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Low-density lipoprotein receptor (LDLR) mediates clearance of plasma LDL cholesterol, preventing the development of atherosclerosis. We previously demonstrated that membrane type 1-matrix metalloproteinase (MT1-MMP) cleaves LDLR and exacerbates the development of atherosclerosis. Here, we investigated determinants in LDLR and MT1-MMP that were critical for MT1-MMP-induced LDLR cleavage. We observed that deletion of various functional domains in LDLR or removal of each of the five predicted cleavage sites of MT1-MMP on LDLR did not affect MT1-MMP-induced cleavage of the receptor. Removal of the hemopexin domain or the C-terminal cytoplasmic tail of MT1-MMP also did not impair its ability to cleave LDLR. On the other hand, mutant MT1-MMP, in which the catalytic domain or the MT-loop was deleted, could not cleave LDLR. Further Ala-scanning analysis revealed an important role for Ile at position 167 of the MT-loop in MT1-MMP’s action on LDLR. Replacement of Ile167 with Ala, Thr, Glu, or Lys resulted in a marked loss of the ability to cleave LDLR, whereas mutation of Ile167 to a non-polar amino acid residue, including Leu, Val, Met, and Phe, had no effect. Therefore, our studies indicate that MT1-MMP does not require a specific cleavage site on LDLR. In contrast, an amino acid residue with a hydrophobic side chain at position 167 in the MT-loop is critical for MT1-MMP-induced LDLR cleavage.
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Introduction

Plasma levels of low-density lipoprotein cholesterol (LDL-C) are positively correlated to the risk of cardiovascular disease. Hepatic LDL receptor (LDLR) is the main pathway that clears plasma LDL. Mutations in LDLR cause familial hypercholesterolemia (FH), characterized by elevated levels of plasma LDL-C and increased risk of coronary heart disease (1). Structurally, LDLR’s ectodomain consists of 7 ligand-binding repeats (LR) at its N terminus region for binding substrates, such as interacting with apolipoprotein (apo) B100 on LDL and apoE on lipoprotein remnants. LR is followed by the epidermal growth factor precursor homology (EGF) domain that is required for lipoprotein release in the endosome and recycling of LDLR. Upon substrate binding, LDLR is endocytosed into a clathrin-coated vesicle and then delivered to the endosome. In the acidic environment of endosomes, LDL is released from the receptor, and LDLR is recycled back to the cell surface. LDL is then shuttled to the lysosome for degradation. Further down in the primary sequence is the clustered O-linked glycosylation region, whose function is still elusive, followed by the transmembrane domain and a cytoplasmic tail at the C terminus. The NPVY motif within the C-terminus is critical for the internalization of the receptor into clathrin-coated pits (2–4). Substitution of Tyr807 to cysteine, otherwise known as the J.D. mutation in FH, impairs LDLR endocytosis but does not affect LDLR trafficking to the cell surface or the binding of LDL to the receptor (3).

Currently, the primary lipid-lowering therapy is statins, which inhibit 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), the rate-limiting enzyme in cholesterol biosynthesis. Reduction in cellular cholesterol levels activates the transcriptional activity of sterol regulatory element-binding protein 2 (SREBP2), thereby increasing LDLR expression and subsequent LDL-C clearance (1, 5, 6). However, the efficiency of statin treatment is approximately 20–40%. Furthermore, about 15% of people treated with statins show intolerance to treatment and require alternative therapies to lower LDL-C (7). One option is to target proprotein convertase subtilisin/kexin type 9 (PCSK9), which promotes LDLR degradation (8–12). While recently approved PCSK9 inhibitors can effectively reduce plasma LDL-C levels (13, 14), the treatment is expensive. PCSK9 siRNA therapy may be more affordable, but it is still too financially unsustainable for all eligible patients to use in primary prevention. Therefore, the search for alternative treatments is necessary.

The ectodomain of LDLR can be cleaved by proteases to generate a soluble form of LDLR (sLDLR), which inactivates LDLR-mediated LDL clearance. It has been reported that plasma levels of sLDLR are positively correlated to circulating LDL-C levels (15–17). In our previous studies, we found that membrane type 1-matrix metalloproteinase (MT1-MMP) promotes ectodomain shedding of LDLR, thereby increasing plasma LDL-C levels and exacerbating the development of atherosclerosis in mice (18, 19). Therefore, targeting MT1-MMP has the potential to be a new lipid-lowering strategy.

MT1-MMP belongs to the MMP family that consists of 23 zinc-dependent endopeptidases in humans. It plays essential physiological roles in tissue remodeling and development by cleaving extracellular matrix components and non-matrix substrates (20–22). Structurally, MT1-MMP contains an N-terminal signal peptide, a prodomain, and then a catalytic domain with the conserved zinc-binding site (HE240XGHXXGXXH). Next is a flexible hinge region, a hemopexin (HPX) domain that links the catalytic domain, a transmembrane domain that anchors the protein to cell membranes, and a C-terminal cytoplasmic tail involved in endocytosis of MT1-MMP (19, 23–25). The catalytic domain is highly conserved among MMP family members (19, 24). Clinical trials of all broad-spectrum MMP inhibitors that target the catalytic domain in oncology have failed due to lack of inhibitor specificity (26). On the other hand, exosites that are regions outside the catalytic core domain of MMPs are less conserved and contribute to substrate selection and binding (27–29). Therefore, drugs targeting exosites have a great potential to be both MMP- and substrate-specific.

In this study, we investigated the regions in LDLR and MT1-MMP required for MT1-MMP-induced LDLR cleavage. We found that deletion of the MT-loop (amino acids 163-170) within the catalytic domain of MT1-MMP impaired its ability to cleave LDLR. Alanine scanning revealed that Ile at position 167 within the MT-loop played an important role in MT1-MMP-promoted LDLR degradation. Given that the MT-loop is specific for MT1-MMP, our findings provide a foundation for the future design of inhibitors that can specifically target MT1-MMP’s action on LDLR.



Materials and methods


Materials

Cell culture medium, fetal bovine serum (FBS), Lipofectamine 3000, GeneJet and PureLink™ Hipure plasmid miniprep kit were obtained from ThermoFisher Scientific. Complete EDTA-free protease inhibitors were purchased from Roche. All other reagents were obtained from Fisher Scientific unless otherwise indicated.

The following antibodies were used: HL-1, a mouse monoclonal anti-the linker sequence between ligand binding repeat (LR) 4 and LR5 of LDLR antibody (30, 31); a rabbit anti-MT1-MMP monoclonal antibody (Abcam, ab51074); a mouse anti-MT1-MMP monoclonal antibody (EMD Millipore, MAB3329); a rabbit anti-HA polyclonal antibody (ProteinTech, 51064-2-AP); a mouse anti-HA monoclonal antibody (ProteinTech, 66006-2-lg); a Dylight™ 680-conjugated rabbit anti-HA antibody (Rockland, 600-444-384); a Dylight™ 800-conjugated rabbit anti-HA antibody (Rockland, 600-445-384); a mouse anti-actin monoclonal antibody (ProteinTech, 66009-1-Ig); a mouse anti-Na + /K + -ATPase antibody (BD Biosciences, 610993); and a mouse anti-transferrin receptor monoclonal antibody (BD Biosciences, 612125).



Site-directed mutagenesis

Plasmid containing cDNA of the full-length human MT1-MMP (NM_004995) with an HA-tag between Asp115 and Glu116 (a kind gift from Dr. Weiss, University of Michigan) was used as the template to generate the mutant form of MT1-MMP. Plasmid pBudCE4.1 containing cDNA of the full-length human LDLR (NM_000527) with an N-terminal HA-tag was used to create the mutant forms of LDLR. Mutagenesis was performed using QuickChange Lightning site-directed mutagenesis kit (Agilent Technologies) as described in our previous studies (32–34). LDLR deletions were generated as described previously (31, 35). To make the catalytic deletion of MT1-MMP (ΔCAT), an AgeI site was introduced at Tyr112 and Pro312, respectively. To delete the hemopexin-like repeats in MT1-MMP (ΔHPX), an AgeI site was introduced at Pro312 and Gly535, respectively. The resulting construct was digested with AgeI (FastDigest BshTI, Thermo Scientific) and ligated using the Quick Ligation Kit (New England Biolabs). To remove the C-terminal cytoplasmic region of MT1-MMP, a stop codon was introduced at Arg563. The sequences of the oligonucleotides containing the residues to be mutated were synthesized by IDT (Coralville, IA) and listed in Table 1. The presence of the desired mutation and the integrity of each construct were verified by DNA sequencing. cDNA of human MT1-MMP and human LDLR is consistent with DNA sequence in NCBI database, human MT1-MMP: NM_004995; human LDLR: NM_000527.


TABLE 1    Primers.
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Cell culture, transfection, and immunoblotting

HEK293 cells were maintained in DMEM (high glucose) containing 10% (v/v) FBS at 37°C in a 5% CO2 humidified incubator. Plasmid DNA was introduced into cells using polyethylenimine (PEI, Mw 25000; DNA:PEI = 1:3) or Lipofectamine™ 3000 as described (36). 48 h after treatment, whole cell lysate was prepared using a lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 7.4) containing 1 × Complete EDTA-free protease inhibitors as described in our previous studies (37). Protein concentrations were determined by the BCA protein assay. Equal amount of whole cell lysate was subjected to SDS-PAGE and transferred to nitrocellulose membranes by electroblotting. Immunoblotting was performed using antibodies as indicated. Antibody binding was detected using IRDye-labeled goat anti-mouse or anti-rabbit IgG antibody (Li-Cor). The signals were detected and quantified on a Li-Cor Odyssey Infrared Imaging System (Li-Cor).



Biotinylation

HEK293 cells in 6-well plates were transfected with plasmids containing cDNAs for wild type or mutant LDLR and/or wild type or mutant MT1-MMP using Lipofectamine 3000. After 48 h, cell surface proteins were biotinylated with Sulfo-NHS-LC-Biotin for 20 min at room temperature exactly as described (33, 37). After quenching in 1 x PBS containing 100 mM glycine and washing in 1 x PBS, the cells were lysed in 200 μl of lysis buffer and then subjected to centrifugation at 15,000 rpm for 5 min. The supernatant was incubated with Neutravidin agarose (Pierce, 30 μl of 50% slurry). The mixture was rotated overnight at 4°C. After washing in lysis buffer three times, the cell surface proteins were eluted from the beads and then analyzed by SDS-PAGE and immunoblotting.



Migration assay

The experiment was carried out using the transwell migration assay (38). HEK293 cells were seeded on a 6-well cell culture plate, and then transfected with empty plasmid or plasmid containing the wild-type or mutant MT1-MMP using Lipofectamine™ 3000. 24 h later, cells were trypsinized and counted. Equal numbers of cells in 500 μl of serum-free DMEM medium were placed on a cell culture insert pre-coated with collagen type I (8 μm). 500 μl of DMEM containing 20% FBS was placed below the insert. 48 h after, the insert was rinsed briefly in 1X PBS, then fixed and stained with crystal violet in 20% methanol. Cells on the top of the insert were removed with a cotton swab. Cells on the bottom of the insert were imaged on an OMAX M837ZL-C140U3 microscope and counted (10 images per insert). Relative cell numbers were calculated by dividing the average cell numbers by the image area that was measured with OMAX ToupView.



Immunofluorescence

Confocal microscopy was carried out as described previously (37, 39, 40). Briefly, HEK293 cells cultured on a coverslip were transfected with empty vector or plasmid containing the wild-type or mutant HA-MT1-MMP cDNA. 48 h later, cells were fixed with 3% paraformaldehyde in PBS, and then permeabilized using ice-cold methanol. After blocking, the cells were incubated with an anti-HA polyclonal antibody (1:100) and an anti-Na+/K+-ATPase monoclonal antibody (1:100). Antibody binding was detected using Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 568 goat anti-mouse IgG. Nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI, ThermoFisher). Coverslips were mounted on the slides with ProLong Diamond Antifade Mountant (ThermoFisher). Localization of MT1-MMP in the transfected cells was determined using a Leica SP5 laser scanning confocal microscope (filters: 405 nm for DAPI, 488 nm for Fluor 488, 594 nm for Fluor 568).



Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad Software). The significant difference between two groups was determined via Student’s t-test and defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. p > 0.05 was defined as no significance. Values of all data, unless otherwise indicated, were depicted as mean ± S.D. All experiments, unless indicated, were repeated at least three times.




Results


Specific sites on low-density lipoprotein receptor for MT1-MMP-induced cleavage

We have previously reported that MT1-MMP mediates shedding of LDLR and regulates plasma LDL-C metabolism (18). Here, we sought to identify the specific sites on LDLR for MT1-MMP-induced cleavage. LDLR has five distinct regions, each playing different critical roles in the functionality of the protein. To determine if any of these regions were important for MT1-MMP-mediated LDLR shedding, we made various LDLR mutants with deletions of different LDLR function domains, including the ligand binding repeat deletion (ΔR1-R7), EGF-like domain deletion (ΔEGF), O-Linked glycosylation domain (ΔO-Link), and C-terminal domain (Δ812) (Figure 1A). In addition, to test if endocytosis of LDLR plays a role in MT1-MMP-mediated LDLR cleavage, we generated the J.D. mutant LDLR, where the Tyr in the NPVY motif is mutated to Cys (Y807C). The J.D. mutant (JD-Mut) is a naturally occurring mutation that impairs LDLR endocytosis and consequently results in FH. However, the mutation does not affect trafficking of LDLR to plasma membrane (3). Each mutation was co-transfected with an equal amount of empty or the wild-type MT1-MMP-containing plasmid into HEK293 cells using PEI. MT1-MMP has a HA-tag in the HPX region (41). MT1-MMP and LDLR were detected by a rabbit anti-HA polyclonal antibody and a rabbit anti-LDLR antibody, 3143 that recognizes the C-terminal region of LDLR (31, 42), respectively. A IRDye-680 labeled goat anti-rabbit IgG recognizes both LDLR and MT1-MMP. LDLR is a glycosylated protein, and glycosylation starts in the endoplasmic reticulum (ER) and is matured in the Golgi. The wild-type and mutant LDLR, except for the ΔR1-R7 mutant, displayed well-separated premature (p) and mature (m) forms; top one was the fully glycosylated mature form (indicated by white arrows), while the bottom band was the under glycosylated premature form (indicated by *). We did not observe the premature form of the ΔR1-R7 mutant (lanes 5 and 6), which is consistent with our previous study (35). The mature form of the ΔEGF mutant showed a smeared pattern possibly due to altered glycosylation (lane 7), while the mature form of the ΔO-Link mutant was weak and very close to its premature form since LDLR is primarily O-glycosylated at the side chain of Ser and Thr residues in the O-Linked glycosylation domain (43, 44). Nevertheless, the mature form of the wild-type LDLR, all deletion mutants, and the JD mutant was significantly reduced by MT1-MMP (Figures 1B,C). We also performed a biotinylation experiment to monitor cell surface proteins. LDLR was detected by a mouse monoclonal antibody, HL-1 that recognizes the linker between ligand-binding repeat 4 and 5. We could detect LDLR but not actin in the biotinylation experiment (Figure 1D), indicating biotinylation of cell surface proteins. We observed that the cell surface wild-type and mutant LDLR, including ΔO-Link, Δ812 and JD mutation, were markedly reduced in cells expressing MT1-MMP (Figures 1D). ΔR1-R7 cannot be recognized by HL-1. When the membrane was blotted with a rabbit anti-EGFA of LDLR antibody, we found that MT1-MMP promoted degradation of cell surface ΔR1-R7 [Figure 1E, lane 2 vs. 1)]. On the other hand, we observed that the majority of biotinylated ΔEGF, unlike ΔEGF in whole cell lysate (Figure 1B), was aggregated with a small portion of smeared protein bands above the 100 kDa marker even though the samples were heated at 37°C for 5 min (Figure 1F, lane 3), while no heating could not elude biotinylated ΔEGF from NeutrAvidin beads (data not shown). However, all these signals were markedly reduced in cells expressing MT1-MMP (Figure 1F, lane 4 vs. 3), indicating that MT1-MMP reduced cell surface ΔEGF. Therefore, each of these regions and endocytosis of LDLR are not required for MT1-MMP’s action on the receptor.
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FIGURE 1
Effects of mutations in low-density lipoprotein receptor (LDLR) on MT1-MMP-induced LDLR cleavage (A) Diagram of the functional domains of LDLR. LR, ligand binding region. EGF, the epidermal growth factor precursor homology domain. O-linked, the O-linked sugar domain. TM, transmembrane domain. JD, the J.D. mutation (Y807C) identified in a FH patient. C-tail, the C-terminal cytoplasmic tail. (B) Immunoblotting and (C) quantification. Equal amount of plasmid DNA containing the wild-type (WT) or mutant LDLR deletion cDNA and empty (-) or plasmid containing the wild-type MT1-MMP (MT1) were transfected into HEK293 cells using PEI. 48 h later, whole cell lysate was prepared, and equal amount of total proteins in whole cell lysates was applied to SDS-PAGE and immunoblotting with antibodies as indicated. HA-tagged MT1-MMP and LDLR were detected by a Dylight 680-conjugated rabbit anti-HA antibody (Rockland, 600-444-384) and 3143, respectively. The mature and premature forms of the wild type and mutant LDLR were indicated by white arrows and *, respectively. MT1-MMP was indicated by a gray arrow. Actin was detected by a mouse anti-actin monoclonal antibody. (D–F) Biotinylation. HEK293 cells were co-transfected with the WT or mutant LDLR and empty (-) or WT MT1-MMP (MT1) using Lipofectamine 3000. 48 h after, the cells were subjected to biotinylation. Samples were heated at 85 (D,E) or 37°C (F) to elude proteins from Neutravidin beads and then subjected to immunoblotting using a mouse anti-LDLR (HL-1) (D,F), or a rabbit anti EGFA of LDLR (E). Actin was detected with a mouse anti-actin antibody. Similar results were observed in three different experiments. Representative images were shown (B,D–F). Densitometry was determined by a Li-Cor Odyssey Infrared Imaging System. Relative densitometry was defined as the ratio of the densitometry of the mature form of wild-type or mutant LDLR to that of Actin at the same condition (C). Values were mean ± S.D. of ≥3 experiments. Significance was defined as the mature form of LDLR in the presence of MT1-MMP vs. the mature form of LDLR in the absence of MT1-MMP. ***p < 0.001, ****p < 0.0001.


We then used the software CleavePredict to predict the cleavage sites of MT1-MMP on LDLR. CleavePredict is a validated free access web server for predicting the substrate cleavage pattern by matrix metalloproteinases (MMP). It employs MMP specific position weight matrices, which is derived from statistical analysis of high-throughput phage display experimental cleavage results of metalloproteinases (45). The software predicts 22 putative MT1-MMP cleavage sites on LDLR, with a spread across all its extracellular domain (Table 2). Based on the position weight matrix score and proximity to the transmembrane domain, which has been suggested to be the cleavage region of MT1-MMP on LDL receptor related protein 1 (LRP1) (46), we selected 5 locations A521, G529, G565, and N645 within the YWTD region and A789 within the transmembrane domain near the outer layer of plasma membrane. The key residue at positions 521, 529, 645, and 789 was individually replaced with Val and I566 and T567 were replaced with Ala to disrupt each of the putative cleavage sites as confirmed by CleavePredict. We then co-expressed the mutant LDLR with the wild-type MT1-MMP in HEK293 cells. As shown in Figures 2A,B, the mature form of all mutant LDLR tested was effectively reduced by MT1-MMP. MT1-MMP also reduced the levels of the mature form of mutant I556AT567A (Figure 2C, lane 8 vs. 7). To determine whether the loss of one predicted cleavage site was compensated by the remaining predicted cleavage sites, we made a sextuple (Sext.) mutation to remove all the five predicted sites (A521V, G529V, I556A, T567A, G565, and N645), a quadruple (Quad.) mutation (A521V, G529V, G565, and N645), and a double mutation A521V/G529V (AV/GV). We observed the premature but not the mature form of all these mutations, and, as expected, the premature form was not affected by MT1-MMP (Figure 2C, lanes 6 vs. 5, 10 vs. 9, and 12 vs. 11). These observations indicate that these mutations appeared to impair LDLR trafficking to the plasma membrane. Given that MT1-MMP promotes cleavage of the mature form of LDLR, the impact of these mutations on MT1-MMP-induced LDLR cleavage cannot be determined. Therefore, it is possible that none or more than one of these predicted sites are involved in MT1-MMP-induced LDLR cleavage. The loss of each of the predicted cleavage sites may be compensated by the remaining predicted sites. Nevertheless, our findings suggest that none of the five predicted cleavage points individually is necessary for MT1-MMP-induced LDLR cleavage.


TABLE 2    Predicted MT1-MMP cleavage site on LDLR as determined by the online CleavePredict software, showing cleavage positions, residues and position weight matrix score.
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FIGURE 2
Mutations of predicted MT1-MMP cleavage sites on LDLR (A,C) immunoblotting and (B) quantification. HEK293 cells were co-transfected with an equal amount of the wild-type (WT) or mutant LDLR and empty (-) or the wild type MT1-MMP (MT1) plasmid using PEI. 48 h later, whole cell lysate was isolated and applied to immunoblotting. After transfer, the membrane was cut into halves above the 75 kDa protein marker. HA-tagged LDLR on the top membrane was detected with a Dylight™ 680-conjugated rabbit anti-HA antibody (Rockland, 600-444-384). m: mature form of LDLR; p: premature form of LDLR. MT1-MMP on the bottom was detected by a Dylight™ 800-conjugated rabbit anti-HA antibody (Rockland, 600-445-384). Similar results were observed in three different experiments. Representative images were shown in (A,C). Densitometry was determined by a Li-Cor Odyssey Infrared Imaging System. Relative densitometry was defined as the ratio of the densitometry of the mature form of wild-type or mutant LDLR to that of Actin at the same condition (B). Values were mean ± S.D. of ≥3 experiments. Significance was defined as the mature form of LDLR in the presence of MT1-MMP vs. the mature form of LDLR in the absence of MT1-MMP. **p < 0.01, ***p < 0.001, ****p < 0.0001.




The requirement of domains in MT1-MMP for low-density lipoprotein receptor shedding

Next, we determined which functional domains in MT1-MMP were critical for its ability to cleave LDLR. Thus, we deleted the C-terminal cytoplasmic region (ΔC-Term), the hemopexin-like repeats (ΔHPX), the catalytic domain (ΔCAT), and the MT-loop within the catalytic domain (Δ163-170) (Figure 3A). The wild-type or mutant MT1-MMP was co-expressed with the wild-type LDLR in HEK293 cells. The expression of the wild-type and mutant MT1-MMP except for ΔHPX that did not have the HA-tag, was confirmed by an anti-HA antibody, while a mouse anti-MT1-MMP monoclonal antibody that recognizes the catalytic domain revealed the wild-type, ΔC-Term, ΔHPX, and Δ163-170 but not ΔCAT MT1-MMP (Figure 3B). We found that removal of the C-terminal cytoplasmic region (ΔC-Term) and the hemopexin-like repeats (ΔHPX) did not significantly impair MT1-MMP-induced reduction in the mature form of LDLR (Figures 3B,C). Interestingly, ΔHPX appeared to reduce the abundance of the mature form of LDLR more significantly than the wild-type MT1-MMP (lane 8 vs. 4) even though its expression was lower than the wild-type protein (indicated by an arrow in lanes 7 and 8). On the other hand, the cleavage property was lost in the ΔCAT mutant, reinforcing the importance of the catalytic activity of the proteinase for LDLR cleavage and consistent with our previous finding that the catalytically dead E240A mutant of MT1-MMP cannot cleave LDLR (18). Furthermore, deletion of the MT-loop essentially abolished MT1-MMP’s ability to cleave LDLR (lane 12 vs. 4). These findings indicate that the catalytic activity and the MT-loop are essential for MT1-MMP-promoted LDLR shedding.
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FIGURE 3
Effects of mutations in MT1-MMP on its ability to cleave LDLR (A) Diagram of the functional domains of MT1-MMP. SP, signal peptide. PRO, prodomain. CAT, the catalytic domain. HPX, the hemopexin domain. TM, transmembrane domain. C-Tail, the C-terminal cytoplasmic tail. (B) Immunoblotting and (C) quantification. Equal amount of plasmid DNA containing the wild-type or mutant MT1-MMP and empty plasmid (-) or the wild-type LDLR-containing plasmid were co-transfected into HEK293 cells using PEI. 48 h later, whole cell lysate was prepared, and equal amount of total proteins in whole cell lysate was applied to immunoblotting. After transfer, the membrane was cut into halves above the 75 kDa protein marker. The top membrane was blotted with a Dylight™ 800-conjugated rabbit anti-HA antibody to recognize HA-LDLR. m: mature form of LDLR; p: premature form of LDLR. The bottom membrane was blotted with a Dylight™ 680-conjugated rabbit anti-HA antibody to detect HA-MT1-MMP (HA-MT1). The bottom part was also blotted with a mouse anti-MT1-MMP antibody to detect MT1-MMP (MT1) (EMD Millipore, MAB3329). TFR, transferrin receptor (TFR). Representative images were shown (B). Densitometry was determined by a Li-Cor Odyssey Infrared Imaging System. Relative densitometry was defined as the ratio of the densitometry of the mature form (m) of LDLR to that of TFR at the same condition (C). Values were mean ± S.D. of ≥3 experiments. Significance was defined as the mature form of LDLR in the presence of the wild-type or mutant MT1-MMP vs. the mature form of LDLR in the absence of MT1-MMP (Empty). ns (vs. Empty), no significance, p > 0.05. **** (vs. Empty), p < 0.0001. ### [ΔHPX vs. wild type MT1-MMP (WT)], p < 0.001.




Mutational analysis of the MT-loop

The MT-loop consists of seven amino acid residues and is present in all four membrane type MMPs (MT1-, MT2-, MT3-, and MT5-MMP), except the two glycosyl phosphatidylinositol-anchored membrane-associated MMPs (MT4- and MT6-MMP) (Figure 4A). Pro163 and Tyr164 in the MT-loop are completely conserved. We then performed alanine-scanning to determine the contribution of each of these amino acid residues to MT1-MMP’s action on LDLR. The mutant MT1-MMP and the wild-type LDLR were transfected into HEK293 cells using Lipofectamine™ 3000. A mouse monoclonal anti-LDLR (HL-1) detected the mature form of LDLR (Figures 4B,C). A rabbit anti-MT1-MMP monoclonal antibody was used to detect MT1-MMP. The antibody can recognize the full-length and self-cleaved MT1-MMP, consistent with a previous report (47). The levels of the catalytic dead mutation E240A were much higher than that of the wild-type and other mutant MT1-MMP since it loses the self-cleavage activity. We found that substitution of Ile167 with Ala (MT1-MMPI167A), like E240A, significantly impaired MT1-MMP’s ability to promote LDLR degradation, while mutation of other amino acid residues had no significant impact. Consistently, biotinylation experiments showed that I167A and E240A could not effectively reduce the levels of the mature form of LDLR when compared to the wild-type and other mutant MT1-MMP (Figure 4D). Taken together, our findings indicate the important role of Ile167 in MT1-MMP-promoted LDLR cleavage.
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FIGURE 4
Mutational analysis of the MT-loop (A) Alignment of partial sequence of different MT-MMPs. The alignment was performed using Multiple Alignment (Fast Fourier Transform (MAFFT) FFT-NS-I, v7.429). MT1-MMP: NP_004986; MT2-MMP: NP_002419.1; MT3-MMP: NP_005932; MT5-MMP: NP_006681. MT4-MMP: NP_057239. MT6-MMP: NP_071913. The MT-loop was underlined. (B) Immunoblotting and (C) quantification. Plasmid DNA containing the wild-type LDLR was co-transfected with an equal amount of empty vector (Con), the wild-type, or mutant MT1-MMP into HEK293 cells using Lipofectamine 3000. 48 h later, whole cell lysate was prepared and applied to immunoblotting. LDLR and MT1-MMP were detected by a mouse monoclonal anti-LDLR antibody, HL-1, and a rabbit monoclonal anti-MT1-MMP antibody (abcam, ab51074), respectively. TFR, transferrin receptor (TFR), was recognized by a mouse anti-TFR monoclonal antibody. (D) Biotinylation. HEK293 cells were co-transfected with WT LDLR and WT or mutant MT1-MMP using Lipofectamine 3000. 48 h after, the cells were subjected to biotinylation and then immunoblotting using a mouse anti-LDLR (HL-1) and a mouse anti-actin antibody. Similar results were observed in three different experiments. Representative images were shown (B and D). Densitometry was determined by a Li-Cor Odyssey Infrared Imaging System. Relative densitometry was defined as the ratio of the densitometry of LDLR to that of TFR at the same condition. Values were mean ± S.D. of ≥3 experiments. The significant difference between two groups (wild type or mutant MT1-MMP vs. the Control) were determined via Student’s t-test. ns (no significance), p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.


We then performed confocal microscopy to assess whether mutation I167A affected the trafficking of MT1-MMP. As shown in Figure 5A, in cells transfected with empty vector (Control), MT1-MMP was undetectable by an anti-HA antibody that recognizes HA-tagged MT1-MMP. Both the wild-type MT1-MMP and MT1-MMPI167A displayed a similar pattern, residing on the cell periphery and the intracellular space (green fluorescence in the top panel). We observed partial co-localization of the wild-type and mutant MT1-MMP with a plasma membrane marker, Na+/K+-ATPase (yellow fluorescence in the bottom panel). Next, we employed a transwell migration assay to assess the impact of mutation I167A on MT1-MMP-promoted cell migration. We observed that the relative cell numbers migrated through collagen type I-coated inserts were comparable in cells transfected with the wild-type MT1-MMP and MT1-MMPI167A; both significantly promoted cell migration compared to the control (Figure 5B). Therefore, substitution of Ile167 with Ala does not appear to affect MT1-MMP trafficking or its ability to promote cell migration.
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FIGURE 5
Effects of I167A on MT1-MMP trafficking and cell migration (A) Confocal microscopy. HEK293 cells transfected with empty plasmid (Control) or plasmid containing the HA-tagged wild-type or I167A mutant MT1-MMP were subjected to confocal microscopy. MT1-MMP was detected with a rabbit anti-HA polyclonal antibody (Proteintech, 51064-2-AP) and showed in green fluorescence (top and bottom panels). Na+/K+-ATPase was detected by a mouse monoclonal antibody and showed in red fluorescence (middle and bottom panels). Nuclei were visualized with DAPI (blue). An x-y optical section of the cells illustrates the distribution of the wild-type and mutant proteins (magnification: 325X). (B) Transwell assay. HEK293 cells were transfected with empty plasmid (Control) or plasmid containing the HA-tagged wild-type or I167A mutant MT1-MMP using Lipofectamine 3000 and then placed on a collagen type I-coated insert. 48 h after, cells were stained with crystal violet. Cells on the bottom of the insert were imaged, counted, and then divided by the image area. Relative cell numbers were the ratio of the cell numbers of cells transfected with the wild-type or I167A MT1-MMP to that of cells transfected with the empty vector (control), which was defined as 1. Representative images were shown. Values were mean ± S.D. of 3 experiments. The significant difference between two groups (wild type or mutant MT1-MMP vs. the Control) were determined via Student’s t-test. ns (no significance), p > 0.05, **p < 0.01.




Detailed mutational analysis of Ile167

Ile within the MT-loop of MT1-MMP is highly conserved in different species except for alligators and turtles. Instead of Ile, they have another hydrophobic residue, valine. Therefore, we investigated how specific the requirement was for Ile167 to contribute to MT1-MMP’s ability to promote LDLR cleavage. To assess whether another non-polar residue at position 167 could substitute for Ile, we replaced Ilel167 with a hydrophobic amino acid residue, including Leu, Val, Met, and Phe. We also mutated Ile167 to a polar residue, including Glu, Lys, and Thr, which has a negatively charged, a positively charged, and a polar side chain, respectively. Each of these mutant MT1-MMP was then co-expressed with the wild-type LDLR in HEK293 cells using Lipofectamine 3000. As shown in Figures 6A,B, like I167A, mutations I167E, I167K and I167T significantly impaired MT1-MMP-induced LDLR cleavage, whereas substitution of Ile with a hydrophobic residue (mutations I167V, I167L, I167M, and I167F) retained the ability to cleave LDLR. These findings indicate that a hydrophobic residue at position 167 within the MT-loop is required for MT1-MMP-promoted LDLR cleavage.
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FIGURE 6
Mutational analysis of I167 (A) Immunoblotting and (B) quantification. Plasmid DNA containing wild-type LDLR was co-transfected with an equal amount of the wild-type or mutant MT1-MMP into HEK293 cells using Lipofectamine 3000. 48 h later, whole cell lysate was isolated and applied to immunoblotting with antibodies as described in the legend to Figure 5. TFR, transferrin receptor. Representative images were shown (A). Densitometry was determined by a Li-Cor Odyssey Infrared Imaging System. Relative densitometry was defined as the ratio of the densitometry of LDLR to that of TFR at the same condition (B). Values were mean ± S.D. of ≥3 experiments. The significant difference between two groups (mutations vs. I167A) were determined via Student’s t-test. ns (no significance), p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.





Discussion

Our previous study demonstrates that hepatic MT1-MMP stimulates LDLR shedding, thereby increasing plasma LDL-C levels and the development of atherosclerosis (18). In addition, it has been reported that macrophage MT1-MMP degrades collagen in atherosclerotic plaques and consequently increases plaque vulnerability (48). On the other hand, MT1-MMP in vascular smooth muscle cells (VSMC) regulates extracellular matrix homeostasis and plays an important role in maintaining normal VSMC function (49). Deficiency of VSMC MT1-MMP increases the development of proliferative atherosclerotic lesions. Therefore, MT1-MMP appears to affect the development of atherosclerosis in a cell type-dependent manner, indicating the need for tissue/cell type-specific targeting of MT1-MMP to avoid undesired side effects. Specific targeting hepatocytes can be archived using N-acetylgalactosamine (GalNAc)-conjugation, such as GalNAc-siRNA or antisense oligonucleotides (ASOs) (50–52), which has been successfully used to silence hepatic PCSK9 expression in a clinical trial (51). GalNAc can mediate rapid hepatic uptake of conjugated targets via binding to the asialoglycoprotein receptor on hepatocytes (50). Thus, we can use GalNAc-siRNA or ASO to selectively target MT1-MMP in hepatocytes to inhibit LDLR shedding, thereby increasing clearance of plasma LDL-C and reducing the development of atherosclerosis.

The MMP family consists of 23 members, each with different physiological functions. To avoid potential off-target effects, a specific and selective MT1-MMP inhibitor is needed. This requires an in-depth understanding of the specificity of the protease cleavage site on their substrates. While no consensus cleavage site for MMPs has been identified, it is believed that MMPs preferentially cleave specific substrates at certain locations containing specific amino acid residues (53). Therefore, we first sought to identify the cleavage site of MT1-MMP on LDLR. However, our findings indicate that MT1-MMP does not need a specific cleavage site in the receptor.

It is of note that the catalytic core region is highly conserved among 23 MMP family members, which makes it very challenging to specifically inhibit the proteolytic activity of MT1-MMP by targeting this functional domain. Exosites have been shown to be a promising target for the development of specific MMP inhibitors. MT1-MMP contains several functional domains. The HPX domain contributes to the interaction of MT1-MMP with its substrates, such as CD44 and collagen (54–57). Targeting HPX with a small inhibitor can selectively inhibit MT1-MMP activity and suppress cancer cell growth (58). However, deletion of the HPX domain did not impair MT1-MMP-induced LDLR degradation. Conversely, the mutant appeared to promote LDLR degradation more strongly than the wild-type MT1-MMP (Figure 3). The exact underlying mechanism is unclear. The HPX domain is required for MT1-MMP binding to CD44 and collagen. These substrates may compete with LDLR for MT1-MMP binding. Therefore, it is possible that the deletion mutant can target LDLR more effectively than the wild-type MT1-MMP because it loses the ability to bind to other substrates.

The cytoplasmic tail of MT1-MMP plays an important role in endocytosis of MT1-MMP and the localization of MT1-MMP on the specific microdomains in the plasma membrane (19, 23–25). Deletion of the cytoplasmic tail did not affect the trafficking of MT1-MMP to the plasma membrane nor its ability to activate proMMP2, but the mutant proteins displayed a different distribution pattern on the cell surface and an impaired ability to mediate cell invasion compared to the wild-type protein (59, 60). However, removal of the C-terminal cytoplasmic tail of MT1-MMP did not significantly impair its ability to cleave LDLR. A similar phenotype was observed in the JD mutation that disrupts LDLR endocytosis. Therefore, MT1-MMP does not appear to induce LDLR cleavage during the endocytosis process.

Our previous study demonstrates that the catalytic activity of MT1-MMP is required for LDLR shedding (18). Consistently, we found that deletion of the catalytic domain of MT1-MMP virtually abolished its ability to cleave LDLR. Furthermore, our data indicate the requirement of a hydrophobic side chain at position 167 for MT1-MMP-induced LDLR cleavage. The MT-loop is flexible and only present in the four membrane type MMPs, but the conformation of the MT-loop is different in each membrane type MMP (61) and in MT1-MMP complexed with or without TIMPs (62–64). The crystallographic structure of the catalytic domain of MT1-MMP and the predicted structure of the full-length protein by AlphaFold reveal that the MT-loop protrudes from the main structure. Ile167 is situated in the middle of a small α-helix in the MT-loop with its hydrophobic side chain positioning inside the loop (Figure 7). How it contributes to MT1-MMP-induced LDLR cleavage is unclear. Weaver et al. reported that the MT-loop, together with the hemopexin domain, is required for the translocation of MT1-MMP from the apical to the basal membrane in polarized epithelial cells during tubulogenesis (65), but deletion of the entire MT-loop has no significant effect on the expression, trafficking, processing, or the proteolytic activity of MT1-MMP (61, 66). We also did not observe a significant difference in cell migration and MT1-MMP trafficking between the wild-type and I167A mutant MT1-MMP. These strongly suggest that I167A does not cause a major perturbation of the structure of the protein. However, we cannot exclude the possibility that I167A may result in a subtle structural change in the MT-loop. Nevertheless, the MT-loop represents a potential target for the development of selective MT1-MMP inhibitors due to its specificity and structurally easy accessibility. Indeed, an antibody specifically against the MT-loop has been developed and can block binding of pro-MMP2 to MT1-MMP and inhibit pro-MMP2 activation (67). It would be of interest to see if this antibody can block MT1-MMP-induced LDLR cleavage. In summary, although we did not find a specific cleavage site of MT1-MMP on LDLR, our findings on the role of the MT-loop in MT1-MMP’s action on LDLR provide critical information for the future design of highly sensitive and specific MT1-MMP inhibitors.
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FIGURE 7
Structure of MT1-MMP (A) and enlarged view of the MT-loop (B) The structure was adopted from AlphaFold (https://alphafold.ebi.ac.uk/search/text/MT1-MMP) (68). The model confidence scores of Ile167 are very high (94.33). The side chain of Ile167 is pointed to the inside of the MT-loop (orange arrow in panel B).




Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

D-WZ designed the experiments, analyzed the data, supervised and directed this project, and wrote the manuscript. MW, AA, H-MG, GG, ZZ, SJ, X-DX, and YS performed the experiments and collected and analyzed the data. G-QW and D-WZ provided the technical support and guidance and helpful discussions and comments. MW, AA, and D-WZ wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was mainly supported by a grant from the Canadian Institutes of Health Research (PS 155994). MW and GG were partly supported by the MatCH program that is funded by the generosity of the Stollery Children’s Hospital Foundation and supporters of the Alberta Women’s Health Foundation through the Women and Children’s Health Research Institute. MW and YS were partly supported by the 75th Anniversary Graduate Student Award. YS was also supported by the Motyl Graduate Studentships in Cardiac Sciences from the Faculty of Medicine and Dentistry at the University of Alberta. D-WZ was also supported by grants from the Canadian Institutes of Health Research (PS 178091), the Natural Sciences and Engineering Research Council of Canada (RGPIN-2016-06479), the National Natural Science Foundation of China (Joint Research Fund for Overseas Chinese Scholars and Scholars in Hong Kong and Macao, NSFC 81929002), and the China Institute at the University of Alberta. X-DX and G-QW were supported by the Sixth Affiliated Hospital (Qingyuan People’s Hospital), Guangzhou Medical University.



Acknowledgments

The authors thank the Cellular Imaging Centre of the Faculty of Medicine and Dentistry at the University of Alberta for confocal microscopy.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Goldstein JL, Brown MS. A century of cholesterol and coronaries: From plaques to genes to statins. Cell. (2015) 161:161–72. doi: 10.1016/j.cell.2015.01.036

2. Rudenko G, Henry L, Henderson K, Ichtchenko K, Brown MS, Goldstein JL, et al. Structure of the LDL receptor extracellular domain at endosomal pH. Science. (2002) 298:2353–8. doi: 10.1126/science.1078124

3. Davis CG, Lehrman MA, Russell DW, Anderson RG, Brown MS, Goldstein JL. The J.D. mutation in familial hypercholesterolemia: Amino acid substitution in cytoplasmic domain impedes internalization of LDL receptors. Cell. (1986) 45:15–24. doi: 10.1016/0092-8674(86)90533-7

4. Davis CG, van Driel IR, Russell DW, Brown MS, Goldstein JL. The low density lipoprotein receptor. Identification of amino acids in cytoplasmic domain required for rapid endocytosis. J Biol Chem. (1987) 262:4075–82.

5. Horton JD, Shah NA, Warrington JA, Anderson NN, Park SW, Brown MS, et al. Combined analysis of oligonucleotide microarray data from transgenic and knockout mice identifies direct SREBP target genes. Proc Natl Acad Sci USA. (2003) 100:12027–32. doi: 10.1073/pnas.1534923100

6. DeBose-Boyd RA, Ye J. SREBPs in lipid metabolism, insulin signaling, and beyond. Trends Biochem Sci. (2018) 43:358–68. doi: 10.1016/j.tibs.2018.01.005

7. Fitchett DH, Hegele RA, Verma S. Cardiology patient page. Statin intolerance. Circulation. (2015) 131:e389–91. doi: 10.1161/CIRCULATIONAHA.114.013189

8. Horton JD, Cohen JC, Hobbs HH. PCSK9: A convertase that coordinates LDL catabolism. J Lipid Res. (2009) 50:S172–7. doi: 10.1194/jlr.R800091-JLR200

9. Seidah NG, Awan Z, Chretien M, Mbikay M. PCSK9: A key modulator of cardiovascular health. Circ Res. (2014) 114:1022–36. doi: 10.1161/CIRCRESAHA.114.301621

10. Guo S, Xia XD, Gu HM, Zhang DW. Proprotein convertase subtilisin/kexin-type 9 and lipid metabolism. Adv Exp Med Biol. (2020) 1276:137–56. doi: 10.1007/978-981-15-6082-8_9

11. Lagace TA. PCSK9 and LDLR degradation: Regulatory mechanisms in circulation and in cells. Curr Opin Lipidol. (2014) 25:387–93. doi: 10.1097/MOL.0000000000000114

12. Xia XD, Peng ZS, Gu HM, Wang M, Wang GQ, Zhang DW. Regulation of PCSK9 expression and function: Mechanisms and therapeutic implications. Front Cardiovasc Med. (2021) 8:764038. doi: 10.3389/fcvm.2021.764038

13. Sabatine MS. PCSK9 inhibitors: Clinical evidence and implementation. Nat Rev Cardiol. (2019) 16:155–65. doi: 10.1038/s41569-018-0107-8

14. Seidah NG. The PCSK9 revolution and the potential of PCSK9-based therapies to reduce LDL-cholesterol. Glob Cardiol Sci Pract. (2017) 2017:e201702. doi: 10.21542/gcsp.2017.2

15. Mayne J, Raymond A, Chaplin A, Cousins M, Kaefer N, Gyamera-Acheampong C, et al. Plasma PCSK9 levels correlate with cholesterol in men but not in women. Biochem Biophys Res Commun. (2007) 361:451–6.

16. Shimohiro H, Taniguchi SI, Koda M, Sakai C, Yamada S. Association between serum soluble low-density lipoprotein receptor levels and metabolic factors in healthy Japanese individuals. J Clin Lab Anal. (2014) 29:52–6. doi: 10.1002/jcla.21727

17. Mayne J, Ooi TC, Tepliakova L, Seebun D, Walker K, Mohottalage D, et al. Associations between soluble LDLR and lipoproteins in a Caucasian cohort and the effect of PCSK9 loss-of-function. J Clin Endocrinol Metab. (2018) 103:3486–95. doi: 10.1210/jc.2018-00777

18. Alabi A, Xia XD, Gu HM, Wang F, Deng SJ, Yang N, et al. Membrane type 1 matrix metalloproteinase promotes LDL receptor shedding and accelerates the development of atherosclerosis. Nat Commun. (2021) 12:1889. doi: 10.1038/s41467-021-22167-3

19. Xia XD, Alabi A, Wang M, Gu HM, Yang RZ, Wang G, et al. Membrane-type I matrix metalloproteinase (MT1-MMP), lipid metabolism and therapeutic implications. J Mol Cell Biol. (2021) 13:513–26. doi: 10.1093/jmcb/mjab048

20. Zhou Z, Apte SS, Soininen R, Cao R, Baaklini GY, Rauser RW, et al. Impaired endochondral ossification and angiogenesis in mice deficient in membrane-type matrix metalloproteinase I. Proc Natl Acad Sci USA. (2000) 97:4052–7. doi: 10.1073/pnas.060037197

21. Holmbeck K, Bianco P, Caterina J, Yamada S, Kromer M, Kuznetsov SA, et al. MT1-MMP-deficient mice develop dwarfism, osteopenia, arthritis, and connective tissue disease due to inadequate collagen turnover. Cell. (1999) 99:81–92. doi: 10.1016/s0092-8674(00)80064-1

22. Amar S, Smith L, Fields GB. Matrix metalloproteinase collagenolysis in health and disease. Biochim Biophys Acta. (2017) 1864:1940–51. doi: 10.1016/j.bbamcr.2017.04.015

23. Houghton AM. Matrix metalloproteinases in destructive lung disease. Matrix Biol. (2015) 44-46:167–74. doi: 10.1016/j.matbio.2015.02.002

24. Castro-Castro A, Marchesin V, Monteiro P, Lodillinsky C, Rosse C, Chavrier P. Cellular and molecular mechanisms of MT1-MMP-dependent cancer cell invasion. Annu Rev Cell Dev Biol. (2016) 32:555–76. doi: 10.1146/annurev-cellbio-111315-125227

25. Feinberg TY, Zheng H, Liu R, Wicha MS, Yu SM, Weiss SJ. Divergent matrix-remodeling strategies distinguish developmental from neoplastic mammary epithelial cell invasion programs. Dev Cell. (2018) 47:145–60. doi: 10.1016/j.devcel.2018.08.025

26. Itoh Y. Membrane-type matrix metalloproteinases: Their functions and regulations. Matrix Biol. (2015) 44–6:207–23. doi: 10.1016/j.matbio.2015.03.004

27. Mori H, Lo AT, Inman JL, Alcaraz J, Ghajar CM, Mott JD, et al. Transmembrane/cytoplasmic, rather than catalytic, domains of Mmp14 signal to MAPK activation and mammary branching morphogenesis via binding to integrin beta1. Development. (2013) 140:343–52. doi: 10.1242/dev.084236

28. Yanez-Mo M, Barreiro O, Gonzalo P, Batista A, Megias D, Genis L, et al. MT1-MMP collagenolytic activity is regulated through association with tetraspanin CD151 in primary endothelial cells. Blood. (2008) 112:3217–26. doi: 10.1182/blood-2008-02-139394

29. Mori H, Tomari T, Koshikawa N, Kajita M, Itoh Y, Sato H, et al. CD44 directs membrane-type 1 matrix metalloproteinase to lamellipodia by associating with its hemopexin-like domain. EMBO J. (2002) 21:3949–59. doi: 10.1093/emboj/cdf411

30. van Driel IR, Davis CG, Goldstein JL, Brown MS. Self-association of the low density lipoprotein receptor mediated by the cytoplasmic domain. J Biol Chem. (1987) 262:16127–34.

31. Zhang DW, Garuti R, Tang WJ, Cohen JC, Hobbs HH. Structural requirements for PCSK9-mediated degradation of the low-density lipoprotein receptor. Proc Natl Acad Sci USA. (2008) 105:13045–50.

32. Wang F, Li G, Gu HM, Zhang DW. Characterization of the role of a highly conserved sequence in ATP binding cassette transporter G (ABCG) family in ABCG1 stability, oligomerization and trafficking. Biochemistry. (2013) 52:9497–509. doi: 10.1021/bi401285j

33. Gu HM, Adijiang A, Mah M, Zhang DW. Characterization of the role of EGF-A of low-density lipoprotein receptor in PCSK9 binding. J Lipid Res. (2013) 54:3345–57. doi: 10.1194/jlr.M041129

34. Gu HM, Li G, Gao X, Berthiaume LG, Zhang DW. Characterization of palmitoylation of ATP binding cassette transporter G1: Effect on protein trafficking and function. Biochim Biophys Acta. (2013) 1831:1067–78. doi: 10.1016/j.bbalip.2013.01.019

35. Zhang DW, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, et al. Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat A of low density lipoprotein receptor decreases receptor recycling and increases degradation. J Biol Chem. (2007) 282:18602–12.

36. Shen Y, Wang B, Deng S, Zhai L, Gu HM, Alabi A, et al. Surf4 regulates expression of proprotein convertase subtilisin/kexin type 9 (PCSK9) but is not required for PCSK9 secretion in cultured human hepatocytes. Biochim Biophys Acta Mol Cell Biol Lipids. (2020) 1865:158555. doi: 10.1016/j.bbalip.2019.158555

37. Gu HM, Wang F, Alabi A, Deng S, Qin S, Zhang DW. Identification of an amino acid residue critical for plasma membrane localization of ATP-binding cassette transporter G1. Arterioscler Thromb Vasc Biol. (2016) 36:253–5. doi: 10.1161/ATVBAHA.115.306592

38. Pijuan J, Barcelo C, Moreno DF, Maiques O, Siso P, Marti RM, et al. In vitro cell migration, invasion, and adhesion assays: From cell imaging to data analysis. Front Cell Dev Biol. (2019) 7:107. doi: 10.3389/fcell.2019.00107

39. Gao X, Gu H, Li G, Rye KA, Zhang DW. Identification of an amino acid residue in ATP-binding cassette transport G1 critical for mediating cholesterol efflux. Biochim Biophys Acta. (2012) 1821:552–9. doi: 10.1016/j.bbalip.2011.07.012

40. Gu HM, Wang FQ, Zhang DW. Caveolin-1 interacts with ATP binding cassette transporter G1 (ABCG1) and regulates ABCG1-mediated cholesterol efflux. Biochim Biophys Acta. (2014) 1841:847–58. doi: 10.1016/j.bbalip.2014.02.002

41. Hotary K, Allen E, Punturieri A, Yana I, Weiss SJ. Regulation of cell invasion and morphogenesis in a three-dimensional type I collagen matrix by membrane-type matrix metalloproteinases 1, 2, and 3. J Cell Biol. (2000) 149:1309–23. doi: 10.1083/jcb.149.6.1309

42. Russell DW, Schneider WJ, Yamamoto T, Luskey KL, Brown MS, Goldstein JL. Domain map of the LDL receptor: Sequence homology with the epidermal growth factor precursor. Cell. (1984) 37:577–85. doi: 10.1016/0092-8674(84)90388-X

43. Cummings RD, Kornfeld S, Schneider WJ, Hobgood KK, Tolleshaug H, Brown MS, et al. Biosynthesis of N– and O-linked oligosaccharides of the low density lipoprotein receptor. J Biol Chem. (1983) 258:15261–73.

44. Filipovic I. Effect of inhibiting N-glycosylation on the stability and binding activity of the low density lipoprotein receptor. J Biol Chem. (1989) 264:8815–20.

45. Kumar S, Ratnikov BI, Kazanov MD, Smith JW, Cieplak P. CleavPredict: A platform for reasoning about matrix metalloproteinases proteolytic events. PLoS One. (2015) 10:e0127877. doi: 10.1371/journal.pone.0127877

46. Rozanov DV, Hahn-Dantona E, Strickland DK, Strongin AY. The low density lipoprotein receptor-related protein LRP is regulated by membrane type-1 matrix metalloproteinase (MT1-MMP) proteolysis in malignant cells. J Biol Chem. (2004) 279:4260–8. doi: 10.1074/jbc.M311569200

47. Rozanov DV, Strongin AY. Membrane type-1 matrix metalloproteinase functions as a proprotein self-convertase. Expression of the latent zymogen in Pichia pastoris, autolytic activation, and the peptide sequence of the cleavage forms. J Biol Chem. (2003) 278:8257–60. doi: 10.1074/jbc.M213246200

48. Schneider F, Sukhova GK, Aikawa M, Canner J, Gerdes N, Tang SM, et al. Matrix-metalloproteinase-14 deficiency in bone-marrow-derived cells promotes collagen accumulation in mouse atherosclerotic plaques. Circulation. (2008) 117:931–9. doi: 10.1161/CIRCULATIONAHA.107.707448

49. Barnes RH II, Akama T, Ohman MK, Woo MS, Bahr J, Weiss SJ, et al. Membrane-tethered metalloproteinase expressed by vascular smooth muscle cells limits the progression of proliferative atherosclerotic lesions. J Am Heart Assoc. (2017) 6:e003693. doi: 10.1161/JAHA.116.003693

50. Springer AD, Dowdy SF. GalNAc-siRNA conjugates: Leading the way for delivery of RNAi therapeutics. Nucleic Acid Ther. (2018) 28:109–18. doi: 10.1089/nat.2018.0736

51. Cupido AJ, Kastelein JJP. Inclisiran for the treatment of hypercholesterolaemia: Implications and unanswered questions. Cardiovasc Res. (2020) 116:e136–9. doi: 10.1093/cvr/cvaa212

52. Debacker AJ, Voutila J, Catley M, Blakey D, Habib N. Delivery of oligonucleotides to the liver with GalNAc: From research to registered therapeutic drug. Mol Ther. (2020) 28:1759–71. doi: 10.1016/j.ymthe.2020.06.015

53. Eckhard U, Huesgen PF, Schilling O, Bellac CL, Butler GS, Cox JH, et al. Active site specificity profiling of the matrix metalloproteinase family: Proteomic identification of 4300 cleavage sites by nine MMPs explored with structural and synthetic peptide cleavage analyses. Matrix Biol. (2016) 49:37–60. doi: 10.1016/j.matbio.2015.09.003

54. Tam EM, Moore TR, Butler GS, Overall CM. Characterization of the distinct collagen binding, helicase and cleavage mechanisms of matrix metalloproteinase 2 and 14 (gelatinase A and MT1-MMP): The differential roles of the MMP hemopexin c domains and the MMP-2 fibronectin type II modules in collagen triple helicase activities. J Biol Chem. (2004) 279:43336–44. doi: 10.1074/jbc.M407186200

55. Marcink TC, Simoncic JA, An B, Knapinska AM, Fulcher YG, Akkaladevi N, et al. MT1-MMP binds membranes by opposite tips of its beta propeller to position it for pericellular proteolysis. Structure. (2019) 27:281–292.e6. doi: 10.1016/j.str.2018.10.008

56. Van Doren SR, Marcink TC, Koppisetti RK, Jurkevich A, Fulcher YG. Peripheral membrane associations of matrix metalloproteinases. Biochim Biophys Acta Mol Cell Res. (2017) 1864:1964–73. doi: 10.1016/j.bbamcr.2017.04.013

57. Zarrabi K, Dufour A, Li J, Kuscu C, Pulkoski-Gross A, Zhi J, et al. Inhibition of matrix metalloproteinase 14 (MMP-14)-mediated cancer cell migration. J Biol Chem. (2011) 286:33167–77. doi: 10.1074/jbc.M111.256644

58. Fields GB. New strategies for targeting matrix metalloproteinases. Matrix Biol. (2015) 44-46:239–46. doi: 10.1016/j.matbio.2015.01.002

59. Lehti K, Valtanen H, Wickstrom SA, Lohi J, Keski-Oja J. Regulation of membrane-type-1 matrix metalloproteinase activity by its cytoplasmic domain. J Biol Chem. (2000) 275:15006–13. doi: 10.1074/jbc.M910220199

60. Rozanov DV, Deryugina EI, Monosov EZ, Marchenko ND, Strongin AY. Aberrant, persistent inclusion into lipid rafts limits the tumorigenic function of membrane type-1 matrix metalloproteinase in malignant cells. Exp Cell Res. (2004) 293:81–95. doi: 10.1016/j.yexcr.2003.10.006

61. Lang R, Braun M, Sounni NE, Noel A, Frankenne F, Foidart JM, et al. Crystal structure of the catalytic domain of MMP-16/MT3-MMP: Characterization of MT-MMP specific features. J Mol Biol. (2004) 336:213–25. doi: 10.1016/j.jmb.2003.12.022

62. Grossman M, Tworowski D, Dym O, Lee MH, Levy Y, Murphy G, et al. The intrinsic protein flexibility of endogenous protease inhibitor TIMP-1 controls its binding interface and affects its function. Biochemistry. (2010) 49:6184–92. doi: 10.1021/bi902141x

63. Decaneto E, Vasilevskaya T, Kutin Y, Ogata H, Grossman M, Sagi I, et al. Solvent water interactions within the active site of the membrane type I matrix metalloproteinase. Phys Chem Chem Phys. (2017) 19:30316–31. doi: 10.1039/c7cp05572b

64. Fernandez-Catalan C, Bode W, Huber R, Turk D, Calvete JJ, Lichte A, et al. Crystal structure of the complex formed by the membrane type 1-matrix metalloproteinase with the tissue inhibitor of metalloproteinases-2, the soluble progelatinase a receptor. EMBO J. (1998) 17:5238–48. doi: 10.1093/emboj/17.17.5238

65. Weaver SA, Wolters B, Ito N, Woskowicz AM, Kaneko K, Shitomi Y, et al. Basal localization of MT1-MMP is essential for epithelial cell morphogenesis in 3D collagen matrix. J Cell Sci. (2014) 127:1203–13. doi: 10.1242/jcs.135236

66. English WR, Holtz B, Vogt G, Knauper V, Murphy G. Characterization of the role of the “MT-loop”: An eight-amino acid insertion specific to progelatinase A (MMP2) activating membrane-type matrix metalloproteinases. J Biol Chem. (2001) 276:42018–26. doi: 10.1074/jbc.M107783200

67. Shiryaev SA, Remacle AG, Golubkov VS, Ingvarsen S, Porse A, Behrendt N, et al. A monoclonal antibody interferes with TIMP-2 binding and incapacitates the MMP-2-activating function of multifunctional, pro-tumorigenic MMP-14/MT1-MMP. Oncogenesis. (2013) 2:e80. doi: 10.1038/oncsis.2013.44

68. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein structure prediction with AlphaFold. Nature. (2021) 596:583–9. doi: 10.1038/s41586-021-03819-2



OPS/images/fcvm-09-917238-t002.jpg
P1 cleavage positions

14

86

152
186
397
400
421
425
521
529
541
554
565
584
608
610
645
657
685
701
707
789

Residues

WTVAL-LLAAA
CIPQF-WRCDG
CGPAS-FQCNS
QRCRG-LYVFQ
KAVGS-TAYLF
GSIAY-LFFTN
SEYTS-LIPNL
SLIPN-LRNVV
SKPRA-IVVDP
DPVHG-FMYWT
GTPAK-IKKGG
VDIYS-LVTEN
QWPNG-ITLDL
SKLHS-ISSID
RLAHP-FSLAV
AHPFS-LAVFE
LLAEN-LLSPE
VLFHN-LTQPR
CLPAP-QINPH
ACPDG-MLLAR
LLARD-MRSCL
SSVRA-LSIVL

Selected positions were highlighted in bold.

PWM"Score

0.54
1.94
5.51
2.87
1.14
3.05
2.97
2.30
4.90
5.37
1.95
1.17
5.36
3.26
2.38
1.45
5.96
4.07
2.54
0.81
1.93
7.55





OPS/xhtml/nav.xhtml




Contents





		Cover



		Identification of amino acid residues in the MT-loop of MT1-MMP critical for its ability to cleave low-density lipoprotein receptor



		Introduction



		Materials and methods



		Materials



		Site-directed mutagenesis



		Cell culture, transfection, and immunoblotting



		Biotinylation



		Migration assay



		Immunofluorescence



		Statistical analysis







		Results



		Specific sites on low-density lipoprotein receptor for MT1-MMP-induced cleavage



		The requirement of domains in MT1-MMP for low-density lipoprotein receptor shedding



		Mutational analysis of the MT-loop



		Detailed mutational analysis of Ile167







		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fcvm-09-917238-t001.jpg
MT1-MMP

E240A: 5'- GGT GGC TGT GCA CGC GCT GGG CCA TGC CC -3'; Y112-Agel: 5'-GTT CGA AGG AAG CGC ACC GGT ATC CAG GGT CTC-3'; P312-Agel: 5'-GAT
AAA CCC AAA AAC ACC GGT TAT GGG CCC AAC-3'; Gly535-Agel: 5'-GAC GAG GAG GGC ACC GGT GCG GTG AGC GCG G-3'; Arg563-Stop: 5'-CAG TCT
TCT TCT TCT GAC GCC ATG GGA C -3'; MT-loop deletion: 5'- CCA CTG CGC TTC CGC GAG GTG CAT GAG AAG CAG GCC GAC ATC ATG ATC -3'; Pro163:
5/-CTT CCG CGA GGT GGC CTA TGC CTA CAT C-3'; Y164-A: 5'-CCG CGA GGT GCC CGC TGC CTA CAT CCG TG-3'; Y166-A: 5'-GAG GTG CCC TAT GCC
GCC ATC CGT GAG GGC-3';1167-A: 5'-GTG CCC TAT GCC TAC GCC CGT GAG GGC CAT G-3'; R168-A: 5'-CCC TAT GCC TAC ATC GCT GAG GGC CAT
GAG-3'; E169-A: 5'-CTA TGC CTA CAT CCG TGC GGG CCA TGA GAA G-3'; G170-A: 5'-GCC TAC ATC CGT GAG GCC CAT GAG AAG CAG-3/;1167-L: 5'-GTG
CCC TAT GCC TAC CTC CGT GAG GGC CAT G-3/51167-V: 5'-GTG CCC TAT GCC TAC GTC CGT GAG GGC CAT G-3/;1167-M: 5'-GTG CCC TAT GCC TAC ATG
CGT GAG GGC CAT G-3;1167-F: 5'-GTG CCC TAT GCC TAC TTC CGT GAG GGC CAT G-3/;1167-E: 5'-GTG CCC TAT GCC TAC GAA CGT GAG GGC CAT
GAG-3/;1167-K: 5'-GTG CCC TAT GCC TAC AAG CGT GAG GGC CAT GAG-3';1167-T: 5'-GTG CCC TAT GCC TAC ACC CGT GAG GGC CAT G-3'; V162-A: 5/-G
CGC TTC CGC GAG GCG CCC TAT GCC TAC ATC-3'

LDLR

A521V: 5'-CTC CAA GCC AAG GGT CAT CGT GGT GGA T-3; G529V: Forward-5'-GTG GAT CCT GTT CAT GTC TTC ATG TAC TGG-3'; I566AT567A: CAG TGG
CCC AAT GGC GCC GCC CTA GAT CTC CTC AGT; N645V: 5'-AAC TTG TTG GCT GAA GTC CTA CTG TCC CCA-3'; A789V: 5'-CAG TAG CGT GAG GGT TCT
GTC CAT TGT C-3'
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