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Matrix metalloproteinase 26 (MMP-26), also called endometase and matrilysin-2, belongs to the MMP

superfamily. Previous studies have focused on its role in tumor invasion and migration but detailed
subcellular localization of MMP-26 remains poorly understood. In this study, sequence deletion mutants
of MMP-26 revealed that residues 88-123 function to localize MMP-26 to the endoplasmic reticulum

(ER). Moreover, using homologous recombination, we show that exchanging residues 88-123 of

secretory MMP-7 with the same region in MMP-26 causes localization of this MMP-7 construct to the
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ER. Moreover, two (N64, N221) of the three possible N-glycosylation sites in MMP-26 were shown to be

N-glycosylated, and N-glycosylation is not required for ER localization. These results demonstrate that

DOI: 10.1039/c9ra05222d

rsc.li/rsc-advances

1. Introduction

Matrix metalloproteinases (MMPs) are members of the hydro-
lase superfamily that degrade the extracellular matrix and
require Ca®>" and Zn** as cofactors. MMPs participate in many
important physiological functions in humans, including tissue
remodeling, wound repair, bone growth and embryonic devel-
opment.' Currently, there are 26 human MMPs that are divided
into six groups according to their substrate specificity: collage-
nase, gelatinase, stromelysin, membrane-type
MMPs and furin-activated MMPs.>

MMP-26 was first cloned and characterized by four groups in
2000.%° In recent years, research on MMP-26 has focused on its
role as a tumor marker, identifying its substrates and regulation
of MMP-26 gene expression.”® These studies have provided
considerable information on MMP-26; however, the biological
function of MMP-26 remains unclear. Several studies have
shown that MMP-26 is largely expressed within the cell and
seldom secreted extracellularly.® In addition, transfected and
endogenous MMP-26 is expressed within tumor cells and
cannot be detected extracellularly.® This observation shows
clearly that MMP-26 is expressed intracellularly and functions
differently to other MMPs. Accordingly, the intracellular distri-
bution of MMP-26 is considered a mislocalization. Our previous
research has confirmed that MMP-26 is located in the

matrilysin,
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the 88-123 region of MMP-26 is a noncanonical ER retention signal and MMP-26 is an N-glycosylated
protein, thereby providing novel insights into the properties of MMP-26 within the cell.

endoplasmic reticulum (ER). MMP-26 only includes the
following minimal characteristic features of the MMP family:
a signal peptide (1-17), a pro-peptide domain (18-89) and
a catalytic domain (90-261).* The signal peptide facilitates
localization of MMP-26 to the ER; however, it is not the only
determinant for localizing MMP-26 to the ER.***?

MMP-26 is a partially characterized human proteinase. MMP-26
activates pro-MMP-9, which promotes human prostate cancer cell
invasion.” Moreover, the specific expression of MMP-26 in certain
tumor cells indicates that MMP-26 may play an important role in
tumor progression.’®** However, MMP-26 also plays protective
roles. Savinov et al. reported that in ductal carcinoma in situ
expression of MMP-26 was strongly up-regulated. However, the
levels of MMP-26 were downregulated in further progression of I-
11."* Moreover, MMP-26 may play a pro-apoptotic role in human
prostate cancer cells and tissues. The levels of MMP-26 in androgen-
repressed human prostate cancer (ARCaP) cells are strongly corre-
lated with the pro-apoptotic marker Bax.'® Several studies have
shown that the expression of MMP-26 is largely within the cell.”
Expression of MMP-26 was observed in MDA-MB-231 cell lysates,
whereas MMP-26 was undetected in the cell culture supernatant.*”*®
These results clearly show that MMP-26 is expressed intracellularly.

N-Glycosylation is a major post-translational modification of
proteins and is essential for protein structure and function. N-
Glycans are attached to the asparagine (Asn) side chain of
a nascent polypeptide and the consensus sequence of N-glyco-
sylation is Asn-X-Ser/Thr (X! = P), where X represents any amino
acid except proline.*® According to this consensus, there are
three potential N-glycosylation sites in the MMP-26 sequence:
N64 in the pro-peptide domain and N133 and N221 in the
catalytic domain.® However, no experimental data have
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confirmed this prediction. In addition, based on western blot-
ting analysis of MMP-26-GFP, the molecular mass of MMP-26 is
larger than its theoretical mass, indicating that MMP-26 is N-
glycosylated. In this report, we identified N-glycosylation of
MMP-26 and determined the number of N-glycosylation sites
present in the sequence.

In this study, we generated a series of MMP-26 truncated
mutants to gain additional insights into the biochemical prop-
erties of MMP-26 within the cell. We found that the 88-123 region
of MMP-26 is the key sequence for ER localization. Moreover,
exchange of the 88-123 region of MMP-26 with the correspond-
ing region in secretory MMP-7 caused retention of this MMP-7
mutant in the ER. Despite the prediction that the MMP-26
sequence contains three potential N-glycosylation sties,>* there
are no experimental data to support this prediction and the
potential functional role of N-glycosylation is unclear. By inhib-
iting N-glycosylation and generating site-specific mutants we
illustrate that MMP-26 is N-glycosylated and has two N-glycosyl-
ation sites (N64 and N221). Furthermore, N-glycosylation is not
required for ER localization of MMP-26. These results provide
evidence that the 88-123 region of MMP-26 is a noncanonical ER
retention signal, and MMP-26 is an N-glycosylated protein,
thereby laying the foundation for future research describing the
intracellular functions of MMP-26.

2. Materials and methods
2.1 Cell culturing

HeLa cells (ATCC® CCL-2™) and HEK293T cells (ATCC® CRL-
3216™) were grown in Dulbecco's modified Eagle's medium
(DMEM) (Sigma-Aldrich, USA) with 2 mM r-glutamine, and
cultured with 10% fetal bovine serum (BI, Inc.), 100 U mL "
penicillin (Sigma-Aldrich, USA) and 100 pug mL ™" streptomycin
(Sigma-Aldrich, USA).

2.2 MMP-26 truncated and N-glycosylation mutant
constructs

The DNA of the signal peptide and truncated regions of MMP-26
were obtained by PCR with DNA polymerase Pfu (TransGen Co.,
Ltd.), and the PCR products were ligated using an In-Fusion
cloning kit (Taihe Co., Ltd.). Site-directed mutagenesis (Trans-
Gen Co., Ltd.) was used to engineer the desired mutations at sites
N64 and N221, and for the N64/N221 double mutation. MMP-26
and the truncated and N-glycosylation mutant constructs were
subcloned into pEGFP-N1 (Invitrogen) via the Hind III upstream
restriction site and the Kpn I downstream restriction site
(TransGen Co., Ltd.). All primers used in this study are listed in
the ESI.T The constructs were confirmed by DNA sequencing.

2.3 Subcellular localization of MMP-26 constructs

MMP-26 constructs C-terminally tagged with GFP were tran-
siently transfected into HeLa cells. After 24 h transfection, the
fluorescence probe (ER-Tracker Red) was added to the culture
supernatant (1 : 1000) and the culture incubated in the dark for
a further 10-20 min. Cells were then stained with Hoechst nuclei
stain. Cells were imaged with a Sensicam camera (PCO-Tech Inc.)
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mounted on an Olympus IX50 microscope (Olympus Corpora-
tions) and processed using IPLAB3.6 software (Spectra Services).
The pseudo-color of GFP (green), ER-Tracker Red (red) or
Hoechst (blue) was accomplished using Adobe Photoshop CC
2015. Lipo6000™ Transfection Reagent, ER-Tracker Red and
Hoechst nuclei stain were purchased from Beyotime Biotech-
nology, Beijing, China. A23187, dithiothreitol (DTT) and thapsi-
gargin (Tg) were purchased from Sigma-Aldrich, USA.

2.4 Multisequence alignment and homology modeling

Multiple alignment of 11 MMP sequences was carried out by
Clustal Omega, and residues are colored according to similarity.
For structural modeling, the sequence of MMP-26 (31-256) was
submitted to the online homology modeling program (https://
swissmodel.expasy.org/). The 3D structure of MMP-7, which
shares the highest sequence identity with MMP-26, was selected
as the template. The 3D structure of MMP-26 was designed and
colored by Discovery Studio.

2.5 N-glycosylation inhibition of MMP-26

The MMP-26-GFP plasmid was transfected into HEK293T cells
for 24 h. Then, 100 ng mL™" tunicamycin (Tm; Sigma, Inc.) was
added to the cell culture. Cell lysates were harvested after 12 h of
administration.

2.6 Enzymatic protein deglycosylation

The MMP-26-GFP plasmid was transfected into HEK293T cells.
Cell lysates were harvested after 24 h and combined with glyco-
protein denaturing buffer and incubated at 100 °C for 10 min.
The mixture was incubated with GlycoBuffer, 10% NP-40 and
PNGase F or Endo H (New England Biolabs, Inc.) at 37 °C for 2 h.

2.7 Western blotting

The expression of MMP-26-GFP and mutants were detected by
Western blotting. The cultured cells were harvested and washed
with PBS (phosphate buffered saline) buffer. The cells were
lysed by RIPA buffer (Beyotime) and boiled for 10 min with the
addition of SDS sample buffer. The samples were subjected to
SDS-PAGE and proteins were electro-transferred onto 0.45 pm
PVDF membranes (Sigma-Aldrich, USA). After blocking in 5%
fat-free milk for 0.5 h, the membranes were incubated with the
anti-MMP-26 primary antibody (Abcam, Cambridge, UK) at 4 °C
overnight. After washing three times (15 min each time), the
PVDF membrane was incubated with the secondary antibody
(TransGen Biotechnology, China) for protein detection. Immu-
noreactions were visualized with the Tanon™ High-sig ECL
Western Blotting Substrate using a chemiluminescent imaging
system (Tanon 4600; Tanon, Shanghai, China).

3. Results and discussion

3.1 The 88-123 region of MMP-26 functions as an ER
retention signal

In this study we prepared MMP-26-GFP and a series of MMP-26
truncated mutants with a GFP tag at the C-terminus to identify

This journal is © The Royal Society of Chemistry 2019
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key sequence features required for ER localization of MMP-26
(Fig. 1A). These fusion constructs were transiently expressed in
HeLa cells. After transfection for 24 h, ER-Tracker Red (ER-
specific fluorescent probe) was added to the culture superna-
tant. Green fluorescence in cell compartments and the red signal
of the ER were observed. The green fluorescence of GFP diffusely
expressed in the cytosol and nucleus indicated that there was no
disruption of ER retention of MMP-26 (negative control) (Fig. 1B).
MMP-26-GFP, MMP-265%""?*-GFP and MMP-265**"%>.GFP were
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observed to be located in the ER, whereas MMP-265%°"2>.GFP
and MMP-265°°""*>-GFP were expressed diffusely throughout the
cytoplasm (Fig. 1B). This observation revealed the importance of
Ser88 for MMP-26 ER localization. Residues at the C-terminus
were then deleted individually to determine the effect of
C-terminal residues to ER localization of MMP-26. Both
MMP-265**"**-GFP and MMP-265**"**-GFP were found
to locate to the ER, whereas mutants MMP-26S**""22.GFP and
MMP-265%"?'-GFP were not localized in the ER (Fig. 1C). This
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Fig. 1 88-123 region-mediated retention of MMP-26 in the ER. (A) Schematic of MMP-26-GFP and its truncated mutants. (B and C) Hela cells
were transfected with plasmids of MMP-26-GFP and its truncated mutants, ER-Tracker Red was added into cell culture media after 24 h and
nuclei were co-stained with Hoechst. The scale bar is 10 um. (D) HEK293T cells were transfected with plasmids of MMP-26-GFP and its truncated
mutants. Lysates were harvested after 24 h and subjected to Western blotting with an anti-GFP antibody, n = 3 blots. (E) HEK293T cell culture
media was harvested and subjected to Western blotting with an anti-GFP antibody, n = 3 blots.
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result indicates that Ser123 of MMP-26 also plays a key role in the
localization of MMP-26 to the ER. Thus, the region 88-123 of
MMP-26 is important for subcellular localization because dele-
tion of Ser88 and Ser123 disrupts ER retention of MMP-26. The
88-123 region of MMP-26 was deleted to give the construct MMP-
26A88-123-GFP, and this MMP-26 construct did not locate to the
ER (Fig. 1C), which further supports the notion that the 88-123
region of MMP-26 is a pivotal signal for ER localization. Western
blotting to examine the intracellular protein levels of MMP-26-
GFP and all constructs were compared using an anti-GFP anti-
body (Fig. 1D). Examination of the extracellular media showed
that MMP-26S%"%5-GFP, MMP-265°°'?>-GFP, MMP-265%%12%

A
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GFP, MMP-265**">'.GFP and MMP-26A88-123-GFP were
secreted from cells because they could not locate to the ER
(Fig. 1E). Positively charged residues are vital for directing
proteins into cell compartments or secretory pathways,*>* and
altering the subcellular localization of a protein by site-directed
insertions and/or deletions of positively charged residues in
critical regions should be feasible. A multi-sequence alighment of
all secretory human MMPs showed that the 88-123 region of
MMP-26 is unique among all secretory MMPs (Fig. S1At), which
contain numerous positive amino acids (including R96, K98,
K101, H102, R107, H113, K116 and K121). Eight conserved
positively charged residues were mutated to alanine by site-

MMP-26 S
MMP-7 93 AE
B ER retention
1 17/18 94/95 267
MMP-7-eGFP S\ -
1 17/18 92 129 267
Mut-MMP-7-eGFP  ~__~ i sowe oy ) S s +

GFP ER

Hoechst Merge

Fig. 2 88-123 region swapping to MMP-7, thereby causing ER retention. (A) Multi-sequence alignment of MMP-26 and MMP-7. Positively

charged residues are coloured in red. Symbols denote the degree of conservation observed in each column: “*"

(identical residues in all

sequences), “:" (highly conserved column), and “." (weakly conserved column). (B) Schematic of MMP-7-GFP and Mut-MMP-7-GFP. (C) Hela cells
were transfected with plasmids of MMP-7-GFP and Mut-MMP-7-GFP, ER-Tracker Red was added into cell culture after 24 h and nuclei were co-
stained with Hoechst. The scale bar is 10 pum. (D) 3D homology model of the MMP-26 structure. The 88-123 region of MMP-26 is labelled as
space fill style, and other sequences are labelled as stick style.
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directed mutagenesis and we found that MMP-265*%122A.GFp
(Fig. S1BY), which was diffusely expressed throughout the cyto-
plasm, cannot locate to the ER (Fig. S1Ct). These results indi-
cated that localization of MMP-26 to the ER is dependent on the
88-123 region, and the positively charged residues present in the
88-123 region play a major role in this localization process. Many
charged amino acids in this unique unstructured region of MMP-
26 are likely to interact with particular non-substrate binding
proteins in the ER.

3.2 The 88-123 region of MMP-26 is a noncanonical ER
retention signal

MMP-26 and MMP-7 belong to matrilysin sub-family based on
their protein sequences, functional domain architecture and
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computer modeling. Nevertheless, there are also differences
between these two MMPs, including substrate specificity, acti-
vation mechanism and functional roles in cancer cells.”**® For
example, MMP-7 is a typical secretory protein that binds to
cholesterol sulfate in cell membranes.***” MMP-26 has a signal
peptide similar to MMP-7, but studies have confirmed that
MMP-26 is mainly expressed within human breast and prostate
cancer cells, and MMP-26 is not found in culture superna-
tants.'**>?**® This observation indicates that MMP-26 may have
a subcellular localization that is different from that of MMP-7.
To examine this, the 88-123 region of MMP-26 was exchanged
with the same region in MMP-7 through homologous recom-
bination (Fig. 2A) to give the construct Mut-MMP-7. Both MMP-
7-GFP and Mut-MMP-7-GFP were prepared (Fig. 2B). Wild-type
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harvested at 24 h and treated with tunicamycin (Tm) (lane2), PNGase F (lane 3) and Endo H (lane 4). Total lysates were subjected to Western blotting with an
anti-MMP-26 antibody, n = 3 blots. (B) Prediction of N-glycosylation sites according to the sequence of MMP-26 at NetNGlyc 1.0 Server. (C) Potential of N-
glycosylation sites of MMP-26 at NetNGlyc 1.0 Server. (D) Schematic of the MMP-26 structure and the N-glycosylation sites. The generated N-glyco-
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MMP-7 was not found in the ER as a typical secretory protein,
whereas Mut-MMP-7-GFP was retained in the ER (Fig. 2C). A 3D
homology model of the MMP-26 structure showed that the 88—
123 region of MMP-26 is surface accessible (Fig. 2D), which
indicates that this region can readily interact with potential ER-
resident proteins. These interactions may mediate the ER
retention of MMP-26 and indicate that the 88-123 region of
MMP-26 is a noncanonical ER retention signal.

3.3 Identification of N-glycosylation in MMP-26

Sang et al. reported that MMP-26 has three potential N-glyco-
sylation sites; residue N64 in the pro-peptide domain and N133
and N221 located within the catalytic domain.’> Mobashery et al.
generated a preliminary model of MMP-26 to investigate the
structural features of N-glycosylation and showed that N64 and
N133 may be N-glycosylation sites.>® In the Western blotting
analysis of MMP-26-GFP we observed that the molecular mass is
larger than the theoretical mass (Fig. 1D). Thus, N-glycosylation
inhibition of MMP-26 was performed to determine whether
MMP-26 is N-glycosylated. The culture supernatant of MMP-26-
GFP-expressing HEK293T cells was incubated with tunicamycin
(Tm). Proteins were harvested from the MMP-26-GFP-
expressing HEK293T cells, and PNGase F and Endo H were
used to cleave the link between MMP-26-GFP and N-glycans
directly. The Western blotting results showed that the molec-
ular mass of MMP-26-GFP was reduced by approximately 57 kDa
when treated with Tm, PNGase F and Endo H, indicating that
MMP-26 is N-glycosylated (Fig. 2A). We then attempted to

GFP ER
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identify the N-glycosylation sites in MMP-26. There are three
potential N-glycosylation sites based on the sequence motif Asn-
X-Ser/Thr (X! = P). According to the NetNGlyc 1.0 server (http://
www.cbs.dtu.dk/services/NetNGlyc/) prediction, N133 is prob-
ably not a N-glycosylation site (Fig. 2B) because the potential of
the site should be higher than 0.5 to be considered an N-
glycosylation site (Fig. 2C). The “potential” score is the average
output of nine neural networks and the jury agreement column
revealed that all nine networks do not support Asn133 N-
glycosylation (Fig. 3B). Thus, two single point mutants (N64A,
N221A) and a double point mutant (N64A/N221A) were gener-
ated (Fig. 2D). These constructs were subcloned into pEGFP-N1
and transfected into HEK293T cells and the total lysates
were harvested, and Western blotting was carried out using the
anti-MMP-26 antibody. The bands of MMP-26 constructs illus-
trated the expected molecular mass and the result is
consistent with the loss of one (N64A or N221A) or two (N64A/
N221A) N-glycosylation sites (Fig. 2E). To further examine
whether N133 is N-glycosylated, the MMP-26 N-glycosylation-
deficient constructs were treated with PNGase F. If N133 is N-
glycosylated, then the molecular mass should be greater in
N64A and N221A than in N64A/N221A. After treatment with
PNGase F, the molecular masses of these three molecules were
equal (Fig. 2F). Thus, N133 can be excluded as a potential N-
glycosylation site. Fig. 2G illustrates the 3D homology modeling
of MMP-26. Collectively, these results showed that MMP-26 is N-
glycosylated and has two N-glycosylation sites, and these data
are consistent with the prediction work by Sang et al. and the
NetNGlyc 1.0 server.

Hoechst

Merge

Fig.4 Co-localization of N-glycosylation-deficient MMP-26-GFP with the ER marker. Hela cells were transfected with plasmids of MMP-26 and
its N-glycosylation-deficient mutants. ER-Tracker Red was added into cell culture media after 24 h and nuclei were co-stained with Hoechst. The

scale bar is 10 um.
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3.4 Effect of N-glycosylation on MMP-26 ER localization

We then examined whether N-glycosylation deficiency disrupts
the ER localization of MMP-26. The three N-glycosylation defi-
cient mutants of MMP-26 were found to locate to the ER (Fig. 4),
indicating that N-glycosylation of MMP-26 is not a retention
factor for ER localization, presumably because N64 and N221 do
not reside in the 88-123 region. Moreover, N-glycosylation is
a post-translational modification of nascent proteins, and this
modification occurs in the ER, which is consistent with MMP-
26-GFP residing in the ER. The unfolded protein response
(UPR) is activated when misfolded or unfolded proteins accu-
mulate in the ER, or intracellular Ca®>* homeostasis is lost. The
UPR is a cellular stress response related to ER stress.’* We
aimed to determine whether ER stress would influence MMP-26
localization to the ER, and the functional role of N-glycosylation
of MMP-26 under ER stress conditions. A23187, DTT, Tg and
Tm were added to the cultured supernatant to mimic ER stress.
After treatment with A23187, DTT and Tg, MMP-26 and its N-
glycosylation-deficient mutants transferred to the perinuclear
region, whereas Tm treatment did not change the ER localiza-
tion of MMP-26 (Fig. S27).

4. Conclusions

In this report, we showed that localization of MMP-26-GFP in
the ER of HeLa cells is through the 88-123 region and positively
charged residues present in this region play a major role in ER
localization. In addition, the 88-123 region of MMP-26, which is
surface exposed in an MMP-26 model, potentially mediates
interactions between MMP-26 and ER-resident proteins. More-
over, an MMP-7 mutant that included the 88-123 region of
MMP-26 was retained in the ER. Thus, the 88-123 region of
MMP-26 appears to be a novel and noncanonical ER retention
signal.

Based on prediction and analysis of the MMP-26 protein
sequence, we experimentally identified N-glycosylated sites of
MMP-26. We showed that N64 and N221 are N-glycosylation
sites of MMP-26. The localization of MMP-26-GFP to the ER is
also consistent with the observation that MMP-26 is N-glycosy-
lated because N-glycosylation of proteins occurs in the ER.
However, inhibiting N-glycosylation of MMP-26 did not disrupt
ER localization. This result is presumably because N64 and
N221 do not reside in the 88-123 region of MMP-26. Thus, N-
glycosylation of MMP-26 is not an essential prerequisite for ER
localization.

The biological significance of MMP-26 residing in the ER
remains unknown. We have confirmed that the 88-123 region of
MMP-26 is important in ensuring MMP-26 locates to the ER, but
we have not determined whether this localization is through
interaction with ER-resident proteins. Future efforts aim to
identify MMP-26-interacting proteins in the ER. This approach
will help explain the specific functions of MMP-26 in the ER. In
addition, we have shown that MMP-26 is an N-glycosylated
protein. This is the first study to present the post-translational
modification of MMP-26. Future research focusing on the
functional roles of N-glycosylation of MMP-26 is required.

This journal is © The Royal Society of Chemistry 2019
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