Nucleic Acids Research, 2003, Vol. 31, No.23 6841-6851
DOI: 10.1093/nar/gkg884

High mobility group A2 protein and its derivatives
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ABSTRACT

High mobility group A2 (HMGAZ2) chromosomal non-
histone protein and its derivatives play an important
role in development and progression of benign and
malignant tumors, obesity and arteriosclerosis,
although the underlying mechanisms of these con-
ditions are poorly understood. Therefore, we tried to
identify target genes for this transcriptional regula-
tor and to provide insights in the mechanism of
interaction to its target. Multiple genes have been
identified by microarray experiments as being tran-
scriptionally regulated by HMGA2. Among these we
chose the ERCC1 gene, encoding a DNA repair
protein, for this study. DNA-binding studies were
performed using HMGA2 and C-terminally truncated
AHMGAZ2, a derivative that is frequently observed in
a variety of tumors. A unique high affinity HMGA2
binding site was mapped to a specific AT-rich
region located —-323 to —298 upstream of the ERCC1
transcription start site, distinguishing it from other
potential AT-rich binding sites. The observed 1:1
stoichiometry for the binding of wild-type HMGA2 to
this region was altered to 1:2 upon binding of trun-
cated AHMGAZ2, causing DNA bending. Furthermore,
the regulatory effect of HMGA2 was confirmed by
luciferase promoter assays showing that ERCC1
promoter activity is down-regulated by all investi-
gated HMGA2 forms, with the most striking effect
exerted by AHMGA2. Our results provide the first
insights into how HMGA2 and its aberrant forms
bind and regulate the ERCC1 promoter.

INTRODUCTION

Nucleotide excision repair (NER) is the main pathway by
which mammalian cells protect themselves from helix-
distorting DNA lesions induced by UV-light and chemical
mutagens (reviewed in 1). ERCC1 (excision repair
cross-complementing rodent repair deficiency, complementa-
tion group 1) is one of the proteins essential for the NER
pathway and is considered a marker for NER activity (2). The
ERCCI1 gene is located at 19q13.2—q13.3 and encodes a
32 kDa protein that is highly conserved with homologs in
mouse, mErccl (3), Saccharomyces cerevisiae, RADI0 (4)
and Schizosaccharomyces pombe, swil0 (5). In vivo, ERCC1
forms a tight heterodimer with XPF (syn.. ERCC4) (6,7) that
acts as a structure-specific endonuclease, cutting single-strand
DNA near the junction between single- and double-stranded
DNA. Within the NER pathway the ERCC1-XPF complex is
responsible for the cleavage of the damaged DNA strand
16-25 nt upstream of the lesion (8-10). The repair of
intrastrand and/or interstrand cross-links induced by chemo-
therapeutic agent cisplatin is primarily performed by the NER
pathway (11-13). Furthermore, in the last few years it has
been shown that the ERCC1-XPF complex is also involved in
recombination events such as targeted homologous recombi-
nation (14) and targeted gene replacement (15).

HMGAZ? belongs to the high mobility group (HMG) family
of non-histone chromatin proteins (reviewed in 16) and its
gene is located on chromosome 12ql4—15 in humans.
HMGA?2 consists of three DNA-binding domains
(AT-hooks), enabling their binding to the minor groove of
AT-rich DNA, and an acidic C-tail responsible for protein—
protein interactions (reviewed in 17). The DNA binding of the
so called ‘architectural transcription factors’ HMGA were
shown to alter DNA conformation and bend DNA in some
cases, so that the assembly and function of transcriptional
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complexes is modulated resulting in regulation of gene
expression. However, the available information about gene
regulatory effects on a molecular level is mostly restricted to
HMGALI, a related protein family (consisting of HMGA1la and
HMGAI1Db) that is encoded from another gene and with
different expression patterns and functions.

HMGA? is expressed at very high levels during embryonic
development whereas it is almost undetectable in differenti-
ated cells (18,19). Reactivation of expression in differentiated
cells is characteristic for malignant (20-23) and benign tumors
(24,25) and is implicated in the formation of arteriosclerotic
plaques, aortic restenosis (26) and adipogenesis (27,28).
Aberrations of the chromosomal region 12q14-15 affecting
the HMGA?2 gene, a frequent event in a variety of human
benign tumors, is the main cause for reactivated HMGA2
expression or the expression of chimeric or truncated forms of
HMGA?2 (24,29,30). These chimeric and truncated transcripts
consist predominantly of sequences encoding the three DNA-
binding domains of HMGAZ2 but lack the acidic C-tail and its
3’UTR. For the chimeric forms of HMGA?2 several fusion
partner genes such as LPP (31), RAD5ILI (32) and ALDH?2
(33) have been described.

Expression of both normal and truncated HMGA?2 is
capable of inducing neoplastic transformation in vitro (34).
But in contrast to full-length HMGA?2, transgenic mice
carrying a truncated HMGA?2 develop a giant phenotype
along with adiposity and show an abnormally high prevalence
of lipomas (35,36).

Data of cDNA expression array experiments that were
performed using primary cells of three independent human
myomata with normal karyotype (unpublished data) had
revealed that an overexpression of HMGA?2 leads to an
increase in ERCCI transcription. As the expression of this
gene is involved in the resistance of tumors to chemothera-
peutic treatment we sought to identify mechanisms by which
HMGA?2 exerts its regulatory role on the expression of
ERCCI. To address this question, electrophoretic mobility
assays, DNA-footprinting and methylation interference assays
were performed to map binding sites for HMGA?2, chimeric
HMGAZ2/LPP and C-terminally truncated AHMGA?2 within
the ERCCI promoter. Luminescence resonance energy trans-
fer (LRET) measurements were used to monitor changes in
DNA-bending induced by these proteins. To give insights into
the functional role of these HMGA?2 protein variants in terms
of ERCCI gene regulation, ERCCI promoter regions were
used to perform transcription assays using a luciferase reporter
system.

MATERIALS AND METHODS

Preparation of the HMGAZ2 proteins

The proteins were expressed in Escherichia coli and purified
as described previously (37,38). The purified products were
quantified on Coomassie Blue R-stained SDS—polyacrylamide
gels using a spectrophotometric determined tryptophane-
containing mutant of Chironomus HMGA protein as a
standard (39).

Construction of ERCCI promoter plasmids

ERCCI promoter fragments were PCR amplified using Xhol-
linker primer 5-CCCTCGAGCTCCCCAACACTTCCAAT-
CCTCT-3’ (nt 26426-26404; M63796) for the 3.9 kb promoter
fragment (nt —3900 to +1 relative to the transcriptional start
site) or Bglll-linker primer 5-AGATCTAACCGTAAGC-
TCCGGGAGGACAAC-3’ (nt 22952-22929) for the 426 bp
promoter region (nt —425 to +1) in combination with HindIII-
linker primer 5-AAGCTTTCCGGCCTCTCTGGCCCCGC-
3’ (nt 22527-22546).

Standard hotstart PCRs were performed with Pfu DNA
polymerase (Promega, Madison, WI) in a Mastercycler
gradient (Eppendorf, Hamburg, Germany) using the following
protocols: 5 min 95°C, (45 s 94°C, 45 s 65°C, 4 min 72°C)
30X 10 min 72°C. Amplification of the 3.9 kb ERCCI
fragment PCR was performed with the TripleMaster PCR
system (Eppendorf) under high-fidelity PCR conditions
according to the instructions of the manufacturer. PCR profile
was: 3 min 94°C (20 s 94°C, 15 s 69°C, 2 min 45 s 72°C) 30X
10 min 72°C. One hundred and fifty nanograms of genomic
DNA were used as templates. PCR fragments were cloned into
the BgllI-HindIIl, respectively the Xhol-HindIIl sites of
reporter-gene vector pGL3-Basic (Promega).

Preparation of ERCCI DNA

Different fragments of the ERCC1 promoter were cut out from
the appropriate plasmids using EcoRlI, and the overhanging 5’
end was filled up with Klenow fragment using [o-3*P]dATP.
For end-labeling purposes, DNA was cut asymmetrically with
Spel resulting in a 3’-labeled top strand. All labeled inserts
were purified on a 2% agarose/TBE gel. The 44 bp fragment of
the ERCCI promoter was prepared from synthetic oligo-
nucleotides (MWG-Biotech, Germany) comprising promoter
region —330 to —287 relative to the transcription start site. For
DNA footprinting experiments and mobility shift assays, the
single strands were 5’ end-labeled by T4 polynucleotide
kinase and complementary strands were annealed by a
temperature gradient from 90 to 20°C over 2 h. The double-
stranded DNA fragments were purified by ionic exchange
chromatography using a Gen-Pak FAX column (Waters, 4.6 X
100 mm) with a linear gradient of 40-55% Eluent B (1 M
NaCl, 1 mM EDTA, 25 mM Tris—HCI, pH 7.9) for 30 min
(Eluent A: 1 mM EDTA, 25 mM Tris—HCI, pH 7.9).

Mobility shift assay

Electrophoretic mobility shift assays were carried out as
described previously (40). Briefly, purified proteins were
incubated with <1 nM labeled DNA in 180 mM NaCl, 1 mM
MgCl,, 0.01% BSA, 8% glycerol, 10 mM Tris—HCl, pH 7.9 at
20°C for 10 min. The DNA and DNA protein complexes were
run on 6 or 8% polyacrylamide gels in a circulating
electrophoresis buffer containing 6.6 mM Tris, 3.3 mM
acetate, pH 7.9.

Hydroxyl-radical DNA footprinting

For footprints of the long DNA fragments, 16 000 c.p.m. of the
ERCCI DNA (426 to —257) labeled at the 3" end of the top
strand was partially digested with hydroxyl-radicals in 10 pl
reaction volume in the presence or absence of 100 nM
HMGAZ2 protein in 180 mM NacCl, 20 ng/ul BSA and 10 mM



MOPS buffer, pH 7.2 at room temperature for 20 min as
described previously (41). The reaction products were separ-
ated on 8% polyacrylamide sequencing gels containing 7 M
urea/TBE. For the footprints of the short DNA fragments
10-15 kc.p.m. of the 5’-labeled ERCC1 fragment —330 to —287
was partially digested as described above. The reaction
products were separated on 18% polyacrylamide sequencing
gels containing 7 M urea/TBE. All gels were scanned by
Phosphorlmager (Molecular Dynamics) and the data analyzed
as described previously (41).

Methylation interference assay

The top strand 5’-labeled -330 to -287 fragment was
methylated with dimethyl sulfate (42). Five hundred nano-
molar modified DNA was incubated with 1 uM HMGA?2 or
AHMGAZ2, and the protein—-DNA complexes were separated
from unbound DNA by gel electrophoresis. The DNAs out of
the complexes were eluted from the gels and cleaved at
methylated purines with piperidine. Finally, equal amounts of
radioactivity (~5000 c.p.m.) of the cleavage products were
analyzed on 18% acrylamide sequencing gels. G+A standard
was generated according to Maxam and Gilbert (43). The gels
were scanned and the data analyzed as described previously
(41). Briefly, the peaks of the intensity plots were aligned
using the program ALIGN (Dr T. Heyduk, St Louis, MO) and
gel-loading efficiency was normalized. The intensities of the
modified bands were integrated, and binding interference
expressed as normalized difference using the following
formula: Anorm = (Ibound - Iunbound)/lunbounda where Anorm is
the normalized difference, lyoung and Lynpouna are the integra-
tion of the normalized intensities at a single nucleotide
position bound or unbound to HMGA?2 (or AHMGAZ?2) protein,
respectively.

Luminescence resonance energy transfer (LRET)
measurements

Oligonucleotides (23 nt) corresponding to ERCC-1 promoter
region from -316 to —296 were synthesized on an Applied
Biosystems model 394 DNA synthesizer (Foster City, CA)
using standard phosphoramidite chemistry. Oligonucleotides
were purified and labeled with luminescence donor
[(Eu**)DTPA-AMCA-maleimide; prepared as described by
Heyduk and Heyduk (44)] and fluorescence acceptor (Cy5;
from Amersham Pharmacia Biotech, Piscataway, NJ) as
described previously (45). The Amine-VN Phosphoramidite
(Clontech, Palo Alto, CA) was used to incorporate the reactive
amine into the internal positions within the oligonucleotides.
LRET (46) measurements were performed at 25°C in a 120 pul
cuvette on a laboratory-built two-channel instrument de-
scribed earlier (47). Reaction mixtures contained 15 nM
labeled DNA duplex in 10 mM Tris—HCI1 (pH 7.9) buffer
containing 180 mM NaCl, 1 mM MgCl, and various
concentrations of HMGA?2 proteins. The donor emission was
collected using a 620 nm interference filter (Oriel, Stratford,
CT) whereas sensitized acceptor signal was detected using a
668 nm interference filter (Oriel, Stratford, CT). Sensitized
acceptor (47) decay curves were analyzed by non-linear
regression using SCIENTIST (Micromath Scientific Software,
Salt Lake City, UT) according to:

I1=3 X eXp(—t/’Ci) +B
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where I; and t; are the amplitude and the lifetime of the ith
component and B is the background noise. Energy transfer
(48,49) was calculated using:

E= 1 - TDA/TD

where Tp and Tp are luminescence lifetimes of the donor in
the presence and absence of the acceptor, respectively. The
distances between donor and acceptor were calculated using
procedures outlined in (47) according to:

R = RS(1 — E)/E

where R is a distance between a donor and an acceptor, and R,
is a distance at which the energy transfer is 0.5. The R, for
(Eu*)DTPA-AMCA and Cy5 donor-acceptor pair (55 A) was
calculated as described previously (50).

Luciferase promoter assays

ERCCI promoter constructs —3900 to +1 and —425 to +1 as
well as empty vector pGL3-Basic were each transiently co-
transfected with a vector expressing either no HMGA?2 [vector
pCR3.1 (Invitrogen, Groningen, The Netherlands) as refer-
ence sample], wild-type HMGA2, C-terminally truncated
HMGA?2 lacking its last two exons corresponding to the spacer
and acidic domain (AHMGA?2), or chimeric HMGA2/LPP
consisting of the three DNA-binding domains of HMGA2
(exons 1-3) and three LIM-domains of LPP (exons 9-11)
[vectors as described elsewhere (34)]. To provide a standard
for normalized vector pRL-Tk (Promega) was also co-
transfected with each sample.

Transient transfections were carried out in HMGA2-nega-
tive HeLa cells being cultured in medium TC199 supple-
mented with 20% fetal calf serum (FCS) and antibiotics
(200 IU/ml penicillin, 200 pg/ml streptomycin). Prior to
transfection, cells were seeded on 6-well plates and grown to
~60% confluence. Growth medium was completely removed,
cells were washed with PBS and ‘transfection complexes’
mixed with 800 pl culture medium were added. Transfection
complexes containing 1 pg of promoter construct DNA, 1 ug
of HMGA?2 expression plasmid, 250 ng of pRL-TK and 10 pl
of SuperFect transfection reagent (Qiagen, Hilden, Germany)
were formed in a total volume of 100 pl in TC199 medium
(without supplements) by incubating the sample for 10 min at
room temperature according to the instructions of the manu-
facturer. After an incubation for 3 h, cells were washed with
PBS, 2.5 ml of fresh 20% culture medium was added and cells
were then grown for a further 48 h with renewal of the growth
medium after 24 h.

Luciferase activities were measured in a luminometer,
(Biocounter M2010, Lumac BV, The Netherlands) using the
Dual-Luciferase Reporter Assay System (Promega) following
the instructions of the manufacturer. Experiments for each
sample were performed in duplicate and repeated several
times. Data normalization and adjusting was performed as
suggested by the manufacturer (Promega).

For statistical analysis, mean values of the independent
experiments as well as standard deviations were calculated. To
test for statistical significance one sample #-tests were
performed with P < 0.05 for significant and P < 0.01 for
highly significant differences.
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RESULTS
High affinity binding sites within the ERCCI promoter

DNA fragments spanning three regions of the basal ERCCI
gene promoter (Fig. 1A, top) were 32P-labeled and assayed for
binding to HMGA?2 protein. Mobility shift experiments
revealed that HMGA?2 binds tightly to the —426 to -257
fragment of the promoter whereas the other fragments showed
non-specific DNA binding at higher protein concentrations
without any complex formation (Fig. 1A). Digestion of this
DNA fragment with a restriction enzyme into two smaller
fragments showed that the —350 to —257 fragment was shifted
in the presence of the protein whereas the —426 to —351
fragment did not (Fig. 1B). Note that the restriction enzyme
Eam1104I does not digest its substrate completely and that the
HMGA?2 [-350 to —257] complex co-migrates with the full-
length DNA (—426 to +1) so that the mobility shift pattern is
more complex. However, the experiment clearly indicates that
the —350 to —257 region contains a HMGA?2 binding site.

To obtain more quantitative binding data, the mobility shift
assays were repeated in a more narrow range of protein
concentrations (Fig. 1C). Quantification of HMGA?2 affinity
to the —426 to —257 fragment revealed a Kgqppy of 1.75 *
0.305 nM (Fig. 1D). Hence, HMGAZ2 posses a fairly high
affinity to this promoter region, whereas HMGAIlb and
HMGI1b (formerly HMGY and HMGI) revealed a much
lower affinity (Fig. 1C). The HMGA?2 concentration needed
for shifting 50% of the ERCC1 promoter was at least one order
of magnitude lower than the concentrations of HMGA1b and
HMGAIa necessary to achieve the same effect. Thus, these
results indicate that HMGA?2 exhibits a clear specificity for a
site located on this fragment.

Mapping of the HMGA?2 binding site on the ERCC1
promoter

In order to obtain detailed information on the position of the
HMGA?2 binding site, DNA footprinting analyses were
performed. In an initial experiment the large —426 to —257
fragment labeled on the 3’ end of the top strand was analyzed.
Even if the individual bands produced by the hydroxyl-radical
digestion are difficult to distinguish on the plain
Phosphorlmage (Fig. 2A) the quantitative analysis of the
digestion patterns of the free and protein-bound DNA revealed
two strongly protected regions that were cut much less than the

Figure 1. Identification of the high affinity HMGA?2 binding site on the
ERCCI promoter. (A) Less than 1 nM 3?P-end-labeled fragments —426 to
-257, =307 to —137 and —-191 to —12 of the ERCCI promoter (top) were
incubated with increasing concentrations of HMGA?2 and electrophoresed
on 6% polyacrylamide gels in low ionic strength buffer. The gels were
dried, and radioactivity was scanned by a Phosphorlmager. (B) The
end-labeled —426 to -257 fragment was partially digested with the
Eam1104I restriction nuclease cutting the fragment between —351 and —350.
The digestion mixture was incubated with increasing concentrations of
HMGA? and analyzed as described in (A). (C) Comparison of the binding
affinities of HMGA2, HMGA1b and HMGla to the —426 to —257 ERCCI
fragment using a more narrow protein concentration range as described in
(A). (D) Quantification of the HMGA?2 binding data of (C). 100% — free
DNA was plotted against the protein concentration on a logarithmic scale.
The line represents the theoretical curve calculated from the relationship
K4 =[100% — % free DNA] X [free protein]/[complexes] using SigmaPlot
Hill regression. Kgeppy was 1.75 = 0.31 nM for the —426 to —257 fragment.
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Figure 2. Footprinting of the HMGA?2 on the end-labeled —426 to —257 fragment of the ERCCI promoter. The ERCCI promoter DNA that was
32P end-labeled at the 3’ of the top strand was digested with hydroxyl-radicals in the absence (=) or presence (+) of 100 uM HMGAZ2. (A) reaction products
were separated on 8% acrylamide sequencing gels and dried gels were scanned by Phosphorlmager. A G+A standard according to Maxam and Gilbert (44) is
shown in the right lane. (B) Quantification of the DNA footprinting data shown in (A). The 100% cutting frequency corresponds to digestion of the DNA
fragment in the absence of protein so that lower values mean protection upon HMGA?2 binding. Arrows label the maxima of protection. The presented results

are mean values from three independent experiments.

average 100% (Fig. 2B). The maxima of these two sites were
mapped to =321 and -310. More detailed quantitative DNA
footprinting analysis using a 44 bp fragment comprising the
nucleotides —330 to —287 showed that binding of the protein
results in the protection of regions —323 to —318 and -312 to
-304 on the top strand with maxima at —321 and -309,
respectively. On the bottom strand the regions -314 to —305
and —303 to —298 with maxima at —310 and 301, respectively,
were protected (Fig. 3A and B, black bars). The results
indicate that HMGA?2 binds tightly within the AT-rich minor
grove spanning the region from —312 to —305. It contacts both
strands in this region whereas the binding at two other sites
appears to be weaker and involves just one strand.

Binding of the truncated HMGA2 to the ERCC1
promoter

DNA footprinting experiments using the C-terminally trun-
cated AHMGA?2 revealed altered DNA binding properties
compared to the wild-type protein (Fig. 3A and B, gray bars).
When using the C-terminally truncated AHMGA?2 the top
strand central binding region around —309 was extended to the
3" end to —301 with a second peak at —304. The bottom strand
region between the protection maxima —310 and -301 was
protected much more strongly than by the wild-type HMGAZ2.
Furthermore, the truncation resulted in an additional protected
region with a maximum at -295 (Fig. 3B, gray bars). In
agreement with these results, mobility shift experiments using
the —330 to —287 fragment with HMGA2 and AHMGA?2
revealed clear differences in the stoichiometry of binding to

the ERCCI promoter. Whereas the wild-type protein formed
only 1:1 complexes (Fig. 4A, HMGA?2), the truncated protein
formed complexes with both a 1:1 and 2:1 protein to DNA
ratio (Fig. 4A, AHMGA?2). Furthermore, the slope of the
binding curves with a corresponding Hill coefficient of
1.4 = 0.2 for HMGA?2 compared to 4.5 = 0.9 for AHMGA2
indicates a transition from a non-cooperative to a cooperative
binding upon truncation of the protein (Fig. 4B). However, the
binding affinity is independent of the presence of the acidic
tail. Approximately 10 nM of both proteins were necessary for
shifting 50% of the 44 bp ERCCI DNA (Fig. 4B). For
methylation interference assays both the 1:1 and the 2:1
complex visible in the mobility shift experiments (Fig. 4A)
were isolated from preparative gels and compared to the single
complex occurring with HMGA?2. The experiments clearly
demonstrated that the nature of the complexes with the 1:1
stoichiometry for the wild-type and the truncated proteins was
similar (Fig. 4C and D, black and gray bars). The second
molecule of AHMGAZ? in the 2:1 complex, however, bound in
a different manner 5’ from the central binding region (-309)
thereby covering a much larger region than the wild-type
protein (Fig. 4D, crisscrossed bars).

Binding of the truncated HMGAZ2 induces strong
conformational perturbation of the ERCCI promoter

To analyze conformational changes of the ERCCI promoter
upon binding of HMGAZ2, a series of duplex DNA spanning
the promoter region from —-316 to —294 was prepared. The
duplexes were labeled at the 3” end of the top or bottom strand
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Figure 3. Fine mapping of HMGA?2 (black bars) and AHMGA?2 (gray bars)
binding to the =330 to —287 region of ERCCI promoter fragment. (A) Either
the top or the bottom strand was 5 end-labeled with T4 polynucleotide
kinase and the double-stranded DNA was digested with hydroxyl-radicals in
the absence or presence of 100 nM of the proteins. Reaction products were
separated on 18% acrylamide sequencing gels and dried gels were scanned
by PhosphorImager. (B) Quantification of the DNA footprinting of the top
strand (top) or bottom strand (bottom). Each bar shows relative cutting
frequency at a single base. The 100% cutting frequency corresponds to
digestion of the DNA fragment in the absence of protein so that lower
values mean protection upon protein binding. The presented results are
mean values from four independent experiments. The sequence of the
fragment is shown between the two panels. Arrows label the maxima of
protection of the wild-type protein with the corresponding nucleotide
number relative to the transcription start.

with (Eu?*) chelate as a donor and with Cy5 as an acceptor
at three different positions within the backbone of the

complementary strand. The distances between the different
combinations of these fluorophores were measured by LRET
for various protein concentrations (Fig. 5). The analyses
revealed that AHMGA?2 affects the DNA conformation
significantly, whereas the effect of wild-type protein and the
LPP-fused proteins is negligible. The effect is not a simple
bending because the changes are asymmetric, i.e. the distances
from one end are decreasing (Fig. SA-C) whereas the
distances from the other end (Fig. 5D-F) do not change (E)
or increase (D and F). This explains why the total length
between both ends remains constant in the presence of each of
the proteins (data not shown). The model in Figure 6
summarizes the events that take place upon AHMGA?2
binding.

ERCCI1 promoter activity is down-regulated by different
HMGAZ2 proteins

To investigate the effects that HMGA2 exerts on ERCCI
transcriptional activity, a basal promoter fragment of ERCCI
spanning region nt —425 to +1 and a 3.9 kb promoter fragment
(spanning nt —3900 to +1) were cloned into reporter vector
pGL3-Basic. Luciferase reporter gene assays were used to
measure promoter activity of these constructs using HMGAZ2-
negative HeLa cells for transient transfection. Both promoter
constructs were co-transfected with constructs expressing
either normal HMGA2, C-terminally truncated AHMGA?2, a
HMGAZ2/LPP fusion protein or no protein (vector pCR3.1)
(Fig. 7).

Co-transfection experiments of the two ERCC1 promoter
fragments with different HMGA2 protein variants showed
decreased ERCC1 promoter activity due to HMGA?2 proteins
in all samples tested relatively to promoter constructs co-
transfected with empty vector pCR3.1 expressing no HMGA?2
(Fig. 7). Whereas the decrease in ERCCI promoter activity
induced by wild-type HMGA2 was ~15% for both promoter
constructs, the co-expression of truncated AHMGA?2 de-
creased promoter activity to ~63%. In contrast to that, only
minor changes in ERCCI promoter activities were observed
for co-transfections with HMGA2/LPP. These promoter data
are statistically significant (P = 0.039, 3.9 kb promoter; P =
0.010 basal promoter) for co-transfection experiments with
wild-type HMGA2 and highly significant (P = 0.003039; P =
2.9 X 1078) for C-terminally truncated AHMGAZ2.

As revealed by these experiments, the basal 426 bp ERCC!
fragment had a 1.3-fold higher promoter activity with respect
to the 3.9 kb fragment (data not shown) suggesting negative
regulatory elements within the 3.5 kb 5” of the basal ERCCI
promoter fragment.

DISCUSSION

Although HMGA? as well as its aberrant forms are thought to
be implicated in the pathogenesis of benign mesenchymal
tumors showing rearrangements of chromosomal region
12q14-15 (24), the exact mechanisms by which these proteins
contribute to tumorigenesis are still unknown. It remains
unclear why wild-type proteins of the HMGA family as well
as their derivatives are similarly associated with the same
tumor entities. Based on the results of cDNA expression array
experiments we selected, herein, the ERCCI gene to analyze
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Figure 4. Truncation of the HMGA?2 affects protein binding to ERCCI promoter. (A) Electrophoretic mobility shift assay. Less than 1 nM of the
32p-end-labeled —330 to —287 ERCCI fragment was incubated with increasing concentrations of HMGA?2 and AHMGA? and subjected to electrophoresis on
8% polyacrylamide gels in low ionic strength buffer. The gels were dried and the radioactivity was scanned by Phosphorlmager. In addition to the 1:1
complex (complex #1) a second complex is visible with AHMGA?2 (complex #2) probably reflecting two protein molecules binding to the DNA fragment.
(B) Quantification of the EMSA data of (A) using ImageQuant software and SigmaPlot Hill regression (see Fig. 1D). (C) Methylation interference assay. The
—330 to —287 fragment labeled at the 5" of the top strand was methylated with dimethyl sulfate. Five hundred nanomolar modified double-stranded DNA was
incubated with 1 uM HMGA?2 or AHMGA?2, and the protein-DNA complexes were separated from unbound DNA by gel electrophoresis as shown in (A),
AHMGA?2. The DNA out of the complexes was eluted from the gels and cleaved at methylated purines with piperidine. Finally, equal amounts of radioactivity
(~5000 c.p.m.) of the cleavage products were analyzed on 18% acrylamide sequencing gels. (D) Quantitative analysis of the methylation interference experi-
ment of (C). The gels were scanned and the data analyzed as described in Materials and Methods. Negative values indicate binding interference upon the
methylation of the corresponding nucleotide. Black, gray and crisscrossed bars refer to protein to DNA complexes 1:1 of HMGAZ2, 1:1 of AHMGA?2 and
2:1 of AHMGAZ2, respectively. The arrow indicates the maximum of interference of the central binding site and the corresponding number represents the

distance relative to the transcription start.

the mechanism of interaction of wild-type HMGA?2 and its
derivatives to target DNA.

We were able to map a high affinity HMGA2 binding site to
an AT-rich region located —323 to —298 bp upstream of the
ERCCI transcription start site. Despite their structural simi-
larities, results presented herein demonstrated clearly that
HMGA? protein has at least one order of magnitude higher
affinity to this ERCCI promoter region than both of the
HMGALI1 proteins (HMGA1la and HMGA1b). These data are
consistent with studies comparing DNA binding properties of
various HMGA proteins showing that HMGA1 and HMGA?2
might interact differently with the same DNA fragment (38).

For example, HMGA1 contacts the I[FNP promoter using three
AT-hooks, whereas binding of HMGA?2 protein involves only
two AT-hooks resulting in an ~8-fold lower affinity than
HMGA a and an ~2-fold lower affinity than HMGA1b to the
IFNB promoter (38,41). Moreover, comparison of the binding
pattern of HMGA2 with the IFNPB promoter (41) and the
ERCCI promoter (this work) reveals that the same protein
interacts differently with distinct DNA templates. Thus, our
biochemical data strongly suggest that the ERCCI promoter
harbors an HMGAZ2-specific binding site.

Despite the opinion that the HMGA proteins bind non-
specifically to stretches of AT-rich DNA we showed that this
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Figure 5. Perturbation of DNA ERCCI promoter conformation by HMGA?2 and its mutants. A series of DNA constructs comprising promoter region =316 to
—294 were produced either with inserted luminescence donor [(Eu3+)DTPA-AMCA-maleimide at the 3’ of the top strand (A-C) or at the bottom strand
(D-F) and the fluorescence acceptor (X) Cy5 at different positions within the complementary strand, respectively. The LRET measurements were performed
in the absence or presence of 12.5, 37 and 100 nM of HMGAZ2 (triangles), AHMGA?2 (circles) and HMG2/LPP (squares). The concentration of labeled duplex

was 15 nM.

property alone is not sufficient. Even AT-stretches that are
spaced in the appropriate distance (10-11 bp from center to
center) and would represent potential HMGA binding sites
might be in fact not bound by the protein (this work and
R.Schwanbeck, unpublished results). However, the presented
ERCCI promoter site seems to be one of these gene regions
specifically bound by HMGAZ2. Unlike the sequence-specific
binding of transcription factors, the actual binding of archi-
tectural transcription factors like the HMGA proteins to
certain DNA sequences is difficult to predict, and a generally
valid algorithm has to be found for HMGA2, HMGAla and
HMGA1b DNA.

Binding studies for truncated AHMGA?2 revealed that the
derivative form of HMGAZ2 covers an extended region on the
ERCCI promoter with the bottom strand region being much
more strongly protected than by wild-type HMGA?2. Clear
differences were also observed for the stoichiometry of
binding to the ERCCI promoter. Whereas the wild-type
protein formed only 1:1 complexes, truncated protein formed
complexes with both a 1:1 and 2:1 protein to DNA ratio with a
transition from a non-cooperative to a cooperative binding
upon truncation of the protein. Although the nature of the
complexes with the 1:1 stoichiometry for the wild-type and the
truncated proteins were similar, the second AHMGA?2 mol-
ecule binds in a different manner covering a much larger
region than the wild-type protein having a significant effect on
DNA conformation. However, the affinity of binding was

found to be independent of the presence of the acidic tail. The
results presented herein confirmed the data described by Noro
et al. (51) showing that the acidic C-tail is not involved in
determining the specificity of HMGA2 DNA-binding in the
case of a high affinity HMGA binding site. In contrast,
differences in protein-DNA complexes were observed for low
affinity binding sites upon C-terminal truncation of HMGA2
resulting in high molecular weight protein-DNA complexes
similar to the 2:1 AHMGA2-DNA complexes described
herein.

These differences in behavior of truncated AHMGA?2 upon
binding to the ERCCI promoter relative to wild-type protein
were also seen for the luciferase promoter assays. Whereas
luciferase assays showed that the activity of the ERCCI
promoter is down-regulated by various HMGA?2 proteins, the
most striking effect was exerted by the truncated AHMGAZ2.
The differences in DNA-binding stoichiometry between
normal and truncated HMGA?2 correlate well with their
different capabilities of repressing ERCCI promoter activity
as measured by luciferase promoter assays. Comparison of
microarray experiments performed with different cell types
clearly showed that gene-regulatory effects exerted by HMGA
proteins depend on the cellular context in which these proteins
are expressed (L.Borrmann and J.Bullerdiek, unpublished
results). This variation could be the reason why the ERCC1
promoter was found to be up-regulated within myomata cells
and down-regulated by HMGA2 protein in HeLa cells, and
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Figure 6. Model of the AHMGA2-induced conformational changes on the
ERCCI promoter according to the EMSA and LRET experiments in
Figures 4 and 5. The promoter region contains a prebent element (left side).
Upon binding of two molecules AHMGA?2 this prebending is reversed and
on the other end of the promoter a DNA bend is introduced.

might also explain why HMGAL1 overexpression is character-
istic for malignant tumors increasing their rate of proliferation
(52,53). Whereas in the context of normal cells, HMGA1
reduces rate of proliferation (54) and leads to a delayed G2-M-
transition (55). However, taking into account that HMGA
proteins are not able to initiate transcription per se (56), it
seems reasonable, given that different cell types contain
different sets of transcription factors, that the interaction of
these transcription factors with HMGA-bent DNA can regu-
late gene expression negatively or positively depending on the
cellular environment. Furthermore, higher-order chromatin
structure may also play a role in the gene-regulatory effect as
well as the post-translational modifications of HMGA?2 that
may control its activity and can be different in various cell
lines.

In contrast to HMG box proteins that introduce sharp kinks
into the DNA, the alterations induced by HMGA proteins are
rather subtle (57) employing a reversal of intrinsically bent
DNA. These slight changes, which can be crucial to form a
stereospecific three-dimensional multiprotein complex, are
difficult to monitor. FRET or LRET analysis can be very
sensitive tools to observe these slight changes in DNA bending
as we demonstrated previously (38,58). We show in this work
that the AHMGA?2 protein is also able to alter the DNA
conformation within the ERCCI promoter, probably by the
additional DNA contacts in the region -310 and -301
compared to the wild-type protein. Thus, it can be anticipated
that binding of more than one AHMGA?2 protein changes
DNA conformation within the element to an extent affecting
binding of transcription factors constituting potential ERCCI
enhanceosomes.

The ERCCI gene, which does not contain classical
promoter elements like TATA or GC boxes (59), can possibly
be down-regulated by HMGA?2 and its aberrant forms by
modulating the chromatin structure, thus making the assembly
and function of transcriptional complexes more difficult. A
target of this environmental change could be the API site,
located 48 bp upstream of the HMGA2 binding site.
Furthermore, a comparative displacement of transcription
factors by HMGA?2 or their interactions can also be relevant
in terms of gene expression. Sequence analysis of the HMGA?2
binding site revealed putative binding sites for the
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Figure 7. Activity of the ERCCI promoter is affected by HMGA2,
HMGA2/LPP and AHMGA2. ERCCI promoter fragments —3900 to +1 and
—425 to +1 relative to the transcriptional start site were cloned in luciferase
reporter-gene vector pGL3-Basic. These promoter constructs were transi-
ently co-transfected with a vector expressing either no HMGA?2 (reference
vector), wild-type HMGA?2, chimeric HMGA2/LPP or C-terminally trun-
cated AHMGA?2 and vector pRL-Tk were used for normalization. Results
are the mean value of several independent experiments performed within
HeLa cells. The change in promoter activity of the 3.9 kb and 426 bp
ERCCI promoter fragments in dependence of different HMGA?2 protein
variants are shown relative to the data obtained for the corresponding
ERCCI1 construct co-transfected with the reference vector. Black, white and
gray bars refer to co-transfection with wild-type HMGA?2, chimeric
HMGAZ2/LPP and truncated AHMG?2, respectively.

transcription factors Pit-1a, TEC1, Elf-1, C/EBP, ICSBP and
ISGF-3. For the proteins Elf-1 and C/EBP, physical inter-
actions with HMGA, another member of the HMGA family,
have already been described (60,54). In further studies,
composition and assembly of the ERCCI enhanceosome
upon intact and mutated HMGA?2 proteins need to be
examined.

In terms of the mechanisms by which HMGA proteins
contribute to tumorigenesis, a reactivated expression of either
HMGA?2 or its derivative forms as observed within several
benign mesenchymal tumor entities (24) can affect the
expression of DNA-repair gene ERCC/ leading to an altered
genomic stability.
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