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Hypoxia has been shown to promote tumor metastasis and
lead to therapy resistance. Recent work has demonstrated that
hypoxia represses E-cadherin expression, a hallmark of epithe-
lial to mesenchymal transition, which is believed to amplify
tumor aggressiveness. The molecular mechanism of E-cadherin
repression is unknown, yet lysyl oxidases have been implicated
to be involved. Gene expression of lysyl oxidase (LOX) and the
related LOX-like 2 (LOXL2) is strongly induced by hypoxia. In
addition to the previously demonstrated LOX, we characterize
LOXL2 as a direct transcriptional target of HIF-1. We demon-
strate that activation of lysyl oxidases is required and sufficient
for hypoxic repression of E-cadherin, which mediates cellular
transformation and takes effect in cellular invasion assays. Our
data support a molecular pathway from hypoxia to cellular
transformation. It includes up-regulation of HIF and subse-
quent transcriptional induction of LOX and LOXL2, which
repress E-cadherin and induce epithelial to mesenchymal tran-
sition. Lysyl oxidases could be an attractive molecular target for
cancers of epithelial origin, in particular because they are partly
extracellular.

Constant availability of molecular oxygen is crucial for the
structure and function of any mammalian cell. Therefore, cel-
lular responses to reduced oxygen tensions (hypoxia) play an
important role in development and many aspects of physiolog-
ical homeostasis. Many important disease processes, including
ischemic vascular diseases and cancer, involve reduced tissue
oxygenation, and cellular adaptation to this is implicated in
disease progression and clinical outcome. The hypoxia-induc-
ible transcription factor (HIF)? is a central mechanism re-
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sponding to low cellular oxygenation and mediates a variety of
systemic and local adaptive responses, including the control of
red cell production, regulation of angiogenesis, modulation
of vascular tone, enhancement of glycolysis, and cellular glu-
cose uptake (for a review, see Refs. 1-3).

HIF consists of a heterodimer of a- and B-subunits, both
being basic helix-loop-helix-Per Arnt Sim domain proteins.
Whereas HIFf3 is constitutively expressed, HIFa subunits are
unstable and inversely correlated to the availability of molecu-
lar oxygen. At least two oxygen-regulated isoforms of HIF«
have been identified, HIF-1a and HIF-2¢, sharing a high degree
of sequence homology and a similar domain structure (4). Reg-
ulation of HIF is primarily governed by oxygen-dependent
hydroxylation of its HIFa subunits, which influences protein
stability and transcriptional activity.

Growth and behavior of tumor cells is strongly dependent on
their microenvironment, where hypoxia is both a stress factor
and an important signal (for a review, see Refs. 5 and 6). Dating
back to 1927, Otto Warburg had already described that tumor
cells have a much increased utilization of the glycolytic pathway
(7). Since then, a number of studies have established that indeed
HIF is necessary to activate glycolysis in tumor cells in order to
maintain energy homeostasis (8, 9). Accordingly, most (but not
all) experimental studies have demonstrated that HIF is a
growth-promoting mechanism for tumors (10, 11). In human
solid tumors, HIFa subunits are regionally stabilized in
response to microenvironmental stimulation, of which hypoxia
would presumably be the most important stimulus (first
described in Refs. 12 and 13). In contrast, in the majority of
renal cell carcinoma (RCC), HIFa subunits are globally stabi-
lized (14, 15), which is the result of biallelic inactivation of the
von Hippel Lindau (VHL) tumor suppressor gene. The VHL
gene product has previously been shown to be part of an E3
ubiquitin ligase complex targeting HIF« subunits for degrada-
tion (16) in response to oxygen-dependent prolyl hydroxylation
(17). Importantly, the VHL-associated HIF activation not only
seems to be relevant for tumor growth in RCC but also plays a
dominant role in tumorigenesis. HIFa is activated in the earliest
renal lesions of the familial VHL syndrome (18) and seems to be
the decisive factor for growth initiation of experimental RCCs,
where HIF-2« plays the dominant role over HIF-1« (19 -23).

B-APN, B-aminopropionitrile; BCS, bathocuproinedisulfonic acid; siRNA,
small interfering RNA; DAPI, 4',6-diamidino-2-phenylindole.
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Further to the unique role of the VHL/HIF axis, RCCs show a
typical clinical feature, which is resistance to established forms
of therapy with radiation and chemotherapy and a high rate of
metastasis at diagnosis (24). To date, it can only be speculated
whether these features are linked to each other. However,
extensive data has accumulated which points toward hypoxia-
driven dedifferentiation of tumor cells, which could lead to
the process of epithelial to mesenchymal transition (EMT),
leading to enhanced invasion and metastasis (25, 26). Clini-
cally, this has been suspected for a long time, because severely
hypoxic tumors have been described to be more aggressive and
less responsive to therapy (27, 28).

The process of EMT is characterized by a complex dediffer-
entiation program, where epithelial cells lose their polarity and
epithelial surface markers and induce the expression of mesen-
chymal markers, resulting in fibroblast-like and motile pheno-
typic cells (29, 30). In general, the invasive and metastatic phe-
notype is associated with down-regulation of E-cadherin
expression, a hallmark of EMT (31), being a mediator and indi-
cator of EMT, simultaneously. Several mechanisms like genetic,
epigenetic, and transcriptional changes have been implicated in
the regulation of E-cadherin expression during tumor progres-
sion (32). Importantly, recent studies have shown that E-cad-
herin expression can depend on the VHL status of cells, where
hypoxic incubation was able to suppress E-cadherin protein
expression (33-35), confirming a hypothesis that was previ-
ously formulated (36). These data indicate that VHL and/or
HIF are capable of regulating E-cadherin, possibly influencing
the process of EMT. The mechanism by which hypoxia and/or
HIF represses E-cadherin expression is less clear, because a
number of different pathways have been suggested.

The HIF target gene lysyl oxidase (LOX) has been implicated
in involvement in E-cadherin regulation. LOX has been drawn
as one of the highest regulated genes from numerous gene
arrays searching for novel HIF-regulated genes, performed by
us and others (37-39). Importantly, LOX has been shown to be
a direct target of HIF-1, which is functionally required for
hypoxia-induced metastasis (40). Furthermore, the lysyl oxi-
dases LOX and LOX-like 2 (LOXL2) have been shown to phys-
ically interact with Snail, an important repressor of E-cadherin,
which might influence Snail activity (41). Lysyl oxidases are a
family of copper-dependent amine oxidases, catalyzing the
covalent cross-link of the component side chains of collagen
and those of elastin, thus stabilizing these proteins in the extra-
cellular matrix (ECM). Four LOX-like (LOXL) proteins have
been described so far, with varying degrees of similarity to LOX.
Interestingly, the lysyl oxidases seem to carry additional func-
tions beyond ECM stabilization, because they were found not
only in the extracellular compartment but also in the cytoplasm
and the nucleus, influencing proliferation and transformation
between the normal and the malignant phenotype (for a review,
see Refs. 42 and 43). LOX and LOXL2 have been demonstrated
to be highly expressed in many human cancers, partly and
adversely in correlation to clinical outcome (42).

In our study, we have investigated the role of LOX and
LOXL2 in hypoxic repression of E-cadherin. We demonstrate
that LOXL2is also a direct HIF-1 target gene and that induction
of lysyl oxidases is necessary and sufficient to repress E-cad-
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herin in hypoxia. Our data provide experimental confirmation
of a hypothesis that has been recently suggested, spanning a
molecular pathway from hypoxia to HIF and lysyl oxidases,
which is essential for E-cadherin repression (10) and which may
be most relevant for development and progression of RCC.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Hep3B, HEK293, and HeLa cells
were from the European Cell Collection. The following cell
lines were kind gifts from different investigators: HKC-8 (L.
Racusen, Baltimore, MD), A498 (P. Staller, Copenhagen, Den-
mark), RCC4 (P. Ratcliffe, Oxford, UK), RCC10 (T. Acker,
Frankfurt, Germany). The last three were VHL-deficient RCC
cell lines and were analyzed in parallel with stably reconstituted
lines. All cell lines were cultured in Dulbecco’s modified Eagle’s
medium, 10% fetal calf serum, 100 units/ml penicillin, 0.1
mg/ml streptomycin (all from PAA) to subconfluence and
exposed to either normoxia or hypoxia (1% O,, 5% CO,, 94%
N,) for the indicated time points. Hypoxic incubations were
performed in an “invivo400” hypoxic workbench (Ruskinn
Technology Ltd., West Yorkshire, UK). Reagents used to treat
cells were 2,2-dipyridyl (DP) (ICN, Costa Mesa, CA) and di-
methyloxaloylglycine (Biomol, Hamburg, Germany). B-Amino-
propionitrile (8-APN), bathocuproinedisulfonic acid (BCS),
D-penicillamine, and cobalt chloride (CoCl,) were from Sigma.

Collection of Human Tissues— Tissues were from a historical
collection (14), collected from radical tumor nephrectomies
and fixed in 4% paraformaldehyde. Written informed consent
was obtained from each patient before nephrectomy. The col-
lection of human tissues was approved by the local ethics
committee.

Knockdown with Small Interfering RNA (siRNA)—For mRNA
knockdown, the following sequences were used at 100 nm
(Eurogentec, Bruxelles, Belgium): HIF-1«, 5'-GCCACUUCG-
AAGUAGUGCUTT-3'; HIF-1«.2, 5'-CUGAUGACCAGCA-
ACUUGATT-3'; HIF-2a, 5'-GCGACAGCUGGAGUAUGA-
ATT-3'; HIF-2a.2, 5'-CAGCAUCUUUGAUAGCAGTT-3';
LOX, 5'-GACUGCCAGUGGAUUGAUATT-3'; LOXL2, 5'-
GCGGGCUCUUAAACAACCATT-3"; LOXL2.1, 5'-GGCA-
AUGAGAAGUCCAUUATT-3’; LOXL2.2, 5'-GAAUCCGA-
UUACUCCAACATT-3'. As a negative control, we used an
siRNA targeting green fluorescence protein, 5'-GGUGUG-
CUGUUUGGAGGUCTT-3'. Cells were transfected with
the siRNAs at 50% confluence by the use of Oligofectamine
(Invitrogen) according to the manufacturer’s instructions.

Protein Extraction and Immunoblot Analysis—Cells were
homogenized into extraction buffer (7 M urea, 10% glycerol, 10
mM Tris-HCI, pH 6.8, 1% SDS, 5 mmol/liter dithiothreitol, 1
mM 4-(2-aminoethyl)-benzenesulfonylfluoride, Complete Mini
EDTA-free) using a T8 Ultra-Turrax homogenizer (IKA,
Staufen, Germany) for 10 s at full speed. Extracts were quanti-
fied using the DC protein assay (Bio-Rad). Proteins were
resolved in 10% SDS-polyacrylamide gels and transferred to
Immobilon P (Millipore, Bedford, MA) overnight in blotting
buffer (10 mm Tris, 100 mum glycine, 10% methanol, 0.05% SDS).
Membranes were blocked with 3% fat-free dried milk in PBS
with 0.1% Tween 20 and probed with monoclonal antibodies
against E-cadherin (0.2 pug/ml; clone HECD-1, Abcam (Cam-
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bridge, UK)), HIF-1a (1 pug/ml; clone 54 (Transduction Labo-
ratories, Lexington, KY)), and 3-actin (0.48 ng/ml; clone AC-15
(Sigma)) and horseradish peroxidase-conjugated secondary
goat anti-mouse antibodies (0.5 ng/ml; DAKO (Glostrup, Den-
mark)). Signals were visualized by chemiluminescence (Pierce).
The displayed results are representative data of independent
experiments.

Luciferase Reporter Constructs—The pGL2/LOXL2 reporter
construct, including a 502-bp fragment of the first intron of the
LOXL2 gene (nucleotides +1758 to +2260; accession number
NT_023666) was generated, amplified from human genomic
DNA (forward primer, 5'-cgacgcgtaaattgagtctcacta-3'; reverse
primer, 5'-ggaagatcttgtcagccaatgtgtg-3' (generated Mlul and
BglII restriction sites are underlined) and cloned in the pGL2
promoter vector (Promega, Madison, W1I). For sequential anal-
ysis of the three putative hypoxia response elements, site-di-
rected mutagenesis was performed, generating the plasmids
pGL2/LOXL2-mutl-3. For mutagenesis, the following primers
were used: LOXL2-Bmutl, 5'-cgcTTTtttgtgtatgcatgtgtg-3';
LOXL2-Bmutl’, 5'-aaaAAAgcgcgcgtgcacacacag-3’; LOXL2-
Bmut2, 5'-ggcTTTtgtgtgtgcacgcaat-3'; LOXL2-Bmut2’, 5'-aca-
AAAgcccgegeacacacacc-3'; LOXL2-Bmut3, 5'-atgtgtgc TTTt-
gtgtatatgtatatgtgt-3'; LOXL2-Bmut3’, 5'-atatacacaAAAgca-
cacatgcgtgcaca-3'.

Transient Transfection Assays—For luciferase reporter
assays cells were seeded in 24-well plates and transfected at a
confluence of ~50-60% with 0.3 ug of the LOXL?2 luciferase
reporter plasmids or 0.1 ug of the E-cadherin reporter plasmids
and 0.1 pg of pPCMV-B-galactosidase expression vector (Strat-
agene, La Jolla, CA) using jetPei transfection reagent (Polyplus,
New York, NY) for HEK-293 cells or FuGene HD reagent
(Roche Applied Science) for HKC-8, following the manufactur-
er’s instructions. One day after transfection, cells were stimu-
lated with hypoxia for 24 h. For HIF-1 overexpression, 50 ng of
the expression plasmids HIF-1a and HIF-18 or an equimolar
amount of the empty pcDNA3 vector was co-transfected. For
RNA knockdown, cells were transfected with siRNAs as
described above the day before reporter transfection. Lucifer-
ase activities were determined using luciferase assay reagent
(Promega) and normalized to B-galactosidase expression. For
48-h overexpression of lysyl oxidases, cells were seeded in
10-cm dishes or on glass slides and transfected with FuGene
HD (Roche Applied Science) with 10 ug of pcDNA-hLOX or
pcDNA-hLOXL2-FLAG.

Immunofluorescence and Immunohistochemistry—RCC10
and RCC10/VHL cells were grown on glass slides to subconflu-
ence and exposed to normoxia or hypoxia for 48 h. 3%
paraformaldehyde-fixed cells were incubated with primary
antibodies to E-cadherin (Abcam) (clone HECD-1, 0.2 ug/ml),
FLAG tag (Stratagene) (clone M2, 4 pug/ml), and ZO-1 (Invitro-
gen) (2.5 pg/ml) overnight at 4 °C. Actin staining was per-
formed with phalloidin-FluoroProbe 547 (0.164 nmol/ml;
Interchim (Montlucon, France)). Cells were incubated with fluo-
rescent dye-labeled secondary antibodies (AlexaFluor 488 or
AlexaFluor 584; 0.4 ng/ml) (Molecular Probes/Invitrogen) at
room temperature for 1 h. Nuclei were stained with DAPI (6.5
png/ml; Invitrogen) for 1 h. Cells were mounted at 4 °C with
Mowiol (Roth, Karlsruhe, Germany). Images of cells were
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acquired with a Nikon Eclipse 80i fluorescence microscope
(Dusseldorf, Germany) and a CCD camera (SPOT RT KE/SE,
Visitron Systems (Puchheim, Germany)), using the Spot
Advanced 4.6 software (Visitron Systems).

RNase Protection Assay—For analysis of mRNA expression,
cells were exposed to hypoxia or stimulated with hypoxia
mimetics 16 h before total RNA was prepared using RNazol B
(Biozol, Eching, Germany). **P-Labeled antisense RNA probes
were transcribed with SP6 or T7 polymerase from plasmids
containing cDNA fragments of human HIF-1a, HIF-2a, and U6
small nuclear RNA (U6sn), as described (44). For lysyl oxidases,
probes were generated in pcDNA3 (LOX, accession number
NM_002317, nucleotides 805-990; LOXL?2, accession number
NM_002318, nucleotides 1049—-1213). Displayed results are
representative data of independent experiments.

Chromatin Immunoprecipitation—Two independent chro-
matin immunoprecipitation assays were performed using the
Upstate protocol (Millipore). Cells were sonicated in 15-s
on/off pulses for a total of 12 min (Bioruptor, Diagenode).
Chromatin was immunoprecipitated using rabbit polyclonal
antiserum to HIF-1a (PM14), which has previously been shown
to perform well in chromatin immunoprecipitation assays and
to be highly specific for HIF-1a (45). Preimmune serum was
used as a negative control. Immunoprecipitated chromatin was
amplified using the Sigma whole genome amplification kit
according to the manufacturer’s instructions. Real-time quan-
titative PCR for DNA quantification employed SYBR Green
gene expression assays on a StepOne thermocycler (Applied
Biosystems, Foster City, CA). Normalization was to B-actin
DNA, and -fold enrichment at each locus was calculated using
the AACt method. For the quantitative PCR, the following
primers were used: B-actin-fw, 5'-accatggatgatgatatcgcc-3’;
B-actin-rev, 5’'-gccttgcacatgecgg-3'; LOXL2-fw, 5'-cacacataca-
cgtgcacaca-3'; LOXL2-rev, 5'-aggctctccccaaggaaat-3'.

Electrophoretic Mobility Shift Assay—Recombinant protein
for HIF-1o and HIF-18 was generated by in vitro transcription
and translation using the TNT® quick coupled transcription/
translation system (Promega) and incubated with a **P-labeled
24-bp LOXL2 HRE1 wild type (sense strand, 5'-gcacgcgcgcac-
gtttgtgtatge-3') and the LOXL2-mutl (sense strand, 5'-gcatac-
acaaacgtgcgegegtge-3') oligonucleotide probe. For supershift
assays, anti-HIF-1a antibody (clone 54, Transduction Labora-
tories; 750 ng) was added, and reactions were incubated for 20
min on ice before electrophoresis. An electrophoretic mobility
shift assay was performed as described (16).

Invasion Assay—Collagen gel was prepared by mixing calf
skin type I collagen G (Serva Electrophoresis GmbH, Heidel-
berg, Germany) and rat tail type I collagen R (Biochrom AG,
Berlin, Germany) at a ratio of 1:1. 0.1 volume of sodium bicar-
bonate (22 mg/ml) and 0.1 volume of 10X Dulbecco’s modified
Eagle’s medium were added, and the solution was neutralized
with sodium hydroxide. Aliquots of 1.2 ml were allowed to gela-
tinize in 6-well culture dishes at 37 °C. 5 X 10* tumor cells were
directly seeded in Dulbecco’s modified Eagle’s medium con-
taining 2% fetal calf serum onto the collagen surfaces. Cells
invading the collagen gel were detected by focusing down into
the matrix and quantified by counting 20 optical fields/well (31)
3 days after seeding. For inhibition of lysyl oxidases, assays were
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RCC10/VHL hypoxia

RCC10 normoxia
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FIGURE 1. VHL and hypoxia influence markers of EMT. RCC10 cells were
incubated under normoxia or hypoxia (1% O,) for 40 h on glass slides and
analyzed for E-cadherin, F-actin, and ZO-1 expression by immunofluores-
cence staining. All images displayed for the different markers were photo-
graphed with identical exposition times. Insets in the E-cadherin panels
depict nuclear staining (DAPI) of identical positions on the slide to confirm
presence and density of cells where no E-cadherin was detected. Bar, 10 um;
representative for all panels.

performed in the presence of B-APN. For lysyl oxidase knock-
down, cells were transfected with siRNAs as described above
24 h before seeding on collagen I gel. Statistical analysis was
performed using the two-sided Student’s ¢ test. Statistical sig-
nificance was presumed at a value of <0.05.

RESULTS

Expression of EMT Markers E-cadherin, F-actin, and ZO-1 Is
Influenced by VHL and Hypoxia—The cell line RCC10 (46) has
been studied in the context of VHL-dependent E-cadherin reg-
ulation before (34). Fig. 1 shows the results of immunofluores-
cent staining for different markers of EMT in RCCI10 cells,
which are either defective (RCC10) or reconstituted for VHL
(RCC10/VHL). Since the reconstituted cells show hypoxic
inducibility for HIF and its target genes, we studied RCC10/
VHL cells also in normoxia and hypoxia. As reported previ-
ously, the VHL status of the cells strongly determines the
expression of E-cadherin, with no detectable signal in VHL-
deficient cells and marked membranous expression in VHL-
reconstituted cells. After 36 h of hypoxia (1% O,), E-cadherin
expression in RCC10/VHL cells was completely abolished (Fig.
1, top panels). Similar results were found for other markers of
EMT, actin stress fibers and ZO-1 (zonular occludens protein-
1). RCC10/VHL cells showed only a moderate amount of actin
stress fibers in normoxia, but a clear increase occurred after
incubation in hypoxia (Fig. 1, middle panels). In contrast, VHL-
deficient RCC10 cells displayed high levels of actin stress fibers
already in normoxia. Similarly, ZO-1 expression, a marker for
epithelial differentiation, showed a clear dependence for VHL
and hypoxia (Fig. 1, lower panels). ZO-1 was strongly expressed
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in normoxic RCC10/VHL, where specific staining appeared as a
continuous membranous pattern. In contrast, VHL-deficient
RCCI10 cells displayed weaker and irregular membranous
expression. In hypoxic RCC10/VHL cells, the expression of
ZO-1 could be significantly reduced, and discontinuous mem-
branous staining appeared. Furthermore, RCC10 cells showed
clear morphological differences between the VHL-deficient
and VHL-reconstituted cell lines, which is best seen in the ZO-1
staining (Fig. 1, lower panels). Cells lacking VHL displayed a
spindel-like, fibroblastoid cell shape. In contrast, VHL-recon-
stituted RCC10 cells showed an epitheloid cell morphology
with a typical cobblestone appearance. Taken together, these
findings are compatible with the process of EMT, induced by
hypoxia and VHL deficiency. However, this feature is not com-
plete because fibronectin and vimentin staining did not display
these changes (data not shown).

LOX and LOXL2 Are Regulated by Hypoxia and Are Direct
Targets of HIF-1—Because both VHL and hypoxia are domi-
nant regulators of the transcription factor HIF, we were inter-
ested in identifying putative HIF target genes that could medi-
ate cellular transformation by an Affymetrix gene array in
Hep3B cells (39). This array identified two lysyl oxidases to be
highly induced by HIF, LOX and a related protein, LOXL2
(LOX-like 2), which have been implicated in regulation of
E-cadherin (see Introduction and Ref. 10). LOX and LOXL2
were induced 13- and 7.5-fold, respectively, in comparison with
the untreated control. Importantly, HIF-1a siRNA reduced the
expression of both lysyl oxidases significantly (Fig. 24). We next
aimed for verification of the array data by the specific and quan-
titative RNase protection assay for both genes. Samples from
Hep3B and HeLa cells confirmed the regulation (Fig. 2B). Expo-
sure of the cells to hypoxia (1% O,) or treatment with the
hypoxia mimetic cobalt chloride (CoCl,), the prolylhydroxylase
inhibitor dimethyloxaloglycine, and the iron chelator DP pro-
foundly induced LOX and LOXL2 mRNA, where CoCl, was the
weakest stimulus. To investigate the dependence of the induc-
tion of LOX and LOXL2 expression on either HIF-« isoform,
siRNA knockdown against HIF-1o and HIF-2o was performed
with previously characterized siRNAs (39) (see Fig. 2C and sup-
plemental Fig. 1 for independent siRNAs against HIF-1a and
HIF-2¢«). Stimulated Hep3B cells transfected with HIF-1la
siRNA markedly reduced LOX and LOXL2 mRNA expression
in comparison with cells treated with siRNA against green
fluorescent protein and untransfected cells. However, a slight
reduction of both genes was also observed after HIF-2a knock-
down but was rather low in comparison with the effect of
HIF-1o knockdown.

In order to further characterize the HIF-dependent tran-
scriptional regulation of the lysyl oxidases, we searched the
genomic sequences for putative hypoxia response elements
(HREs; 5'-RCGTG-3") (47) in silico, using the Genomatix
Matlnspector® software. While this work was in progress, Erler
et al. (40) demonstrated a functional HIF binding site in the
LOX gene, which corresponded well with our findings (as
shown in supplemental Fig. 2). We therefore decided to focus
our efforts on the regulation of the LOXL2 gene. In the genomic
sequence of the LOXL2 gene, two separate regions were found,
with two and three putative HREs in close proximity to each
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FIGURE 2.LOX and LOXL2 mRNA are induced under hypoxia and HIF a stabilizing conditions. A, Affymetrix
gene array was performed with mRNA of normoxic or the iron chelator DP (100 uMm, 16 h) stimulated Hep3B
cells. B, LOX and LOXL2 mRNA expression was analyzed by RNase protection assay in Hep3B and HelLa cells after
16 h of hypoxic conditions or treatment with hypoxia mimetics (DP, 100 um; CoCl,, 100 um; dimethyloxaloyl-
glycine (DMOG), T mm). Assays were internally controlled by U6 small nuclear RNA (U6sn). C, HIF dependence of
LOX and LOXL2 expression was analyzed by knockdown of HIF-7a or HIF-2c: under DP treatment in Hep3B cells
by RNase protection. All samples were treated with transfection reagent. Control was treated with siRNA

against green fluorescent protein (siGFP).

other (Fig. 3A). One region was located 2500 bp upstream of the
transcriptional start site, containing two possible HIF binding
sites. Three further putative response elements were found
1750 bp downstream of the transcriptional start site, in the first
intron of the LOXL2 gene. Further analysis revealed that there
were three HIF ancillary sequences (marked with asterisks in
Fig. 3A) adjacent to these putative HREs, which were previously
characterized to frequently lie in close proximity to functional
HREs (such as erythropoietin, 5'-CACAG-3’ (48)). The more 5’
region displayed only one HIF ancillary sequence, close to
the first putative HRE. Due to the lesser distance from the
intronic HREs to the transcriptional start site and the
appearance of the three HIF ancillary sequences close to
the HRE consensus sequences, a 500-bp fragment containing
these three HREs was cloned into a luciferase reporter vec-
tor. 16 h of hypoxic treatment induced luciferase activity
up to 1.7-fold and HIF-1 overexpression up to 2.1-fold (Fig. 3B).
Site-directed mutagenesis of each putative HRE sequence
revealed the first HRE to be functional. Mutation of the puta-
tive HRE1 abolished inducibility, whereas mutation of sites 2
and 3 did not disable the reporter stimulation. To validate
HIF-1 binding to HRE1 of LOXL2, chromatin immunoprecipi-
tation with a HIF-1a antibody was performed. After hypoxic
stimulation of HeLa cells, a 3.1-fold enrichment of HIF-1«
binding to the LOXL2-HRE1 was detected, as compared with
the normoxic control (Fig. 3C). A comparable result was
observed in Hep3B cells after dimethyloxaloylglycine treat-
ment (2 mM, 16 h; data not shown). To further validate the
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the combination of recombinant
HIF-1a and HIF-1p proteins, gen-
erated by in vitro transcription
and translation, we were able to
show that HIF-1 could directly
bind to the human LOXL2-HRE1
wild type oligonucleotide. Fur-
thermore, the addition of a spe-
cific monoclonal antibody to
HIF-1ae  further retarded the
migration of the HIF-1-DNA com-
plex (supershift). However, no
binding of HIF-1 was present on a
mutated oligonucleotide for the
HRE1. In conclusion, these data
together with the previously pub-
lished date (40) clearly demon-
strate that LOX and LOXL2 are
direct transcriptional targets of
HIF-1.

A clear HIF-dependent regula-
tion should result in overexpres-
sion of target genes in cells lack-
ing functional VHL. We therefore
analyzed the expression of both
lysyl oxidases in cells derived from
RCCs deficient for VHL in com-
parison with their reconstituted clones by RNase protection
assay (Fig. 4A). All three VHL-deficient cell lines, A498, RCC4,
and RCC10, showed a high basal expression of both genes
under normoxic control conditions, where neither hypoxia
nor DP treatment considerably enhanced the expression. In
the VHL-positive counterparts of these cell lines, normoxic
expression of both lysyl oxidases was significantly repressed,
showing strong inducibility by hypoxia or DP treatment. In
addition to these in vitro data, we also investigated LOX and
LOXL2 expression in vivo by analysis of tissues obtained
from radical tumor nephrectomies and which have been
characterized for their HIF status and target gene expression
before (49). All of the samples investigated in this study were
of clear cell histology and showed strong and global overex-
pression of HIFa isoforms and thus most likely were VHL-
deficient (data not shown). RNA lysates from renal carcino-
mas in comparison with adjacent kidney tissues of the same
patients were analyzed by an RNase protection assay (Fig.
4B). A low mRNA expression of LOX could be detected in
every single kidney lysate, whereas profound up-regulation
was detected in all analyzed tumor samples. In contrast,
LOXL?2 expression could not be detected in kidney extracts,
but it was also highly expressed in the tumor tissues.

E-cadherin Expression Is Lost under Hypoxic Conditions,
Which Is Mediated by LOX/LOXL2—W e next aimed to inves-
tigate the functional consequences that HIF and lysyl oxidase
overexpression could have. Because HIF activity is negatively

VOLUME 285-NUMBER 9-FEBRUARY 26, 2010



Hypoxic E-cadherin Repression Requires Lysyl Oxidases

A. human LOXL2 putative HRE
1 2 3 ~35kb translational
Y N Ve ¥ star i
5 - promoter // -3
2500 bp 1750 bp
B. C. D. LOXL2 HRE1 _LOXL2-mut1
IVTTHIF-1o - - + + - - +
T 0§ 9 IVTITHIF-1B - + + + - + +
45 . o o & £ Ik anti-HIF-1« AB_- - - + - - -
400 S 3 3 S8 32 8 207LOXL2 intron1 HRE1 supershift
2 5 § 5 5 § 5 [normoxia
g3 8 2 3 3 38 % Bhypoxia
3 N HIF-1|
£ 30 " £ 157 "
§ 25 = |
oy —2— £10-
g 2,0 B
S 15 s
il >'< 5-
x 05
ol
0 pre-
pcDNA hyp HIF-1 HIF-1 HIF-1 HIF-1 immune  HIF-1a

FIGURE 3.LOXL2 is a direct transcriptional target of HIF-1. A, scheme of the partial genomic structure of the human LOXL2 gene indicating putative HREs in
the vicinity of the transcriptional start site and the first intron (light gray, uncoding region; black (EX), exons; gray, introns; arrow indicates position of putative
HREs; asterisk indicates ancillary sequence). The region with the three putative HREs located in the first intron was subcloned into a luciferase reporter vector
(see below). B, LOXL2 reporter assays were performed in transiently transfected HEK 293 cells (pGL2/LOXL2). Luciferase activity was measured after hypoxic
stimulation (1% O,) or transient HIF-1 overexpression with HIF-1« and HIF-13 expression plasmids (mean values of three independent experiments with the
error bars representing S.D.; *, p < 0.05). For identification of the functional HRE, site-directed mutagenesis of each putative HRE (pGL2/LOXL2-mut1-3) was
performed. Results represent mean values of three independent experiments, with the error bars representing S.D. C, for verification of HIF-1 binding activity
on the HRE1 of LOXL2 after hypoxic stimulation (1% O,, 16 h) of HeLa cells, chromatin immunoprecipitation was performed using an HIF-1« antibody. HIF-1
enrichment was measured by quantitative PCR. Results show one representative of two independent experiments, depicted with mean values of quantitative
PCR triplicate measurements, with S.D.*,p < 0.05. D, for validation of HIF-1 binding activity on the HRE1 of LOXL2, an electromobility shift assay was performed,
using recombinant HIF-1« and HIF 3 proteins generated by in vitro transcription and translation (/VTT) and the addition of a HIF-1a-specific antibody (AB) for
retardation of the HIF-1a/HIFB/LOXL2-HRE1 complex (supershift). c, constitutive binding activity.

correlated with E-cadherin expres-
A A498 RCC4 RCC10 on in cell cul Fio 1 1
+ VHL “VHL T VHL sion in cell cultures (Fig. 1), we stud-

DP co hyp DP DP _co hyp DP co hyp DP  jed the correlation of both proteins
“ﬁ ﬂ | in RCC and kidney. Fig. 54 shows
immunostaining for HIF-la (left

els) on consecutive sections of hu-

UBsn man radical nephrectomy samples,
where the border of tumor (lower

right corners) with adjacent kidney
tissue is displayed. In the kidney,
E-cadherin is highly expressed in
distal tubuli (50), whereas little
expression can be detected in the
adjacent tumor tissue. In contrast,
no expression of HIF-la can be
detected in the kidney, whereas very
strong and global expression is
readily seen in the tumor tissue.
Furthermore, we analyzed the E-
FIGURE 4. LOX and LOXL2 regulation and expression is VHL-dependent. A, LOX and LOXL2 mRNA expres- cadherin and HIF-1a expression in
sion was analyzed by RNase protection assay in von Hippel Lindau-deficient (—VHL) and reconstituted (+VHL) protein lysates from renal carcino-
renal cell carcinoma cell lines (A498, RCC4, and RCC10) after hypoxia or DP treatment (co, control/normoxia;  mas in comparison with adjacent
hyp, hypoxia, 1% O,, 16 h; DP, 100 um, 16 h). B, LOX and LOXL2 expression was analyzed in samples of radical

nephrectomies, from patients with renal clear cell carcinomas with loss of VHL (14) (representative samples of l(ldney tissues from the same patient
10 analyzed patients; t, tumor; k, kidney; numbers indicate individual patients). by immunoblotting (Fig. 5B). A broad
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sion and only marginal decreases
of E-cadherin protein under hy-
poxia. Of note, protein levels of
E-cadherin in the VHL-deficient
cells were higher as measured by
immunoblotting than could have
been expected from immunofluo-
rescence, where no detectable signal
could be seen (compare Fig. 64 with
Fig. 1). We were concerned that the
repression of E-cadherin could
partially be caused by cellular dam-
age in hypoxia. However, light mi-
croscopy did not reveal obvious
changes to the cellular morphology
and confirmed confluent cell layers
2 at the end of the experiments (data
3. not shown). Furthermore, the high
levels of HIF-la protein in these
cultures even after 72 h of continu-
ous hypoxia implicate vital cells. Nev-
ertheless, to ensure vitality of our
cultures and investigate whether
E-cadherin regulation is a dynamic
cellular response, we tested whether
E-cadherin expression could be re-
stored, after 72 h of hypoxic incuba-
" %4 tion. Again, E-cadherin was strongly
= repressed in RCC10/VHL cells after
72 h of hypoxia (Fig. 6B). However,

o E-cadherin protein could be re-

co hyp k t k t k t

E-cadherin sl b.,. . - - . “‘-moma
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FIGURE 5. E-cadherin expression in renal clear cell carcinomas is inversely associated with HIF-1
expression. A, serial sections of the border between renal tissue (upper left) to cancer (lower right corners)
of samples from nephrectomies were analyzed by immunohistological staining for HIF-1« and E-cadherin
expression. Bar, 100 wm (upper panels) and 10 um (lower panels). B, E-cadherin and HIF-1a protein expres-
sion was analyzed in samples of radical nephrectomies, from nine patients with renal clear cell carcinomas
with loss of VHL (14) (t, tumor; k, kidney; numbers indicate individual patients; co, control/normoxia; hyp,

hypoxia, 1% O,, 72 h).

E-cadherin protein expression was detected in all kidney sam-
ples, whereas the E-cadherin expression was strongly reduced
in the tumor samples. In contrast, HIF-1a protein expression
was clearly detectable in the tumor extracts, whereas no expres-
sion or only weak HIF-1a expression was detected in normal
kidney extracts. These in vivo data are compatible with our
expectation that strong activation of HIF would lead to a
decrease of E-cadherin, possibly through activation of lysyl
oxidases.

Pursuing this hypothesis, we investigated whether lysyl
oxidases are necessary to suppress E-cadherin in hypoxia. As
reported previously by others (34, 35, 51), prolonged hypoxia
up to 72 h led to a strong decrease of E-cadherin protein in
the presence of functional VHL (Fig. 6, A-C). In contrast,
VHL-deficient cells show lower base-line E-cadherin expres-
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stored, which started at 24 h of
reoxygenation and confirmed the
vitality of our cultures.

We next aimed to interfere with
the function of lysyl oxidases to
address the question of lysyl oxidase
involvement in hypoxic E-cadherin
down-regulation. Unfortunately, the
experimental requirements of the
procedures, which are confluent
cultures at the start of the experi-
ment and a duration of at least 72 h
of hypoxic incubation, excluded siRNA from analysis of endog-
enous E-cadherin because of low transfection efficiencies of the
siRNA. For this reason, we referred to treatment with estab-
lished pharmacological inhibitors of lysyl oxidases (40, 52) (Fig.
6, C and D). B-APN, p-penicillamine, and BCS could partially
inhibit hypoxic repression of E-cadherin (compare lane 2 with
lanes 3-5). However, only the mixture of all three inhibitors
could completely restore E-cadherin expression to the same
extent as normoxic control, but it had no influence on the basal
E-cadherin expression under normoxic conditions. As stated,
the possibilities to study and modify endogenous E-cadherin in
cell culture were restricted because of the requirement of con-
fluent cultures. However, E-cadherin promoter constructs gave
us the possibility to experimentally interfere with and measure
E-cadherin regulation in cell cultures that could be more easily
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FIGURE 6. Hypoxia leads to loss of E-cadherin expression, which requires LOX/LOXL2. A, E-cadherin
expression was analyzed by immunoblotting in RCC10 cells after 72 h of hypoxia (1% O,). HIF-1a was analyzed
in parallel to verify hypoxic induction. co, normoxic control. B, in RCC10/VHL cells E-cadherin expression was
analyzed after reoxygenation, from 72 h of hypoxia. C, E-cadherin expression was analyzed in RCC10/VHL cells
exposed to hypoxia for 72 h with or without treatment with pharmacological inhibitors of lysyl oxidases by
immunoblotting. Hypoxia, 1% O,. For B-APN, b-penicillamine, and BCS, a 300 um concentration of one was used
or 100 um each in combination. D and E, HKC-8 human renal tubular cells were transiently transfected with
luciferase reporter constructs containing either the full-length E-cadherin promoter or a minimal promoter
fragment containing two E-boxes of E-cadherin. D, 24 h after transfection, cells were stimulated with hypoxia
(hyp), with or without the addition of lysyl oxidase inhibitors for a further 48 h (3-APN, p-penicillamine (p-PA),
and BCS, each 100 um). £, the day before reporter transfection, knockdown for LOXL2 with the two independent
siRNAs siLOXL2 (siLL2) and siLOXL2.2 (siLL2.2) was performed. Controls were treated with siRNA against green
fluorescent protein. Cells were exposed to hypoxia 24 h after reporter transfection. Results in D and E represent
mean values of two independent experiments, with the error bars representing S.D. *, p < 0.05.

treated by transfection. For this purpose, HKC-8 proximal renal
tubular cells, which show excellent transfection efficacies, were
transfected with the full-length E-cadherin promoter and a
minimal promoter fragment, containing only E-box binding
sites for E-cadherin repressor proteins. Hypoxic incubation
decreased the reporter gene activity of both E-cadherin pro-
moter constructs to ~50%. Using the combination of the
three inhibitors to block lysyl oxidase function, complete
restoration of the reporter gene activity could be achieved
(Fig. 6D). Under these experimental conditions, we were able
to study the effects of LOX and LOXL2 siRNA, which
worked at satisfactory efficiency, as demonstrated in RNase
protection assays (supplemental Fig. 3). Knockdown of
LOXL2 was consistently able to restore reporter gene activity
to levels of normoxic activity (Fig. 6E). However, LOX
knockdown produced weaker and more variable results (data
not shown).

These data clearly show that lysyl oxidases are involved
in E-cadherin regulation under hypoxia. To further investi-
gate whether the lysyl oxidases have the ability to regulate
E-cadherin on their own, we referred to overexpression.
With the reagent FuGene HD®, we were able to transfect a
sufficient number of cells to high levels in order to study
functional consequences. Forced expression of either LOX
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or LOXL2 reduced E-cadherin lev-
els in RCC10/VHL cells and mar-
ginally in RCC10 cells (Fig. 7A),
where already high levels of con-
stitutive lysyl oxidases exist. How-
ever, the level of E-cadherin re-
pression was below the hypoxic
effect, which may be the result
of insufficient transfection effi-
cacy. We therefore next looked at
the effect of LOXL2 overexpres-
sion on single cell basis by immu-
nofluorescence, where the trans-
fected protein could be visualized
by an antibody against the FLAG
tag. Individual RCC/VHL cells that
displayed overexpressed FLAG-tagged
LOXL2 (Fig. 7B, red) showed a
markedly reduced E-cadherin (green)
expression. These cells lose E-cad-
herin at their site of contact. Inter-
estingly, the LOXL2 transgene
shows a distinct perinuclear expres-
sion pattern, which has been re-
ported before (41).

Modulation of Cellular Invasive-
ness by Hypoxia and VHL, Which Is
Dependent on Lysyl Oxidases—
Given the hypoxic reduction of E-
cadherin as one main feature of the
transitional process shifting an epi-
thelial cell to a motile and invasive
phenotype, we were interested in
whether hypoxic effects would be
reflected in an in vitro invasion model and if lysyl oxidases play
arole in these effects. To address this, we analyzed the invasive
potential of RCC10 (Fig. 84) and RCC10/VHL (Fig. 8B) cells
into collagen I gels under normoxic and hypoxic conditions.
RCC10 cells strongly invaded into the collagen matrix, whereas
RCC10/VHL cells were nearly non-invasive under normoxia.
Invasiveness of RCC10/VHL cells could be strongly induced by
hypoxia up to the same level as normoxic VHL-deficient
RCC10 cells. Also, the invasion of the RCC10 cells could be
further promoted by hypoxia but to a much lesser degree than it
was in RCC10/VHL cells. Treatment of the RCC10/VHL cells
with the lysyl oxidase inhibitor B-APN significantly reduced the
invasiveness of these cells under hypoxia in both cell lines
(Fig. 8, A and B, left). The results were comparable at two
different time points assayed, 1 day (data not shown) and 3
days after seeding. The knockdown of LOXL2 was able to
reduce the invasiveness of these cells under hypoxia in both
cell lines (Fig. 8, A and B, right). Furthermore, lysyl oxidase
knockdown equally reduced the invasiveness of VHL-defi-
cient RCC10 cell under normoxic conditions (data not
shown). These results implicate that lysyl oxidases, under
the influence of hypoxia, have the ability to influence the
invasive potential of cells, a phenomenon that could be of
relevance in metastasis of human cancers.
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FIGURE 7. Ectopic expression of LOX and LOXL2 alone reduces E-cadherin expression in RCC10/VHL cells.
A,RCC10/VHL cells were transiently transfected with expression plasmids bearing either LOX (pcLOX) or LOXL2
(pcLOXL2) cDNA 72 h prior to harvesting the cells and analyzed by immunoblotting. Equimolar amounts of
empty vector (pcDNA) were transfected as a control. B, transient transfection of LOXL2 cDNA, which is tagged
with a FLAG tag. Transfection was purposely performed less efficiently than in A, in order to be able to compare
negative cells with positively transfected cells. Cells were fixed 48 h after transfection and analyzed by immu-
nofluorescence for E-cadherin, LOXL2-FLAG tag, and DAPI nuclear stain. The arrows indicate adjacent RCC10/
VHL cells, which have lost E-cadherin at their site of contact. Green, a-E-cadherin; red, a-FLAG staining; blue,

inhibitory strategies (pharmacolog-
ical and knockdown) as well as over-
expression in two different settings.
These experiments are complemen-
tary and do indicate a role of lysyl
oxidases in E-cadherin expression.
However, the detailed molecular
mechanism of lysyl oxidase-medi-
ated hypoxic E-cadherin repression
remains unclear. A transcriptional
regulation has been suspected (34)
and would be compatible with our
results of the E-cadherin reporter
assays (Fig. 6). Transcriptional re-
pression of E-cadherin is believed
to be largely mediated by binding
of repressors to E-box elements
in the E-cadherin promoter. Be-
cause the reporter plasmid con-
taining the minimal E-cadherin
promoter (only the E-cadherin
E-boxes) displayed a similar repres-
sion under hypoxia as the full-
length promoter (Fig. 6), these
findings are in agreement with
dominant regulation by such tran-

DAPI; bar, 10 um.

DISCUSSION

Based on the well known clinical context that hypoxic
tumors show an aggressive phenotype and are less responsive to
classical therapy strategies, we were interested in putative
underlying mechanisms that could mediate these effects. We
and others have identified two lysyl oxidases in gene arrays
searching for hypoxic targets, which have been previously
implicated in tumor progression and metastasis. We show here
that the lysyl oxidases LOX and LOXL2 are highly regulated by
hypoxia and HIF, are strongly expressed in RCC, and are
responsible for E-cadherin repression, which is a hallmark of
EMT. These data are compatible with an important role of lysyl
oxidases in tumor progression and raise the question of
whether inhibition of lysyl oxidases could be a potent strategy
for tumor control.

A number of studies have shown that HIF has the potential
of inducing EMT (53-57), but the detailed mechanism lead-
ing from hypoxia and HIF stabilization to EMT remains
incompletely understood. Our study is the first to show that
LOXL?2 is a direct target of HIF-1, where the same has previ-
ously been shown for LOX (40). Our studies confirm and
extend the work of previous groups in that E-cadherin neg-
atively correlates with VHL function of a cell and that hypoxia
is able to repress E-cadherin in VHL-competent cells (Figs. 1
and 6). Furthermore, we show for the first time that LOX and
LOXL2 are functionally necessary and sufficient for the hypoxic
down-regulation of E-cadherin (Figs. 6 and 7), which has
merely been a hypothesis so far. Our data demonstrate a func-
tional role of lysyl oxidases for E-cadherin repression utilizing

6666 JOURNAL OF BIOLOGICAL CHEMISTRY

scriptional repressors. Snail was
described as such a direct and
potent E-cadherin repressor in epi-
thelial cells and could induce EMT and migration/invasion (58,
59). Furthermore, Snail was reported to be a direct binding
partner to the catalytic domain of LOX and LOXL2. Thus, it
could have been a good candidate in this pathway (41).
Although the classical functions of lysyl oxidases focus on ECM
stabilization, other functions have been reported. Interestingly,
LOX-dependent alterations in chromatin structure have been
observed, and LOX could be partially localized in the nucleus
(60-63). An involvement in transcriptional regulation of the
collagen Illal gene has been demonstrated, by binding of LOX
to the Ku antigen (64). Peinado et al. (41) suggested a model for
the LOXL2-dependent regulation of Snail, in which the oxida-
tion of Snail at Lys-198 and/or Lys-137 by LOXL2 could lead to
intramolecular linkage, inducing conformational changes and
thereby influencing Snail function or Snail sensitivity to other
regulating interaction partners. In RCC10 cells, we were not
able to observe hypoxic induction of Snail; nor did knockdown
with Snail siRNA produce reproducible effects in an E-cadherin
reporter assay (data not shown). A large number of other tran-
scriptional repressors of E-cadherin have been shown to be reg-
ulated by VHL, hypoxia, and/or HIF: SIP1 (also known as
ZFHX1B and ZEB2), ZEBI (also known as ZFHX1A), Twist,
and TCF3 (also known as E47) (33, 35, 51, 55). Intriguingly,
Twist has been shown recently to be a direct transcriptional
target of HIF (55, 65), which could indicate a direct molecular
link. Importantly, a recent study has shown that the intracellular
domain of Notch may be involved in LOX-dependent effects on
hypoxia-induced EMT and invasion, adding a further regulating
factor to the list (56). Considering the large number of putatively
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FIGURE 8. Invasiveness of RCC cells in collagen gels is influenced by hypoxia and is partly LOX/LOXL2-
dependent. The invasive potential of VHL-deficient (A) and VHL reconstituted (B) RCC10 cells into collagen |
gels was analyzed under normoxic and hypoxic conditions. Invaded cells were counted after 3 days of seeding.
Lysyl oxidase activity was blocked by treatment with the lysyl oxidase inhibitor 8-APN under hypoxia (A and B,
left-hand panels; co, normoxic control; hypoxia, 1% O,; B-APN, 300 um; one representative experiment of three
independent experiments, depicted with S.D.; *, p < 0.05). Additionally, knockdown for LOXL2 was performed
with the two independent siRNAs siLOXL2 (siLL2) and siLOXL2.2 (siLL2.2) under normoxia and hypoxia (A and B,
right-hand panels). Results are mean values of two independent experiments with the error bars representing

S.D.; * p < 0.05).

involved proteins, this pathway is inclined to be biologically
important. However, it is not known which, if any, of these repres-
sors exert dominant functions over others, which may well be cell
type- and context-dependent. Therefore, a better description of
the molecular mechanism leading from lysyl oxidases on to E-cad-
herin repression will be required in future studies.

In addition to mediating E-cadherin repression and thus ini-
tiating the EMT program, as demonstrated in our study, LOX
has been shown to activate the Src kinase and the focal adhesion
kinase, which are both key proteins enabling cells to migrate by
forming stable adhesions to the ECM (66). Interestingly, it has
recently been shown that hypoxia strongly stimulates LOX gene
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expression and function of lysyl oxi-
dases exist for LOX. In our study, we
show, that the related protein
LOXL2 is also highly expressed in
human RCC (Fig. 4) and, similarly to
LOX, has the ability to repress
E-cadherin on its own (Fig. 7). Con-
sidering that the C-terminal cata-
lytic domain of all lysyl oxidases is
highly conserved, similarities in their biological function
could be suspected. However, gene regulation of the differ-
ent lysyl oxidases may differ, since the Affymetrix array that
we undertook to screen for HIF-regulated genes did not yield
any lysyl oxidase other than LOX and LOXL2, although
LOXL, LOXL3, and LOXL4 were contained in the array. It
can therefore be assumed that the described effects in
hypoxia are unique to LOX and LOXL2. It is of particular
interest that the inhibitor B-APN has been shown not to
influence LOXL2 function (71). If true, the effects observed
for E-cadherin repression under B-APN (Figs. 6C and 8)
would be solely confined to LOX.
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Considering the profound effects that the lysyl oxidases are
suspected to have for tumorigenesis and disease progression,
these enzymes should be considered as therapeutic targets. A
molecular target is particularly attractive if extracellular phar-
macological approaches can be used. Although the function
and effectors of lysyl oxidases that were of interest in our study
would be suspected to be intracellular, extracellular targeting of
the enzyme would still be possible. LOX is synthesized as a
46-kDa preproprotein, which is cleaved and glycosylated intra-
cellularly. The 50-kDa large pro-LOX is then secreted into the
extracellular space, where it is activated by cleavage by the bone
morphogenic protein-1 to the active 32-kDa protein. The active
protein is then able to reenter the cell, which would then exert
its effects on intracellular substrates (for a review, see Refs. 42
and 43). Thus, during the extracellular cycle, targeting LOX
could be feasible with the appropriate tools. Because BCS can-
not be taken up into the cell and thus merely takes effect in the
extracellular space (40, 54), partial E-cadherin restoration in
hypoxia by BCS alone (Fig. 6C) may affirm this theory.

Considering inhibition of lysyl oxidases as a therapeutic
strategy to prevent tumor progression and metastasis, clear cell
RCC may well turn out to be the most effective tumor to do so.
First, the majority of clear cell RCCs have a constitutive activa-
tion of the HIF pathway because of biallelic inactivation of the
tumor suppressor VHL (as reviewed in the Introduction). This
leads to particularly strong activation of target genes, such as
LOX and LOXL2, which is not only dependent on the microen-
vironment but is genetically caused by the VHL mutation. Sec-
ond, high levels of lysyl oxidase expression in well oxygenated
cells may be specifically relevant for these enzymes because it
has been shown that lysyl oxidases require oxygen to be fully
active (67). Third, RCCs are clinically aggressive and not
responsive to classical tumor therapy. The prognosis of these
patients is usually not determined by tumor growth at the pri-
mary site but by the extent of metastasis, which is frequently
present already at the time of diagnosis (24). Therefore, early
up-regulation and activation of lysyl oxidases are likely to con-
tribute to the bad prognosis of RCC. Furthermore, since
increasing evidence has reported an important involvement of
the enzymes in the process of metastasis, this may well be par-
ticularly relevant in RCC. In summary, lysyl oxidases could
qualify as an interesting anti-tumor target. We show that the
hypoxic E-cadherin repression, as an indicator of EMT, is de-
pendent on lysyl oxidases and that a protein related to the pre-
viously demonstrated LOX is also competent in mediating
these effects, LOXL2. Based on our results, we therefore postu-
late that any strategy designed to target lysyl oxidase activity in
tumors will have to include both enzymes, LOX and LOXL2, to
be effective.
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