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Abstract

The extracellular matrix (ECM) regulates numerous cellular events in addition to providing 

structural integrity. Among several protein and enzyme families implicated in functions of the 

ECM, the lysyl oxidases and ADAMTS proteins are known to participate in microfibril and elastic 

fiber formation as well as ECM-associated signaling. A yeast two-hybrid screen to identify lysyl 

oxidase (LOX) binding proteins identified ADAMTSL4 as a potential interactor. We demonstrate 

here that several members of the LOX and ADAMTS families interact with one another. Upon 

investigating the interaction between LOX and ADAMTSL2 we found that the absence or 

inhibition of Lox affected ADAMTSL2 molecular forms and reduced its tissue levels. Thus, 

ADAMTSL2 stability and inter-molecular complexes may depend on the activity of lysyl 

oxidases.

Introduction

Complex multicellular organisms require an extracellular matrix (ECM) for structural 

integrity and for regulating intercellular communication [1]. Assembly of the major ECM 

supramolecular complexes has been shown to involve several large families of regulatory 

*Corresponding author – phasson@technion.ac.il. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Competing interests
The authors declare no competing or financial interests.

Author contributions
R.A and S.Z.E. performed the majority of the experiments. D.H. provided the Adamtsl2 mutant mice and carried out the in vitro 
oxidation assay. R.A., D.H., S.S.A and P.H. planned the study and wrote the manuscript.

HHS Public Access
Author manuscript
Matrix Biol. Author manuscript; available in PMC 2020 January 01.

Published in final edited form as:
Matrix Biol. 2019 January ; 75-76: 114–125. doi:10.1016/j.matbio.2018.05.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proteins in addition to structural molecules. A key enzyme family comprises the lysyl 

oxidases, composed of five members (LOX and LOX-Like 1-4), which share a conserved 

catalytic domain [2, 3]. These enzymes oxidize lysine residues on collagens, elastin and 

possibly other substrates, enabling inter- and intramolecular crosslinking and thus contribute 

to the stability of collagen fibrils, elastic fibers and other macromolecular ECM protein 

assemblies. LOX inhibition, such as by β-aminopropionitrile (βAPN) reduces cross-links in 

tissues such as bone and the aorta and is termed lathyrism [4–7]. Lox knockout mice (Lox
−/−) demonstrated abnormal respiratory and cardiovascular systems and defective muscle 

development resulting in neonatal lethality [8–10].

The ADAMTS (A Disintegrin-like and Metalloproteinase domain with Thrombospondin 

type 1 Motifs) superfamily consists of 19 secreted proteases and 7 ADAMTS-like 

(ADAMTSL) proteins, which lack a protease domain. ADAMTS proteins are involved in 

procollagen processing, regulation of microfibril assembly, proteoglycan turnover as well as 

other processes in the ECM [11–13]. Accordingly, members of the family are widely 

expressed in multiple tissues (Table 1). Several ADAMTS and ADAMTSL mutations lead to 

connective tissue or eye disorders affecting fibrillin microfibrils [14] [12] (Table 1). 

ADAMTSL2, ADAMTSL4 and ADAMTSL6 bind fibrillins and appear to regulate 

microfibril biogenesis [15–17]. ADAMTSL2 may also be implicated in TGFβ signaling by 

binding to fibrillin-1 and latent TGFβ-binding protein-1 (LTBP1) [16].

Despite potential regulatory roles of lysyl oxidases and ADAMTS proteins, overlapping 

tissue expression of members of both families and involvement in similar human diseases 

(e.g., Ehlers Danlos, aortic aneurysm formation; Table 1), no interaction between them has 

been previously demonstrated. In a yeast two-hybrid screen aimed at identifying novel 

substrates or regulators of LOX, we identified ADAMTSL4 as a putative interactor. Here we 

show that the interaction between LOX and ADAMTSL4 is shared between several 

members of both families. To test the biological relevance of these interactions, we 

investigated one ADAMTS protein, ADAMTSL2, in Lox mutant mouse embryos [9] and in 

LOX-inhibited mice. The findings suggest a potential role for lysyl oxidases in modifying 

and stabilizing ADAMTS proteins, specifically ADAMTSL2.

Results

LOX interacts with ADAMTSL4

Mutations in the human and mouse LYSYL OXIDASE (LOX) gene have devastating 

consequences largely due to its key roles in ECM deposition and organization [6, 9]. With 

the aim to better understand the mechanisms underlying its key ECM activities, a yeast 2-

hybrid (Y2H) screen was performed using the human LOX cDNA encoding for amino acids 

24-417 (i.e., without the signal peptide) as the bait against a human placenta library to 

identify putative interactors. We reasoned that interacting proteins could be potential 

substrates for LOX enzymatic reaction or cofactors modulating its activity and/or 

appropriate ECM localization.

Three distinct ADAMTSL4 cDNA clones were isolated from the Y2H screen as potential 

LOX interactors (Fig. 1A). Using one such clone for binary analysis with LOX, we 
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confirmed the screen result (Fig. 1B). The overlap between the three ADAMTSL4 clones 

identified the selected interacting domain (SID) spanning amino acids 367-518 as a LOX-

interacting domain. This region essentially comprises the cysteine-rich region and the spacer 

module, which are present in all ADAMTS proteins; the spacer module is noteworthy for the 

lack of disulfide bonds [11].

Yeast two-hybrid interactions occur in a reducing environment between proteins that may 

not carry typical mammalian post-translational modification. Therefore, we sought 

independent validation of the interactions between LOX and ADAMTSL4. Because 

attempted expression of ADAMTSL4 in HEK293 or HeLa cells met with limited success 

(not shown), we expressed murine V5-tagged LOX and FLAG-tagged ADAMTSL4 in the in 

vitro transcription & translation (TNT) system. Inclusion of 35S-methionine during 

translation led to radiolabeling of the recombinant proteins prior to co-immunoprecipitation 

(Fig. 1C). Upon translation, LOX was identified by autoradiography as a band slightly 

smaller than 50 kDa, whereas ADAMTSL4 expression generated the expected ~150 kDa 

band. Pull-down of ADAMTSL4 yielded this ~150 kDa band as well as a ~50 kDa band 

corresponding to the immature unprocessed form of LOX. Reciprocally, LOX pull-down 

using its C-terminal V5 tag co-precipitated ADAMTSL4. To verify specificity of the LOX 

interactions in this assay, along with LOX we co-expressed P85, an unrelated protein that is 

not known to interact with LOX. Immunoprecipitation of LOX did not pull down P85 (Fig. 

1C). These results suggested that LOX and ADAMTSL4 interacted specifically with each 

other.

LOX interacts with additional members of the ADAMTS family

Because interactions between proteins are in many cases mediated by conserved domains we 

hypothesized that LOX might also interact with other ADAMTS proteins. Towards this end 

HEK293 cells were stably co-transfected with Lox and murine Adamtsl2 or human 

ADAMTS10 (Supp. Fig. 1). Since both proteins are secreted, conditioned media from the 

cells expressing LOX and either ADAMTS protein were used for co-immunoprecipitation 

with the anti-V5 LOX tag followed by detection of the ADAMTS proteins using their myc 

tag. ADAMTSL2 was detected as a major species slightly above the 150 kDa mark; 

ADAMTS10 between 150 kDa and 100 kDa and LOX was detected by a band around 50 

kDa. We found that LOX and either ADAMTSL2 or ADAMTS10 complexed in the 

conditioned media demonstrating these proteins interacted extracellularly (Fig. 2A).

We next wished to test whether the interactions between these proteins occurred already 

within the secretory pathway. Therefore, immunoprecipitation was performed using lysates 

of the above cells. Immunoprecipitation using anti-His6 tag marking all expressed proteins 

was used to monitor their expression (Fig. 2B). Upon precipitation with an antibody to the 

anti-myc tag, present only on the ADAMTS constructs, followed by a blot against V5, the 

LOX specific tag, a band also corresponding to LOX appeared (Fig. 2B). Reciprocally, 

immunoprecipitation using the anti-V5 antibody (i.e., pulldown of LOX), followed by a 

western blot using anti-myc antibodies, revealed that both ADAMTS proteins were co-

precipitated (Fig. 2B), confirming the interactions observed above. That complexes of the 
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unprocessed 50 kDa form of LOX are found with ADAMTSL4 and other ADAMTS proteins 

in cell lysates suggests that these proteins may interact within the secretory pathway.

To further explore these intracellular interactions we performed immunohistochmical assays 

for LOX and the ADAMTS proteins by monitoring anti-V5 and anti-myc, respectively. 

Confocal analyses followed by Mander’s correlation to measure colocalization suggests that 

LOX and either ADAMTS protein are colocalized in HEK-293 cells (Supp. Fig. 2). To 

confirm these interactions, we carried out proximity ligation assays (PLA) in HEK-293 cells. 

In the PLA assay, a signal is observed only if the two proteins directly interact or are in the 

same complex, thus it serves as an in situ interaction assay. We find that LOX and either 

ADAMTSL2 or ADAMTS10, but not P85, interact in the cells (Fig. 2C).

ADAMTS/L family members interact with additional Lysyl oxidases

The above results demonstrating that LOX could interact with several members of the 

ADAMTS/L family suggested that a common domain within LOX could mediate these 

interactions. Since LOX family members share homology within their C-terminal domains, 

we also tested whether other LOX family members could interact with ADAMTS proteins.

Towards this end, HEK293 cells were stably co-transfected with LOXL3 and ADAMTSL2. 

Using pull-down assays we detected complexes in the conditioned medium as well as in the 

cell lysates (Fig. 3A,B). To extend the interactions to other family members. HEK293 were 

stably co-transfected with LOXL2 and either ADAMTSL2 or ADAMTS10. Conditioned 

media was used for co-immunoprecipitation assays using anti-myc to identify the ADAMTS 

proteins and showed that LOXL2 formed complexes with ADAMTSL2 and ADAMTS10 

(Fig. 3C).

Lox−/− mice have reduced levels of ADAMTSL2

Our observation that LOX and ADAMTS family proteins interacted with one another as a 

general property raised the possibility that these interactions may have a significant 

biological role. LOX and ADAMTSL2 were previously implicated in multiple processes 

including lung development and TGFβ signaling leading us to investigate their interaction 

further.

An ADAMTSL2 antibody was validated by western blotting of lungs from E18.5 wild-type 

(wt) and Adamtsl2−/− embryo lungs [30] (Fig. 4A). We used this antibody to determine the 

impact of LOX inactivation by western blotting of tissue extracts from brains, eyes, lungs 

and limbs of mutant E18.5 Lox−/− embryos. ADAMTSL2 was identified by one or two 

bands at around ~120 kDa in wt tissues, likely resulting from variable N-glycosylation (Fig. 

4B–E) [30, 31]. Quantification of ADAMTSL2 signal demonstrated that in all these tissues, 

ADAMTSL2 levels were significantly lower in Lox−/− embryos than the wt littermates (Fig. 

4B–E; Supp. Fig. 3). Notably, in the brain, where ADAMTSL2 is abundant, protein levels 

were reduced by >90% in Lox−/− embryos (Fig. 4E).

Quantitative RT-PCR using Taqman probes showed no difference in Adamtsl2 transcript 

levels between wt and Lox−/− embryos (Supp. Fig. 4). Together with the observed protein-

Aviram et al. Page 4

Matrix Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein interactions between them, these results suggest that LOX may regulate 

ADAMTSL2 post-translationally.

LOX enzymatic activity is required to maintain appropriate tissue levels and molecular 
forms of ADAMTSL2

Reduced ADAMTSL2 levels in Lox−/− tissues prompted us to test whether this reduction 

was a result of a lack of LOX protein acting as a molecular chaperone or due to loss of its 

enzymatic activity. To distinguish between these possibilities, we treated mice with beta-

aminopropionitrile (βAPN), a broad, irreversible inhibitor of all lysyl oxidases [32]. Since 

daily administration of the inhibitor to pregnant females resulted in embryonic lethality, the 

impact on embryogenesis was not determined. Therefore, since LOX and ADAMTSL2 are 

both expressed in the mouse aorta, which depends on its ECM for structural integrity, we 

chose to focus on this tissue.

Three week old mice were treated with 0.8% βAPN in their drinking water. LOX activity 

assay using aortic lysates verified LOX inhibition (Supp. Fig. 5). Western blot from these 

lysates demonstrated that LOX levels were significantly increased in the βAPN treated 

aortas. In contrast to LOX upregulation, a ~50% reduction in ADAMTSL2 was observed in 

the treated aortas (Fig. 5, Supp. Fig. 6). Although not as severe as observed in the Lox−/− 

mice (Fig. 4), these results demonstrate that LOX enzymatic activity is likely required for 

the stability and maintenance of tissue levels of ADAMTSL2.

Western blot analysis of E18.5 wt brain and adult aorta lysates confirmed ADAMTSL2 

variants at expected protein weights (120 kDa), although immunoreactive molecular species 

> 150 kDa were also observed. These protein bands were affected when LOX activity or 

levels were compromised (i.e., in brains of Lox−/− embryos or βAPN treatment in aortas). 

We detected three distinct large protein molecular weight bands in E18.5 mouse brains - 

~300 kDa, ~200 kDa, and ~180 kDa. The ~200 kDa species was unaffected in Lox−/− brain, 

whereas the ~300 kDa band was undetectable in Lox−/−. In contrast, the ~180 kDa band was 

detected in Lox−/− lysate but absent in wt (Fig. 6A).

Four larger than expected ADAMTSL2 immunoreactive species were identified in adult 

mouse aorta - ~350 kDa, ~300 kDa, ~230 kDa, and ~200 kDa. Levels of the 350 kDa species 

were unchanged, but the βAPN treated aorta lysate had higher levels of 300, 230, and 200 

kDa species compared to untreated aortas (Fig. 6B). These observations were surprising 

considering that the lower molecular weight bands of ADAMTSL2 (120kDa) showed 

reduced expression (Fig. 5). Altogether these results suggest that LOX activity may affect a 

variety of ADAMTSL2 complexes or cellular processing rather than just protein expression 

and turnover. To directly test whether lysyl oxidases can oxidize ADAMTSL2, we undertook 

an in vitro oxidation assay using recombinant LOXL3 [33]. However, we neither detected an 

enzymatic activity of LOXL3 on ADAMTSL2 (Supp. Fig. 7), nor reduction of ADAMTSL2 

in LoxL3 mutant brains (not shown).
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Discussion

Protein-protein interactions in the ECM are fundamental for the formation of supramolecular 

complexes that regulate tissue development, structure and function. To identify how LOX, a 

key regulator of ECM organization and deposition [3, 34], executes its activities, a yeast 2-

hybrid screen was used to detect putative substrates or modifiers and identified ADAMTSL4 

as a LOX interactor. Using in vitro pull-down and immunoprecipitation assays we show that 

the observed interaction between LOX and ADAMTSL4 extends to interactions between 

other members of both families. Focusing on ADAMTSL2, we find that its levels and 

molecular species are significantly affected in Lox mutants or enzymatically-inhibited mice 

suggesting that the interactions between these two protein families are of biological 

significance.

The more severe reduction of ADAMTSL2 in Lox−/− mice than in the βAPN-treated aortas 

suggests that whereas LOX enzymatic activity is indeed important for the stability and 

maintenance of ADAMTSL2, the LOX protein itself, which is otherwise unaffected by 

βAPN, is necessary for maintaining ADAMTSL2 levels. In this respect, it could act as a 

molecular chaperone, given the formation of complexes in the secretory pathway, suggested 

by PLA in the co-transfected HEK293 cells. In vitro, in the TNT system, where no 

proteolytic activation of LOX occurs, an interaction with ADAMTSL4 is also observed. 

Since βAPN inhibits lysyl oxidase enzymatic activity in general and not just that of LOX 

[4], the observed effect could also be caused by inhibited activity of the other LOX family 

members. Taken together, these observations could thus explain the intermediate reduction 

of ADAMTSL2 in the βAPN treated animals.

How could LOX activity affect the observed size of the ADAMTSL2 complexes? The 150 

kDa ADAMTSL2 band arises from fully glycosylated ADAMTSL2 [31]. The larger species 

observed in western blots done under reducing conditions could arise from intermolecular 

crosslinks. Thus, in the absence of the crosslinking activity of LOX, distinct components of 

the complexes may be lost. Alternatively, LOX could directly oxidize and crosslink 

ADAMTSL2 itself and the distinct bands observed are fragments of the putative crosslinked 

protein partner or its proteolytically derived isoforms. Active recombinant LOX that can be 

used in an oxidation assay is unavailable. Thus although an interaction between LOXL3 and 

ADAMTSL2 was observed in vitro, determining the mechanistic relationship between these 

two proteins in vivo may be more complex.

Recent studies demonstrated elevated TGFβ signaling in Lox mutants [8, 35, 36]. Dermal 

fibroblasts from individuals with geleophysic dysplasia, bearing ADAMTSL2 mutations as 

well as Adamtsl2 null bronchial epithelial cells demonstrate increase TGFβ signaling [16, 

30]. While ADAMTSL2 regulates microfibril assembly and interacts with LTBP1, which 

sequesters TGFβ [14, 16, 30, 37] interactions between LOX and TGFβ signaling are less 

clear. LOX has been found to physically interact with TGFβ and to attenuate its activity 

[35]. It also regulates HTRA1, a protease that cleaves TGFβ ligands [36]. However, could 

the excessive activation of the cascade be also due to the LOX-dependent reduction of 

ADAMTSL2? LOX has a central role in ECM stability by its ability to crosslink tropoelastin 

to generate mature elastic fibers. Elastic fiber deposition relies on microfibril scaffolds as a 
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template [38]. They are dependent on the interaction of fibulin-5 with integrins on one side 

and the association with fibrillin-1 microfibrils on the other [39]. LOX binds tropoelastin 

together with fibulin-4. By attaching to fibulin-5, this complex is then relocated to fibrillin 

microfibrils where LOX catalyzes tropoelastin crosslinking [38, 40–42]. ADAMTSL2 is 

found on fibrillin microfibrils [43] and interacts with LOX (this work). Through proper 

regulation of this complex, LTBP1, which binds ADAMTSL2 and is docked on microfibrils, 

interacts and modulates TGFβ signaling. Thus it is possible that part of the excessive TGFβ 
signaling observed in Lox−/− embryos is caused by improper microfibril association with 

LTBP1 via reduced ADAMTSL2.

The building of complex structures such as those in the ECM requires multiple processes to 

take place in parallel or consecutively. The formation of protein hubs that participate in 

several complexes is a simple way to orchestrate such tasks. Here we show that the ECM 

modifiers belonging to the LOX family can interact with several members of the ADAMTS 

superfamily, themselves matrix modifiers. Future work should be able to delineate how 

much of the observed activities of LOX protein are mediated via the activities of ADAMTS 

proteins and whether the latter depend on LOX for carrying out their roles in the ECM.

Materials and Methods

Yeast two-hybrid screen

Yeast two-hybrid screening was performed by Hybrigenics Services, SAS, Paris, France 

(http://www.hybrigenics-services.com) using the coding sequence for the human LOX 

protein (accession number AAB23549.1; aa 24–417; without the signal peptide) as a bait. 

The constructs were sequence-verified and used as a bait to screen a random-primed human 

placenta cDNA library fused to Gal4. The placental cDNA library, is the richest among the 

libraries available at Hybrigenics due to the large number of proteins expressed in it.

In vitro transcription and translation

Human ADAMTSL4 and mouse Lox cDNAs were cloned into mammalian expression 

vectors pcDNA3.1 and pFLAG-CMV9 respectively. Lox was cloned with C-terminal 

V5+His6 tags, ADAMTSL4 with a C-terminal FLAG tag. Human P85 cDNA was subcloned 

into pcDNA3.1 with HA tag and kindly provided by Ami Aronheim (Technion, IL). In-vitro 

transcription and translation reactions were performed using the TNT®-coupled reticulocyte 

lysate system with T7 RNA polymerase and 35S-labeled methionine (Promega). The 

reactions were carried out according to manufacturer’s protocols.

Cell culture transfection and lysis

HEK293 cells were used to express selected proteins by transfection of their vectors: mLox 
in pcDNA3.1 (V5/His tags), mADAMTSL2 and hADAMTS10 in pcDNA3.1 (Myc/His 

tags), and hLOXL2 in pLenti6 (FLAG tag). Cell cultures were grown on 10 cm plates in 

Dulbecco’s Modified Eagle Medium (DMEM) containing 1% L-glutamine, 1% penicillin-

streptomycin, and 4% horse serum. Lipofectamine® 2000 was used as transfection reagent 

according to the manufacturer’s protocol. Cell lysates were generated from stably 

transfected HEK293 cells by scraping the culture with 1 ml immunoprecipitation buffer (20 
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mM Tris-HCl [pH 7], 0.3 M NaCl, 2 mM EDTA, 1% NP-40 [IGEPAL® CA-630, Sigma], 

1:100 Protease inhibitors [AEBSF Hydrochloride, cat#101500, Calbiochem]). The lysate 

was centrifuged to discard cell debris and to obtain clear supernatant.

HEK293 conditioned medium—Stably transfected HEK293 cells were grown on 10 cm 

plates. At 80% confluence the plates were gently washed twice with PBS and medium was 

switched to serum-free DMEM (containing 1% L-glutamine and 1% Penicillin 

Streptomycin). Conditioned medium was collected after four days incubation.

Immunoprecipitation—Immunoprecipitations from TNT reactions were carried out using 

4 μL of the reaction volume incubated with 2.5 μg anti-FLAG (Sigma, F1804), anti-

ADAMTSL4 (Proteintech, 15304-1-AP), or anti-V5 (MBL, PM003) in 150 μl 

immunoprecipitation buffer (20 mM Tris-HCl [pH 7], 0.3 M NaCl, 2 mM EDTA, 1% NP-40 

[IGEPAL® CA-630, Sigma] containing 0.2mM AEBSF Hydrochloride, (cat#101500, 

Calbiochem]) overnight at 4°C and then with 40 μl protein G Dynabeads for one hour. 

Protein complexes were washed three times in PBS and subsequently extracted with 1X SDS 

loading buffer for 3 minutes at 95°C.

Pull down of proteins from cell cultures was done by incubating 1 mg cell lysate with 5 μg 

anti-myc (Santa-Cruz, 9E10, sc-40), anti-V5 (MBL, PM003), or anti-His6 (Santa-Cruz, 

sc-803) in 1 ml immunoprecipitation buffer as described above.

Immunoprecipitation from conditioned medium was carried out by incubating 8 ml of 

medium with 5 μg anti-V5 (MBL, PM003), or anti-myc (Santa-Cruz, 9E10, sc-40) for 48 

hours at 4°C and then with 40 μl protein G Dynabeads overnight. Protein complexes were 

washed three times in PBS and subsequently extracted with 1X SDS loading buffer for 3 

minutes at 95°C.

Western blotting—Protein lysates harvested from mouse tissue, HEK293 cell lysate and 

immunoprecipitations were subjected to reducing SDS-PAGE analysis. Proteins in 

polyacrylamide gels were transferred to nitrocellulose membranes, which were then probed 

with the following antibodies: anti-myc (Santa-Cruz, 9E10, sc-40, HRP-conjugated, 1:500); 

anti-V5 (Invitrogen, R960-25, 1:2000); anti-FLAG (Sigma, F1804, 1:500); anti-LOX 

(LSBio, LS-C143168, 1:3000); and anti-ADAMTSL2 (GeneTex, GTX102069, 1:500). 

Equal protein loading was determined using an antibody directed against P97 (1:3000; 

kindly provided by Ariel Stanhill, Technion, IL) or actin (MP Biochemicals; clone C4, 

1:5000).

Mice—Experiments involving mice were done in compliance with institutional and national 

animal welfare laws, guidelines and policies under protocols approved by the Cleveland 

Clinic or Technion IACUC. Embryonic age was staged according to [44]; midnight of the 

day a vaginal plug was observed marks the beginning of the embryonic development (E0). 

Adamtsl2 mutant mice and Lox mutant mice were previously described [9, 30].

βAPN treatment of adult mice—βAPN at a concentration of 0.8% dissolved in 2% 

sucrose in DDW was administered to the drinking water of 3 week-old mice. Water was 
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changed every other day. After 4 weeks mouse aortas were harvested for analysis. C57Bl/6 

mice drink, on average, 6 ml of water/day [45]. Hence, on average each mouse had 

consumed ~0.06gr of βAPN/day.

Harvest and lysis of mouse tissue—Harvested mouse tissues were placed in RIPA 

lysis buffer (10 mM Tris-HCl [pH 7], 2 mM EDTA, 1% NP-40 [IGEPAL® CA-630, Sigma], 

0.1% sodium deoxycholate [D6750-10G, Sigma], 1:100 protease inhibitors [AEBSF 

Hydrochloride, cat#101500, Calbiochem] and ground using zirconium oxide beads in a 

bullet blender. Processed tissue was then centrifuged and the cleared supernatant was 

retained for analysis.

RNA Isolation and Real-Time PCR—Total RNA was isolated from E18.5 mouse brains 

using a Nucleo Spin RNA II kit (740955.10; Macherey Nagel) and reverse transcription 

Real-time qPCR was performed with the following Taqman probes (Life Technologies): 

Hprt, Mm01256744, ADAMTSL2, Mm01326794_m1.

Proximity Ligation Assay—The assay (Duolink in situ PLA, DUO92101, Sigma) was 

performed according the manufacturer’s instructions. Briefly, HEK293 cells transfected with 

LOX-V5 and ADAMTS-myc protein were grown on 13 mm coverslips and fixed using 4% 

PFA. Antibody staining (anti-LOX or anti-V5 and anti-myc, 9E10) were incubated overnight 

followed by ligation and amplification according to the protocol. Finally, slides were 

incubated with DAPI, to mark nuclei, washed and mounted. Stainings were imaged using 

ZEISS confocal microscope LSM700.

Statistical analyses—Statistical analysis was carried out using GraphPad software. 

Quantification of western blot protein bands was done with TotalLab Quant software. The 

unpaired two-tailed Student t test was used in all assays. Significance was reached with a 

minimum p value of <0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

• Lysyl oxidases and ADAMTS proteins are key ECM modifying proteins.

• We screened for LOX interactors and found that ADAMTSL4 complexes with 

it.

• We found that distinct LOX-family members are able to bind several 

ADAMTS proteins.

• In Lox mutant tissues ADAMTSL2 protein levels and molecular species are 

significantly affected.

• The enzymatic activity of LOX is required for the regulation of ADAMTSL2 

levels and molecular species.
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Figure 1. LOX complexes with ADAMTSL4
A. A yeast-two-hybrid (Y2H) screen using LOX as the bait identified three distinct 

ADAMTSL4 clones (clones 1-3). The selective interaction domain (SID) indicates the 

consensus interacting region of ADAMTSL4 determined by the overlap of the clones. B. 

Diploid yeast cells containing both a bait vector (LOX) and prey vector (ADAMTSL4 clone 

1) were grown on nutrient permissive or selective plates along with negative controls of 

empty bait vector, empty prey vector and empty bait and prey vectors. The left-hand panel 

represents yeast colonies grown on (-)Leu (-)Trp permissive medium to maintain the growth 

of yeast containing both vectors, while the right-hand panel shows a replicate of the same 

plate on selective medium. Note that only colonies expressing both LOX and ADAMTSL4 

grow on selective medium demonstrating that the two proteins interact. C. Autoradiograph 
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of 35S-labeled proteins transcribed in the TNT system. Co-immunoprecipitation of lysates 

expressing Lox plus ADAMTSL4 or Lox plus P85. A band corresponding to Lox is 

observed slightly under 50 kDa (bottom panel), while that corresponding for ADAMTSL4 is 

slightly under 150 kDa (top panel). P85 has a molecular mass of 85 kDa. In the TNT 

reactions where both proteins were translated (as observed in the input lane, right) bands 

corresponding to both ADAMTSL4 and LOX are observed upon pull down of either one of 

the proteins. In contrast, P85, which was co-translated with LOX (right input lane), is not 

observed following LOX pulldown.
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Figure 2. LOX forms a complex with ADAMTSL2 and ADAMTS10
A. Co-immunoprecipitation of 4 day conditioned medium from stably transfected HEK293 

cells expressing LOX plus ADAMTSL2, ADAMTSL2 alone (negative control), LOX plus 

ADAMTS10, or ADAMTS10 alone (negative control). B. Co-immunoprecipitation of stably 

transfected HEK293 cells expressing LOX plus ADAMTSL2 or LOX plus ADAMTS10 or 

parental HEK293 lysate (negative control). LOX migrates as two bands at ~50 kDa. 

ADAMTSL2 at ~150 kDa, and ADAMTS10 at 150 kDa. Membranes (A,B) were incubated 

with anti-myc (top) and anti-V5 (bottom). C. Proximity ligation assays performed on 

HEK293 cells expressing LOX+ADAMTSL2 (I, I′ IV, IV′), LOX+ADAMTS10 (II, II′) and 

LOX+P85 (III, III′). Anti-LOX and anti-myc antibodies were used to target LOX and 

ADAMTSL2/ADAMTS10 or P85, respectively. Signal amplification, marked by red signal 

(top, I-IV) or shown in grayscale (bottom, I′–IV′) is observed only in cells expressing LOX 

and an ADAMTS protein. In panel IV (control), no primary antibodies we added.
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Figure 3. ADAMTSL2 and ADAMTS10 interact with LOXL2 and LOXL3
A,B. Co-immunoprecipitation from 4 day conditioned medium (A) or the cell lysate (B) 

from HEK293 cells stably transfected with ADAMTSL2 plus LOXL3 or LOXL3 alone. C. 

Co-immunoprecipitation of 4 day conditioned medium from stably transfected HEK293 

cells expressing either LOXL2 plus ADAMTSL2, LOXL2 plus ADAMTS10, or LOXL2 

alone.
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Figure 4. ADAMTSL2 content is significantly reduced in mouse Lox−/− tissues
A. Western blot for ADAMTSL2 from wt and Adamtsl2−/− embryos demonstrating 

ADAMTSL2 antibody specificity (A). B. Western blot analysis from E18.5 wt and Lox−/− 

mouse eye (B), limb (C), lung (D) and brain (E) lysates. Distinct ADAMTSL2 protein 

bands, may arise from different glycosylation and/or processing in the different tissues. 

Molecular mass markers are shown on the left. Quantification of ADAMTSL2 levels 

measured from western blots (n=4 for each genotype) are shown to the right of each blot. 

Membranes were incubated with anti-ADAMTSL2 and anti-P97 as a control. * and *** 

indicate p< 0.05 and p<0.001, respectively.
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Figure 5. βAPN treated mice show reduced ADAMTSL2 protein content
A. Western blot of pooled adult mouse aorta lysate from control and βAPN treated mice 

using anti-LOX. B. Quantification of LOX levels from control and βAPN treated mouse 

aortas from western blots (n=5; each lane is a pool of 6 aortas). LOX content is significantly 

upregulated following βAPN treatment. C. Western blot of pooled adult mouse aorta lysate 

from control and βAPN treated mice using ADAMTSL2. D. Quantification of ADAMTSL2 

levels from control and βAPN treated mouse aortas from western blots (n=3; each lane is a 

pool of 6 aortas). ADAMTSL2 protein is significantly reduced following βAPN treatment. 

*** indicates p<0.001. M indicates molecular weight marker.
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Figure 6. Alterations in putative ADAMTSL2 complexes following Lox deletion or inhibition
Upper parts of the gels shown in Figs. 4E and 5. A. ADAMTSL2 western blot from E18.5 

wild-type and Lox−/− brain lysates. B. Western blot of ADAMTSL2 in adult control and 

βAPN-treated mouse aorta lysates. Arrows mark high molecular weight bands which are 

affected (black) or not affected (grey), by the loss of Lox (A) or βAPN treatment (B). 

Membranes were incubated with anti-ADAMTSL2. M designates molecular weight marker.
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Table 1

Gene Highly expressing tissues Clinical significance/Genetic disorders

LOX Placenta, adipose tissue, breast, smooth muscle, heart muscle, skin, lung, 
bladder, endometrium aortic aneurysm, multiple types of cancer [5, 6, 18–20]

LOXL1 Placenta, adipose tissue, seminal vesicle, smooth muscle, heart muscle, 
bladder, ocular tissue pseudoexfoliation syndrome [21]

LOXL2 Placenta, adipose tissue, smooth muscle, bladder, appendix, endometrium multiple types of cancer [22–24]

LOXL3 Placenta, smooth muscle, bladder, spleen, bone marrow, endometrium Stickler syndrome [25]

LOXL4 Placenta, breast, seminal vesicle, smooth muscle, bone marrow, 
endometrium multiple types of cancer [26]

ADAMTSL2 Lung, musculoskeletal tissues, brain, dermis, myocardium Geleophysic dysplasia [16]

ADAMTSL4 Ocular tissue, vascular smooth muscle Ectopia lentis [27], ectopia lentis et pupillae [28]

ADAMTS10 Ocular tissue, lung, vascular smooth muscle, musculoskeletal tissues, 
connective tissue stroma of most organs Weill-Marchesani syndrome [29]
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