
Proteolytic processing of lysyl oxidase–like-2 in the
extracellular matrix is required for crosslinking of basement
membrane collagen IV
Received for publication, May 23, 2017, and in revised form, August 16, 2017 Published, Papers in Press, September 1, 2017, DOI 10.1074/jbc.M117.798603

X Alberto J. López-Jiménez‡§, X Trayambak Basak‡§, and X Roberto M. Vanacore‡§1

From the ‡Department of Medicine, Division of Nephrology and Hypertension and §Center for Matrix Biology, Vanderbilt University
Medical Center, Nashville, Tennessee 37232

Edited by Amanda J. Fosang

Lysyl oxidase–like-2 (LOXL2) is an enzyme secreted into the
extracellular matrix that crosslinks collagens by mediating oxi-
dative deamination of lysine residues. Our previous work dem-
onstrated that this enzyme crosslinks the 7S domain, a struc-
tural domain that stabilizes collagen IV scaffolds in the
basement membrane. Despite its relevant role in extracellular
matrix biosynthesis, little is known about the structural require-
ments of LOXL2 that enable collagen IV crosslinking. In this
study, we demonstrate that LOXL2 is processed extracellularly
by serine proteases, generating a 65-kDa form lacking the first
two scavenger receptor cysteine-rich domains. Site-specific
mutagenesis to prevent proteolytic processing generated a full-
length enzyme that is active in vitro toward a soluble substrate,
but fails to crosslink insoluble collagen IV within the extracel-
lular matrix. In contrast, the processed form of LOXL2 binds to
collagen IV and crosslinks the 7S domain. Together, our data
demonstrate that proteolytic processing is an important event
that allows LOXL2-mediated crosslinking of basement mem-
brane collagen IV.

Lysyl oxidase–like-2 (LOXL2) is a member of the lysyl oxi-
dase family of copper-dependent amine oxidases (1). Like the
rest of the family members, LOXL2 catalyzes the oxidative
deamination of peptidyl lysine residues, which promotes the
formation of lysyl-derived crosslinks in collagens and elastin
(1–5). LOXL2-catalyzed crosslinks are essential posttransla-
tional modifications in the biosynthesis and maintenance of the
extracellular matrix (ECM),2 contributing to the tensile
strength and stability of tissues (6). We have recently shown
that LOXL2 is the main lysyl oxidase of the glomerular base-
ment membrane, a specialized form of ECM that is an impor-
tant functional component of the kidney glomerulus (7). Fur-
thermore, together with peroxidasin-catalyzed sulfilimine

crosslinking of the NC1 domain (8, 9), LOXL2-catalyzed cross-
linking of the 7S domain contributes to stabilizing collagen IV
networks, the main structural component of basement mem-
branes (10 –12). Other proposed biological functions of LOXL2
include regulation of tumor growth (13), metastasis (14), and
angiogenesis (15). Because it is up-regulated in fibrotic diseases,
LOXL2 has been proposed as an attractive pharmacological
target to inhibit the characteristic increase in ECM deposition
in fibrotic tissues (16 –20).

The amino acid sequence of human LOXL2 consists of 774
residues organized by an N-terminal signal peptide contiguous
to four N-terminal scavenger receptor cysteine-rich (SRCR)
domains followed by a highly conserved lysyl oxidase catalytic
domain. SRCR domains, commonly found on secreted and cell
surface– bound proteins, have been proposed to mediate pro-
tein-protein interactions, ligand binding, and more recently
deacetylation and deactylimination activity over peptidyl-
acetyl lysines (21, 22). Although the predicted molecular mass
derived from the amino acid sequence is about 84 kDa, LOXL2
is found as a �100-kDa protein in both the intracellular and the
extracellular compartments, most likely because of posttrans-
lational modifications such as N-glycosylation (23). Interest-
ingly, several studies in cultured cells and tissues, including our
own, have identified a smaller extracellular 65-kDa form (7,
24 –26). The addition of a protease inhibitor mixture in the
conditioned media of MCF-7 cells prevented the formation of
the 65-kDa form, suggesting that it results from proteolytic pro-
cessing of the large 100-kDa form (27). This observation is par-
ticularly relevant as other members of the LOX family such as
LOX and LOXL1 become active only after they are proteolyti-
cally processed by bone morphogenetic protein-1 (28, 29).
Although the crosslinking function of LOXL2 has been charac-
terized in many biological systems, it is not known whether
proteolytic processing regulates its enzymatic activity (30).

In this study, we investigated the role of LOXL2 processing
on the crosslinking of the 7S domain of collagen IV, a key struc-
tural component of basement membranes. We identified the
cleavage site in LOXL2 sequence by classical Edman microse-
quencing and site-directed mutagenesis. Furthermore, using
CRISPR-Cas9 system, we developed a LOXL2-null cell line that
allowed us to explore the effect of proteolytic processing on
LOXL2 enzymatic activity. Our results suggest that LOXL2
proteolytic processing is a regulatory step on collagen IV and
basement membranes biosynthesis.
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Results

LOXL2 is proteolytically processed by serine proteases

To purify sufficient 65-kDa extracellular form of LOXL2 for
the identification of the site of proteolytic cleavage by Edman
microsequencing, we stably expressed the LOXL2 human ORF
(NM_002318) in HEK293 cells (7). Immunoblotting character-
ization of HEK293 cells expressing this construct using a poly-
clonal antibody raised against the C-terminal region of the
LOXL2 sequence showed that the intracellular fraction pro-
duced the full-length form of LOXL2 (�100 kDa) without any
sign of proteolytic cleavage (Fig. 1A). In contrast, the condi-
tioned media of these cells showed the presence of both full-
length and processed forms of LOXL2, similar to those
observed in other cell types (24 –26), and glomeruli (7). We
purified LOXL2 forms from cell media by affinity chromatog-
raphy and fractionated proteins by SDS-PAGE. The 65-kDa
processed form was cut out of the gel and prepared for N-ter-
minal Edman microsequencing. The results revealed the first
11 amino acid residues of processed form N-terminal end start-
ing at Ala-318 of human LOXL2 sequence, indicating that pro-

teolytic processing occurred at Lys-317. This site resides in the
linker region between the SRCR2 and SRCR3 domains (Fig. 1B).
Further inspection of the sequence showed that the P1 and P2
positions from the Lys-317 processing site are occupied by
basic residues that are highly conserved in LOXL2 sequences of
vertebrates (Fig. 1C).

The presence of these basic residues in P1 and P2 suggests
that a serine protease cleaves LOXL2 at Lys-317. To test this
hypothesis, HEK293 cells stably expressing human LOXL2
were grown in media containing serine protease inhibitors
including leupeptin, aprotinin, and PMSF (Fig. 1D). Immuno-
blotting analyses of the culture media from these cells showed
that the formation of the 65-kDa LOXL2 processed form was
significantly reduced by aprotinin and PMSF, but not leupeptin,
suggesting that serine proteases may be responsible for LOXL2
cleavage. HEK293 cells were also cultured in the presence of
decanoyl-RVKR-chloromethylketone (Dec-RVKR-CMK), an
inhibitor that blocks the activity of members of the subtilisin-
like family of proprotein convertases such as furin (31). As
shown in Fig. 1D, Dec-RVKR-CMK exhibited the highest inhi-

Figure 1. LOXL2 is processed at Lys-317 by a serine protease. A, immunoblot detection of LOXL2 via Myc-tag in intracellular (INT) and extracellular (EXT)
fractions of HEK293 cells expressing the human LOXL2 sequence. Full-length (FL) and processed (P) forms of LOXL2 are indicated. B, illustration depicting the
domain structure of full-length LOXL2 (top) primary sequence consisting of four scavenger receptor cysteine-rich (SRCR) domains, the catalytic lysyl oxidase
domain (LOX) and three sites of N-glycosylation. Below is shown the proposed domain structure of the LOXL2 processed form observed in A. Edman microse-
quencing of the amino end of the 65 kDa processed LOXL2 yielded an 11-residue sequence (bold) that matched the human LOXL2 sequence starting from
Ala-318, suggesting that proteolytic processing occurs at the Lys-317–Ala-318 peptide bond. The sequence motif (RFRK) recognized by serine proteases that
precedes the cleavage site is also included. C, alignment of LOXL2 sequences showing the region encompassing the serine protease cleavage site in different
organisms. Darker shadowing indicates higher degree of conservation. The conserved basic residues preceding the cleavage sites are denoted in a black
rectangle. D, immunoblotting detection of LOXL2 in conditioned media from HEK293 cells expressing LOXL2 grown in culture media supplemented with
different protease inhibitors as follows: aprotinin, 10 �g/ml; leupeptin, 10 �g/ml; pepstatin, 10 �M; PMSF, 1 mM; Dec-RVKR-CMK, 25 �M. The image shows a
representative blot from three independent experiments. The graph shows the quantification of the amount of processed form with every treatment. Error bars
represent S.D. from three independent experiments. Data were analyzed by Student’s t test. Statistical significance is shown above the bars. *, p value � 0.05;
**, p value � 0.01; ***, p value � 0.001. Molecular mass standards in kilodaltons (kDa) are indicated on the left side of each gel.
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bition of LOXL2 processing. Pepstatin, a potent inhibitor of
aspartyl proteases, had no effect on LOXL2 cleavage. In sum-
mary, these data suggest that LOXL2 is proteolytically pro-
cessed by a serine protease at Lys-317 in the extracellular com-
partment, removing the first two SRCR domains from LOXL2
sequence.

Processing is not required for LOXL2 to become enzymatically
active with small, soluble substrates

To evaluate the effect of proteolytic processing on amine
oxidase activity, we performed site-directed mutagenesis to
generate either full-length or processed forms of LOXL2. To
block proteolytic processing and generate a full-length LOXL2
form, the two basic residues preceding the cleavage site were
mutated from RK to GE. The introduction of negatively
charged glutamic acid at P1 was expected to block proteolytic
processing by serine proteases (32–34). Transient expression of
this construct in HEK293 cells predominantly generated the
full-length form of LOXL2, indicating that proteolytic pro-
cessing was abrogated (Fig. 2A). Initial studies in which only
Lys-317 was mutated uncovered an anticipated atypical form of
LOXL2 of about 70 kDa that is not observed in cells expressing
wild-type LOXL2. A careful inspection of LOXL2 sequence
identified Arg-256 as a potential cleavage site of serine pro-
teases. Thus, to completely eliminate proteolytic processing
and generate the full-length 100-kDa form, Arg-257 was
mutated to glycine in addition to 316 –317 residues RK (Fig.
2A). LOXL2BP was used to describe this “blocked processing
LOXL2 mutant” construct. As most serine proteases have a
preference for Arg at P1 (33, 34), we generated a second mutant
by changing Lys-317 to Arg-317 to potentially enhance proteo-
lytic cleavage. The resulting K317R processing LOXL2 mutant
was named LOXL2K317R.

To evaluate the effect of mutagenesis on proteolytic pro-
cessing, these two new LOXL2BP and LOXL2K317R constructs,
together with the catalytically inactive LOXL2Y689F mutant and
wild-type LOXL2 as controls, were expressed in HEK293 cells.
Immunoblot analyses for LOXL2 detection in whole cell
extracts showed that all constructs produced LOXL2 proteins
of 100 kDa. However, LOXL2 processing differences became
evident when analyzing culture media containing the extracel-
lular forms of LOXL2. As expected, the LOXLBP construct pro-
duced only the 100-kDa form. In contrast to the wild-type con-
struct, the LOXLK317R construct showed a significant increase
of the 65-kDa processed LOXL2 form (Fig. 2B).

To assess the effect of proteolytic processing on the amine
oxidase activity, conditioned media of cells expressing LOXL2
wild type and mutants were assayed with Amplex Red assay
using 1,5-diaminopentane as substrate (35). As shown in Fig.
2C, the amine oxidase activity showed no significant difference
between processing mutants and wild-type LOXL2. These
results show that cleavage at Lys-317 does not influence LOXL2
amine oxidase activity.

LOXL2 processing promotes collagen IV crosslinking

To evaluate the role of LOXL2 proteolytic processing on col-
lagen IV crosslinking, we generated a LOXL2-null PFRH9 cell
line by using CRISPR-Cas9 gene editing to target exon 2 of the

mouse Loxl2 gene (Fig. 3A). Immunoblot analysis of the ECM-
derived fraction, where both 100-kDa and 65-kDa forms are
normally deposited in the wild-type cells, showed that both
LOXL2 forms are absent in the knock-out cell line (Fig. 3B). In
addition, no residual amine oxidase activity inhibited by BAPN
was detected in LOXL2-null cell conditioned medium (Fig. 3C).
Fig. 3D shows that 7S dodecamers extracted after collagenase
digestion of the ECM derived from LOXL2-null PFHR9 cells
are composed of only 7S monomeric subunits, confirming our
previous crosslinking studies using pharmacological inhibitors
of lysyl oxidase activity (7). Interestingly, the nonreduced 7S
dodecamer of the LOXL2-null cells showed slightly faster elec-
trophoretic mobility in comparison to the wild-type cells (Fig.

Figure 2. Proteolytic processing does not modulate amine oxidase activ-
ity of LOXL2. A, a scheme showing the mutation of specific residues in LOXL2
sequence. Green-colored residues represent changes expected to enhance
LOXL2 processing (LOXL2K317R) and red-colored residues represent those pre-
dicted to block processing (LOXL2BP). B, immunoblotting analyses of intracel-
lular and secreted proteins from HEK293 cells transfected with wild-type
LOXL2 and processing (LOXL2K317R and LOXL2BP) and catalytically (Y689F)
inactive LOXL2 mutants using an anti-LOXL2 antibody raised against a poly-
peptide encompassing the catalytic domain sequence. The image is repre-
sentative of three independent experiments. The full-length (FL) and pro-
cessed (P) forms of LOXL2 are indicated. C, amine oxidase activity measured
by Amplex Red assay in media from HEK293 cells expressing the different
LOXL2 constructs. Error bars represent S.D. from at least four independent
experiments. Data were analyzed by Student’s t test. Statistical significance is
shown above the bars. ***, p value � 0.001; ns, not significant.

LOXL2 processing and collagen IV crosslinking

16972 J. Biol. Chem. (2017) 292(41) 16970 –16982



3E). These results show that LOXL2 is the sole source of lysyl
oxidase activity for crosslinking the 7S dodecamer of collagen
IV in PFHR9 cells. Furthermore, generation of a LOXL2-null
PFHR9 cell line provides an excellent system to test the effect of
LOXL2 proteolytic processing on collagen IV crosslinking.

To evaluate the 7S crosslinking activity of LOXL2 processing
mutants, these constructs were expressed in the LOXL2-null
PFHR9 cells. As expected, monomeric 7S subunits are predom-
inant in the catalytically defective LOXL2Y689F mutant, indicat-
ing that the enzyme failed to reestablish the crosslinking profile
observed in wild-type cells (Fig. 4). In contrast, the 7S
dodecamer from wild-type LOXL2 and the enhanced pro-
cessing mutant LOXL2K317R exhibited the typical crosslinking
profile of oligomeric forms observed in wild-type cells. Surpris-
ingly, the full-length, processing defective mutant LOXL2BP
failed to crosslink the 7S dodecamer. These results demonstrate
that, despite being catalytically active, the full-length pro-
cessing mutant LOXL2BP was unable to crosslink the 7S
dodecamer. These results suggest that removal of the first two
SRCR domains by proteolytic processing is required for effec-
tive collagen IV crosslinking in the insoluble matrix.

Proteolytic processing enables the interaction of LOXL2 with
insoluble collagen IV

Although full-length and processed forms of LOXL2 have
been reported to localize in the ECM of different tissues (7, 15),

our results showed that only the processed LOXL2 crosslinks
the 7S dodecamer. Thus, we hypothesized that the processed,
but not the full-length, form of LOXL2 interacts with collagen
IV. To test this hypothesis, we performed a collagenase diges-
tion to solubilize proteins interacting with the insoluble colla-
gen IV scaffold. As we wanted to detect a potential LOXL2–7S
dodecamer interaction, we first performed immunoblotting
analyses of purified LOXL2 to characterize its electrophoretic
mobility under reducing and nonreducing conditions. As
shown in Fig. 5A, under nonreducing conditions the full-length
and processed LOXL2 forms migrated with an apparent molec-
ular mass of �75 and �45 kDa, respectively. The faster electro-
phoretic mobility of both LOXL2 forms is consistent with the
presence of many disulfide bridges that restrain the polypeptide
chain yielding a smaller apparent molecular mass in SDS-
PAGE. Immunoblotting analyses of collagenase-soluble pro-
teins from wild-type PFHR9 matrix show a 45-kDa band equiv-
alent to that of processed LOXL2 (Fig. 5B, right panel).
Surprisingly, the immunoblot also showed an unexpected high
molecular mass form of LOXL2 with an electrophoretic mobil-
ity slightly slower than the 7S dodecamer shown in the SDS-
PAGE (Fig. 5B). None of these two LOXL2 forms were observed
in the collagenase digest of LOXL2-null PFHR9 matrix (Fig. 5B,
right panel). Thus, the presence of the high molecular mass
LOXL2 form suggests a stable interaction between processed

Figure 3. CRISPR/Cas9-mediated deletion of LOXL2 in PFHR9 cells yields 7S dodecamers devoid of lysyl-derived crosslinks. A, representation of the
Loxl2 gene structure and the region of exon 2 targeted by the sgRNA sequences. B, immunoblotting analysis using an anti-LOXL2 antibody of ECM proteins
extracted with urea from wild-type (WT) and LOXL2-null (KO) PFHR9 cells. A representative experiment from a total of three independent experiments is shown.
Full-length (FL) and processed (P) forms of LOXL2 are indicated. C, the graph represents the fluorescence units generated by Amplex Red assay measuring the
amine oxidase activity from urea-soluble matrix proteins from LOXL2-KO and WT PFHR9 cells in the presence or absence of BAPN. Error bars represent S.D. from
five independent experiments. Data were analyzed by Student’s t test. Statistical significance is shown above the bars. ***, p value � 0.001; *, p value � 0.05;
ns, not significant. D, SDS-PAGE analyses of 7S dodecamer (7S) and NC1 hexamer (NC1) purified from LOXL2-KO and WT PFHR9 matrices. Proteins were reduced
with 50 mM DTT. M, D, T, TT, P, and H indicate the electrophoretic mobility of monomer, dimer, trimer, tetramer, pentamer, and hexamer 7S subunits,
respectively. E, SDS-PAGE analyses under nonreducing conditions of the same 7S dodecamers purified from WT and KO PFHR9 cell matrices.
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LOXL2 and the 7S dodecamer that is resistant to the highly
dissociative conditions of SDS-PAGE analysis.

To further characterize the interaction between 7S
dodecamer and processed LOXL2, we performed immunoblot-
ting analyses of purified 7S dodecamer, urea-soluble, and colla-
genase-soluble PHFR9 matrix proteins under reducing condi-

tions. As shown in Fig. 5C, some bands are similar, but there are
striking differences in the number and size of LOXL2 forms.
Consistent with a LOXL2–7S dodecamer interaction, the
unbound 65-kDa processed LOXL2 form was not detected in
purified 7S dodecamer (Fig. 5C, left panel), as it is likely
removed during chromatographic purification. However, a lad-
der of three or more additional bands, larger than the 65-kDa
processed LOXL2, was observed in purified 7S dodecamer sam-
ples and collagenase digests of PFHR9 and glomerular matrices
(Fig. 5C). Of note, the bands detected in the collagenase digest
of bovine glomerular matrix showed a more complex pattern,
which is probably a consequence of the highly heterogeneous
collagenous material isolated from this tissue.

The striking differences between the electrophoretic profiles
of LOXL2 forms present in urea-soluble and collagenase-solu-
ble protein samples suggest that the enzyme interacts with col-
lagen IV in different ways (Fig. 5C, right panel). For instance,
the 100-kDa full-length LOXL2 band is detected in urea-ex-
tracted proteins, but not in collagenase digests, suggesting that
it does not interact with collagen. In contrast, the 65-kDa pro-
cessed LOXL2 (free form, equivalent to the 45-kDa band
observed under nonreducing conditions) is present in both
preparations, suggesting that this form associates with collagen
IV in a noncovalent fashion. Lastly, the ladder of LOXL2 bands
is only present in the collagenase digest, suggesting that pro-
cessed LOXL2 forms a covalent complex with peptide frag-
ments derived from 7S dodecamer that were not digested by
collagenase under native conditions. Taken together, these
results suggest that processed, but not full-length, LOXL2 is
bound both covalently and noncovalently to collagen IV.

To validate that LOXL2 is bound to 7S polypeptides, we
subjected collagenase-soluble PFHR9 proteins to pepsin diges-
tion under nondenaturing conditions. As expected, the 7S
dodecamer was resistant to pepsin digestion (Fig. 5D, left
panel). However, LOXL2 was completely degraded under the
same conditions (Fig. 5D, right panel), indicating that the
LOXL2 signal detected by the antibody is specific despite
the presence of excessively abundant 7S oligomeric subunits. In
contrast, because it is possible that processed LOXL2 may have
protected the attached 7S peptide fragments from collagenase
digestion under native conditions, collagenase-soluble ECM
proteins were subjected to disulfide reduction and denatur-
ation followed by a second collagenase digestion. Fig. 5E shows
that the 7S dodecamer was almost completely degraded by col-
lagenase after reduction/alkylation and denaturation. At the
same time, the ladder above processed LOXL2 was also com-
pletely degraded by collagenase followed by an evident increase
of the 65-kDa processed LOXL2 (Fig. 5E, right panel). Collec-
tively, these results clearly show that the ladder of LOXL2 forms
observed in collagenase digests results from the covalent inter-
action of processed LOXL2 with 7S collagenous peptides.

To further characterize these findings, we analyzed the pres-
ence of LOXL2 in purified 7S from different biological samples.
Although the bacterial collagenase preparation used for purifi-
cation of 7S dodecamers is of the highest commercially avail-
able quality, to rule out LOXL2 cleavage by nonspecific pro-
teases, we incubated recombinant LOXL2 with collagenase and
monitored the ratio of processed and full-length forms of

Figure 4. Proteolytic processing of LOXL2 promotes crosslinking of 7S
dodecamer. A, immunoblotting detection of 7S subunits in collagenase
digested samples of ECM produced by WT LOXL2, LOXL2-null PFHR9 cells
(KO), and LOXL2-null PFHR9 overexpressing different LOXL2 mutants
described in Fig. 2. Protein samples were fractionated under reducing condi-
tions (50 mM DTT). The nitrocellulose membrane stained with Ponceau S
showing the NC1 monomers is presented as a surrogate for total protein
loading control. M, D, T, TT, P, and H indicate the electrophoretic mobility of
monomer, dimer, trimer, tetramer, pentamer, and hexamer 7S subunits,
respectively. B, representation of the percentage of 7S oligomers relative to
the total 7S subunits per lane generated in each set of experiments. Error bars
represent S.D. from three independent experiments. Data were analyzed by
Student’s t test. Statistical significance is shown above the bars. ***, p value �
0.001; ns, not significant.
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LOXL2 by immunoblotting. As shown in Fig. 6A, bacterial col-
lagenase did not alter the relative abundance of the two forms of
LOXL2, indicating that collagenase does not process LOXL2.
Subsequently, we performed LC-MS/MS analyses of purified
7S dodecamers from PFHR9, bovine glomerular and placental
matrices. In all samples, only peptides derived from processed
LOXL2 sequences were detected (Fig. 6B). As expected, 7S
dodecamer purified from the LOXL2-null PFHR9 cell line did
not yield any LOXL2 peptides in the LC-MS/MS analyses. All
together, these results revealed that only processed LOXL2 is
solubilized from ECM by collagen degradation, and that a frac-
tion of the enzyme is covalently bound to 7S dodecamer.

To gain insight about the type of covalent interaction
between processed LOXL2 and collagen IV, we examined the
distribution of the different LOXL2 forms in the PFHR9 –
LOXL2-null rescue system. Processed LOXL2 and ladder
bands were present in the collagenase-soluble proteins from
PFHR9 cells transfected with wild-type LOXL2 and enhanced

processing LOXL2K317R constructs (Fig. 7). As expected, none
of the LOXL2 forms were detected in the collagenase digest of
cells transfected with the full-length LOXL2BP, further sup-
porting that proteolytic processing is required for LOXL2 local-
ization to the insoluble matrix and interaction with collagen IV.
However, although the catalytically defective LOXL2Y689F
mutant undergoes proteolytic processing and it interacts non-
covalently with collagen IV, the absence of LOXL2 ladder bands
indicated that lysyl oxidase catalytic activity is required for the
covalent interaction between processed LOXL2 and collagen
IV. These findings demonstrate that covalent interaction
between LOXL2 and collagen IV is mediated by lysyl oxidase
enzymatic activity.

Discussion

Our previous work identified LOXL2 as the main lysyl oxi-
dase expressed in the glomerulus that crosslinks the 7S domain
of collagen IV (7). This study provided the first direct evidence

Figure 5. Processed LOXL2 is covalently bound to collagen fragments of the 7S dodecamer. A, SDS-PAGE fractionation of purified LOXL2 under reducing
(�DTT) or nonreducing conditions (�DTT). Full-length and processed forms in both conditions are indicated as FL and P, respectively. B, SDS-PAGE (left panel)
and immunoblot anti-LOXL2 (right panel) of collagenase digests of WT and LOXL2-null PFHR9 cells under nonreducing conditions. C, the left panel shows
immunoblotting detection of LOXL2 in purified 7S dodecamer and collagenase digests (CD) of PFHR9 and bovine glomeruli matrices under reducing condi-
tions. The right panel shows the immunoblotting detection of LOXL2 in urea-extracted and collagenase-soluble proteins from PFHR9 matrix. D, left panel shows
the SDS-PAGE analysis of purified 7S dodecamer incubated with or without pepsin. The right panel shows the immunoblotting detection of LOXL2 in collage-
nase-soluble proteins from PFHR9 matrix with or without pepsin digestion. E, SDS-PAGE analyses of purified 7S dodecamers digested with collagenase after
reduction/alkylation and denaturation (left panel). The right panel shows the immunoblotting detection of LOXL2 in reduced/alkylated and denatured colla-
genase-soluble proteins digested with or without collagenase. Collagenase band observed in the gel is indicated by an asterisk (*). The position of processed
LOXL2 (P) is indicated. Molecular mass standards in kilodaltons (kDa) are indicated on the left side of each gel.
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linking LOXL2 enzymatic activity and collagen IV crosslinking,
an important step for basement membrane stabilization (10 –
12). Here, we extended those studies by investigating the role of
LOXL2 proteolytic processing in 7S dodecamer crosslinking.
Our results demonstrate that LOXL2 is cleaved by serine pro-
teases at Lys-317, generating a processed form lacking the first
two SRCR domains, without an apparent effect over the amine
oxidase enzymatic activity. However, proteolytic processing
enables the interaction of processed LOXL2 with collagen IV in
the insoluble matrix promoting the formation of intermolecu-
lar crosslinks in the 7S dodecamer. Fig. 8 summarizes a pro-
posed mechanism based on our findings.

Inhibition experiments with aprotinin, PMSF, and Dec-
RVKR-CMK indicated that a serine protease is likely to be
responsible for the proteolytic processing of LOXL2. Interest-
ingly, it has recently been shown that a proprotein convertase
(PC) activates peroxidasin, the enzyme responsible the forma-

tion of sulfilimine crosslinks in the C-terminal noncollagenous
domain (NC1) of collagen IV (36). Although the blockade of
LOXL2 proteolytic processing by Dec-RVKR-CMK inhibitor
suggested the involvement of a PC, this family of proteases has
a strong preference for Arg in P1 in the motif R-X-R/K-R. In
contrast, the cleavage site of LOXL2 exhibits a Lys in P1, sug-
gesting that other serine proteases may cleave LOXL2 (33).
Interestingly, Dec-RVKR-CMK has been shown to also inhibit
members of the trypsin-like (S1) family of membrane-anchored
serine proteases. Unlike the PC family, trypsin-like proteases
may cleave substrates encompassing either Arg or Lys at P1 (34,
37), suggesting that these proteases are more likely candidates
to process LOXL2 at Lys-317. The importance of proteolytic
cleavage as a regulatory event controlling LOXL2 crosslinking
activity may be appreciated by the evolutionary conservation of
Lys in the P1 site of LOXL2 sequences of many different organ-
isms (Fig. 1C). Further studies are required to reveal the identity
of the specific protease responsible for LOXL2 processing.

Our results using 1,5-diaminopentane as the substrate for in
vitro activity assays demonstrated that both full-length and pro-
cessed forms of LOXL2 are active. More importantly, proteo-
lytic processing did not increase LOXL2 enzymatic activity
toward a small substrate, indicating that LOXL2 crosslinking
function is different to LOX and LOXL1, which requires pro-

Figure 6. Proteomic identification of LOXL2 peptides in purified 7S dodecamers from different ECM is shown. A, immunoblot detection of LOXL2 of
purified recombinant human LOXL2 incubated for 24 h at 37 °C with or without collagenase. Full-length (FL) and processed (P) forms of LOXL2 are indicated.
B, identification of LOXL2 peptides by mass spectrometry analyses of 7S purified from PFHR9 matrix (underlined in purple), bovine glomerular basement
membrane (GBM) (cyan), and placenta basement membrane (PBM) (blue). Signal peptides (blue), SRCR domains (yellow), and LOX catalytic domains (green) are
highlighted in the alignment.

Figure 7. Amine oxidase activity is required for the covalent interaction
between processed LOXL2 and collagen IV. Immunoblotting detection of
LOXL2 in deoxycholate (DOC)–soluble fractions and collagenase-soluble pro-
teins from the matrix of LOXL2-null PFHR9 cells overexpressing different
LOXL2 constructs. Full-length (FL) and processed (P) forms of LOXL2 are indi-
cated. The blots are representative of three independent experiments. Molec-
ular mass standards in kilodaltons (kDa) are indicated on the left side of
each gel.

Figure 8. Proteolytic processing of LOXL2 enables binding to collagen IV
and crosslinking of the 7S domain. The scheme depicts the secretion and
proteolytic cleavage of LOXL2 by a serine protease in the ECM. The removal of
SRCR1 and SRCR2 enables the interaction of processed LOXL2 with the 7S
dodecamer and oxidative deamination of lysine residues forming reactive
aldehydes, which may further condense into covalent lysyl-derived cross-
links. Alternatively, a small fraction of processed LOXL2 may also covalently
bind to the 7S dodecamer, a process that depends on both proteolytic pro-
cessing and amine oxidase activity. Covalent linkage may occur between the
lysyl-tyrosyl quinone (LTQ) cofactor found in LOXL2 catalytic domain and a
lysine residue from the 7S dodecamer, an event that may lead to enzyme
inactivation.
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teolytic cleavage before becoming active. However, our results
are in agreement with previous reports showing that LOXL4
exhibits amine oxidase activity in vitro regardless of the pres-
ence or absence of SRCR domains (38). The role of processing
in collagen IV crosslinking became apparent in rescue experi-
ments using LOXL2-null PFHR9 cells. The results indicated
that removal of SRCR1 and SRCR2 domains by proteolytic pro-
cessing was required before LOXL2 could effectively crosslink
collagen IV deposited in the insoluble ECM. Indeed, our immu-
noblotting analyses of collagenase digests and purified 7S
dodecamers from different tissues demonstrated that only the
processed form of LOXL2 interacts with collagen IV. Conceiv-
ably, the presence of SRCR1 and SRCR2 domains blocks the
proper interaction between LOXL2 and collagen IV by steric
hindrance. These results suggest that, rather than an activation
of enzymatic activity, LOXL2 proteolytic processing is a regu-
latory event that is required for an effective enzyme-substrate
interaction to achieve oxidation of lysine residues and promote
crosslinking of the 7S dodecamer.

Strikingly, we have found that a significant fraction of the
processed LOXL2 is covalently attached to collagenase-sensi-
tive 7S peptide fragments in a catalytically dependent manner,
not only in the PFHR9-ECM but also in animal tissues, indicat-
ing that covalent crosslinking of LOXL2 to collagen IV can take
place not only in matrix produced by cultured cells, but also in
vivo. Although the nature of the collagenous sequences bound
to LOXL2 were not identified, the evidence suggests that such
fragments may be derived from the 7S dodecamer. These find-
ings are the first report of a stable covalent interaction between
a lysyl oxidase and its substrate. Although the biological impli-
cations of this finding are unclear at this time, one possibility is
that the LOXL2-collagen IV interaction is the result of an
arrested enzymatic intermediate in the enzyme’s catalytic cycle.
The chemical mechanism of lysyl oxidases proposed by Kagan
(39) involves the formation of a Schiff base between the lysyl-
tyrosyl quinone (LTQ) cofactor and the �-amino group of Lys in
the substrate. The covalent intermediate spontaneously breaks
off from the enzyme’s catalytic site and molecular oxygen
regenerates the LTQ cofactor. Thus, it is possible that a Lys
residue from the 7S dodecamer substrate is trapped in the
active site of LOXL2 (Fig. 8). Obviously, covalent attachment of
LOXL2 through its LTQ cofactor may render the enzyme inac-
tive. It is not known whether this event is reversible, but per-
haps this could be a mechanism to quench enzyme activity and
avoid excessive lysine oxidation and collagen crosslinking. This
new finding deserves further investigation to better understand
the molecular mechanisms controlling LOXL2-catalyzed cross-
linking of collagen.

LOXL2 proteolytic processing may also play a role as a reg-
ulatory mechanism for the crosslinking of other ECM sub-
strates. Although our studies did not address whether proteo-
lytic processing of LOXL2 is required for crosslinking of other
ECM proteins that are also known substrates of LOXL2, such as
type I and III collagens (40, 41), there is no reason to believe that
this proteolytic event is a specific requirement for collagen IV
crosslinking. Furthermore, because LOXL2 has been recog-
nized as an important pharmacological target for fibrosis and
cancer, it would be interesting to test if the proteolytic pro-

cessing could regulate crosslinking and deposition of other
ECM substrates.

Inhibition of the enzymatic activity of LOXL2 to suppress
crosslinking of ECM proteins is a primary focus of anti-fibrotic
therapeutic strategies (16 –20). So far, a few LOXL2 inhibitors
of different types have been developed for the treatment of sev-
eral fibrotic and metastatic diseases (20, 41, 42). For instance,
simtuzumab, a humanized monoclonal antibody described as
an allosteric inhibitor of LOXL2, was shown to be an effective
inhibitor in mouse models of lung and liver fibrosis (17, 20), but
many of the clinical trials using this humanized antibody have
failed to show improvement in the development of fibrosis (43).
Although simtuzumab inhibitory characteristics were derived
from preclinical studies using a mixture of full-length and pro-
cessed LOXL2 (41), it is not clear whether processing may alter
the antibody’s inhibitory allosteric effect. LOXL2 has also been
shown to be up-regulated in different nephropathies (44, 45)
and, because of its role in collagen crosslinking, it has been
suggested as a potential target to prevent increased deposition
of collagen IV and other ECM proteins in kidney fibrosis (46).
Although there are no published studies addressing this partic-
ular hypothesis, it would be interesting to see if any of the cur-
rently available LOXL2 inhibitors might indeed ameliorate
kidney fibrosis. However, in light of our results, a better under-
standing of LOXL2 structural determinants mediating collagen
crosslinking will better assist the development of more effective
treatments targeting LOXL2 activity.

In summary, our study proposes proteolytic processing by
serine protease(s) as an important regulatory mechanism of
LOXL2-mediated crosslinking of the 7S domain of collagen IV.
It is demonstrated that rather than increasing the enzyme cat-
alytic activity, removal of SRCR1 and SRCR2 domains allows
the interaction between LOXL2 and collagen IV, resulting in
effective oxidation of lysine residues during basement mem-
brane biosynthesis.

Experimental procedures

Cell culture

PFHR9 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 5% bovine growth serum from
HyClone Laboratories (Logan, UT) and 1% penicillamine-
streptomycin and incubated at 37 °C in 10% CO2. When ECM
production was intended, PFHR9 were grown after confluency
for 7 days and media were supplemented with 50 �g/ml ascor-
bic acid. HEK293 cells were cultured in Dulbecco’s modified
Eagle’s medium and Ham’s F-12 medium (1:1) with 10% bovine
growth serum from HyClone Laboratories and 1% penicilla-
mine-streptomycin and incubated at 37 °C in 5% CO2.

LOXL2 purification

LOXL2-His6 was generated and purified as previously
reported (7). HEK293 cells stably expressing LOXL2-His6 were
expanded, and secreted LOXL2-His6 was purified with a nickel
nitrilotriacetic acid column to 95% purity as judged by SDS-
PAGE. The lysyl oxidase activity of the purified recombinant
protein was assayed by Amplex Red assay with 5 mM diamino-
pentane as substrate.
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7S dodecamer purification

The collagen IV 7S dodecamer from ECM produced by
PFHR9 was purified as previously published (7). Briefly, cells
were homogenized in 1% (w/v) deoxycholate with sonication,
and the insoluble material was isolated after centrifugation at
20,000 � g for 15 min. The pellet was then extracted with 1 M

NaCl plus 50 mM Tris-Cl, pH 7.5, and 10 mM Tris-Cl, pH 7.5,
and then digested in 50 mM Tris-Cl, pH 7.5, 5 mM CaCl2, 5 mM

benzamidine, 25 mM 6-aminocaproic acid, 0.4 mM phenylmeth-
ylsulfonyl fluoride, and 0.1 mg/ml bacterial collagenase (Wor-
thington Biochemical Corp.). Collagenase-solubilized material
was dialyzed against 50 mM Tris-Cl, pH 7.5 and then subjected
to DEAE-cellulose and gel filtration chromatography.

SDS-PAGE and immunoblotting

For immunoblotting assays, protein samples were loaded for
4 –15% (w/v) SDS-PAGE and electrotransferred onto nitrocel-
lulose membranes. Blots were incubated with polyclonal
anti-7S collagen IV (Assay Biotech) or LOXL2 (Abcam) anti-
bodies and visualized with horseradish peroxidase– conjugated
donkey anti-rabbit as secondary antibody (Jackson ImmunoRe-
search Laboratories). Detection of HRP activity from secondary
antibodies was revealed using Pierce enhanced chemilumines-
cence reagents (Thermo Scientific) following the instructions
of the manufacturer. Quantification of immunoblots was per-
formed using ImageJ software (47).

CRISPR-mediated LOXL2 knockout

The gRNA sequence for LOXL2 exon 2 (forward 5�-CACC-
GCGCGTGGAGGTCTACTACGA-3�; reverse 5�-AAACTC-
GTAGTAGACCTCCACGCGC-3�) was ligated into the BbsI
sites of pSpCas9(BB)-2A-Puro (PX459) (gift from Dr. Feng
Zhang, Addgene plasmid no. 48139) (48). PFRH9 cells were
cotransfected with Lipofectamine 2000 (Invitrogen) with
PX459 plasmid and a hygromycin resistance homologous
recombination vector, with 500 base pairs’ homology arms sur-
rounding the targeted sequence of the exon 2. Transfection in
absence of the homology recombination vector was performed
to address the effectiveness of the designed sgRNA by Surveyor
Assay (Integrated DNA Technologies (IDT)). Transfected
PFHR9 cells were initially treated with 4 �g/ml puromycin to
select cells containing the PX459 plasmid expressing the Cas9
protease and the specific sgRNA, after a first round of selection
cells was selected with 250 �g/ml hygromycin B for the homo-
logous recombination vector. Resistant clones were isolated
and screened for the presence of the insertion cassette via ho-
mologous recombination with the following primers: forward/
external 5�-CAGTCTGAGTCCTGCCAAGG-3� and reverse/
internal 5�-GCTTTGCTTCCGTACTGGAACTGAGGG-3�.
Positive clones for the insertion were subjected to analysis by
Western blot using two different anti-LOXL2 antibodies: rabbit
polyclonal to LOXL2 (ab96233 and ab113960, Abcam).

Cloning, plasmid constructs, and transient transfection

TrueORF Gold cDNA for human LOXL2 (C-terminal Myc-
DDK–tagged) construct cloned into the pCMV6-Entry vector
(LOXL2) was purchased from Origene (Rockville, MD). The

catalytically inactive mutant (LOXL2Y689F) was described in a
previous publication (7). The following primers were designed
to introduce the point mutations K317R, and K317E/R316G/
R257G into the construct pCMV6-LOXL2-DDK-Myc:
LOXL2-K317R forward 5�-GGACCCTCAAGATTCCGGAG-
AGCGTACAAGCCAGAGCAAC-3�; LOXL2-K317R reverse
5�-GTTGCTCTGGCTTGTACGCTCTCCGGAATCTTGA-
GGGTCC-3�; LOXL2-K317E forward 5�-GGACCCTCAAGA-
TTCCGGGAAGCGTACAAGCCAGAGCAAC-3�; LOXL2-
K317E reverse 5�-GTTGCTCTGGCTTGTACGCTTGCCGG-
AATCTTGAGGGTCC-3�; LOXL2-K316G forward 5�-GGA-
CCCTCAAGATTCGGGGAAGCGTACAAGCCAGAGCA-
AC-3�; LOXL2-K316G reverse 5�-GTTGCTCTGGCTTGTA-
CGCTTCCCCGAATCTTGAGGGTCC-3�; LOXL2-R257G
forward 5�-CCTCACGGAGGAAGCAGGGCTACTGGCCA-
TTCTC-3�; LOXL2-R257G reverse 5�-GAGAATGGCCAGT-
AGCGCTGCTTCCTCCGTGAGG-3�. Clones containing
LOXL2-K317R (LOXL2K317R) and LOXL2-K317E/R316G/
R257G (LOXL2BP) were verified by DNA sequencing. LOXL2,
LOXL2Y689F, LOXL2K317R, and LOXL2BP constructs were tran-
siently transfected in HEK293 cells using Lipofectamine 2000
reagent (Invitrogen).

Amine oxidase activity assay

LOXL2 amine oxidase enzymatic activity was measured in
concentrated serum-free conditioned cell culture medium or 4
M urea-soluble PFHR9 matrix proteins using 1,5-diaminopen-
tane as substrate and monitoring hydrogen peroxide produc-
tion by an Amplex Red fluorescence assay (Invitrogen) (35).
The enzymatic reaction was performed in 0.05 M sodium
borate, pH 8.2, buffer containing 1 unit/ml of HRP, 10 mM

Amplex Red, and 5 mM 1,5-diaminopentane in the presence or
absence of 1 mM BAPN. Samples from 4 M urea-extracted ECM
were diluted in a final 1 M urea concentration before measure-
ment of amine oxidase activity. After 120-min incubation at
37 °C, fluorescence was measured on a SpectraMax M5 plate
reader using excitation and emission wavelengths of 540 and
590 nm, respectively.

7S crosslinking by LOXL2 processing mutants

LOXL2-null PFHR9 cells were transfected with the previ-
ously described constructs LOXL2, LOXL2Y689F, LOXL2K317R,
and LOXL2BP. Forty-eight h after transfection the cells were
selected with 200 �g/ml G418 (Geneticin). Resistant clones
were expanded and grown for 7 days after confluency in the
presence of 50 �g/ml ascorbic acid. The cells and underlying
ECM were scraped in deoxycholate buffer (1% sodium deoxy-
cholate, 25 mM Tris-HCl pH 7.5, 1 mM EDTA-Na, 0.4 mM phen-
ylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 10 �g/ml apro-
tinin and 1 �g/ml pepstatin) and sonicated until homogeneous
and centrifuged for 30 min, 14,000 � g. The insoluble pellet was
subsequently washed with 1 M NaCl in 25 mM Tris-HCl pH 7.5.
For some experiments urea-soluble proteins were extracted by
incubating the insoluble pellet with 4 M urea in 25 mM Tris-HCl
pH 7.5 for 1 h at room temperature. The remaining pellet was
digested overnight with 50 �g/ml collagenase (Worthington
Biochemical Corp.) in collagenase buffer (50 mM HEPES, pH
7.5, 5 mM CaCl2, 5 mM benzamidine, 25 mM 6-aminocaproic
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acid, 0.4 mM phenylmethylsulfonyl fluoride). The supernatant
fraction was redigested overnight with 10 �g/ml collagenase.
Collagenase-soluble proteins were analyzed by immunoblot
using anti-7S polyclonal antibody. The ratio between cross-
linked 7S subunits and uncrosslinked 7S monomers was calcu-
lated as percentage of the total protein per lane as quantified
with Image J (47) gel analysis plugin.

Enzymatic digestion of 7S dodecamers

Ten micrograms of purified 7S dodecamer from PFHR9 cells,
bovine glomerulus or bovine placenta were each mixed with an
equal volume of 0.1 M Tris-HCl, pH 7.5, buffer containing 8 M

guanidine-HCl, and 50 mM dithiothreitol to denature proteins
and reduce disulfide bonds. Samples were heated in a boiling
water bath for 10 min. After reaching room temperature, pro-
teins were alkylated with 100 mM iodoacetamide in the dark for
45 min. Following ethanol precipitation at �20 °C overnight,
the pellets were resuspended in 0.1 M ammonium bicarbonate
pH 7.8 and digested with LysC (1:20 enzyme to protein ratio)
for 4 h at 37 °C. The samples were heated at 95 °C for 7 min to
inactivate LysC. Samples were cooled down to room tempera-
ture before adding trypsin at an enzyme to substrate ratio of
1:20 (w/w) for overnight at 37 °C. After trypsin inactivation,
peptide samples were deglycosylated with PNGase F at 37 °C
overnight. Peptide samples were cleaned using OMIX C18 tips
(Agilent) before mass spectrometry analyses.

LC-MS/MS analyses and database searching

7S peptides were analyzed on a Q Exactive mass spectrome-
ter equipped with an Easy nLC-1000 system (Thermo Scien-
tific) as described earlier (49). Approximately a total of 1 �g of
peptide was reconstituted in water containing 0.1% formic acid
(solvent A) and separated on a PicoFrit (New Objective,
Woburn, MA) column (75 �m inner diameter � 110 mm, 10
�m inner diameter tip) packed with Reprosil-Pur C18-AQ
resin (3 �m particle size and 120 Å pore size) at a flow rate of
300 nl/min. Peptide mixture was fractionated by a 70-min gra-
dient consisting of the following steps: 0 –5 min, increase to 2%
B (acetonitrile containing 0.1% formic acid); 5–55 min, 5–35%
B; 55– 60 min, 90% B, and held at 90% B for 10 min before
returning to the initial conditions of 2% B. Data were acquired
using a data-dependent method with a scanning window of
300 –1800 m/z and dynamic exclusion enabled. Full scans were
acquired at a resolution of 70,000, an automatic gain control
(AGC) target of 3 � 106, and a 64 ms maximum injection time.
The top 20 most abundant ions were selected for fragmentation
with higher energy C-trap dissociation (HCD) at a resolution of
17,500, an automatic gain control target of 2 � 105, 100 ms
maximum injection time, 2 m/z isolation width, and 27% nor-
malized collision energy. The data were collected with unas-
signed and �1 charge excluded in the charge state settings.
Dynamic exclusion was set to 20 s.

Thermo (.raw) files were independently searched by Myri-
Match algorithm run on Windows server maintained by the
Vanderbilt University Center for Structural Biology (50). Files
were searched against full proteome-level mouse and bovine
FASTA databases (NCBI), which also included the reverse
sequences for each protein to compute the false discovery rate

with a maximum of two missed cleavages and one missed ter-
minus cleavage (semitryptic peptides), with a minimum pep-
tide length of 5 residues and a maximum length of 50 residues.
The search was configured to identify peptides with the follow-
ing amino acid modifications: variable oxidation of methionine
(�15.9949) as well as fixed carbamidomethylation of cysteine
(�57.021). Precursor and fragment mass tolerance were set to
10 and 20 ppm, respectively. The pepXML files obtained from
the search were imported into IDPicker (version 3.1) for the
parsimonious grouping of identified proteins with a maximum
Q value of 2% for peptide spectrum match (51, 52).
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