
Abstract. Lysyl oxidases are a family of five copper-
dependent amine oxidases including LOX, LOXL, LOXL2,
LOXL3 and LOXL4. LOX and LOXL are essential for the
assembly and maintenance of extracellular matrixes. LOXL2,
LOXL3 and LOXL4, secreted and active enzymes, were
also noted in association with diverse tumor types. We have
recently reported overexpression of the LOXL4 mRNA and
protein and a close relation of LOXL4 with the patho-
genesis of head and neck squamous cell carcinomas
(HNSCC). In this study, we analyzed the organization of the
LOXL4 gene and addressed the regulatory mechanisms
responsible for the overexpression. We demonstrated de novo
transcription of the LOXL4 gene in HNSCC, but not in
normal squamous  epithelial cells. Analysis of the consecutive
promoter region spanning positions -960 to -1 identified
binding sites for several transcription factors. Promoter
constructs containing selected specific promoter regions and
consensus binding sites exhibited significantly increased
reporter gene activity in HNSCC cells, but not in normal
epithelial cells in transient coexpression experiments. The
activity profiles of some of these constructs were similar in
both cell types indicating that elements of the basic
transcriptional regulatory mechanisms remained intact in
HNSCC cells. DNA-binding experiments demonstrated that
nuclear extracts from HNSCC cells have increased binding
activity to the TATA (-25) and the SP1 (-181) sites
compared to normal epithelial cells, suggesting that these
transcription factors are involved in the upregulation of
LOXL4 gene expression in HNSCC.

Introduction

Lysyl oxidases are a family of five copper-dependent amine
oxidases including LOX, LOXL, LOXL2, LOXL3 and
LOXL4. LOX and LOXL are essential for the assembly and
maintenance of the structure of extracellular matrix (ECM).
The active LOX was recently reported to play essential roles
in invasive breast carcinoma and LOXL2, 3 and 4, similarly
active enzymes, were also noted in association with diverse
tumor types. The LOXL4 gene encodes an enzyme of
84,5 kDa that is synthesized with a 24-residue amino acid
N-terminal signal peptide and secreted into the ECM (1).
The LOXL4 transcript is about 4 kb and is expressed in
various tissue types including the pancreas and testes (2).
The C-terminal region of LOXL4 contains domains that are
homologous to highly conserved C-terminal domains present
in all the LOX proteins and are known to be associated with
their catalytic activity. The N-terminal region of LOXL4
has four scavenger receptor domains that are also conserved
within the LOXL2 and LOXL3 isoforms.

LOX (EC 1.4.3.13) catalyzes the oxidation of lysine
residues to semialdehydes in its substrates, fibrillar collagens
and elastin, that then serve as precursors for the covalent
cross-linkages stabilizing these fibers in the ECM (3). The
secreted LOX is a 50 kDa proenzyme that is processed into
a biological active 30 kDa form by BMP1 (4). LOX has
been noted in different tissues in both extra- and intracellular
locations, having related but distinct functions (2,4-8). Impor-
tantly, we have reported an essential role for the active LOX
in inducing invasive behaviour in breast tumour epithelial
cells though activation of FAK/Scr signalling (9) and an
association with invasive breast tumours (10). These novel
functions were further confirmed in a mouse model for
invasive breast cancer (11).

Our recent analyses of molecular alterations in HNSCC
cells identified another member of the LOX family, LOXL4,
as one of the mRNAs with the highest HNSCC specific
expression in comparison to normal epithelial cells (12).
Subsequently, we found an association of LOXL4 with the
pathogenesis of head and neck squamous cell carcinomas
and reported that in HNSCC cells overexpression of LOXL4
was associated with an increased dosage of the LOXL4 gene
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due to an isochromosome of the long arm of chromosome
10 (13).

To address additional mechanisms that contributed to
LOXL4 overexpression in HNSCC, in this study we have
analyzed the genomic and mRNA structure of LOXL4 and
its de novo expression in HNSCC cells along with control
normal epithelial cells. We have evaluated the activity of
a series of LOXL4 promoter-reporter gene constructs that
contained selected transcriptional factor binding sites.
Furthermore, we tested the differential nuclear extract
binding activities of these sites in tumour vs. normal
squamous epithelial cells.

Materials and methods

Cell culture. UT-SCC-19A laryngeal and HTB-117 pharyngeal
carcinoma cells were grown in minimum essential medium
(Biochrome, Berlin, Germany) at 37˚C in a 5% CO2 humi-
dified atmosphere. For control experiments normal epithelial
cells were derived from histologically confirmed non-dys-
plastic mucosa of resected laryngeal carcinomas. All tissues
for cell culture were retrieved following informed consent
approved by the local ethics committee (AZ:D413/03). The
normal epithelial cells were grown in serum-free medium
(Bio Whittaker, Apen, Germany), and for confirmation of
their squamous origin cytokeratin immunostaining profile
was routinely performed using antibodies directed against
cytokeratins 5, 6, 10 and 13. Keratinization was observed
by positive staining with anti-cytokeratin 5 and 6.

Isolation of total RNA. For rapid and reproducible preparation
of total RNA, the TRIzol reagent (Invitrogen, Karlsruhe,
Germany) was used in accordance with the manufacturer's
instruction. After measurement of the RNA concentration,
samples of total RNA were subjected to subsequent first-
strand cDNA synthesis. Quantitative analysis of the mRNA
content was done by RT-PCR using glyceraldehyde 3-phos-
phate dehydrogenase GAPDH as a control.

First-strand cDNA synthesis. Total RNA (1 μg) was heat
denatured (70˚C, 10 min), chilled on ice and subjected to
oligo(dT)-primed reverse transcription. The procedure was
conducted with 300 units of MMLV reverse transcriptase
(Invitrogen) in the presence of 5 μl of 2 μM dNTP and 40
units of RNAse inhibitor (Life Technologies, Inc.) in a total
volume of 20 μl (adjusted with DEPC warter) for 60 min
at 35˚C. The resulting double-stranded RNA:cDNA hetero-
duplex was heat denatured at 95˚C for 5 min to provide
cDNA as template for amplification.

Amplification of the 5' cDNA region. 5' RACE was performed
to amplify the upstream region of the LOXL4 mRNA, that
we identified by differential display-PCR as selectively
expressed in SCC cell lines (12), using the Smart Race cDNA
Amplification Kit and the Advantage 2 PCR Enzyme System
(Clontech, Heidelberg, Germany). The resulting clones were
sequenced using the dye terminator sequencing method
(Applied Biosystems). Sequences were aligned with known
database sequences using the BLAST engine at the National
Center for Biotechnology Information (NCBI). Verification

of the sequence was performed on mRNA that was isolated
from UTSCC-19A cells using the quick prep RNA purification
method (Qiagen, Hilden, Germany).

Analysis of the exon-intron organization of the LOXL4 gene.
After amplification of the 5' end of the differentially expressed
mRNA, all available databases were screened to identify
sequences that shared homologies with the LOXL4 cDNA. A
human genomic sequence, accession number AL 139241,
was identified and analyzed. Lack of overlap between the
cDNA and genomic sequences was strictly confined to introns.
To verify the positions and lengths of the introns high strin-
gency PCR was carried out using oligonucleotides specific
for LOXL4 exon-intron boundary sequences and genomic
DNA isolated from normal squamous epithelial cells. The
PCR products were purified, sequenced and the sequences
aligned with the human genomic sequences AL 139241.

Nuclear run-on assay. Nuclei of UT-SCC-19A and normal
epithelial cells were isolated and run-on experiments were
performed as described elsewhere (14). After lysis of 2x107

cells in 1-ml ice-cold nuclear extraction buffer consisting of
3.6 mM KCl, 6 mM CaCl2, 1.2 mM MgSO4, 6 mM sodium
citrate, 6 mM sodium pyruvate, 6 mM sucrose 12.5 mM Tris,
50 mM rifampicine, and 0.5% (v/v) Nonidet-P40 nuclei were
isolated by centrifugation at 4˚C 800 rpm for 5 min and
subjected to run-on transcription. Nuclei suspensions (50 μl)
were incubated for 90 min at room temperature in a total
of 100 μl reaction mixture containing 100 μCi [α32P]UTP
(Amersham, Braunschweig, Germany), 1 μl of 0.1 M dithio-
threitol (DTT), 1 μl of 100 mM each of ATP, CTP and GTP
(Roche Molecular Biochemicals, Mannheim, Germany).
Newly synthesized RNA was extracted using a commercial kit
(TRIzol reagent, Invitrogen). Finally the RNA was dissolved
in 200 μl DEPC-treated water including 100 U of RNase-
inhibitor (RNase-Out, Invitrogen). Equal amounts (5 μg)
of purified LOXL4 -and G3PDH-cDNA were separated in
agarose gel, vacuum-transferred onto Hybond-N membrane
(Amersham) using the TDNA vacuum-blotter (Appligene,
Heidelberg, Germany) and subjected to prehybridization at
42˚C for 2 h. Hybridization was performed at 42˚C for 24 h
in 30% STARKS containing 30% formamide (v/v), 0.02%
BSA (w/v), 0.02% ficoll (w/v), 0.02% polyvinylpyrrolidone
(w/v), 1% SDS in SSC (150 mM NaCl, 15 mM sodium citrate)
and the labeled RNA as probe. Membranes were then washed
in 2X SSC for 2x20 min at 37˚C and exposed to X-ray film
for 4 days at -80˚C using an intensifier screen. Subse-
quently, signals were detected in a phosphorimager (Storm-
860; Molecular Dynamics, Heidelberg, Germany).

LOXL4 gene-regulatory constructs. The reference sequence
representing a part of the human chromosome 10 that over-
laps the LOXL4 genomic sequence is that of GenBank
accession number AL139241. The 5' region from position
+384 to -2554 was subdivided into 5 overlapping fragments.
We have designed fragment-specific primers (FSP's) and
carried out PCR amplification using genomic DNA from both
UTSCC-19 cells and cells with normal epithelial phenotype.
The FSPs used were: i) sense 5'-CAGATGAGGAGAC
TGAGACTCAG-3', anti-sense 5'-GCAGCAGCAGGAACA
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GAAAGAGG-3'; ii) sense 5'-GTGCTAGGAACATCAGAA
GGTGG-3', anti-sense 5'-CTGAGTCTCAGTCTCCTCATC
TG-3'; iii) sense 5'-GTTGCAGTGAGCTGAGATTGCAG-3',
anti-sense 5'-CCACCTTCTGATGTTCCTAGCAC-3'; iv)
sense 5'-GGCAGGTCTCATCAGAACGAGC-3' anti-sense
5'-CTGCAATCTCAGCTCACTGCAAC-3'; v) sense 5'-GG
AGAGCTGCAGAGGTGAGAATG-3', anti-sense 5'-GC
TCGTTCTGATGAGACCTGCC-3'. After PCR the amplified
products were inserted into the HindIII/BglII opened
pCR2.1-TOPO cloning vector (Invitrogen) and sequenced
on an automated sequencer (ABI Prism 310, Applied Bio-
systems, Weiterstadt, Germany).

Electrophoretic mobility shift assay (EMSA). UTSCC-19A
and normal epithelial cells were washed in PBS, centrifuged
at 800 rpm and the pellets were resuspended in a buffer
containing 30 mM succrose, 0.5 ml of 1 M Tris (pH 8.0),
150 μl of 1 M CaCl2, 100 μl of 1 M MgOAc, 10 μl of 0.5 mM
PMSF, 1 μM DTT, 0.5% (v/v) Nonidet-NP40 (Fluka Chemie,
Buchs, Switzerland). After centrifugation at 500 rpm for 5 min,
the pellets were washed in the same buffer without Nonidet-
NP40 centrifuged again and resuspended in 100 μl low salt
buffer containing 1 mM HEPES, 0.075 mM MgCl2, 1 mM
KCl, 0.01 mM EDTA (pH 8.0), 32% glycerol, 0.5 mM DTT
and 0.5 mM PMSF. Subsequently, nuclear extracts were
treated with 40 mM protease inhibitor (Roche Molecular
Biochemicals) and protein concentration was measured as
described (15). For the EMSA nuclear extracts (each of 1 μg)
were incubated in a reaction mixture (10 μl) consisting of
0.5 μg poly(dI-dC), 2 μl binding buffer (50 mM Tris/pH 8.0,
750 mM KCl, 2.5 mM EDTA, 0.5% Triton-X 100 (v/v), 62%
glycerol (v/v), 1 mM DTT and [γ32P]dATP-labeled oligo-
nuleotides. The sequences of oligonucleotides  used in this
assay were: Reporter (REP)1: 5'-AGGTGTATAAGAG
CTGCTGTTTATTGTGTACTCACCAATGCTAGG-3';
REP2: 5'-TAGATAGTCTTGACCTGAGGGCACCCTGGG
GGCATCCCCGTGACTCAAATGGTGGACCACCTCG
TCTGCC-3'; REP3: 5'-CATTTGATTAGGGTGCTAGGAA
CATCAGAAGGTGGTGGCAGTGTCC CTGGGG-3';
REP4: 5'-CAGCCTTCCATGTGCCTTCTAGGTGAAGG
CGGCACTTCA-3'; REP5: 5'-AGCCAATGAGTGGTGGA
GTCCTTGATGCCCATCTAATAGCCCTTTCTGCTC-3';
REP6: 5'-TCGAAAAAAAAAAAAAAAAGAAAGAAA
GAAAGAAAAAAGAAAGAAA-3'; REP7: -5'TGAGATTG
CAGCACTGCAGTCCAGCCTGGGCGACAGAGAGAGA
CTCTGTCT-3'. Each protein-DNA complex was analyzed
using 5% non-denaturing polyacrylamide gel at 10˚C for 1 h.
After electrophoresis the gel was dried at 70˚C for 1 h and
exposed to X-ray film with an intensifying screen at -80˚C.

Promoter constructs and cell transfections. For transient
transfection experiments the REP fragments were extracted
from the HindIII/BglII opened pCR2.1-TOPO cloning vector
(Invitrogen) and amplified by PCR using oligonucleotides
containing flanking ends complementary to the enzyme
restriction sites. After amplification and purification, the
PCR products were cloned into the pGL3-enhancer-plasmid
vector (Promega) and the reporter gene constructs were
subjected to analyze Dual-Luciferase-Activity (DLA) using
the Reporter-Assay-Kit (Promega). Final quantification

of the Firefly- and the Renilla-Luciferase was performed
by means of the Lumat LB-9507 luminometer (Berthold
Technologies, Bad Wildbad, Germany) in a measurement
interval of 10 sec.

Statistical analysis. Fisher's exact test was used to assess
significant differences in LOXL4 promoter activity between
HNSCC cells and controls with normal epithelial cell pheno-
type. Data were considered statistically significant at p-value
≤0.05.

Results

Organization of the LOXL4 gene at chromosome 10q24.
Alignment of the LOXL4 cDNA sequences with database
sequences identified a human genomic entry with accession
number AL 139241. This genomic sequence of 30 kb derived
from clone RP11-34A14 of chromosome 10, encompassed the
entire LOXL4 gene including the 5' and 3'UTR sequences.
Using this genomic sequence in comparison with the LOXL4
gene specific sequence that we previously identified (12), we
determined the positions of the introns and all coding exons
(Table I). The gene covers about 14.095 kb of the genomic
sequence with an open reading frame of 2.278 kb and a 5'
UTR of 384 bases (Fig. 1A). Subsequently, we implemented a
series of PCR experiments using genomic DNA derived from
normal squamous epithelial cells and upstream and
downstream primers specific for LOXL4 exon-intron
boundary sequences. Using the sizes of the amplified
fragments, we have confirmed the size of all 14 exons with
lengths between 39 bp and 278 bp (Fig. 1B). The tran-
scriptional start site was at position +384 upstream of the
translation initiation codon (ATG) (Fig. 1C). In the 3' UTR
region of the gene transcript a 1230 bp untranslated trailer
sequence was found downstream of the first stop codon TGA
at position 14.480. Computer analysis of the 3' non-coding
region of the reference LOXL4-cDNA, revealed a consensus
polyadenylation signal located 30 bp upstream of the poly-A
tail. A second poly-adenylation signal was also identified 292
bp upstream of the first, suggesting that there may be an
additional functional poly-A signal.

Differential expression of LOXL4 in HNSCC cells. Nuclear
run-on transcription assay was used to assess whether the
differential expression of the LOXL4-mRNA is the conse-
quence of higher transcription rate of the LOXL4 gene in
HNSCC cells or de novo transcription of the LOXL4 gene.
From results presented in Fig. 2 it was evident that during
the time of the transcription assay an active LOXL4 gene
transcript was produced by polymerase reaction in HNSCC
cells in contrast to normal epithelial cells which did not
produce radiolabeled LOXL4-mRNA. Control experiments
using a GAPDH gene-specific probe verified the reliability
of the run-on transcription assay as indicated by the similar
quantity of the mRNA for this house-keeping gene in both
cell types.

Sequence and motif analysis of the promoter region. For
functional tests of the 5' UTR of the LOXL4 gene, a total
of seven consecutive and partially overlapping regions were
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PCR amplified using genomic DNA from both HNSCC
and normal epithelial cells. Comparison of the amplified
sequences derived from HNSCC cells (Fig. 3) with those
derived from normal control epithelial cells and the corre-
sponding region of the high throughput human genomic
sequence (accession no. AL139241) detected no mutations

or sequence differences. Sequence motif analysis for DNA
binding proteins identified several binding sites for trans-
cription factors and these are indicated in Fig 3. A TATA-
box was found at -25 and the TRE sequence, TGACTCA
(TPA-responsive element), a binding site for transcription
factor AP-1, was noted at -75. The GATA domain was
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Figure 1. Structural features of the LOXL4 gene. (A) Schematic representation of exons and introns of the LOXL4 gene. Codon numbers for ATG and TAG
are based on human BAC clone AL 139241 sequences. (B) Ethidium bromide agarose gel electrophoresis showing exons 1-14 (lanes 1-14), of the LOXL4
gene as fragments amplified by PCR using genomic DNA isolated from normal squamous epithelial cells. (C) Nucleotide and elucidated amino acid
sequences of the first exon and a part of the 3'UTR sequence. The translation initiation codon ATG and the polyadenylation signals are underlined. The
Q (Gln) to the right of the first vertical arrow is the amino terminus of the mature polypeptide and the arrow between G and A marks the 3' end of the first
exon.

Table I. Exon-intron organization of the LOXL4 gene.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Exon (no.) Exon position Exon size (bp) Intron position Intron size (bp)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 385-662 278 663-1191 529
2 1192-1370 179 1371-2277 907
3 2278-2483 206 2484-3975 1492
4 3976-4014 39 4015-4176 162
5 4177-4396 220 4397-5240 844
6 5241-5424 184 5425-5600 176
7 5601-5757 157 5758-6459 702
8 6460-6625 166 6626-7665 1040
9 7666-7830 165 7831-9600 1770

10 9601-9852 252 9853-10936 1084
11 10937-11052 116 11053-11702 650
12 11703-11840 138 11841-12229 389
13 12230-12340 111 12341-14413 2073
14 14414-14480 67
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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located at -113, -506, and -669 respectively, and the RFX1
transactivator-binding site, GGAA, at -149. The motif
GGCGGC at -181 is a consensus sequence identified as
binding site for the transcription factor Sp1. CCAAT (CP1-
factor) at -257 and -892 and the repetitive sequence motifs
GAAA at -310 and 329, are known conserved recognition
sequences for DNA binding proteins. No consensus sequences
typical for a GC box were present.

Increased LOXL4 promoter activity in HNSCC cells. To
confirm that the higher LOXL4 transcription rate in
carcinoma cells correlates with the gene promoter activity,
seven LOXL4/pGL3 enhancer constructs including SV-40

promoter-derived sequences were generated and analyzed by
DLA. The differences in LOXL4 promoter construct
activities were determined by normalizing data for
transfection efficacy using firefly-luciferase activity data as
internal control. The transient expression of the human
LOXL4 gene promoter constructs increased the luciferase
reporter activity for all constructs in carcinoma cells, but not
in cells with normal epithelial phenotype. The results from
the mean of nine separate experiments are illustrated in
Fig. 4. The promoter constructs REP1-4 that contained
nucleotides -180 to +1 and REP1-6 that contained
nucleotides -270 to +1 showed the highest, 7- and 8-fold,
increase in luciferase activity in carcinoma cells above the
levels of the same reporter gene activities we have
measured in normal epithelial cells (p=0.01). Furthermore,
both constructs demonstrated the highest overall activity in
carcinoma cells, supporting the role of these promoter regions
in LOXL4 gene overexpression, while promoter constructs
with the remaining five binding sites appeared essential for
basal promoter activity. There was a substantial difference
between the two cell types in the absolute luciferase level of
each individual REP (p=0.02), but the activity profiles were
somewhat similar, suggesting that some of the basic
regulatory mechanisms for LOXL4 transcription may not
have been altered in the course of malignant transformation
of epithelial cells in HNSCC.

Identification of potential binding sites for transcription
factors. To determine whether differences in the amounts
and/or affinities of DNA binding proteins are associated with
the increase of LOXL4 expression in HNSCC cells, we have
analyzed selected DNA binding proteins that may directly
affect LOXL4 transcription. For EMSA nuclear extracts
derived from HNSSC and normal cells were incubated with
[γ32P]dATP-labeled oligonucleotides REP1-7 that correspond
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Figure 2. Nuclear run-on analysis of differential expression of LOXL4
in HNSCC and normal epithelial cells. After ethidiumbromide agarose gel
electrophoresis of LOXL4 and G3PDH-cDNA (A) the fragments were
transferred onto a positive-charged nylon membrane, immobilized by UV-
crosslinking, and hybridized using [α32P]dUTP labeled RNA which was
synthesized in the nuclear run-on procedure. De novo transcription of the
LOXL4 gene is detectable in carcinoma cells (B) in contrast to normal
epithelial cells (C). The presence of the G3PDH gene fragment in both
cell types demonstrates the reliability of the run-on transcription.

Figure 3. Nucleotide sequences of the 5' flanking domain of the LOXL4 gene. The underlined C designated as +1 is the start site of transcription. The
sequence motifs in bold are consensus binding sites for transcription factors identified using the Matlnspector2 V2.2 program.
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to sections of the promoter region from nucleotides -398
to +15 and contain specific DNA binding protein recognition
sequences (Fig. 4C). In experiments performed for oligo-
nucleotides REP2, REP3, and REP5 no significant band
shifts were detected. However, significant band shifts were
noted when REP1 and REP4 (Fig. 5) oligonucleotides were

used in these assays. To further test if the observed shifted
bands were specific for the transcription factors contained
within these sequences, i.e. REP1 specific for TBP and REP4
specific for Sp1, competition tests with an excess of cold
probes were performed. The cold probes eliminated the
shifted bands in normal epithelial cells, but not in HNSCC
cells suggesting that the band configuration, shown in Fig. 5A,
was the result of specific Sp1-target DNA binding in HNSCC
cells, whereas that in Fig. 5B resulted from specific TBP-
target DNA binding (p=0.02) in HNSCC cells. Further signi-
ficant band shifts were detected for fragments REP6 and
REP7. These results point to the sequence-specific binding
of the transcription factors CP1 (within REP6), and IRF1
and IRF2 (within REP7) within the LOXL4 promoter, but for
these sites similar binding parameters were noted for the
two cell types (data not shown).

Discussion

Although the LOXL4 cDNA has been described previously
(1,2), there was no information regarding the genomic orga-
nization of the LOXL4 gene. We have identified 2,278 kb
of LOXL4 gene coding sequences distributed in 14 exons
within a human genomic clone along with flanking 5' and
3' untranslated sequences, and showed that the gene spans
about 14 kb on chromosome 10q24.2. Our Northern blot
analyses revealed a single LOXL4 mRNA of 3.9 kb in all
HNSCC and normal cell samples (13). This value was in
close agreement with the previously reported mRNA size of
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Figure 4. Functional analysis of the LOXL4 promoter. Transient transfections and analyses were performed using dual luciferase activity (DLA) assays in
HNSCC cells in comparison with normal epithelial cells using plasmid constructs containing a series of promoter region deletion constructs of the LOXL4
gene. To monitor the transfection efficiency, each transfected cell culture was co-transfected with the pGL3 control vector the activity of which was
designated as zero. (A) Columns represent the mean dual luciferase (DLA) values for nine independent experiments. The error bars show standard deviation
of four single measurements per culture. Activity was calculated in ng/ml of the calibration standard. Values show relative light units (RLU) of firefly
luciferase in relation to RLU of renila luciferase (mean ± standard deviation) normalized for transfection efficiency with firefly luciferase activity as an
internal control. (B) pGL3 plasmid constructs containing LOXL4 gene regulatory regions. Each individual promoter fragment is numbered starting from the
transcription initiation site +1. (C) Oligonucleotides REP1-7 that correspond to most 5' parts of the DNA regions are shown under B. The oligonucleotide
probes contain specific sequence motifs for transcription factor recognition and were designed for EMSA.

Figure 5. EMSA assays demonstrate nuclear protein binding reactions to
LOXL4 promoter fragments using [γ32P]dATP-labeled oligonucleotides
(REPs). (A) Binding reactions of REP4 containing the GGCGGC binding
site for Sp-1. (B) Binding reactions of REP1 containing the TATA site for
TBP. Numbers above the lanes indicate reactions with (1) nucleic extract of
carcinoma cells, (2) nucleic extracts of normal epithelial cells, (3) negative
control without protein, (4) sequence specific competitor for carcinoma cells
and (5) for normal cells, (6) unspecific competitor sequences for carcinoma
cells and (7) for normal cells. The arrows on the left of the panels indicate
band shifts present in lanes 1 and 2. In lanes 4 the band shifts remained
unaffected in spite of competitor.
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4 kb in skeletal muscle, testis and pancreas (1) but somewhat
different from the 3.5 kb band we have detected previously
in other normal human tissue samples (2). Some of these
mRNA size differences can be due to detection methods,
but can also represent tissue and/or cell type-specific mRNA
size differences. The presence and alternative epithelial
cell specific use of the two polyadenylation signals we
have identified within the 3' UTR region of the LOXL4 gene,
may explain these differences in mRNA size. Northern
hybridization experiments of HNSCC biopsies and cell lines
consistently revealed one LOXL4 mRNA species, without
evidence for the utilization of both or a second polyade-
nylation site in these cells. However, these polyadenylation
sites might be used differentially in other tissue types and
result in transcripts of different lengths that we have noted
in normal tissues.

Of members of the LOX gene family, we have only
analysed regulatory DNA sequence elements for LOX within
the 5' flanking domain and found differentially increased
CAT reporter activities for promoter elements, and in addition
sequences within intron-1, in normal cell lines, and cHa-
ras-transformed osteosarcoma cells (16). These differences
in CAT activity in the normal and ras-transformed cells
suggested a complex interaction between cis-acting domains
and trans-acting transcriptional factors in the 5' promoter
domain and the first exon of the LOX gene. The LOX
promoter was also reported to be controlled by cross-talk
between positive and negative cis-acting regions that are
differentially active in various cell types (17,18).

Analysis of the 5' flanking domain of the LOXL4 gene
revealed that the sequence is G+C rich up to about -180,
where it becomes relatively A+T rich. We have structurally
and functionally analyzed different parts of the 5' untranslated
region using reporter and transfection systems. While there
were no housekeeping gene-typical GC-box sequences
present, GC-box-like sequences and multiple known trans-
cription factor binding sites were identified. While all reporter
constructs exhibited overall increased transcription in HNSCC
cells, two constructs, REP-4 and REP-6 demonstrated consi-
derably increased promoter activity in HNSCC cells compared
to normal epithelial cells.

As consensus sequences, such as GC or CCAAT, found
in promoters often lead to alteration of promoter activity
due to their frequent mutation or deletion (19), we have tested
HNSCC derived LOXL4 DNA sequences for mutations.
Sequence analysis of the full promoter and coding regions of
the LOXL4 gene revealed no genetic alteration between
DNA sequences in HNSCC and those derived from normal
epithelial cells and database sequences. In tumor cells in vivo
DNA methylation/demethylation is known to be one of
the differential gene regulatory mechanisms and we have
considered this possibility, particularly as there were GC
rich promoter regions present within the LOXL4 promoter.
But in our experiments, increased promoter activity in
HNSCC cells as a consequence of DNA methylation could
be ruled out, as the promoter deletion constructs we have
tested in transfected cells were generated by PCR under
methylase-free condition.

To further determine the mechanistic basis for differential
promoter activity between HNSCC and normal epithelial

cells, we have evaluated different binding affinities for tran-
scription factor binding sites within the LOXL4 promoter
using specific oligonucleotide probes and nuclear extracts
from HNSCC and normal control cells. The regulation of
transcription is commonly based on the interactions between
general and basal transcription factors and between general
transcription factors with each other (20-22). To evaluate
these interactions in HNSCC we have investigated the
enhancing and/or silencing effect of several fragments of the
LOXL4-promoter on the transcription rate in reporter gene
studies and subsequent EMSA. Two promoter fragments,
REP-1 specific for TBP and REP-4 specific for Sp1, showed
differentially increased expression in HNSCC cells and the
specific binding of these factors was further confirmed in
competition experiments. TBP that recognizes the TATA
box at -25 is responsible for the formation of preinitiation
complex where DNA-dependent RNA polymerase II starts
transcription. Normally, the binding of TBP to the DNA is
very slow, because the formation of non-DNA-associated
homo-dimers of TBP competes with its binding to the DNA.
But if the concentration of TBP is increased compared to
the normal level, the balance changes towards DNA-binding
which then accelerates the initiation of transcription (23).
Based on our results we hypothesized that the transcription of
the LOXL4-gene is initiated more rapidly in tumor cells and
the EMSA data supported this hypothesis for REP-1. The
stronger band intensity we have observed using tumor cell
extracts is an indicator of an increased concentration of TBP
that can possibly lead to faster initiation of transcription in
these cells. Recently, a similar mechanism has also been
described for colon carcinoma cells (24).

The consensus 12-O-tetradecanoylphorbol-13-acetate
(TPA)-responsive element (TRE) at -75 found in REP-2 is a
target DNA control element of distinct signal transduction
pathways and is very similar to CRE (TGACGTCA) which is
necessary for cAMP induction in the phosphoenol-pyrovate
carboxykinase gene (25). This similarity may provide a
route for different intracellular signals to be integrated at
the level of transcriptional control (26,27). The sequence
GGAA at -149 (REP-3) is a transcription factor binding
motif for a large number of conserved transcription factors
many of which have been implicated in tumor progression
such as Ets with critical role in control of cellular changes
during epithelial-mesenchymal transition and metastasis
(28,29).

The sequence GGCGGC at -181, that in REP-4
demonstrated specific and differential EMSA, corresponds to
sequences identified as binding sites for the transcription
factor Sp1 (30). This sequence specific activator generally
increases the rate of the transcription factor subunit IID
(TFIID) association with the promoter and interacts directly
with TBP-associated factor (TAF) components of TFIID
(31). Another important transcription factor binding motif
is a CCAAT at -257 (REP-5) that operates in interactions
with multiple boxes and conserved motifs (32,33), though
we did not observe EMSA for this site in HNSCC or normal
epithelial cells. The tandem repeated GAA sequences located
between -329 and -306 were positive within REP-7 in EMSA
are recognition sites for IRF (interferon regulatory factor)
known to play an important role in oncogenesis (34).
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In summary, there are many heterogeneous sequence
motifs within the regulatory region of the human LOXL4
gene, identified as transcription factor-binding motifs
(19,28,29, 32-37). Some of these (GATA, GGAA, CCAAT,
GAAA) may not participate in the regulation of the LOXL4
gene expression in promoting transcription factor inter-
actions. Our experiments clearly revealed the significance
of differential transcription activating factor binding for
TBP within REP-1 and Sp1 within REP-4 in HNSCC cells
suggesting that these factors may be the primary responsive
sites for the regulation of LOXL4 overexpression in HNSCC.
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