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Background: LOXL2 inhibits keratinocyte differentiation. This activity was thought to require LOXL2 enzyme activity.
Results: LOXL2 mutants lacking enzyme activity nevertheless inhibit keratinocyte differentiation. The fourth scavenger recep-

tor-cysteine-rich domain of LOXL2 is required for this activity.

Conclusion: LOXL2 induces keratinocyte differentiation independently of its enzyme activity.
Significance: Our results suggest that LOXL2 may affect diverse biological processes independently of its enzyme activity.

Lysyl oxidase-like-2 (LOXL2) induces tumor progression and
fibrosis. It also inhibits the differentiation of keratinocytes pro-
moting development of squamous cell carcinomas. Stimulation
of HaCaT skin keratinocytes with exogenous LOXL2 or overex-
pression of LOXL2 in these cells inhibits their differentiation as
manifested by inhibition of calcium or vitamin D-induced invo-
lucrin expression. The inhibition was abrogated by the LOXL2
function-blocking monoclonal antibody AB0023 as well as by an
anti-LOXL2 polyclonal antibody. Surprisingly, a point-mutated
form of LOXL2 (LOXL2yg0r) lacking enzymatic activity, as well
as a LOXL2 deletion mutant lacking the entire catalytic domain,
also inhibited calcium or vitamin D-induced up-regulation of
involucrin expression, suggesting that the enzymatic activity of
LOXL2 is not required for this activity. This conclusion was sup-
ported by experiments that showed that 3-aminoproprionitrile,
an irreversible competitive inhibitor of the enzymatic activity of
all lysyl oxidases, is unable to abolish the LOXL2-induced inhibi-
tion of HaCaT cell differentiation. The activity of LOXL2y¢gor
required the presence of the fourth scavenger receptor-cysteine-
rich (SRCR) domain of LOXL2, which is also the binding target of
ABO0023. Epitope-tagged LOXL2y4or Was internalized at 37 °C by
HaCaT cells. The internalization was inhibited by AB0023 and by
competition with unlabeled LOXL2, suggesting that these cells
may express a LOXL2 receptor. Our results suggest that agents that
inhibit the enzymatic activity of LOXL2 may not suffice to inhibit
completely the effects of LOXL2 on complex processes that involve
altered states of cellular differentiation.
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Lysyl oxidase-like-2 (LOXL2)> was identified as an up-regu-
lated gene in Werner’s syndrome (1). It belongs to the family of
the lysyl oxidases and, like the other four members, catalyzes
the deamination of the e-amino groups of lysines of collagen
monomers thereby promoting the formation of covalent cross-
linkages (2, 3). The catalytic domain of the lysyl oxidases is
highly conserved among lysyl oxidases as is the lysyl-tyrosyl-
quinone (LTQ) cofactor domain that is absolutely required for
their enzymatic activity and is unique to these copper-binding
enzymes (2). The enzyme activity of LOXL2 can be inhibited,
like the activity of all lysyl oxidases, by the competitive irrevers-
ible inhibitor B-aminoproprionitrile (BAPN) (4, 5). LOXL2 is
an inducer of lung and liver fibrosis and also promotes fibrosis
in LOXL2-expressing tumors, and these activities require the
enzymatic activity of LOXL2 (6-8). LOXL2 as well as lysyl
oxidase (LOX) also functions as an inducer of tumor cell inva-
siveness (6, 9, 10). These activities too were found to be depend-
ent on the enzymatic activity of the lysyl oxidases. It was
observed that lysyl oxidase enhanced cross-linking of collagen
in the tumor microenvironment can by itself promote tumor
cells invasiveness (11). Furthermore, hydrogen peroxide pro-
duced as a side product of lysyl oxidase activity can also induce
tumor cell invasiveness (12). Additional studies revealed that
tumor metastasis can be induced as a result of the oxidation of
the transcription factor Snail by intracellular LOXL2, which
subsequently leads to the induction of epithelial to mesenchy-
mal transition (9, 13, 14). Thus, all the reported effects of the
lysyl oxidases have so far been associated with their enzymatic
activity.

The progression of squamous cell carcinoma of the skin is
associated with enhanced expression of LOXL2 (13). Cells of
such tumors are derived from keratinocyte stem cell precursors
and are characterized by aberrant differentiation as manifested
by their reduced expression of differentiation markers (15).

2 The abbreviations used are: LOXL2, lysyl oxidase-like-2; LTQ, lysyl-tyrosyl-
quinone; BAPN, B-aminoproprionitrile; LOX, lysyl oxidase; SRCR, scavenger
receptor-cysteine-rich; qPCR, quantitative PCR.
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Silencing LOXL2 expression in keratinocytes up-regulates the
expression of genes associated with keratinocyte differentiation
(16), suggesting that the LOXL2 overexpression observed in
squamous cell carcinomas may contribute to tumor progres-
sion either through inhibition of the differentiation of keratino-
cyte-derived tumor cells or through enhancement of their
proliferation, which in turn inhibits differentiation (13). Inter-
estingly, the expression of LOX and LOXL2 is inversely regu-
lated in keratinocytes as a function of their state of differentia-
tion even though both enzymes catalyze similar enzymatic
reactions and even though both oxidize lysine residues of col-
lagen (2, 7). Thus, LOX expression is induced in differentiating
keratinocytes, whereas the expression of LOXL2 is inhibited
(16). Furthermore, silencing LOX expression, in contrast to the
silencing of LOXL?2, impairs keratinocyte differentiation (17).

Enzymes such as heparanase have been recently found to
induce biological responses by mechanisms that do not require
enzyme activity (18). The N-terminal domain of LOXL2 con-
tains four scavenger receptor-cysteine rich (SRCR) domains of
unknown function. These domains are implicated as mediators
or protein-protein interactions in a variety of systems (19, 20).
These observations suggest that the SRCR domains of LOXL2
may serve in as yet unexplored roles of LOXL2. Here we provide
evidence suggesting that the enzymatic activity of LOXL2 is not
required for LOXL2-induced inhibition of keratinocyte differ-
entiation and show that this activity of LOXL2 requires the
presence of the fourth SRCR domain of LOXL2 (2). Further-
more, we provide preliminary evidence suggesting that kerati-
nocytes express a functional LOXL2 receptor on their cell
surface.

EXPERIMENTAL PROCEDURES

Materials—DMEM, non-essential amino acids, trypsin-
EDTA solution, fungizone, and fetal bovine serum were from
Biological Industries (Beit Haemek, Israel). Cell culture plates
were obtained from Corning Inc. (Corning, NY). A PerfectPure
RNA Cultured Cell kit for RNA purification was from 5Prime
(Hamburg, Germany). A Verso cDNA synthesis kit and Abso-
lute™ Blue QPCR SYBR® Green Rox Mix were from Thermo
Scientific (Lafayette, CO). The polyclonal LOXL2 antibody was
purified on protein-A-Sepharose as previously described (6).
Mouse anti-Myc (sc-40) was from Santa Cruz Biotechnologies
(Santa Cruz, CA). Mouse anti-human B-actin (A5316) and
mouse anti-human involucrin (19018) were from Sigma (St.
Louis, MO). The AB0023 monoclonal antibody was previously
described (5, 8). All trans retinoic acid (ATRA), 9-cis-retinoic
acid, troglitazone, and clofibrinic acid were purchased from
Sigma-Aldrich, and vitamin D was purchased from Biomol
(Hamburg, Germany). Dynabeads and protein G were from
Invitrogen. B-Aminopropionitrile fumarate (BAPN) was from
Sigma. Anti-Myc antibody-conjugated beads were from Enco
Diagnostics (Petach Tikva, Israel). BamHI, Kpnl, Bglll, and
Xhol were from New England Biolabs (Ipswich, MA). Lipo-
fectamine 2000 was from Invitrogen.

Cell Culture—HaCaT cells were kindly provided by Dr.
Fusenig (German Cancer Research Center, Heidelberg, Ger-
many). The cells were cultured in MEM-Eagle’s medium sup-
plemented with 10% fetal calf serum, 2 mm L-glutamine, 50
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pg/ml penicillin/streptomycin  (Biological Industries, Beit
Haemek, Israel) supplemented with a low (0.03 mm) or high (1.2
mM) concentration of calcium. HEK293 and HEK293T cells
were purchased from the American Type Culture Collection
(Manassas, VA).

Plasmids and Lentiviral Vector—The NSPI-CMV-Myc lenti-
viral expression vector was previously described (21). LOXL2
shRNA constructs were previously described (22). Plasmids
used for functional analysis of the LOXL2 promoter activity
were generated using the pGL2 basic vector (Promega, Madi-
son, WI), which contains a promoterless luciferase reporter
gene.

Isolation of the LOXL2 Promoter and Measurements of
LOXL2 Promoter Activity—To identify the LOXL2 promoter,
we cloned a fragment of ~3.2 kb of DNA located upstream to
the translation start site of LOXL2. The first untranslated
intron of LOXL2, which was previously found to contain a func-
tional hypoxia response element (23) was not included in this
fragment (Fig. 1C) due to its size (~35 kb). Thus this fragment
contains 300 bp located downstream to intron 1 and 2.9 kb from
the DNA region located upstream of intron 1 of LOXL2. This
promoter fragment was inserted upstream to the luciferase
reporter of the pGL2 plasmid and transfected into HaCaT cells
using Lipofectamine 2000 according to the manufacturer’s
instructions. Measurements of LOXL2 promoter activity using
the firefly and Renilla luciferase assay were preformed as
described previously (24).

Quantitative RT-PCR—Cells (5 X 10%*) were seeded in 6-well
dishes and grown to confluence. Total RNA was isolated using
the 5-Prime kit. cDNA was synthesized from 1 ug of total RNA
and random hexamers using the Verso cDNA synthesis kit
(Thermo Scientific, Lafayette, CO). PCR amplification of
cDNA was carried out using the Absolute™ Blue QPCR SYBR®
Green Rox Mix (Thermo Scientific) using an ABI Prism 7000
sequence detection system with oligonucleotide pairs specific
for human LOXL2 (5'-GCGTCACTGACTGCAAGCAC and
5'-CGAATCCGAATGTCCTCCAC), human involucrin (5'-
TGTTCCTCCTCCAGTCAATA and 5'-GCTTTGATGGGA-
CCTCCACT), human keratin-10 (5'-GGAAGAATCAAACT-
ATGAGCTG and 5'-ATTGTCGATCTGAAGCAGG) or
B-actin (5'-TTGCCGACAGGATGCAGAAGGA and 5'-AGG-
TGGACAGCGAGGCCAGGAT). To measure the expression
levels of endogenous LOXL2 mRNA we used another pair of
primers of which one is derived from the 3" UTR of the LOXL2
mRNA 5'-GGTTGACATCACTGACGTGC and 5 -GAGTT-
GACCACGCAGGCTTC. To ensure the specificity of the reac-
tion conditions, at the end of the individual runs, the melting
temperature of the amplified products was measured to con-
firm its homogeneity. The following conditions were used:
50 °C for 2 min, 95 °C for 15 min, 95 °C for 10 s, and 60 °C for 1
min for a total of 40 cycles. Each sample was analyzed in dupli-
cate. Amplified cDNA levels were normalized using the B-actin
c¢DNA as a reference. Products were resolved on a 2% agarose
gel to confirm the identity of the amplified cDNA. The target
gene expression level was calculated by the 2-AAC, method
(25). In experiments in which the expression is shown as per-
centage of control, the control was always the expression level
of the gene of interest in untreated cells cultured for 3 days in
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the presence of high or low calcium concentrations as
indicated.

Western Blot Analysis—Cell lysis and Western blot analysis
were performed as described previously (26).

Inhibition of LOXL2 Expression—shRNA-targeting LOXL2
(22) were generated in HaCaT cells using lentiviral vectors as
previously described (27).

Production and Purification of Recombinant LOXL2
Variants—HEK293 or HaCaT cell lines expressing either
LOXL2ysyr LOXL2yggop, Or various deletion mutants of
LOXL2y4gor Were generated using lentiviral vectors as previ-
ously described (27). Some of these recombinant LOXL2 spe-
cies were purified from serum-free conditioned medium as fol-
lows: HEK293 cells expressing LOXL2,,, variants were grown
to 70% confluence and incubated for 48 h with serum-free
DMEM medium. Conditioned medium (200 ml) was incubated
with 1 ml of anti-Myc conjugated beads for 24 h at 4 °C. The
beads were then collected and washed with 20 volumes of PBS.
LOXL2 was eluted with ammonium hydroxide (0.1 m). Acetic
acid (1 M) was used to neutralize the eluant back to pH 7.

Determination of LOXL2 Enzyme Activity—The fluoromet-
ric Amplex Red assay was performed essentially as described
before (28). Purified LOXL2y;,. or LOXL2yg0r (2.5 pg) or a
corresponding volume of a similarly purified fraction from con-
trol conditioned medium were added to a reaction mix (10 mm
K,HPO,, pH 7.2, 10 um Amplex Red, and 0.1 unit of horserad-
ish peroxidase). The substrate was a lysine-rich PF4-derived
peptide LYKKIIKKLLES that we identified as a good LOXL2
substrate. This peptide was added to a final concentration of 20
uM in a final reaction volume of 100 wl. The enzymatic reaction
was carried out at 37 °C for 4 h. Fluorescence was measured
with excitation at 540 and emission at 580 nm.

Generation of Deletions in the LOXL2 SRCR and Catalytic
Domains—The ¢cDNA-encoding LOXL2y4ger was used as a
template for the generation of the depicted SRCR and catalytic
domain deletions (Fig. 4A). For each deletion the cDNA
upstream and downstream of the deletion was amplified using
PfuUltra II fusion HS DNA polymerase (Stratagene, Santa
Clara, CA) and the primer pairs shown (supplemental Table
S1). Amplified fragments upstream and downstream from the
deletions were joined using the Expand Long Template PCR
system (Roche, Mannheim, Germany), sequenced, and stitched
together essentially following a previously described protocol
(29). The cDNA containing the deletion was then ligated into
the NSPI-CMV-Myc lentiviral expression vector.

LOXL2 Internalization Assay—HaCaT cells were seeded in
10-cm dishes (16 X 10* cells/dish) and cultured in medium
containing a high calcium concentration overnight. The follow-
ing day the cells were supplemented with 4 ug/mlLOXL2,,, . or
with LOXL2,,. that was preincubated for 30 min at 4 °C with
AB0023. After 30-min incubation at 37 °C or 4 °C, cells were
trypsinized, washed, and lysed at 4 °C using Western blot lysis
buffer. The lysate was mixed with anti-Myc antibody (200
pg/ml) for 2 h at 4 °C. LOXL2,,,, was then precipitated from
the lysate using protein-G magnetic beads. The beads were
washed three times with PBS, boiled, and subjected to Western
blot analysis using anti-Myc antibodies to detect internalized
LOXL2,, .
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Proliferation Assay—HaCaT cells were seeded in 24-wells
dishes (5 X 10° cells/well) and cultured in medium containing a
high calcium concentration. Wells received either no additions,
elution buffer (17 wl/ml, the same volume in which LOXL2 was
added), LOXL.2;,.. (5 pg/ml), or LOXL2ygg0r (5 ug/ml). Added
factors were replenished every other day. Adherent cells were
counted every other day using a coulter counter.

Statistical Analysis—The one-tailed, unpaired Student’s ¢
test with Welch’s correction was used. Error bars represent the
+S.E. Statistical significance is presented in the following man-
ner: *, p < 0.05; **, p < 0.01; and ***, p < 0.001. All the experi-
ments were performed independently three times in triplicate
unless otherwise stated in the figure legend. The variation
between triplicates in experiments was <10%.

RESULTS

The Expression of LOXL2 in HaCaT Cells Is Regulated by
Inducers of Keratinocyte Differentiation, and High Levels of
LOXL2 Inhibit the Differentiation of These Cells—The HaCaT
cell line is a spontaneously transformed non-tumorigenic
human epithelial cell line derived from adult skin, which main-
tains full epidermal differentiation capacity. It undergoes dif-
ferentiation when exposed to calcium or to additional inducers
of keratinocyte differentiation such as vitamin D, which is man-
ifested by the up-regulation of the expression of keratinocyte
differentiation markers such as involucrin, keratin-10, or filag-
grin (30). HaCaT cells expressed the LOXL2 mRNA when cul-
tured in medium containing a low calcium concentration (Fig.
1A). The expression of the LOXL2 mRNA was strongly down-
regulated when the cells were cultured in medium containing a
high calcium concentration or when stimulated with vitamin D
(Fig. 1A). Likewise, the expression of LOXL2 protein was also
down-regulated by calcium (Fig. 2B). We have also cloned a
3-kb fragment containing part of the LOXL2 promoter (Fig.
1C). This DNA fragment was able to down-regulate the expres-
sion of a luciferase reporter gene fused downstream to it when
HaCaT cells transfected with this construct were exposed to
high calcium concentrations or when they were stimulated with
vitamin D, suggesting that the decreased LOXL2 mRNA con-
centrations found in differentiating HaCaT cells were due to
inhibition of LOXL2 transcription (Fig. 1D). As expected, stim-
ulation of HaCaT cells with high calcium concentrations or
with vitamin D up-regulated the expression of the keratinocyte
differentiation marker involucrin (Fig. 1E). However, HaCaT
cells overexpressing recombinant LOXL2 tagged at the C-ter-
minal with an Myc epitope tag (LOXL2,,,..) (7) failed to up-reg-
ulate involucrin expression in response to either calcium, vita-
min D, or to several other known inducers of keratinocyte
differentiation (Fig. 1F) (31). As far as we could tell, the addition
of the Myc epitope tag did not alter the biological properties of
LOXL2 (6, 22). In contrast, inhibition of endogenous LOXL2
expression in HaCaT cells cultured in the presence of low cal-
cium concentrations by using a specific shRNA (Fig. 24) (22)
induced the expression of involucrin (Fig. 2B), suggesting that
endogenously produced LOXL2 functions in keratinocytes as a
gatekeeper that inhibits differentiation regardless of the nature
of the external stimuli. The induction of differentiation follow-
ing the expression of this ShRNA was not due to up-regulation
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FIGURE 1. LOXL2 inhibits involucrin expression induced by keratinocyte differentiation inducing factors. A, HaCaT cells were cultured in medium
containing low or high calcium concentrations. Some low calcium dishes received, in addition, vitamin D (108 ) as indicated. After 10 days endogenous
LOXL2 mRNA levels were measured using real-time qPCR. The mRNA levels of cells cultured 10 days in the presence of high calcium concentrations or in the
presence of vitamin D were compared with the levels of LOXL2 mRNA expression in cells cultured for 10 days in the presence of low calcium concentrations for
10 days. B, cell lysates were prepared from HaCaT cells cultured in low and high Ca®* after 3 or 10 days as indicated. Aliquots containing equal protein
concentrations were subjected to Western blot analysis using polyclonal anti-LOXL2 antibodies. Blots were then stripped and probed for B-actin. C, picture
showing the structure of the LOXL2 promoter fragment used. The large intron containing the hypoxia response element (23) downstream to untranslated
exon-1 is not included in the promoter fragment. D, the luciferase activity induced by the LOXL2 promoter in HaCaT cells. In response to high calcium
concentrations or in response to 108 m vitamin D was measured. The y axis represents luciferase activity normalized to a Renilla control. The data shown
represent mean values of two independent experiments preformed in triplicate. Means were compared with the low Ca®* control. E, the effects of calcium and
vitamin D on involucrin mRNA expression were measured as described under A for LOXL2 mRNA expression. Means were compared with the high Ca?* control.
F, HaCaT cells cultured in medium containing high calcium concentrations were infected or not with empty lentivirus expression vector (NSPI) or with
lentiviruses directing expressmn of LOXL2y,, (LOXL2) as indicated. Some dishes containing cells infected with lentiviruses directing expression of LOXL2y,,
were supplemented with 108 m vitamin D (V/t D), 2 um ATRA (ATRA), 20 um troglitazone, 2 um 9-cis-retinoic acid or 400 um clofibrinic acids. The d|fferent|at|on
inducers were added every other day. Involucrin mRNA expression was measured after 10 days using real-time qPCR and normalized to B-actin mRNA

expression.

of LOX or other lysyl oxidases, because the expression levels of
other lysyl oxidases did not change significantly in response to
this shRNA (supplemental Fig. S1B). Interestingly, the LOXL2
function-blocking antibody AB0023 was also able to induce
involucrin mRNA expression in HaCaT cell cultured in
medium containing low calcium concentrations, suggesting
that the differentiation-inhibiting effect of LOXL2 was induced
by secreted extracellular LOXL2 (Fig. 2C). This last conclusion
was supported by another experiment in which we observed
that addition of purified LOXL2y,,. to HaCaT cells cultured in
the presence of high calcium concentration also inhibits the
up-regulation of involucrin. In this experiment too addition of
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AB0023 or addition of a polyclonal antibody directed against
LOXL2 (6) inhibited the effect of LOXL2y,. on involucrin
expression suggesting that the inhibitory effect was transduced
by extracellular LOXL2y,, . (Fig. 2D).

The Enzymatic Activity of LOXL2 Is Not Required for the Inhi-
bition of HaCaT Differentiation—It was previously observed
that the LOXL2 function inhibiting antibody AB0023 inhibits
the effects of LOXL2 on tumor progression more efficiently
than BAPN (8) even though at saturating concentrations BAPN
inhibits the enzymatic activity of LOXL2 “in vitro” enzyme
assays more efficiently than AB0023 (5), possibly because
AB0023 targets the fourth SRCR domain of LOXL2 rather than
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FIGURE 2. The lysyl oxidase enzyme activity inhibitor BAPN fails to neutralize the inhibitory effect of LOXL2 on involucrin expression. A, HaCaT cells
were cultured in low calcium medium and infected with lentiviruses expressing a non-targeting shRNA (Shc) or with lentiviruses expressing a shRNA directed
against LOXL2 (shLOXL2) for 10 days. The LOXL2 mRNA concentrations in the cells were then measured by real-time gPCR. Means were compared with the low
Ca?" (10 days) control. B, the expression of involucrin mRNA was measured in HaCaT cells expressing a non-targeting shRNA (Shc) or a LOXL2 targeting shRNA
(shLOXL2) as described under A for the LOXL2 mRNA. C, HaCaT cells were cultured in medium containing low calcium concentrations in the absence of any
additions (No-Add), in the presence of 5 ug/ml of a control monoclonal antibody that binds to the enzymatic site of LOXL2 but does not inhibit the enzymatic
activity (AB0050) or in the presence of 5 ug/ml of an LOXL2-neutralizing antibody (AB0023), which were replenished every other day. The relative concentra-
tions of the involucrin mRNA were measured using real-time qPCR as described. Means were compared with the control. D, HaCaT cells were cultured in
medium containing high calcium concentrations in the absence of any additions (No-Add), 5 ug/ml LOXL2y, (LOXL2), 20 pg/ml AB0023, or 20 pg/ml of a
purified anti-LOXL2 polyclonal antibody («LOXL2). Some of the wells the received LOXL2 also received antibodies as indicated. Added proteins were replen-
ished every other day. After 10 days the expression of involucrin mRNA was determined by real-time qPCR as described. Means were compared with the
control. £, HaCaT cells were cultured in medium containing high or low calcium concentrations as indicated for 10 days. Some of the low calcium wells received
in addition BAPN (0.2 mm). Medium and BAPN were replenished every other day. After 10 days involucrin mRNA expression levels were determined using
real-time qPCR. Means were compared with the high Ca®" control.

the catalytic domain (2, 5). These observations suggest that
some of the biological activities of LOXL2 may not require its
enzymatic activity. This hypothesis is strengthened by the
results of an experiment showing that addition of BAPN to
HaCaT cells cultured in the presence of low calcium concen-
trations failed to alleviate the LOXL2-induced repression of
involucrin expression, whereas in contrast addition of AB0023
was able to abrogate LOXL2-induced inhibition of involucrin
expression (Fig. 2, compare D and E). The failure to restore
involucrin expression was not due to cytotoxicity, because the
cells proliferated normally in the presence of BAPN (data not
shown). This experiment also suggests that the enzymatic

JANUARY 27,2012+VOLUME 287+NUMBER 5

activity of LOXL2 may not be required for LOXL2-induced
repression of involucrin expression.

To further examine this hypothesis, we introduced a point
mutation into the conserved LTQ domain of LOXL2,,, to gen-
erate LOXL2y4gor (Fig. 34). This mutation was based on previ-
ous work showing that mutation of a conserved tyrosine resi-
due required for the formation of the LTQ of LOX results in
complete loss of enzymatic activity (32). Indeed, we found that
LOXL2y¢g0r also lacks enzymatic activity (Fig. 3B). The expres-
sion of LOXL2,,,. or LOXL2ygr in HaCaT cells did not affect
significantly the expression levels of endogenously produced
LOXL2 mRNA (supplemental Fig. S1IA). However, in HaCaT
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FIGURE 3. An enzyme dead LOXL2 point mutant inhibits the differentiation of HaCaT cells. A, a schematic presentation showing the location of the Y689F
point mutation introduced into the LOXL2 LTQ domain. B, the enzymatic activity of affinity-purified LOXL2,, LOXL2Y689F, or of purified conditioned medium
derived from control cells infected with empty lentiviruses and purified identically (Empty vector) were determlned using the Amplex Red assay as described
under “Experimental Procedures.” The data shown represent mean values of two independent experiments preformed in duplicate. Means were compared
with the wild-type LOXL2 Control. C, HaCaT cells were cultured in medium containing high calcium and infected with empty lentiviruses (Empty vector) or
lentiviruses directing expression of LOXL2y,, . or LOXL2yg0 as indicated. After 10 days involucrin mRNA levels were determined using real-time qPCR. Means
were compared with the empty vector control. D, HaCaT cells were grown in medium containing high calcium concentration without additions (No-add), or in
medium supplemented with elution buffer (control), purified LOXL2,. (LOXL2), or LOXL2yggqr (LOXL2y450). Added factors were replenished every other day.
After 10 days involucrin mRNA levels were determined using real-time qPCR. Means were compared with the control. £, cell lysates were prepared from cells
treated as described in D. The presence of involucrin complex and involucrin precursor in the cell lysates was determined by Western blot analysis. F, HaCaT
cells were seeded in 24-well plates (5 X 10° cells/well) in the presence of high calcium concentration. Wells received either no additions (No-add), elution buffer
(Vehicle), LOXL2y,. (5 pg/ml), or LOXL2yg0r (5 wg/ml). Added factors were replenished every other day. Adherent cells were counted every other day using a

Coulter counter. Means were compared with the low LOXL2 and LOXL2y45o¢ cOntrols, respectively, on day 7.

cells cultured in the presence of high calcium concentrations,
the expression of recombinant LOXL2y.eor inhibited the
expression of the involucrin mRNA as well as the expression of
the cytokeratin-10 mRNA (Fig. 3C and supplemental Fig. S1C).
Furthermore, purified LOXL2yqor that was added to HaCaT
cells cultured in the presence of a high calcium concentration
was able to inhibit the expression of involucrin mRNA and pro-
tein as efficiently as non-mutated LOXL2,,,. (Fig. 3, D and E).
Addition of LOXL2,,,. to the growth medium of HaCaT cells
enhanced the number of adherent cells in medium containing
high calcium concentrations (Fig. 3F), either because LOXL2
inhibited their differentiation or because LOXL2 promoted
their proliferation directly. However, we could not detect
LOXL2-induced cyclin-D1 expression in the cells nor was
LOXL2 able to induce the phosphorylation of ERK1/2 (data not
shown). Because LOXL2 did not appear to stimulate prolifera-
tion, we conclude that reduced differentiation in the presence
of LOXL2 accounts for the apparent increase in cell numbers,
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because the shedding of fully differentiated cornified envelopes
from the culture well will be reduced. In this experiment too
LOXL2y4qor enhanced the accumulation of the cells as effi-
ciently as LOXL2,,,.. (Fig. 3F).

Even though the enzymatic activity of LOXL2ygqr seemed
to be completely inhibited (Fig. 3B), we thought it possible that
maybe some residual activity still remained and that this resid-
ual activity may be sufficient to inhibit calcium-induced expres-
sion of involucrin in HaCaT cells. To exclude this possibility we
produced a deletion mutant of LOXL2 4, that completely
lacks the catalytic domain (LOXL2y¢gor, o) (Fig. 44). Despite
the lack of a catalytic domain, expression of recombinant
LOXL2/-cat in HaCaT cells cultured in the presence of high
calcium concentrations was able to efficiently inhibit the
expression of involucrin (Fig. 4B).

Inhibition of Involucrin Expression by LOXL2 Requires the
Presence of the Fourth SRCR Domain of LOXL2—The experi-
ments described above suggested that the enzymatic activity of
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FIGURE 4. The non-enzymatic effects of LOXL2 on the differentiation of HaCaT cells are mediated by the fourth SRCR domain of LOXL2. A, a schematic
presentation of the catalytic domain deletion mutant derived from LOXL2y g and of the various SRCR deletion mutants of LOXL2 g B-D, HaCaT cells grown
in medium containing high calcium concentrations were infected with empty lentiviruses (Empty vector) and with lentiviruses directing expression of
LOXL2y6gor/-cat- B, OF lentiviruses directing expression of various LOXL2y450r deletion mutants lacking various SRCR domains as indicated (C and D). The cells
were cultured in 6-well plates for 10 days. The data shown represent mean values of two independent experiments preformed in triplicate. The expression of
involucrin mRNA was then determined using real-time gPCR. Means were compared with the empty vector control.

LOXL2 is not required for LOXL2-induced inhibition of kera-
tinocyte differentiation. These results suggested that other
LOXL2 domains such as one of the SRCR domains may be
important for that activity. To examine this hypothesis, we pro-
duced deletion mutants of LOXL2y4,, lacking one or several
SRCR domains as depicted (Fig. 44). We then expressed the
deletion mutants in HaCaT cells and determined which of these
mutated LOXL2 variants are able to inhibit calcium-induced
induction of involucrin in HaCaT cells. These experiments
indicated that inhibition of involucrin expression in HaCaT
depended on the retention of the fourth SRCR domain. Loss of
this fourth SRCR domain resulted in the loss of the ability to
inhibit involucrin expression, whereas the loss of any of the
other SRCR domains did not affect that ability (Fig. 4, C and D).
Interestingly, AB0023, which is also able to inhibit LOXL2,,,.-
induced inhibition of involucrin expression (Fig. 2D), also binds
to the fourth SRCR domain of LOXL2 (5). Thus, the finding that
AB0023 also inhibits LOXL2,,,.-induced inhibition of involu-
crin expression independently supports the identification of
that domain as the domain that mediates LOXL2-induced inhi-
bition of keratinocyte differentiation.
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LOXL2,,,, Is Internalized by HaCaT Cells, and the Internal-
ization Is Inhibited by an Excess of Unlabeled LOXL2—The
realization that inhibition of keratinocyte differentiation can be
inhibited by the addition of exogenous, enzyme-dead LOXL2
suggested that LOXL2 may bind to a cell membrane-anchored
LOXL2 receptor that transduces its inhibitory signals. We
hypothesized that, if such a receptor exists, it may also internal-
ize LOXL2 in analogy with other receptors (33, 34). To examine
this possibility we incubated HaCaT cellsat 37 °C or at 4 °C with
LOXL2y;,.. After 30 min we treated the cells with a mixture of
proteases so as to digest any LOXL2,,,. exposed on the cell
surface and lysed the cells in the presence of protease inhibitors
following washing to remove excess proteases. This experiment
revealed that LOXL2,,,. is internalized by the cells and that the
internalization occurs only at 37 °C (Fig. 5A). Interestingly the
internalization could be inhibited by AB0023 as well as by incu-
bation with conditioned medium containing unlabeled LOXL2,
suggesting that the internalization of LOXL2,,, . may be medi-
ated by a saturable receptor (Fig. 5B). Further experiments will
be required in the future to identify this putative LOXL2
receptor.
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FIGURE 5. Evidence for a putative LOXL2 receptor of HaCaT cells. A, HaCaT
cells were cultured in medium containing high calcium concentration to con-
fluence in 10-cm dishes. They were then incubated with or without purified
LOXL2yy, as indicated for 0.5 hat 4 °Cor at 37 °C. At the end of the incubation
the cells were washed and trypsinized to remove cell surface-associated
LOXL2yy.. The cells were then lysed, and lysate aliquots containing equal
amounts of protein were analyzed by Western blot using an anti-Myc anti-
body to detect LOXL2y,.. B, HaCaT cells were cultured as described above.
Upon reaching confluence the medium was exchanged with conditioned
medium (high calcium) derived from HEK293 cells infected with empty lenti-
viruses (lane 1), with fresh HaCaT growth medium containing high calcium
(lanes 2 and 3), or conditioned medium from HEK293 cells producing recom-
binant untagged LOXL2 (lane 4). LOXL2y,, (2 ug/ml) or AB0023 antibody (20
ng/ml) were added as indicated. After a 30-min incubation at 37 °C the cells
were trypsinized and lysed, and LOXL2y,,. in cell lysates were visualized as
described under A.

DISCUSSION

The studies in which the mechanisms by which lysyl oxidases
induce fibrosis, tumor invasion, and tumor metastasis were
examined have found that for all of these activities the enzyme
activity of the lysyl oxidases was strictly required (9, 11-13). In
agreement, it was also reported that oxidation of the transcrip-
tion factor snail by intracellular LOXL2 is part of the mecha-
nism by which LOXL2 inhibits the differentiation of keratino-
cytes and promotes the progression of dermal malignancies
such as squamous cell carcinoma of the skin (13, 16).

A few observations nevertheless suggest that LOXL2 may
exhibit non-enzymatic activities. The AB0023 monoclonal
antibody targeting the fourth SRCR domain of LOXL2 was
found to be a better inhibitor of tumor development than the
irreversible general lysyl oxidase enzyme inhibitor BAPN.
Because this antibody also functions as a partial inhibitor of the
enzyme activity, it was thought that allosteric inhibition in the
in vivo environment may be more efficient than direct compe-
tition for the substrate binding site by BAPN (8). However, the
possibility that the fourth SRCR domain may participate
directly in the induction of such LOXL2-induced functions was
not investigated.

Mutation of a critical tyrosine residue in the LTQ domain of
lysyl oxidase results in complete loss of lysyl oxidase activity
(32). To determine if LOXL2 has non-enzymatic functions, we
introduced a similar point mutation into LOXL2 to generate
LOXL2y¢gop resulting apparently in a complete loss of enzy-
matic activity. Nevertheless, the inhibitory effect that LOXL2
exerts on the differentiation of HaCaT keratinocytes as meas-
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ured by the inhibition of the calcium-induced expression of the
keratinocyte differentiation marker involucrin remained unaf-
fected by the mutation. To circumvent the possibility that the
mutation may not have completely inhibited the enzyme activ-
ity we have also produced an LOXL2y44, variant that in addi-
tion to the mutation lacks the entire catalytic domain. However,
this twice “dead” LOXL2 mutant was also able to inhibit calci-
um-induced induction of involucrin expression by HaCaT cells
further suggesting that LOXL2 inhibits involucrin expression
in HaCaT cells independently of its enzymatic activity.

AB0023 inhibited the effect of LOXL2ygor on involucrin
expression, suggesting that inhibition of involucrin expression
by LOXL2y4gor Was mediated by the fourth SCRC domain of
LOXL2, which is the LOXL2 domain targeted by AB0023 (5).
Indeed, the only LOXL2yeop deletion mutants that lost their
ability to inhibit involucrin expression were the ones that
lacked the fourth SRCR domain, strongly suggesting that inhi-
bition of involucrin expression by LOXL2 in HaCaT cells
depends on the presence of this domain. It is intriguing that
similar domains are also found in LOXL3 and LOXL4, suggest-
ing that these lysyl oxidases too may exhibit non-enzymatic
activities, and this possibility will need to be further examined.

LOXL2y¢gor Was also able to inhibit involucrin expression
when it was added to the growth medium of the HaCaT cells,
suggesting the existence of a mechanism able to transduce
LOXL2 signals from the extracellular space into the cells.
Indeed, our experiments indicate that HaCaT cells may express
a signal-transducing LOXL2 receptor on their cell surface. We
found that LOXL2y¢g4op is internalized by HaCaT cells and that
the internalization of an epitope-tagged LOXL2 can be inhib-
ited by an excess of unlabeled LOXL2. This observation indi-
cates that the internalization is mediated by a specific high
affinity LOXL2 receptor. This possibility is also supported by
experiments, which showed that AB0023 can inhibit the inter-
nalization of LOXL2, lending further support for this hypothe-
sis. The identity of this putative receptor as well as the signaling
cascades that it may trigger in response to LOXL2 binding will
have to be examined in greater detail in the future.
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