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Abstract

Matrix metalloproteinases (MMPs) are involved in the pathology of numerous inflammatory

retinal degenerations, including retinitis pigmentosa (RP). Our previous work revealed that

intravitreal injections with tissue inhibitor of metalloproteinases 1 (TIMP-1) reduce the pro-

gression of rod cell death and inhibit cone cell remodeling that involves reactive gliosis in ret-

inal Müller glial cells (MGCs) in rodent models. The underlying cellular and molecular

mechanisms of how TIMP-1 functions in the retina remain to be resolved; however, MGCs

are involved in structural homeostasis, neuronal cell survival and death. In the present

study, MMP-9 and TIMP-1 expression patterns were investigated in a human MGC line

(MIO-M1) under inflammatory cytokine (IL-1β and TNF-α) and oxidative stress (H2O2) con-

ditions. First, both IL-1β and TNF-α, but not H2O2, have a mild in vitro pro-survival effect on

MIO-M1 cells. Treatment with either cytokine results in the imbalanced secretion of MMP-9

and TIMP-1. H2O2 treatment has little effect on their secretion. The investigation of their

intracellular expression led to interesting observations. MMP-9 and TIMP-1 are both

expressed, not only in the cytoplasm, but also inside the nucleus. None of the treatments

alters the MMP-9 intracellular distribution pattern. In contrast to MMP-9, TIMP-1 is detected

as speckles. Intracellular TIMP-1 aggregation forms in the cytoplasmic area with IL-1β treat-

ment. With H2O2 treatments, the cell morphology changes from cobbles to spindle shapes

and the nuclei become larger with increases in TIMP-1 speckles in an H2O2 dose-dependent

manner. Two TIMP-1 cell surface receptors, low density lipoprotein receptor-related protein-

1 (LRP-1) and cluster of differentiation 82 (CD82), are expressed within the nucleus of

MIO-M1 cells. Overall, these observations suggest that intracellular TIMP-1 is a target of

proinflammatory and oxidative insults in the MGCs. Given the importance of the roles for
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MGCs in the retina, the functional implication of nuclear TIMP-1 and MMP-9 in MGCs is

discussed.

Introduction

Inherited forms of retinitis pigmentosa (RP) are initiated with rod cell death, followed by the

rearrangement and degeneration of cone photoreceptor cells [1, 2]. RP is associated with

inflammatory neuronal diseases involving increased proinflammatory cytokines and oxidative

stress [3, 4]. The integrity and function of retinal neurons in RP are determined, not only by

an internal balance between survival and death signaling, but also by a dynamic maintenance

of retinal architecture composed of multiple neuronal cell types and surrounding extracellular

matrix (ECM).

Retinal Müller glial cells (MGCs) are the most abundant resident macroglial cells and are

closely associated with all neuronal cell types in the retina, providing vital functional roles in

the healthy retina [5, 6]. In retinal degeneration, MGCs undergo reactive gliosis, a homeosta-

sis-maintaining process to keep the functional integrity of the retina. MGCs are one of primary

responders to the onset of rod cell death in RP retina [7]. However, too much gliosis can result

in pathological effects [8]. Matrix metalloproteinase 9 (MMP-9) and tissue inhibitor of metal-

loproteinases 1 (TIMP-1) are expressed in MGCs [9, 10]. TIMP-1 cytokine-like activities can

be exerted dependently or independently of the interaction with MMP-9 [11]. It still remains

unknown how the expression and interaction of MMP-9 and TIMP-1 are regulated and affect

the functions of MGCs in the retina. MGCs span the neuronal layers in the retina, maintaining

functional and structural homeostasis. A spontaneously immortalized human MGC line

(MIO-M1) retain the characteristics of primary isolated cells and express mature MG cell

markers, including glutamine synthetase (GS), cellular retinaldehyde-binding protein

(CRALBP), vimentin and epidermal growth factor receptor-(EGF-R) [12]. MMP-9 is rarely

detected in healthy retina [13]; however, the upregulation of MMP-9 expression is associated

with the retinal degeneration in rodent RP models [14–16].

Our previously published work in rd1 mouse and S334ter-line-3 transgenic rat retina pro-

vides convincing evidence that MMP-9 inhibitors have both a positive neuronal cell survival

effect and a therapeutic potential to slow rod cell death, which is the initial hallmark of retinal

degeneration. Using either a recombinant TIMP-1, a synthetic chemical compound SB-3CT,

or clusterin [14, 15, 17], our observations documented that these compounds inhibit the cone

mosaic rearrangements, an event observed prior to cone cell death in RP retina, by affecting

the reactive gliosis of the MGCs in the retina [18, 19]. These cumulative results strongly impli-

cate these reagents actively play a role in the MGCs response to RP progression by inhibiting

MMP-9 activity.

Not only does TIMP-1 inhibit MMP-9 activities, but it has pleiotropic cytokine-like signal-

ing activity that plays a critical role in the cellular metabolic status, including cell growth, apo-

ptosis, differentiation, and angiogenesis [11]. These multi-functional roles are exhibited

predominantly outside cells by modulating MMP protease activities and/or interacting with

numerous, distinct cell surface signaling proteins [20]; however, TIMP-1 was also detected

even within the nucleus in a few studies [21, 22].

In the present study, we hypothesized that MGCs express endogenous MMP-9 and TIMP-

1, the expression of which is altered in retinal remodeling during retinal degeneration. We

investigated how these proteins are expressed in human MGCs under normal, inflammatory,
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and oxidative stress conditions. We discovered that MMP-9 and TIMP-1 are localized inside

the nucleus and secreted. Furthermore, we confirmed proinflammatory and oxidative stress

modulates MMP-9 and TIMP-1 secretion levels and the TIMP-1’s intracellular distribution

pattern.

Materials and methods

Reagents and chemicals

Dulbecco’s modified Eagle medium (DMEM) was obtained from Thermo Fisher Sci (Grand

Island, NY). Fetal bovine serum (FBS) was from Atlanta Biologicals (Atlanta, GA). Human

interleukin (IL)-1β, tumor necrosis factor (TNF)-α, pro-MMP-9 and pro-MMP-2 were pur-

chased from R&D Systems (Minneapolis, MN). Chemical compounds, MTT (3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide), Sulforhodamine B (SRB), Hydrogen per-

oxide (H2O2), and Coomassie brilliant blue were purchased from Sigma-Aldrich Corp

(St. Louis, MO).

Cell culture

Human Müller cell line MIO-M1 (Moorfields Eye Hospital/Institute of Ophthalmology-

Müller1) was provided by Dr. Hossein Ameri (University of Southern California) who pur-

chased the cells from XIP (London, UK). The cells were maintained in regular Dulbecco’s

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/mL peni-

cillin, and 100μg/mL streptomycin in a cell culture incubator at 37˚C and 5% CO2. MIO-M1

cells were grown in 6-well plates (4x105 cells/well), 8-well chamber slide (3x104 cells/well), or

96-well plates (1x104 cells/well) in regular or FBS-free media for 24 h before treating the cells

with cytokines or H2O2.

Cell viability assay

The colorimetric MTT and SRB assays measure and assess cell metabolic activity, cytotoxicity

or loss of viable cells. Briefly, MIO-M1 cells were grown in 96-well plates (1x104 cells/well) for

24 h and then incubated with test reagents for 24 h in 10% FBS-containing or FBS-free media.

After collecting conditioned media (CM) at 24 h post treatments of cytokine or H2O2, MTT

solution was added into culture wells at a final concentration of 0.5mg/mL in media, and then

incubated for 1 h. The purple formazan salt formed inside the cells was solubilized with

DMSO and the color absorbance was read at the wavelength of 570nm using a plate reader,

SoftMax Pro 7.1 (Molecular Devices, San Jose, CA). The background readings were subtracted

from those of the test wells. Subsequently, the relative viable cell densities were obtained by

comparing with those of untreated control cells. For SRB assay, the procedure is described in

detail by Vinicha and Kirtikala [23]. Briefly, the cells in 96-well plates after treatments were

fixed in 3.3% (w/v) trichloroacetic acid (TCA) solution for 1 h at 4˚C, followed by staining

with 0.057% (w/v) SRB solution for 30 min at room temperature (RT), and washing with 1%

(w/v) acetic acid. The SRB bound to cellular proteins was dissolved in 10mM Tris base (pH

10.5) to read the color densities at 510nm. The data were treated as in MTT assay.

Gelatin zymography

Gelatin zymography was utilized to detect the secretion of MMP-2 and MMP-9 according to

the procedure described by Jeong et al. [24]. Zymography is widely used as a semi-quantitative

in-gel assay to measure the MMP-2 and/or MMP-9 gelatinolytic activity. Due to the cleavage

of gelatins, the MMP position and activity are revealed as a reduced stained band by
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Coomassie blue staining and the density is measured by densitometry. Briefly, MIO-M1 cells

(1x104 cells/well) were seeded onto 96-well plates and cultured for 24 h, and then washed twice

with FBS-free media before adding cytokines or H2O2. The conditioned media (CM) were col-

lected 24 h after the treatment. The CM of equal volumes were applied onto an 8% SDS/PAGE

containing 0.1% gelatin (Sigma-Aldrich, St. Louis, MO). After electrophoresis under non-

reducing conditions, the gels were washed in 2.5% Triton-X100 for 1 h at RT. The gels were

then washed briefly with water, and then incubated overnight in the incubation buffer (10mM

CaCl2, 50mM Tris-HCl [pH 7.5]) at 37˚C, followed by Coomassie blue staining. The images of

MMP bands on the gels were obtained using ChemiDocXRS+System (BioRad, Hercules, CA)

and the densities of MMP bands were measured using Image J software version 1.53c (NIH,

Bethesda, MD), followed by normalization by cell densities of individual samples. The relative

densities of MMP bands were obtained by comparing with those of untreated control cells.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of TIMP-1 in the CMs were quantified using Human TIMP-1 ELISA kit (Ray

Biotech, Peachtree Corners, GA) according to the protocol provided by the manufacturer.

Briefly, the CM of equal volume were diluted by the sample dilution buffer provided, and

applied to TIMP-1 antibody-coated 96-well plates at RT for 2.5 h. Subsequently, incubations

with biotinylated TIMP-1 antibody for 1 h, and then HRP-streptavidin incubation for 45 min,

were performed. Compound 3,3,5,5’-tetramethylbenzidine (TMB) was used to develop the

luminescence to be detected at 450nm, using a plate reader, SoftMax Pro 7.1 (Molecular

Devices, San Jose, CA). The final TIMP-1 concentrations were normalized by the cell densities

of individual samples. The relative levels of TIMP-1 in the samples were obtained by compar-

ing with those of untreated control cells.

Immunohistochemistry

For immunohistochemistry (IHC), MIO-M1 cells (3x104 cells/well) were seeded onto the

8-well chamber slides (BD Bioscience, Bedford, MA) 1 day before staining. Cells were washed

in PBS, fixed with PBS containing 4% paraformaldehyde (PFA) at RT for 5 min, and followed

by PBS buffer wash and incubation with methanol in -20˚C for 5 min. After the samples

were incubated in the buffer containing 10% normal donkey serum (NDS) and 0.2% Triton X-

100 in PBS for 30 min at RT, they were incubated in the same buffer at 4˚C overnight, with pri-

mary antibodies specific to MMP-2 (Millipore, dilution 1:500), MMP-9 (Abcam, 1:500),

TIMP-1 (Millipore, 1:500), β-actin (Abcam, 1:1000), LRP-1 (Abcam, 1:500), CD63 (Millipore,

1:1000), and CD82 (Abcam,1:500) (S1 Table). Secondary antibodies, such as AlexaFluor488-

conjugated or AexaFluor568-conjugated donkey or goat antibodies against rabbit or mouse

IgG (Invitrogen, 1:500), were incubated for 2h at RT (S1 Table). The final slides were covered

with Vectashield mounting medium with DAPI (Vector Labs, Burlingame, CA). The confocal

microscopic images of slides were acquired using the Zeiss LSM-PC software under a Zeiss

LSM 710 confocal microscope at 1μm Z-stacking intervals (Zeiss, San Diego, CA). The same

image-acquiring conditions were used equally across the slide. Z-stacking microscopy was per-

formed at 1μm intervals. The final images were processed using ZEN blue edition software

(Zeiss, NY).

Reverse transcription-PCR (RT-PCR)

Total RNA was prepared using TRI Reagent (Sigma Aldrich, St. Lois, MO) and High-Capacity

RNA-to-cDNA™ Kit (ThermoFisher Sci., Chino, CA) were used for cDNA synthesis. RT-PCR

performed using 10 ng RNA-equivalent cDNA with gene transcript-specific oligo DNA
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primers, using 2XPCR Master Mix (ThermoFisher Sci) to detect the mRNA transcripts of

LRP-1, CD63, and CD82. The nucleotide sequences of the primers are described in S2 Table.

Statistical analysis

One-way analysis of variance (ANOVA) and Fisher’s least significant difference procedure

(LSD test) were performed to examine the differences among the test groups, using GraphPad

Prism6 (La Jolla, CA, USA). The statistical values are presented as mean ± standard error (SE).

Difference between the means of separate treatment groups was considered statistically signifi-

cant at p-value (p) <0.05.

Results

Cytokines increase the secretion of MMP-9 and TIMP-1 from MIO-M1

cells

MGCs express MMP-9 and TIMP-1 in vitro [9, 10]. In the present study using MIO-M1 cul-

ture system, we examined if MGCs express MMP-9 and TIMP-1 in response to proinflamma-

tory conditions such as exposure to cytokines and oxidative stress that precipitates retinal

degeneration.

When originally established, MIO-M1 cells were characterized by the expression of several

Müller cell markers, including glutamine synthetase (GS), glial fibrillary acidic protein (GS),

vimentin (VIM), α-smooth muscle actin (ACTA2), and epidermal growth factor receptor

(EGFR) [12]. First, using RT-PCR technology, we verified the expression of these transcripts

to authenticate the current cells (S1A Fig). Treating MIO-M1 cells with IL-1β or TNF-α, alone

or in combination, at 10ng/mL in FBS-free media, for 24 h, we used the colorimetric MTT

assay that measures cellular metabolic activities [25] and tested if the cytokine treatments affect

the cell viability (Fig 1A). The two cytokine treatments increase the MTT absorbance: IL-1β
increases it to 116% (p<0.01), compared with untreated control, and TNF-α, to 109%

(p<0.01). The combination treatment also increases the growth rate by 118% (p<0.01), simi-

larly by IL-1β alone. The results suggest that these cytokines increase the cell viability or prolif-

eration of MIO-M1 cells. We utilized a second method to confirm these results, the SRB assay,

which determines cell density based on cellular protein content measurement [23]. Cytokine-

induced increases in cell densities were consistently observed (S1B Fig). To distinguish

between proliferative or pro-survival effects, we measured cell density changes before and after

IL-1β treatment at 0 h and 24 h. The results indicate that the cell density of untreated cells is

reduced significantly over 24 h (p<0.05), which is preserved by IL-1β treatment (p<0.01)

(S1C Fig). Altogether, the results from both assays suggest that these cytokines have an in vitro
pro-survival effect on MIO-M1 cells in FBS-free media lacking growth factors. Next, using the

CM collected from control and treated cell cultures, the secretion of MMP-2 and MMP-9 was

examined using gelatin zymography. In Fig 1B (Top), secreted MMP-2 and MMP-9 are

revealed on the gelatin zymogram. In the untreated control, only MMP-2 band is distinct with

MMP-9 barely detectable. However, upon IL-1β or TNF-α treatment, MMP-9 protein bands

become visible, indicating increased MMP-9 secretion by both cytokines. These secreted

MMP-2 and MMP-9 co-migrate with purified recombinant pro-form of each protein, suggest-

ing that they are secreted mainly in zymogens from MIO-M1 cells in vitro. In the lower panel

of Fig 1B, the quantification of the densities of both MMP2 and MMP9 bands on zymograms

was performed using Image J software. The results indicate that the secretion of MMP-2 is not

affected by the cytokine treatments, and that the level of MMP-9 secretion is increased to

201% by IL-1β (p>0.05), and 304% by TNF-α (p<0.05), compared with untreated control.
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The combined treatment also increases the MMP-9 secretion to 270% (p<0.05). In Fig 1C, the

levels of TIMP-1 in the CM were quantified by ELISA assay. To do this, the transcription and

secretion of TIMP-1 were first confirmed by RT-PCR and immunoblot analysis using the CM,

respectively (S1D Fig). The level of TIMP-1 secretion is reduced to 68% by IL-1β (not signifi-

cant, p>0.05), compared with untreated control, whereas TNF-α increases the secretion to

124% (not significant, p>0.05). Even though the difference between the levels by both cyto-

kines are significant (p<0.05), it is unclear if they have an opposite effect, as the reduction of

TIMP-1 by the combined treatment is not significantly different from that by IL-1β treatment

alone. These data demonstrate that both cytokines highly induce MMP-9 secretion, but they

modulate the TIMP-1 secretions to a lesser extent by either increasing with TNF-α or decreas-

ing with IL-1β.

Endogenous MMP-9 and TIMP-1 are localized in the nucleus

Both MMP-9 and TIMP-1 have been detected inside cells in certain cell types, including neu-

ronal cells, with functional implications [26]. We examined the intracellular expression pattern

of these proteins in MIO-M1 cells grown in regular media by IHC with dual fluorescent

immunological staining with MMP-9 and TIMP-1 antibodies. The nuclear region was identi-

fied by DAPI staining (Fig 2). The three-dimensional distribution of the proteins inside the

cells with Z-stacking microscopy at 1 μm interval was performed. The orthogonal projections,

Fig 1. Cytokine regulation of the secretion of MMP-9 and TIMP-1 from MIO-M1 cells. (A) MIO-M1 cells were treated or untreated with IL-1β
and TNF-α, at 10 ng/mL, alone or in combination, for 24 h, and then subjected to MTT assay to measure viable cell densities. Control refers to

untreated samples. Relative cell densities are presented as % mean ± SE (n = 3), with Control set as 100%. ��, p<0.01 (vs. Control) (B) The cells

were treated in the same way as in (A), and then CMs were collected, to perform gelatin zymography assay. (Top) CMs of the same volume from

each treatment was subjected to gelatin zymography. One representative zymogram is shown to visualize secreted MMPs. Recombinant human

pro-MMP-2 and pro-MMP-9 (Pro-MMP-2+Pro-MMP-9) were applied to the gel before electrophoresis as a control. (Bottom) The density of each

MMP band was quantified using Image J software. The individual values of MMP band densities were normalized by the corresponding MTT

absorbance values (n = 3). ns, not significant (p>0.05 vs. Control); �, p<0.05 (vs. Control) (C) Secreted TIMP-1 levels in the CMs were measured

using TIMP-1 ELISA assay (n = 3), and then normalized by the corresponding MTT absorbance values. �, p<0.05 (IL-1β vs. TNF-α).

https://doi.org/10.1371/journal.pone.0253915.g001
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Fig 2. Intracellular compartmentalization of MMP-9 and TIMP-1 in MIO-M1 cells. MIO-M1 cells cultured in regular media were

subjected to IHC fluorescent confocal microscopy with 1μm-interval Z-stacking. Primary antibodies specific to MMP-9 (red) and TIMP-1

(green) followed by the appropriate fluorescent secondary antibodies, as indicated in the methods, were used to dual-IHC staining of the

cells. Nuclear region is defined by chromatin staining with DAPI (blue). Orthogonal projection of one focal plane is presented. Cells with

two different patterns in nuclear TIMP-1 distribution are indicated by yellow and blue insets and enlarged in the bottom two rows. Scale

bars, 50 μm.

https://doi.org/10.1371/journal.pone.0253915.g002
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reflecting 3-dimensional distribution, are presented. At the top of Fig 2, the general distribu-

tion of MMP-9 immunoreactivity (red) revealed on the horizontal plane is widely diffused cov-

ering cytoplasmic and nuclear area (blue), showing its presence beyond the nuclear area in

MMP-9+DAPI superimposition. The same superimposition on the other two vertical planes

shows nuclear magenta color throughout the vertical depth, suggesting that MMP-9 is present

internally within the nuclei. TIMP-1 is also detected in both nuclear (TIMP-1+DAPI) and

cytoplasmic areas. Dual localization of MMP-9 and TIMP-1 (MMP-9+TIMP-1) demonstrates

that they are co-localized within the same cells. Interestingly, TIMP-1 appears in punctate or

speckled patterns throughout cytoplasmic and nuclear area: the sizes of “TIMP-1 speckles”

vary, so that some cells have bigger ones with various sizes, especially, inside the nuclei

(yellow inset) and the other, not (blue inset). Those speckles are not observed with the

MMP-9 localization, suggesting that TIMP-1 may have a distinct role independently of its

MMP-9 binding activity. MMP-2 was also examined and is also localized inside the nucleus

(S2 Fig).

Cytokine treatment induces intracellular TIMP-1 aggregation

Next, we tested the effect of the cytokine treatment on the intracellular distribution of MMP-9

and TIMP-1. MGCs were treated with IL-1β and/or TNF-α, each at 10ng/mL, for 24 h before

processing for IHC using MMP-9 and TIMP-1 antibodies. In Fig 3A, the expression of MMP-

9 is similar in untreated control and cytokine-treated cells, being diffusely distributed in the

nucleus and cytoplasm, indicating that the cytokine treatment has no apparent effect on the

MMP-9 distribution within the cells. In untreated control, the expression patterns of TIMP-1

are similar to those of MMP-9. However, in contrast, in IL-1β-treated cells, “aggregated”

TIMP-1-immunoreactivities (indicated by arrows) are detected in the cytoplasmic area in

some cells, whereas these are fewer with TNF-α treatment. These aggregates are also promi-

nent in the cells with combined treatment of IL-1β and TNF-α. Since there is no apparent

MMP-9 aggregation in the same treatments, the results suggest that the TIMP-1 aggregation

occurs independently of MMP-9. The intracellular MMP-2 distribution, like MMP-9, is not

affected by cytokine treatment, compared with control (S3 Fig).

Oxidative stress induces cell morphological changes and formation of

TIMP-1 nuclear speckles

Oxidative stress is also one of the key causative factors in many forms of retinal degeneration

[27]. We first tested the oxidative stress effect on the MIO-M1 viability by MTT assay, after

treating H2O2, at 0μM, 100μM, 300μM, and 600μM, in 10% FBS-containing regular culture

media or FBS-free media for 24 h (Fig 4A). The results from the assay demonstrate that H2O2

treatment has little effect on the cell viability in both culture conditions. This conclusion was

also confirmed using SRB assay (S4A Fig). The cells were grown in FBS-free media to measure

the secretions of the MMP proteins, because the FBS contains bovine MMP-2 and MMP-9,

which obscure those from MIO-M1 cells on zymogram (S4B Fig). In Fig 4B, gelatin zymogra-

phy only reveals MMP-2 bands, whose densities were measured to show that the levels of

MMP-2 secretion are not affected. After H2O2 treatment, the secreted TIMP-1 was measured

using an ELISA assay (Fig 4C), indicating that the TIMP-1 secretion is increased by 9% (0μM),

53% (300μM), 23% (600μM), with no statistical significance. Therefore, in contrast to cytokine

treatments above, H2O2 treatment does not influence the secretions of either MMP-9 or

TIMP-1.

Next, we performed IHC using antibodies against MMP-9 and TIMP-1 in cells treated with

H2O2 to investigate the expression of MMP-9 and TIMP-1. In Fig 4D, the representative
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micrograms from the 0μM and 300μM-treated cells are presented. No detectable changes are

seen between treated and untreated cells in the expression pattern of MMP-9 or TIMP-1.

Interestingly, however, some cells in the treated samples contain bigger nuclei with increased

TIMP-1 speckle numbers (indicated by arrows in enlarged micrograms). Representative

images of the nuclei at different concentrations of H2O2 are presented in S4C Fig, and the

nuclear sizes in treatment groups were measured using Image J software (Fig 4E). The sizes are

increased by 5% (not significant, p>0.05), 35% (p<0.001), and 62% (p<0.0001), by 100μM,

300μM, and 600μM treatments, respectively, compared with untreated control. The nuclear

size increase shows a dose-dependency, with p<0.001 (100μM vs. 300μM) and p<0.01

(300μM vs. 600μM). These results suggest that oxidative stress leads to the formation and accu-

mulation of nuclear TIMP-1 speckles in MIO-M1 cells. Next, we tested if the oxidative stress

condition affects cellular morphologies with IHC with an antibody against β-actin, a major

component of cell cytoskeleton (Fig 4F). Untreated cells appear with cobble-shape morpholo-

gies, whereas the treated ones develop spindle shapes, suggesting H2O2 induces cell morpho-

logical changes.

Fig 3. Effect of cytokine treatment on the intracellular MMP-9 and TIMP-1 distribution. MIO-M1 cells were

treated or untreated with IL-1β and/or TNF-α, each at 10 ng/mL in FBS-free media, alone or in combination, for 24 h,

and then IHC confocal microscopy was performed to detect intracellular MMP-9 (red) and TIMP-1 (green) by dual-

IHC staining using their specific primary and secondary fluorescent antibodies. Nuclear region is defined by

chromatin staining with DAPI (blue). Representative micrographs of each treatment group are presented. Arrows

point to immunoreactiveTIMP-1 aggregates. Scale bars, 50 μm.

https://doi.org/10.1371/journal.pone.0253915.g003
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Fig 4. Effect of oxidative stress on intracellular MMP-9 and TIMP-1. (A) MIO-M1 cells were cultured in the presence of H2O2 at indicated

concentrations in the regular (10% FBS) or FBS-free media, for 24 h, and then subjected to MTT assay to measure viable cell densities. Relative cell

densities are presented as % mean ± SE (n = 3), with control (0μM) set as 100%. (B) The cells were treated in the same way as in (A), and then

CMs were collected, to perform gelatin zymography and ELISA assay. (Top) the CMs of the same volume from each treatment was subjected to
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TIMP-1 cell surface receptor proteins are expressed in MIO-M1 cells

MMPs and TIMPs enter the cells through cell surface receptor-mediated endocytic processes

[28, 29]. The receptors such as LRP-1 (CD91) [29], CD63 [30], and CD82 [31] are known to

mediate TIMP-1 endocytic processes. We examined if these receptors are also present in the

nuclei of MIO-M1. Using RT-PCR with gene transcript-specific DNA oligo primers, we first

tested if these receptor proteins are expressed in MIO-M1 cells. In Fig 5A, the RT-PCR results

reveal the expression of all three receptor transcripts at the transcriptional level. Then, we per-

formed IHC with antibodies specific to these proteins. In Fig 5B, the MIO-M1 cells were

immunologically stained with LRP-1 Ab. The fluorescent immunoreactivity of LRP-1 is

detected with DAPI within the nuclei as well as in the cytoplasm. Both TIMP-1 and LRP-1

antibodies used in the current study were rabbit polyclonal, so that co-immunohistochemical

staining was not feasible. In Fig 5C, the expression pattern of CD63 and TIMP-1 were probed

at the same time with co-immunohistochemical staining. Results indicate that CD63 is located

predominantly in the cytoplasmic area with weak punctate staining in the nuclei. Dual locali-

zation image of CD63 and TIMP-1 proteins indicates they are highly dual localized in the cyto-

plasm, suggesting they are interacting inside the cells. In Fig 5D, the expression pattern of

CD82 looks similar to that of LRP-1 expression, revealing its nuclear and, more predomi-

nantly, perinuclear localizations.

Discussion

Our extensive work in rodent models of RP clearly validated that intravitreal injections of

recombinant TIMP-1 protein and other MMP-9 inhibitors slow down rod photoreceptor cell

death [12–14]. Subsequently, TIMP-1 affects cone cell mosaic remodeling and second-order

neuronal structures, which involves a gliotic response in MGCs [13, 15, 16]. However, unan-

swered questions linger of how MMP-9 and TIMP-1 are endogenously expressed and interact

in healthy and degenerating retina. In fact, sustained chronic inflammation is a clinical obser-

vation in the retinas of RP patients [4]. Also, oxidative stress has been implicated in retinal dis-

eases, including RP and age-related macular degeneration (AMD) [3, 32].

To obtain insights into these unresolved cellular pathways, we used a well-established in
vitro MGC culture system to study the regulation and interaction of MMP-9 and TIMP-1

under normal, inflammatory, and oxidative conditions. The magnitude of the MMP-9 and

TIMP-1 secretion is different in MGCs in response to cytokine treatments (Fig 1). The secre-

tion of MMP-9 is increased 2 to 3-fold with IL-1β or TNF-α treatment; however, TIMP-1

secretion is increased just slightly with TNF-α or rather decreased with IL-1β, suggesting that

MMP-9 and TIMP-1 are secreted disproportionately from the cells upon cytokine treatments.

Our results may explain, at least partially, the previous observation that the retinal protein

extracts from rd1 mouse have an imbalanced level of MMP-9 over TIMP-1, compared with

gelatin zymography. One representative zymogram is shown to visualize secreted MMPs. A mixture of recombinant human pro-MMP-2 and pro-

MMP-9 (Pro-MMP-2+Pro-MMP-9) were applied to the gel prior to electrophoresis as a MMPs marker control. (Bottom) The density of each

MMP band was quantified using Image J software (n = 3). The individual values of MMP band densities were normalized by the corresponding

MTT absorbance values. (C) Secreted TIMP-1 levels in the same CMs were measured using TIMP-1 ELISA assay (n = 3). The individual ELISA

values were normalized by the corresponding MTT absorbance values. ns, not significant (p>0.05, vs. 0μM). (D) MIO-M1 cells were cultured in

the presence of 300 μM H2O2 for 24 h, and then subjected to IHC confocal microscopy, for dual IHC staining with MMP-9 (red) and TIMP-1

(red) antibodies. Insets in TIMP-1+DAPI micrograms are enlarged, and arrows point to the bigger nuclei with increased TIMP-1 speckles. (E)

Nuclear sizes in the micrograms of the cells treated with increasing concentrations of H2O2 were measured, using Image J software. Relative

nuclear sizes are presented as % mean ± SE. ns, not significant (p>0.05 vs. 0μM); ���, p<0.001 (vs. vs. 0μM; ����, p<0.0001 (vs. 0μM); #, p<0.001

(vs. 100μM); ‡, p<0.01 (vs. 300μM). The numbers of randomly selected nuclei measured were 43 (0μM), 55 (100μM), 36 (300μM), and 37

(600μM). (F) β-actin (red) antibody was used to perform a confocal microscopy after 300μM H2O2 treatment for 24h. Representative micrographs

of untreated (0μM) and treated (300μM) groups are presented. bars, 50 μm.

https://doi.org/10.1371/journal.pone.0253915.g004
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Fig 5. TIMP-1 cell surface receptors in MIO-M1 cells. (A) Total RNAs were isolated from MIO-M1 cells and their cDNAs were

used for RT-PCR with gene transcript-specific PCR primers. The cDNA samples synthesized without reverse transcriptase

(-RTase) were included as negative controls. Amplified cDNA products were resolved in agarose gel, with the DNA size markers

(size). bp, base pairs. The cells grown in the regular media were subjected to IHC to detect LRP-1 (green) (B), CD63 (red) (C), and

CD82 (red) (D), and the latter two were dual-IHC stained with TIMP-1 (green) antibody. Scale bars, 50 μm.

https://doi.org/10.1371/journal.pone.0253915.g005
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those from WT mouse [24]. Another interesting observation of IL-1β-induced cytoplasmic

TIMP-1 aggregation (Fig 3) may also provide a mechanism by which this imbalanced secretion

occurs, as TIMP-1 aggregates may fail to be secreted, resulting in the reduction of TIMP-1

secretion. Such aggregation may also reduce TIMP-1 abundance to bind to and inhibit MMP-

9, so that MMP-9 may become activated easily inside and outside of the MG cells. In support

of this idea, aggregated TIMP-1 does not inhibit MMP-9 activity in vitro [33]. Physiological

balance of MMPs and TIMPs is critical for the homeostasis in tissue structures. Considering

the importance of the MGCs for the retinal structure maintenance, we propose that dispropor-

tionate MMP-9 secretion from these cells may contribute to the retinal architectural alteration

in inflammatory RP conditions. We also envision that cytokine-induced aggregation of TIMP-

1 in MGCs may be a novel mechanism involved in the inflammatory process in retinal degen-

eration, which may be associated with endoplasmic reticulum (ER) stress [34]. Further investi-

gation of intracellular MMP-9 activation accompanying TIMP-1 aggregation is warranted.

Coupled or uncoupled to its inhibitory activity of MMP-9, TIMP-1 exerts cytokine-like

pleiotropic functions, being involved in cell growth, differentiation, and apoptosis [11, 35].

Translocation and activation of microglial cells are observed in rodent RP retina [36], and acti-

vated microglial cells secrete proinflammatory cytokines, including TNF-α and IL-1β [37–39].

Light-induced photoreceptor death study using Zebrafish has demonstrated that dying photo-

receptor cells produce TNF-α, which in turn induces its own expression from MGCs [40].

Our current work demonstrates, for the first time, that TIMP-1 and MMP-9 are co-local-

ized in cell nuclei (Fig 2). There are twenty four MMP subtypes in human, typically secreted or

membrane-bound [41]. To date, however, nine MMP subtypes have been detected in the

nucleus of certain cell types including neurons: MMP-1 [42], MMP-2 [43–46], MMP-3 [47],

MMP-9 [43–45, 48], MMP-10 [42], MMP-12 [49], MMP-13 [50], MMP-14 (MT1-MMP) [51],

and MMP-15 (MT2-MMP) [42]. Nuclear MMPs are suggested to participate in apoptosis, cell

migration, gene expression, and genetic instability [43, 44, 47, 52–54]. MMP-9 is detected

within the S-phase nuclei of differentiating myoblasts [48], and its nuclear accumulation inter-

feres with oxidative DNA repair, leading to neuronal cell death [44], suggesting that it may be

involved in the cell fate determination depending on physiological conditions. Mechanisms by

which they are localized to the nucleus are poorly addressed, except for MMP-3 that has a

functional nuclear localization signal sequence shown in Chinese hamster ovary cells [47].

MMP-9 endocytosis is mediated by the LRP-2 receptor [55]; however, it remains to be tested if

this receptor is involved in MMP-9 nuclear translocation. TIMP-1 has specific cell surface

receptors, including LRP-1 [29], CD63 [30], and CD82 [31], which mediate TIMP-1 endocyto-

sis. The intracellular domain of LRP-1 is localized to the nucleus, repressing interferon-γ tran-

scription [56]. Our data reveal these three receptors are expressed in MIO-M1 cells, and that

LRP-1 and CD82 have nuclear localization properties (Fig 5). The nuclear co-localization of

TIMP-1 and its receptor, CD82, in MG cells is an interesting observation. TIMP-1-CD82 inter-

action and cytoplasmic translocation from the cell surface was previously observed in human

pancreatic cancer tissues [31], reinforcing our observation. Furthermore, secreted TIMP-

1-EGFP hybrid protein was shown to translocate into the nucleus of a human breast cancer cell

line MCF-7 [18]. Additional studies detected nuclear TIMP-1 in endothelial cells and neurons

[46] and proliferating gingival fibroblasts [19, 57]. At present, we tentatively propose two mech-

anisms to explain how MMP-9 and TIMP-1, which has no conventional nuclear localization

signal, enters into the nuclei of MG cells: it may be from the cytoplasmic membrane of the cells

via endocytic receptor-mediated process, and/or by a retrograde nuclear import process

through non-classical nuclear localization, for example, aided by importins [58].

The current experiments demonstrate a novel observation that TIMP-1 is diffused in punc-

tate structures of heterogenous sizes throughout MIO-M1 cells (Fig 2). At present, we identify
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them as “speckles” and propose that TIMP-1 speckles resemble paraspeckles in nucleoplasm

or stress granules in cytoplasm, which change in number and size depending on cell cycle

phases and metabolic demands [59, 60]. Compromised photoreceptors generate reactive oxy-

gen species (ROS) [61–63] and oxidative stress is a key factor in retinal degeneration onset and

progression [3, 64]. When cells are challenged with H2O2, many biological pathways are acti-

vated as a survival mechanism [65, 66]. For instance, MGCs respond to increased oxidative

stress by changing their gene expression profile associated with cell protection [67, 68]. H2O2-

induced oxidative stress induces cell morphological changes to spindle shapes in MIO-M1

cells and increases the formation of TIMP-1 speckles in the nucleus (Fig 4). Current H2O2-

induced morphological change was seen similarly in in vitro MG-mesenchymal transition by

TGF-β1 treatment to MIO-M1 cells [69]. Human MCF-7 cancer cells were recently demon-

strated to undergo epithelial-mesenchymal transition by H2O2 treatment [70]. It would be

interesting, therefore, to test if oxidative stress is involved in MG gliotic changes. In other stud-

ies, nuclear speckles have been observed to contain accumulated DYRK1A protein kinases

playing a role in transcript splicing [71], and RNA polymerases in T. spiralis-infected muscle

cells, where the nuclei are also enlarged, reflecting the elevation of host cell transcription [72].

Based on our observations, we propose that TIMP-1 dynamically participates in speckle for-

mation with other nuclear or cytoplasmic proteins to cope with metabolic demands and oxida-

tive stress challenges. The nature and function of the TIMP-1 speckles in MG cells warrant

further studies.

In summary, our ongoing experiments lead us to propose that intracellular TIMP-1 plays

critical functions in sustaining MGCs’ cellular activities and adaptive response to oxidative

stress, which parallels the genetic alterations and subsequent protein expression changes that

occur within MGCs during retinal degeneration in rodent RP models [73]. Our in vitro cell

culture studies reinforce that TIMP-1 cytokine-like activities are complex and exerted depen-

dently or independently of the interaction with MMP-9 [11]. TIMP-1, as a strong inhibitor of

MMP-9 activation and activity, keeps the intracellular and nuclear MMP-9 activation status

under surveillance in a healthy retina. However, such a role is compromised due to its aggrega-

tion when MGCs are exposed to increased cytokines under inflammatory conditions. TIMPs

have an oligonucleotide/ oligosaccharide-binding (OB) fold in the N-terminal part of the pro-

tein [35, 74, 75], whose roles in TIMP-1 function have not been explored. Many DNA-damage

checkpoint and DNA repair proteins possess the OB fold domain, which is critical for protein-

protein, -RNA, and -DNA interactions [76]. We hypothesize that the nuclear TIMP-1 speckles

participate in nuclear chromatin activities such as gene expression and/or DNA damage repair,

interacting with proteins/RNA/DNA through its OB fold domain. Oxidative stress can induce

DNA damage and gene transcriptional changes associated with cell death or survival choices [77,

78]. Nuclear speckle formations are associated with the events of the DNA repair and gene tran-

scription, particularly pre-mRNA splicing [59, 79]. The accumulation of nuclear TIMP-1 speckles

may occur to pre-mRNA splicing sites of a subset of genes associated with gliotic response of

MGCs to the oxidative stress. Future studies will address the roles of MGCs in healthy and degen-

erating retinas and provide potential therapeutic targets to delay retinal degeneration.

Supporting information

S1 Fig. Verification of MIO-M1 cells and cytokine treatment. (A) Total RNA was isolated

from MIO-M1 cells to synthesize cDNA, which was used for transcript-specific RT-PCR for

Müller glial cell marker proteins. Reverse transcriptase-omitted samples (-RTase) were

included as a negative control. GS, glutamine sythetase; GFAP, glial fibrillary acidic protein;

VIM, vimentin; ACTA2, α-smooth muscle actin; EGFR, epidermal growth factor receptor. (B)
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MIO-M1 cells were treated or untreated with IL-β and TNF-α, at 10 ng/mL, alone or in combi-

nation, for 24 h, and then subjected to SRB assay to measure viable cell densities. Control refers

to untreated samples. Relative cell densities are presented as % mean ± SE (n = 3), with Control

set as 100%. IL-1β increases the SRB absorbance to 129% (p<0.01 vs. Control), and TNF-α, to

111% (p>0.05 vs. Control). The combination treatment also increases the growth rate by

128% (p<0.01 vs. Control); ��, p<0.01 (vs. Control). (C) MIO-M1 cells were cultured in FBS-

free media for 0 h and 24 h with and without 10 ng/mL IL-1β treatment, followed by SRB

assay (n = 6). The cell density was reduced to 94% (p<0.05) at 24h from 100% at 0h without

IL-1β treatment; however, the density was preserved at 104% (p<0.01) at 24 h with the treat-

ment. �, p<0.05; ��, p<0.01; ns, not significant (p>0.05). (D) The expression of TIMP-1 from

MIO-M1 cells was confirmed. (Left) transcript-specific RT-PCR using cDNA. (Right) Immu-

noblot analysis (WB) was done using the conditioned media with anti-TIMP-1 antibody (Cell

Signaling Tech, Catalog number:8946), TIMP-1 protein band is indicated by an arrow.

(TIF)

S2 Fig. Intracellular distribution of MMP-2 in MIO-M1 cells. MIO-M1 cells cultured in reg-

ular media were subjected to IHC fluorescent confocal microscopy. The cells were immuno-

histologically stained with MMP-2 antibody (red) to localize the proteins. Nuclear region is

defined by chromatin staining with DAPI (blue). Scale bar, 50 μm.

(TIF)

S3 Fig. Effect of cytokine treatment on the intracellular MMP-2 distribution. MIO-M1

cells were treated or untreated with IL-1β and/or TNF-α, each at 10 ng/mL in FBS-free media,

alone or in combination, for 24 h, and then IHC was performed to detect intracellular MMP-2

(red). Nuclear region is defined by chromatin staining with DAPI (blue). Representative

micrograms of each treatment group are presented. Scale bar, 50 μm.

(TIF)

S4 Fig. Effect of oxidative stress on MIO-M1 proliferation and intracellular TIMP-1

expression. (A) MIO-M1 cells were treated with H2O2 at 0μM, 100μM, 300μM, and 600μM in

FBS-free media, for 24 h, and then subjected to SRB assay to measure cell densities. Relative

cell densities are presented as % mean ± SE (n = 3), with control (0μM) set as 100%. There are

no significant changes among treatment groups in SRB absorbance value. (B) Standard culture

media containing 10% FBS were subjected to gelatin zymography to show that bovine serum

contains MMP-2, which has a molecular size similar to human MMP-2. (C) MIO-M1 cells

were cultured in the presence of H2O2, at 0μM and 100μM, in FBS-free media, for 24 h, and

then subjected to IHC for TIMP-1 (green) and DAPI (blue) micrograms. Single cell micro-

grams are presented. Scale bar, 10 μm.

(TIF)

S1 Table. List of primary and secondary antibodies.

(DOCX)

S2 Table. List of reverse transcription-PCR primers.

(DOCX)

S1 Raw images.

(PDF)
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