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Lysyl Oxidase-like-2 (LOXL2) Is a Major Isoform in
Chondrocytes and Is Critically Required for Differentiation™
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The lysyl oxidase family is made up of five members: lysyl
oxidase (LOX) and lysyl oxidase-like 1-4 (LOXL1-LOXL4). All
members share conserved C-terminal catalytic domains that
provide for lysyl oxidase or lysyl oxidase-like enzyme activity;
and more divergent propeptide regions. LOX family enzyme
activities catalyze the final enzymatic conversion required for
the formation of normal biosynthetic collagen and elastin
cross-links. The importance of lysyl oxidase enzyme activity to
normal bone development has long been appreciated, but reg-
ulation and roles for specific LOX isoforms in bone formation
in vivo is largely unexplored. Fracture healing recapitulates
aspects of endochondral bone development. The present study
first investigated the expression of all LOX isoforms in frac-
ture healing. A remarkable coincidence of LOXL2 expression
with the chondrogenic phase of fracture healing was found,
prompting more detailed analyses of LOXL2 expression in
normal growth plates, and LOXL2 expression and function in
developing ATDC5 chondrogenic cells. Data show that LOXL2
is expressed by pre-hypertrophic and hypertrophic chondro-
cytes in vivo, and that LOXL2 expression is regulated in vitro
as a function of chondrocyte differentiation. Moreover,
LOXL2 knockdown studies in vitro show that LOXL2 expres-
sion is required for ATDC5 chondrocyte cell line differentia-
tion through regulation of SNAIL and SOX9, important tran-
scription factors that control chondrocyte differentiation.
Taken together, data provide evidence that LOXL2, like LOX,
is a multifunctional protein. LOXL2 promotes chondrocyte
differentiation by mechanisms that are likely to include roles
as both a regulator and an effector of chondrocyte
differentiation.

The lysyl oxidase family is made up of five members: lysyl
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(1). All five members share a conserved C-terminal catalytic
domain that provides for lysyl oxidase or lysyl oxidase-like
enzyme activity, and more divergent propeptide regions. LOX
family enzyme activities catalyze the final enzymatic conver-
sion required for the subsequent formation of normal lysine-
derived biosynthetic cross-links found in collagens and elastin
(2). The importance of lysyl oxidase enzyme activity to nor-
mal bone development has long been known, and is based in
part on studies in which enzyme activities are inhibited by
lathyrogens in vivo (3), including B-aminopropionitrile, a po-
tent inhibitor of LOX and LOX isoform activity (4). The LOX
family can be subdivided into two subgroups. Although all
members have similarities in the catalytic C-terminal region,
LOX and LOXL1 are more closely related to each other than
they are to LOXL2-LOXL4. Moreover, the pro-peptide re-
gions of LOX and LOXL1 have very little similarity to each
other and no similarity to LOXL2-LOXL4. The pro-regions of
LOXL2-LOXL4 each contain four scavenger receptor cys-
teine-rich (SRCR) domains whose functions are likely to de-
pend on interactions with other proteins (1). The pro-regions
of all LOX family members may have activities that are inde-
pendent of lysyl oxidase enzyme activity, as has already been
shown for the propeptide region of LOX (5-11). Although
some information on regulation and functions of LOX in par-
ticular in osteoblast development in vitro is known (10, 12),
and LOXL4 expression has been previously seen in cartilage
and in osteoblast cell lines (13), relatively little information on
regulation and roles for other specific LOX isoforms in bone
formation in vivo is available.

Fracture healing in mice largely recapitulates endochondral
bone development, temporal patterns of chondrocyte and
osteoblast differentiation. Expression of corresponding mo-
lecular markers are well established (14, 15). An examination
of the transcriptome of fracture healing through a large mi-
croarray study provided initial data that all five lysyl oxidase-
related isoforms were expressed during fracture healing and
that some of the isoforms would show specific expression at
different developmental stages of healing (16). The present
study was initiated to more fully evaluate the expression of all
five isoforms in fracture healing. A remarkable coincidence of
LOXL2 expression with the chondrogenic phase of fracture
healing was found, prompting more detailed analyses of
LOXL2 expression in normal growth plates, and LOXL2 ex-
pression and function in the ATDC5 cell model of chondro-
cyte differentiation. Data show that LOXL2 is expressed by
pre-hypertrophic and hypertrophic chondrocytes in vivo, and
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that LOXL2 expression is regulated in vitro as a function of
chondrocyte differentiation. Moreover, LOXL2 knockdown
studies show that LOXL2 expression plays an essential role in
chondrocyte differentiation, regulating levels of SNAIL and
SOXO9, important transcription factors that control chondro-
cyte differentiation.

EXPERIMENTAL PROCEDURES

Reagents—Dulbecco’s modified Eagle’s medium (DMEM),
Dulbecco’s modified Eagle’s medium-F12, penicillin-strepto-
mycin solution, nonessential amino acids, trypsin-EDTA
solution, phosphate-buffered saline, sodium pyruvate,
NanoOrange® protein quantitation kit, insulin, transferrin,
selenite (ITS) were purchased from Invitrogen (Carlsbad,
CA). Fetal bovine serum (FBS) was from Sigma. Ascorbate
2-phosphate was bought from Fluka Biochemica, Switzerland;
cell culture plates were obtained from Corning Inc. (Corning,
NY). RNeasy mini-RNA purification kits and Maxi prep kits
were purchased from Qiagen (Valencia, CA). TagMan probes
and reverse transcription reagents for real-time PCR were
obtained from Applied Biosystems (Foster City, CA). LOXL2
antibody for Western blots was purchased from Abcam
(Cambridge, MA). For immunohistochemistry, LOXL2 anti-
body, biotinylated anti-rabbit IgG, biotinylated anti-goat IgG,
non-immune rabbit IgG, and goat IgG was obtained from
Santa Cruz Biotechnology. ABC reagents and diaminobenzi-
dine (DAB) substrate, were obtained from Vector Laborato-
ries (Burlingame, CA). Lentivirus constructs were bought
from Open Biosystems (Huntsville, AL). Fugene 6 reagent was
bought from Roche (Basel, Switzerland) and p24 ELISA kit
was purchased from Cell Biolabs, Inc. (San Diego, CA).

Animals—Research was conducted in conformity with all
Federal and USDA guidelines under an IACUC approved pro-
tocol at the Boston University School of Medicine in Boston,
MA. For fracture studies, 8 —10 week postbirth C57BL/6] (B6)
male mice were obtained from the Jackson Laboratory and
housed at the Boston University Medical Center animal hous-
ing facility for the duration of each study plus 3 days of accli-
mation. Growth plate studies were carried out on days 7 and
14 postnatal male mice.

Fracture Model—Unilateral fractures were produced in the
right femur of 8 —10-week-old male mice as previously de-
scribed (17). The location and quality of fractures was as-
sessed by x-ray analysis while animals were still anesthetized
after surgery. Fracture configurations that were comminuted
or were not localized to the mid-diaphyseal region were ex-
cluded from the study. Days 10 and 14 time points during
fracture healing were chosen for the histological studies be-
cause the B6 mouse strain has a corresponding peak period of
cartilage formation and hypertrophic chondrocyte differentia-
tion (17). For molecular biological studies of fracture healing,
mRNA was extracted from callus tissues on day 0 (no frac-
ture) and at intervals up to day 21 of healing.

Histomorphometry Analyses—For histological assessment
of fractures, femora with surrounding muscle and soft tissues
were fixed, decalcified, sectioned, and stained as previously
described (18). For growth plate assessments, femora from
either 7- or 14-day-old mice were used.
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Cell Culture—ATDCS5 cells were cultured in DMEM-F12
Dulbecco’s modified Eagle’s medium-F12 supplemented with
10% fetal bovine serum and 50 units/ml penicillin and 50
pg/ml streptomycin, in a humidified atmosphere of 37 °C and
5% CO,. For differentiation studies, ATDC5 cells in DMEM-
F12 supplemented with 10% FBS were seeded in 6-well tissue
culture plates until they reached full confluence. Seven days
after reaching visual confluence, culture media were replaced
with medium containing in addition 10 pg/ml bovine insulin,
10 pg/ml human transferrin, 3 X 10~® M sodium selenite
(GIBCO®; ITS) and 37.5 ug/ml of ascorbate 2-phosphate.
Media were changed every other day throughout the length of
the experiment.

RNA Isolation and Real-time gPCR—Total RNA from
ATDCS5 cells was extracted using the RNeasy® Mini kit
(Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Briefly, culture media were aspirated com-
pletely from culture plates, cells were disrupted by addition
of buffer RLT, and the cell layer was collected. The cell ly-
sate was transferred directly into a Qiashredder spin col-
umn, placed in a collection tube and centrifuged at full
speed for 2 min. One volume of 70% ethanol was added to
the homogenized lysate and mixed by pipetting. Then the
sample was transferred into an RNeasy spin column for
RNA binding, followed by washing with buffer RW1 and
buffer RPE. Bound RNA was eluted in RNase-free water.
RNA samples were then stored at —80 °C. RNA samples
from fractured femurs, including early fracture callus were
harvested at different time points as described (19). RNA
obtained was analyzed on 1% agarose gels to ensure RNA
quality by visualizing 18 S and 28 S rRNA in proper relative
proportions after ethidium bromide staining. RNA was
quantified via spectrophotometry (NanoDrop, Thermo
Fisher Scientific, Pittsburgh, PA), and 1 pug of RNA per
treatment condition was added to 30 ul of reverse tran-
scription reactions (1X RT buffer, 5.5 mm MgCl,, 500 um
per ANTP, 2.5 uM random hexamers, 0.4 units/ul RNase
inhibitor, and 3.125 units/uwl MultiScribe reverse tran-
scriptase) using the Applied Biosystems Reverse Transcrip-
tion kit. The reverse transcription thermal cycling condi-
tions are: 25 °C for 10 min, 37 °C for 60 min and 95 °C for 5
min, followed by 4 °C on hold. cDNA was stored at —20 °C
prior to use in real-time PCR. 2 ul of each reverse tran-
scription reaction was used for 25 ul of real-time PCR
reaction (12.5 pl of Tagman Universal PCR master mix,
1.25 pl specific primer and 2 ul of template) using the 96-
well format. TagMan probe sets (Applied Biosystems, Fos-
ter City, CA) employed were for LOX (MmO00495386),
LOXL1 (MmO01145738), LOXL2 (Mm00804740),

LOXL3 (Mm00442953), LOXL4 (Mm00446385),

SOX9 (mm00448840_m), COLII (Mm00491889), COLX
(Mm00487041), and Aggrecan (Mm00545794). GAPDH
(Mm99999915) was used as an endogenous control. The
fold change in the target gene, normalized to endogenous
control and relative to the expression of the calibrator
sample, was calculated by the 2724t method (20).

Western Blot—Total cell extracts from ATDCS5 cells at dif-
ferent time intervals were obtained by lysing cells in SDS-
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PAGE sample buffer (62.5 mm Tris, 10% glycerol, 2% SDS, and
5% B-mercaptoethanol). Protein concentrations were deter-
mined with the Nano-Orange protein quantitation kit using
bovine serum albumin as standard following the manufactur-
er’s instructions. Protein samples (20 ug) were subjected to
8% SDS-PAGE, and were transferred onto polyvinylidene di-
fluoride membranes (PVDF Perkin Elmer, Boston, MA) over-
night in blotting buffer (0.025 m Tris, 0.192 M glycine, and
20% methanol). Membranes were blocked in 5% dry milk dis-
solved in TBST (20 mm Tris-HCI, pH 7.5, 150 mMm NaCl, and
0.1% Tween), for 1 h. Then, the membranes were incubated
with blocking solution containing goat anti-LOXL2 antibody
(Abcam, Cambridge, MA) (1:400) and kept overnight at 4 °C
with mild shaking. Membranes were washed three times with
TBS-T for 10 min each and then incubated with horseradish
peroxidase-coupled secondary antibodies (1:2500) for 1 h in
blocking solution at room temperature with light shaking, and
washed with TBS-T three times for 10 min each. Chemilumi-
nescent detection of bound horseradish peroxidase-conju-
gated secondary antibodies was determined using the ECL
Western blotting Detection Reagents (Denville Scientific,
Metuchen, NJ) and exposed to film. Membranes were sub-
sequently stripped using Restore Western Stripping Solu-
tion (Thermo Scientific/Pierce, Pittsburgh, PA) and re-
probed with B-actin antibody (Cell Signaling) for loading
control as required. Densitometry was carried out only on
films with non-saturating exposures utilizing a Bio-Rad
Versadoc Photodocumentation System and Quantity One
software.

Immunohistochemistry—Femurs of 9-week-old mice were
fractured as described, and tissues collected at intervals of
healing (19). Legs from uninjured mice were obtained from 7-
and 14-day-old mice, for analysis of epiphyseal growth plates.
Samples were fixed and then embedded in paraffin. Paraffin
sections (5 wm) were deparaffinized in xylene, and rehydrated
through graded alcohols. Microwave heating in 10 mm so-
dium citrate buffer at pH 6, was used for endogenous antigen
retrieval, and then sections were allowed to cool for 20 min.
Immunohistochemistry was next carried out as we have previ-
ously described in detail (21), but with the following antibod-
ies: primary antibodies were affinity-purified rabbit anti
LOX-PP antibody (22), (1:250) and goat-anti LOXL2 antibody
(1:25) (Santa Cruz Biotechnology). Secondary antibodies uti-
lized were biotinylated anti-rabbit IgG for LOX-PP and bio-
tinylated anti-goat IgG for LOXL2. Non-immune rabbit IgG
and goat IgG (Santa Cruz Biotechnology) served as negative
controls for corresponding primary antibodies. Slides were
incubated overnight with primary antibodies at 4 °C, and were
then processed and photographed as previously described
(21).

Lentivirus Preparation—All work with lentivirus was per-
formed under BL2 conditions. Viral constructs were bought
from Open Biosystems (Huntsville, AL) except for the non-
target construct (23) that was obtained via Addgene (Cam-
bridge, MA) and plasmids were isolated using Qiagen Maxi prep
kit according to the manufacturer’s protocol (Qiagen). The
shRNA sequences were: Virus 8 (TRCN0000076708) CCGGGC-
TGAGAAGAAAGGTGCTCATCTCGAGATGAGCACCTTT-
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CTTCTCAGCTTTTTG; Virus 9 (TRCN0000076709) CCGGG-
CATGGAAATATCTTCGCCAACTCGAGTTGGCGAAGAT-
ATTTCCATGCTTTTTG; Virus 10 (TRCN0000076710) CCG-
GCCTGGTGCTTAATGCTGAGATCTCGAGATCTCAGCA-
TTAAGCACCAGGTTTTTG; Virus 11 (TRCN0000076711)
CCGGCCAAATAGAGAGCCTAAATATCTCGAGA-
TATTTAGGCTCTCTATTTGGTTTTTG; Virus 12
(TRCN0000076712) CCGGCAACCAAATAGAGAGCCT-
AAACTCGAGTTTAGGCTCTCTATTTGGTTGTTT-
TTG; non-target control virus (plasmid 1864) CCTAAGG-
TTAAGTCGCCCTCGCTCGAGCGAGGGCGACTT-
AACCTTAGG.

Lentiviruses were produced by plating 293-T cells at a den-
sity of 2 X 10° cells per 10 cm? at 37 °C under 5% CO, in
DMEM high glucose media, supplemented with 10% FBS and
100 units/ml of penicillin, 100 ug/ml of streptomycin. Cells
were co-transfected using Fugene 6 reagent (150 ul) (Roche),
and 3 plasmids: lentivirus plasmid, pcMV-VSV-G and pCMV-
dR8.2 dvpr at the ratio of 8:1:8. Non-Target lentivirus plasmid
served as a negative control (24). The supernatant fluid was
collected at 24-h intervals for three consecutive days and was
replaced with fresh differentiation media (35 ml). Virus parti-
cles were concentrated by ultracentrifugation at 16,500 X g
for 90 min and were resuspended in PBS and stored at
—70 °C. Virus titer was determined by using a p24 ELISA kit
(Cell Biolabs, Inc.) according to the manufacturer’s protocol.
ATDCS cells were plated in 6-well plates. Seven days after
confluence, the lentivirus transduction was carried out in dif-
ferentiation media containing 8 ng/ml hexadimethrine bro-
mide. The media were changed the next day and then every
other day thereafter.

Alcian blue staining of ATDC5 cultures was performed
after fixation of ATDCS5 cells with 4% paraformaldehyde for
30 min and washed with water three times and air dried. The
staining was performed with the commercially available 1%
Alcian Blue solution, pH 2.5 (American Mastertech), for 5 h
and washed several times with distilled water before being
photographed (25). Alizarin red staining was carried out as
described previously (10).

Statistics—Two way ANOVA with Bonferroni post-tests
were performed using GraphPad Prism (San Diego) software
version 5.02 for Windows; data were considered significant at
p < 0.05.

RESULTS

Expression Pattern of LOX Isoforms during Fracture Healing—
The expression pattern of lysyl oxidase, and its isoforms
during fracture repair was first determined. Total RNA
samples from mouse fractured femur calluses were ex-
tracted at different time points after fracture, and samples
were subjected to qPCR. Results show that mRNA levels of
LOX, LOXL1, LOXL3, and LOXL4 all had similar bi-phasic
expression patterns throughout the healing process with
peaks of expression on days 7 and 21 (Fig. 1, A, B, D, and
E). The expression pattern for LOXL2, however, was found
to be different from the other isoforms with a peak of ex-
pression seen on day 7 after fracture (Fig. 1C). This time
point corresponds to the onset of the chondrogenic phase
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FIGURE 1. LOXL2 expression as a function of fracture healing is unique among LOX isoforms. Expression of LOX mRNA (A) and its isoforms LOXL1-
LOXL4 (B-E, respectively) in normal fracture healing was determined by real-time qPCR. RNA was collected from healing fractures from 3 mice per time
point and RNAs pooled; LOX and LOXL1-4 mRNA expressions were normalized to glyceraldehyde-3-phosphate dehydrogenase mRNA levels. Data are ex-

pressed as fold change relative to day 0.

-

(3 I 2 4 ORI P .
4 (non-immune)

Day 14 (

FIGURE 2. LOXL2 expression in epiphyseal growth plates. Paraffin-embedded sections of the growth plates from 7- and 14-day-old mice were immuno-
stained for LOXL2 as described under “Experimental Procedures.” Positive staining is seen in proliferating (P), hypertrophic (H), and calcifying (C) chondro-
cytes. A day 14 non-immune IgG control counterstained with hematoxylin is shown; scale bar, 10 um, photographed at 20X magnification.

of fracture healing (26). We, therefore, developed the hy-
pothesis that LOXL2 could have unique importance in
chondrogenesis.

LOXL?2 Protein Is Expressed Predominantly by Chondrocytes
in Healing Fractures and in Epiphyseal Growth Plates—To
investigate directly whether LOXL2 is expressed by chondro-
cytes in vivo, immunohistochemistry studies were carried out
on healing fractures introduced into 10-week-old mice and
were analyzed on post-fracture days 10 and 14, and on normal
epiphyseal growth plates on postnatal days 7 and 14. In heal-
ing fractures, LOXL2 protein was strongly detected in chon-
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drocytes abundant on day 10 of healing (supplemental Fig.
S1). LOX staining was found to be strongest in osteoblasts
lining bone that were highly abundant on day 14, while LOX
expression is weaker in chondrocytes. Weaker LOXL2 stain-
ing is seen in cells lining bone (osteoblasts) at all time points
(supplemental Fig. S2). Similarly, in epiphyseal growth plates,
strong staining for LOXL2 was detected in chondrocytes pres-
ent within the hypertrophic and proliferating zones, and in
calcified cartilage (Fig. 2). These findings suggest that LOXL2
is a predominant lysyl oxidase isoform made by chondrocytes
in vivo.
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FIGURE 3. mRNA expression of LOXL2 is highly increased compared
with LOX and other isoforms in differentiating ATDCS5 cell line. Quanti-
tative real-time PCR analyses of LOX, LOXL1, 2, 3, and 4, in differentiating
ATDC5 cells. RNA was extracted at different time points. The mRNA expres-
sion relative to GAPDH was determined and the fold changes were calcu-
lated relative to day O (¥, p < 0.05; ANOVA; n = 3).

LOXL2 Expression Is Regulated as a Function of Chondro-
cyte Differentiation—We next wished to determine whether
LOXL2 expression is regulated as a function of chondrocyte
differentiation. The ATDCS5 cell line undergoes a well charac-
terized program of chondrocyte differentiation (27). Cells
were plated in 6-well plates in DMEM-F12 growth medium.
Seven days after visual confluence, the growth medium was
supplemented with ascorbate and insulin-transferrin-selenite
solution. Total RNA was isolated at different time points
and subjected to quantitative real time PCR. LOX, LOXL1,
LOXL3, and LOXL4 mRNA levels showed small changes in
expression compared with the robust changes in LOXL2 (Fig.
3). Total mRNA expression of LOXL2 in differentiating
ATDCS cells showed an approximate 4.5-fold increase by day
7, increasing to 12-and 14-fold by day 1421, and then dra-
matically reaching its highest level of 43-fold on day 28, de-
creasing to 18-fold on day 35 (Fig. 3C). To investigate LOXL2
expression in relation to well characterized chondrogenic
markers, we examined the expression of collagen type II, X,
and aggrecan. Expression of chondrogenic markers was dra-
matically increased with time as expected (Fig. 4). The se-
quence of expression of these chondrogenic markers followed
the normal pattern of type II collagen expression preceding
aggrecan, followed by expression of type X collagen (Fig. 4).
Interestingly, LOXL2 expression was significantly elevated as
early as day 7 of differentiation, but the peak of LOXL2
mRNA expression was later than the peak of type II collagen
expression, but earlier than that of type X collagen.

LOX and LOXL2 Protein Expression in Differentiating
ATDCS Cells—We next wished to determine LOX and
LOXL2 protein expression in developing ATDC5 cells. Cells
were grown to full confluence and then induced to differenti-
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ate as described above. Cells layers were extracted into
SDS-PAGE sample buffer at intervals, and equal amounts
of proteins were subjected to SDS-PAGE followed by im-
munoblotting for LOX and LOXL2. Data show that LOX
proenzyme levels decrease with differentiation, whereas
LOXL2 pro-protein increases ~40-fold during the first 14
days of differentiation, and remains high through day 35
(Fig. 5). These data are consistent with mRNA regulation
seen in Fig. 3.

LOXL2 Knockdown—W'e next wished to determine if
LOXL2 plays any role in chondrocyte differentiation, or
whether the regulated expression of LOXL2 is simply a conse-
quence of chondrocyte differentiation. Five commercially
available lentiviral LOXL2 shRNA constructs were screened
for their ability to prevent LOXL2 mRNA increases on day 7
of differentiation. Lentiviruses were produced by co-transfec-
tion of 293-T cells with 3 plasmid vectors (lentivirus, pcMV-
VSV-G, and pCMV-dR8.2 dvpr) at a ratio of 8:1:8. A Non-
Target Virus served as a control (23). As virus 11 gave the
most effective knockdown (data not shown), all subsequent
studies were performed with this virus, and the non-target
virus control. This shRNA clone has no potential to directly
knockdown other LOX isoforms, as confirmed by BLAST
analyses (supplemental Fig. S3) that shows no common se-
quence with any other lysyl oxidase isoform, or sufficient sim-
ilarity to any murine mRNA or gene coding sequence (28, 29).
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FIGURE 5. LOXL2 and LOX protein levels in differentiating ATDC5 cell layers. ATDC5 cells were grown, and protein was extracted from cell layers at dif-
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B-actin for normalization. LOX was expressed more in early phases of differentiation. Representative Western blots of three independent experiments are
shown. Quantitative densitometry normalized to B-actin is shown for LOX (B), and for LOXL2 (D). (n = 3; **, p < 0.01; ***, p < 0.001; two way ANOVA).

Data in Fig. 6 demonstrate that LOXL2 protein levels are di-
minished in differentiating ATDCS5 cells compared with the
non-target virus control, confirming that the shRNA lentivi-
rus successfully diminished LOXL2 production. We next de-
termined the effect of LOXL2 knockdown on the expression
of chondrocyte-specific differentiation marker mRNAs. Data
in Fig. 7 show remarkable inhibition of expression of the
chondrocyte differentiation markers: SOX9, type II collagen,
type X collagen, and aggrecan. Alcian blue (Fig. 8) and alizarin
red (Fig. 9) staining of differentiating LOXL2 knockdown and
non-target lentivirus transduced ATDCS5 cells show nearly
complete inhibition of chondrocyte-like extracellular matrix,
and mineralized nodule formation in LOXL2 knockdown cul-
tures. Interestingly, though LOXL2 shRNA clone 11 is spe-
cific LOXL1, LOXL3, and LOXL4, but not LOX mRNAs, were
also significantly down-regulated compared with non-target
shRNA (supplemental Fig. S4, two way ANOVA). Taken to-
gether, these data indicate that regulated expression of
LOXL2 helps to control differentiation of ATDC5 chondro-
cytes, and that LOXL2 expression is not simply a consequence
of ATDC5 chondrocyte differentiation. Interestingly, LOXL2
down-regulation appears to have secondary effects on regula-
tion of other LOX isoforms.

To investigate pathways and potential mechanisms of ac-
tion by which LOXL2 regulates chondrocyte differentiation,
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we determined the expression of SNAIL in LOXL2 knock-
down cells. SNAIL is a transcription repressor whose dimin-
ished expression as a function of chondrocyte differentiation
permits chondrocyte differentiation (30, 31). SNAIL has

been shown previously to bind to LOXL2, resulting in the
stabilization of SNAIL protein and promotion of epithelial to
mesenchymal transition in some breast cancer cell lines (32).
Interestingly, knockdown of LOXL2 resulted in a potent up-
regulation of SNAIL protein levels in ATDCS5 cells (Fig. 10),
consistent with the effect of LOXL2 on inhibiting chondro-
cyte differentiation seen here, but in apparent contrast to
what occurs in cancer and cancer cell lines (33, 34). This is an
interesting finding in light of the observation that LOXL2 also
down-regulated SOX9 (Fig. 7A). SOX9 is a transcription fac-
tor and upstream master regulator of chondrogenesis. SOX9
is regulated independent of the inhibitory action of the more
downstream transcription repressor SNAIL (30). These find-
ings suggest that LOXL2 plays roles in both the positive regu-
lation of transcription factors that promote chondrogensis,
and in maintaining correct levels of transcriptional repressors.

DISCUSSION

The amine oxidase catalytic activity of LOX is the final en-
zyme-catalyzed reaction required for the biosynthetic cross-
linking of collagen and elastin molecules resulting in stabiliza-
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tion and normal function in the extracellular matrix (35). The
importance of LOX activity and LOX-dependent cross-link-
ing has been extensively studied in many tissues including
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cardiovascular tissues, skin, and bone (12, 36—38). Similarly,
the role and importance of LOX dependent cross-links in car-
tilage is known. The content of type II collagen and of non-
reducible collagen cross-links increases during cartilage for-
mation and growth. Moreover, these increases are associated
with increased tensile biomechanical properties and the func-
tional integrity of cartilage tissues (39, 40). Mechanical prop-
erties of mature cartilage tissue have been attributed to the
composition and organization of its collagen network (41, 42).
Studies of cartilage explants designed to investigate integra-
tive repair in vitro, show that treatment with BAPN, a specific
lysyl oxidase enzyme activity inhibitor (4), results in increased
collagen extractablility with a concurrent reduction of dihy-
droxylysinonorleucine cross-links. BAPN treated explants
also display markedly inhibited functional integrative cartilage
repair in vitro (43). Cartilage explants pretreated with BAPN,
followed by its withdrawal before a period of integrative re-
pair resulted in an ultimate increase in integrative strength of
the explant (44). The authors suggest that BAPN pre-treat-
ment resulted in an accumulation of “primed” collagen mole-
cules containing unmodified hydroxylysine residues that
were, upon BAPN withdrawal, rapidly oxidized by LOX or a
lysyl oxidase isoform(s) (44, 45). Taken together, these studies
emphasize that collagen cross-linking and organization result-
ing from lysyl oxidase activity is required for the correct gen-
eration and maintenance of a cartilage-containing extracellu-
lar matrix. Hence, studying the expression pattern of lysyl
oxidase and its isoforms that are each potentially responsible
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FIGURE 7. Chondrocyte differentiation markers gene expression in ATDC5 cells infected with LOXL2 shRNA lentivirus. A lentivirus knock down
of LOXL2 was introduced in differentiating ATDC5 cells. RNA was extracted at day 0, 7, 14, 21, and 28, and then subjected to qPCR for expression of
differentiation markers (A) SOX9, (B) type Il collagen, (C) type X collagen, (D) aggrecan. All differentiation markers were significantly decreased in the
ATDCS5 cell line transduced with virus when compared with the non target control virus. The values shown are the average of two independent ex-
periments done with three independent samples each (¥, p < 0.05; **, p < 0.005; ***, p < 0.0005, two way ANOVA).
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p < 0.0005, two way ANOVA) and demonstrate that LOXL2 shRNA blocks
nodule formation. C, a higher power image of nodules comparing the Non
Target cells to the LOXL2 shRNA cells on day 35 showing mineralization
nodules only in the Non Target panel. The scale bar is 0.1 mm long.

for generation of these cross-links in cartilage is of consider-
able importance.

The present study first analyzed the mRNA expression pat-
tern of lysyl oxidase and its isoforms in samples collected
from mouse fracture calluses at different time points. Fracture
healing entails a chondrogenic phase, producing a template

916 JOURNAL OF BIOLOGICAL CHEMISTRY

Differentiation (Day)
7 14 21 28
NT T NT T NT T NT

— 85

B-Actin 35 ==
—

—— o —— — | — e 46
37—
— 32
30—
B 4+ 3 Non Target Py
= @B LOXL2 shRNA
=
S0
5% *
55
[
[
w o
=~z
@
>
0 7 14 21 28
Time of Differentiation
(Days)

FIGURE 10. SNAIL protein expression is increased by silencing LOXL2 in
ATDCS5 cells. Cell layers of differentiating non target and LOXL2 shRNA
transduced ATDC5 cells were isolated at intervals and subjected to Western
blotting for SNAIL. Expression of B-actin served as the internal control.

A, representative Western blot; B, densitometric analysis of SNAIL/B-actin.
The values shown are the average of three independent samples (*, p <
0.05; ***, p < 0.0005, two way ANOVA).

for osteogenesis (46). LOXL2 expression exhibited a striking
temporal expression pattern, peaking around day 7 post frac-
ture, a time point that correlates positively with the chondro-
genic phase of healing. This finding led to our further analyses
of LOXL2 protein expression in healing fractures, in growth
plates, and LOXL2 mRNA and protein expression in differen-
tiating chondrogenic ATDCS5 cells. Findings of LOXL2 ex-
pression primarily in chondrocytes in vivo, and a robust in-
creasing expression of LOXL2 as a function of differentiation
in vitro led us to ask whether a deficiency of LOXL2 would
alter chondrocyte development in vitro. Indeed, shRNA
knockdown of LOXL2 compared with a non-target virus in
the ATDCS5 cell line completely blocks the expression of
chondrocyte differentiation markers and mineralization

in vitro.

Chondrocyte differentiation depends upon regulation of
the activity of several different transcription factors and tran-
scription repressors that coordinate balances between prolif-
eration and extracellular matrix synthesis. SNAIL is a tran-
scriptional repressor that is expressed at high levels during
proliferative phases of chondrocyte development, and its ex-
pression decreases as type II collagen expression increases.
Overexpression of SNAIL blocks synthesis of type II collagen,
and this occurs by transcriptional repression of type II colla-
gen via an E box cis-acting element in its promoter (31).
SNAIL does not, however, block the expression of SOX9, a
master upstream transcription factor that drives chondrocyte
differentiation (30, 31, 47). The finding that LOXL2 knock-
down also inhibits upstream SOX9 expression in the ATDC5
chondrogenic cell line indicates that LOXL2 normally pro-
motes chondrocyte differentiation by mechanisms that must
include a target upstream of SOX9 expression, perhaps by
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mechanisms independent of those that regulate SNAIL. For
example, FGFR3 signaling up-regulates SNAIL expression,
and this pathway is an essential SOX9-independent compo-
nent of SNAIL regulation in normal chondrogenesis (30).
Similarly, because transcription factors are ultimately regu-
lated by growth factor signaling, and the TGF- 3 superfamily
of growth factors is particularly important in the chondro-
genic phase of fracture healing (15), it is tempting to speculate
that LOXL2 is directly or indirectly involved in TGF-f super-
family growth factor signaling.

At this time it is unclear if LOXL2 amine oxidase activity
required for collagen cross-linking is most relevant to its role
in supporting chondrocyte differentiation, or whether novel
LOXL2 functions that are independent of extracellular matrix
cross-linking may be involved. For example, a recent study
implicates LOX oxidation of a PDGF receptor as a positive
regulator of PDGF signaling (48), while LOX oxidation of
TGF-B and FGF-2 have been reported and are seen as inhibi-
tory to their respective functions (49, 50). To add to the com-
plexity, it is noted that the released propeptide of LOX itself
has important biological activities that are independent of
enzyme activity (5-38, 10, 11, 51). Thus, both enzyme activity
dependent and independent mechanisms of LOXL2 may be
relevant to its effects on chondrocyte development. The
LOXL2 N-terminal region, unlike LOX and LOXL1, contains
four SRCR domains (1). The SRCR superfamily is comprised
of proteins that are either secreted or found on the cell sur-
face and reports suggest that these domains may be involved
in protein-protein interactions that can help in cell adhesion
and signaling. These SRCR domains could play important
roles in some functions of LOXL2. It is now clear that all LOX
isoforms including LOXL2 are inhibited by BAPN (52). LOX
isoform-specific enzyme activity inhibitors are needed to de-
termine the relative contributions of each LOX isoform en-
zyme activity to biological effects of members of this multi-
functional family of proteins.

It is interesting that studies in tumor cells have found that
ectopically expressed LOXL2 can bind to SNAIL, and that
this interaction was seen to stabilize SNAIL by repressing E-
cadherin expression and promoting epithelial to mesenchy-
mal transition in MDCK cells and in a breast cancer cell line,
thereby promoting an invasive phenotype (32). The present
study now shows that inhibition of LOXL?2 levels in ATDC5
cells up-regulates SNAIL. As noted, this is accompanied by
consequent inhibition of all other measured endpoints related
to chondrocyte differentiation. The molecular basis for the
opposite effects of LOXL2 on SNAIL levels in different cell
systems is unknown, but is likely to be related to the invasive
properties of cancer cells on the one hand, and the extracellu-
lar matrix producing function of fibrogenic cells on the other.

In summary, the present study shows for the first time that
LOXL2 expression is regulated in a temporal manner during
fracture repair in vivo. The LOXL2 expression pattern both in
healing fractures and in developing growth plates indicate
that LOXL2 is abundantly expressed in chondrocytes. In vitro
differentiation of chondrogenic ATDCS5 cells shows that
LOXL2 has a strong temporal regulation pattern consistent
with a role in type II collagen maturation. Most important,
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knockdown of LOXL2 results in inhibition of ATDC5 chon-
drocyte development in vitro, accompanied by increased
SNAIL expression and decreased SOX9 expression. Together,
these findings indicate that LOXL2 is likely to play a vital role
in chondrogenesis, and that a greater understanding of
LOXL2 activities and functions will provide potential new
avenues to investigate the control of cartilage formation,
growth, metabolism, and repair.
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