 was amplified in a long-distance PCR (LD-PCR) accord-
ing to the following protocol: 0.5�g genomic DNA isolated from
human skin fibroblasts (Sambrook et al., 1989) was amplified with
10�M primers derived from exon 1 (e-28 5�-TTAACTCCGCCCT-
GACCCACCCTTCCCGATGCAG-3�) and exon 2 (e185i 5�-CCA-
GGAACGATGGGGTCAGGCTCCAGAGTCAGG-3�). The PCR was
performed with a hot start at 94 °C for 2 min and 10 cycles at 94 °C
for 30 s, 65 °C for 45 s, and 68 °C for 5 min and 25 cycles at 94 °C
for 30 s, 68 °C for 5 min +20 s increment per cycle using the Bio-
metra Monoblock Thermocycler. The reaction was performed
according the protocol for Expand Long Template PCR (Roche)
using buffer P2. The PCR products were cloned into pBluescript
(Stratagene) and the exon/intron boundaries were sequenced
using Sequenase 2.0 sequencing kit (Amersham Pharmacia
Biotech, Uppsala, Sweden).

The 5�-flanking region was determined by a new method
named DNA-walking-PCR (Siebert et al., 1995). In a long-dis-
tance PCR five human genomic DNA libraries were used to ampli-
fy the upstream region. Each library was exhaustively digested
with one of five enzymes, DraI, EcoRV, ScaI, PvuII, SspI and ligat-
ed to a partially single-stranded adaptor:

to either end of all digested fragments. A pair of adaptor-specific
primers ASP1 (5�-CCATCCTAATACGACTCACTATAGGGC-3�) for
the primary PCR and ASP2 (5�-CTATAGGGCACGCGTGGT-3�) for
the nested PCR were used in conjunction with the two gene-
specific primers 78i (5�-TTTCAGGTGGGCTTGCGCAGGGGTG-
GCGCGAG-3�) and –7i (5�-GGGTGGGTCAGGGCGGAGTTAAA-
CTGCAAGG-3�) in five LD-PCRs (one for each library) using the
Expand Long Template PCR system (Roche). The primary PCR
was carried out with ASP1 and  78i with a hot start at 94 °C for 
2 min, 10 cycles at 94 °C for 30 s, 64 °C for 30 s, 68 °C for 5 min, 
25 cycles at 94 °C for 30 s, 68 °C for 6 min, and 68 °C for 10 min
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‘Funktionelle Proteindomänen’ der Deutschen Forschungsge-
meinschaft.
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content of the nuclear extracts was determined by the methods 
of Bradford (Bradford, 1976) with BSA as a standard.

Transfection Assays 

Secreted alkaline phosphatase (SEAP) reporter plasmids (Berger
et al., 1988), pSEAP-Basic/Enhancer/Control (Clontech, Palo
Alto, CA), were transfected into cultured COS-1 cells using elec-
troporation-mediated DNA transfer with the gene pulser (Euro-
gentec). Ten �g of supercoiled reporter gene DNA and 10 �g of
pSV-�-galactosidase plasmid (Promega) as a control for trans-
fection efficiency (Selden et al., 1986) were added to 2�107 cells
in 400 �l DMEM supplemented with 0.3% FCS, 50 units/ ml peni-
cillin/streptomycin in a 0.4 cm gap cuvette and electroporated at
320 V, 960 �F. The cells were transferred into fresh DMEM and
plated in triplicate on 12-well dishes at a density of 1�106 cells/
dish. After 72 h the maximal levels of secreted alkaline phospha-
tases could be detected in the medium. 

Secreted alkaline phosphatase activity was measured in the
medium using methods similar to those described previously
(Kain, 1996). 110 �l of cell culture medium was removed and cen-
trifuged to detached cells present in the medium. 25 �l of the
supernatant were equilibrated to room temperature, diluted in 
75�l of dilution buffer (Clontech, Great EscAPe-System), and in-
cubated for 30 min at 65 °C. The samples were cooled down on
ice for 2–3 min and incubated for 5 min at room temperature in
100 �l assay buffer (Clontech, Great EscAPe-System). The sam-
ples were added to a solution containing 1.25mM CSPD sub-
strate and incubated for 10–15 min at room temperature. The
light emission was recorded by exposure of X-ray film from white
opaque 96-well flat bottom microtiter plates. The detection pro-
cedure yielded spots on the film, which were quantified with the
Cybertech-Imaging System and WinCam software. Data were
normalized for �-galactosidase activity, which was measured in
the cell lysates according to methods described by Hall et al.,
1983).

Electrophoretic Mobility Shift Assays (EMSA) 

Double-stranded oligonucleotides were created by annealing the
oligonucleotides listed in Table 1 with their respective comple-
mentary oligonucleotides. The double-stranded oligonucleo-
tides were end-labeled with [�-32P]ATP and T4 polynucleotide
kinase and purified by ethanol precipitation in presence of 2 M

NH4Cl. Approximately 200 pg (20 000 cpm) of the labeled probes
were incubated with 10–15 �g of nuclear extracts at room tem-
perature for 30 min in 20 �l containing 12% glycerol, 12mM

HEPES-NaOH (pH 7.9), 4mM Tris-HCl (pH 7.9), 60mM KCl, 1mM

EDTA, 0.5mM DTT, and 0.5mM fresh phenylmethylsulfonylfluorid.
Poly (dI-dC) (200 ng) and BSA (0.03 %) were used as heterolo-

gous competitors. For competition assays nuclear extracts were
first incubated with a 100-fold excess of unlabeled oligonucleo-
tides for 15min and then incubated with the labeled oligonucleo-
tides for 30 min under the same conditions. Samples were ana-
lyzed in a 4% high-ionic-strength PAGE (Staudt et al., 1986) using
a Tris-glycine electrophoresis buffer. 
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