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Abstract

In the study of tumorigenesis, the involvement of molecules within the extracellular matrix
(ECM) is crucial. ADAMTSs (A Disintegrin and Metalloproteinase with Thrombospondin
motifs), a group of secreted proteases known for their role in ECM remodeling, were primarily
considered to be extracellular proteases. However, our research specifically detected ADAMTS-1,
a member of this family, predominantly within the nucleus of mammary cells. Our main
objective was to understand the mechanism of ADAMTS-1 translocation to the nucleus and its
functional significance in this cellular compartment. Our investigation uncovered that nuclear
ADAMTS-1 was present in cells exhibiting an epithelial phenotype, while cells of mesenchymal
origin contained the protease in the cytoplasm. Moreover, disruption of ADAMTS-1 secretion,
induced by Monensin treatment, resulted in its accumulation in the cytoplasm. Notably, our
research indicated that alterations in the secretory pathways could influence the protease’s
compartmentalization. Additionally, experiments with conditioned medium from cells containing
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nuclear ADAMTS-1 demonstrated its internalization into the nucleus by HT-1080 cells and
fibroblasts. Furthermore, heightened levels of ADAMTS-1 within the ECM reduced the migratory
potential of mesenchymal cells. This highlights the potential significance of nuclear ADAMTS-1
as a critical component within the tumor microenvironment due to its functional activity in this
specific cellular compartment.
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1. Introduction

The ADAMTS proteinases belong to a family of 19 metalloproteinases (1, 2) that participate
in extracellular matrix processing (3), organogenesis (4), and hemostasis (5). They have

also been identified to be expressed during ovulation (6). While they are not membrane-
anchored proteinases, they do attach to the extracellular matrix after being secreted (1,
7-10). One distinguished member of this family is ADAMTS-1, a well-known extracellular
matrix protease (1, 2, 9, 10) and the first described member of the ADAMTS family of
metalloproteases (11, 12). This secreted protease consists of six domains, namely, 1) a
pro-domain, 2) a metalloproteinase, 3) a disintegrin-like domain, 4) a thrombospondin (TSP)
homologous domain containing TSP type | motif, 5) a spacer region, and 6) C-terminus

TSP submotifs (13). The maturation of ADAMTS-1 requires two independent and sequential
processing events that may release two forms of the protein. With the cleavage of the
prodomain from the 110 kDa zymogen, an 87 kDa active form remains which can be further
processed by removal of the catalytic subunit from the TSP repeats, leaving the C-termianl
65 kDa soluble form. The proteolytic deletion of the last two TSP repeats is probably
significant for the in vivo function of this protein (14). Apart from its role in the extracellular
matrix, our prior research has demonstrated that 87 kDa ADAMTS-1 is present within the
nuclei of the three cell lines studied and plays a proteolytic role on the aggrecan substrate.
Additionally, similar proteases such as ADAMTS-4 and ADAMTS-5 were found in the
cytoplasm and extracellular compartment, emphasizing that nuclear localization is specific
to the aggrecanase ADAMTS-1 (15).

The function of nuclear ADAMTS-1 remains unclear. However, our previous publication
demonstrated the proteolytic activity of ADAMTS-1 within the nucleus by cleaving
aggrecan, one of its substrates that was also present in the nucleus (15). Additionally,

other ADAMTS-1 substrates, like versican, have been identified in the nucleus, where they
appear to play a role in organizing the mitotic spindle during cell division (16). Other
proteases and protease inhibitors have also been identified in the nucleus, such as MMP-2
and -3 and the metalloprotease inhibitor TIMP-1 (17-20). MMP-3 fragments were reported
in the nucleus of tumor cell lines, including HepG2 cells and liver myofibroblasts and

is involved in apoptosis (17). A study conducted by Kwan and colleagues indicated the
presence of MMP-2 in the nucleus of cardiac myocytes, where it cleaves poly (ADP-ribose)
polymerase (PARP) in vitro (20), enzymes that play a vital role in various cellular processes,
including the modulation of chromatin structure, transcription, replication, recombination,
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and DNA repair (21). Our research group demonstrated in this study that the localization of
ADAMTS-1 in mesenchymal cells differs from that in epithelial cells. Specifically, epithelial
cells exhibit ADAMTS-1 in both the nuclear and extracellular compartments, whereas in
mesenchymal-derived cells, it is present in the cytoplasmic and extracellular compartments.

Moreover, fibroblasts exposed to conditioned media from epithelial cells also exhibit
ADAMTS-1 in their nuclei, likely due to endocytosis. Additionally, the nuclear localization
could be altered when the Golgi Apparatus function and architecture are disrupted. When
ADAMTS-1 secretion is impaired, it becomes dispersed throughout the cytoplasm, but not
in the cell nuclei. This indicates that secretion is crucial for nuclear localization, presumably
because the protease needs to be secreted and subsequently endocytosed to reach the nuclei.
Considering that ADAMTS-1 is a well-known metalloproteinase found in the extracellular
matrix, where it interacts with its substrates, causing remodeling (2, 22), it is imperative

to identify the ADAMTS-1 interaction partners in the nuclei. Hence, the objective of this
project was to investigate how ADAMTS-1 translocates to the cell nuclei and identify its
interaction partners.

Materials and methods

2.1. Cell culture

MDA-MB-231, MCF-7, MDAH-2774, HTR-8, NIH OVCAR-3, fibroblasts
(Nontransformed mammary fibroblasts were expanded from primary cultures derived from
normal human breast tissue obtained from esthetic mammoplasty of a 22 year-old patient
(23)), parental HEK-293T cells and a well-established lineage of cells that overexpress
ADAMTS-1, called HEK-293T MPA (mcherry puromycin ADAMTS-1) and your control
cell line HEK-293T MPC (mcherry puromycin Control) and HT1080 wild type, HT1080
ADAMTS-1 full length (ATS1) or ADAMTS-1 with a mutation in the catalytic domain
(Z11), which the mutation consisted in the single substitution of residue E385 to A at

the zinc-binding site to disable the catalytic activity of ADAMTS1 (Acquired through
collaboration with Professor Juan Carlos Rodriguez-Manzaneque’s laboratory (24)), were
cultivated in Dulbecco’s modified Eagle’s medium/Diluted with nutrient F-12 at the 1:1
ratio (DMEM/F-12, Sigma Chemical Co, St Louis, MO, USA), supplemented with 10%
fetal bovine serum (FBS Cultilab, Campinas, Brazil). The MCF-10A cell line, obtained
from normal mammary epithelium, was cultivated in DMEM/F-12, with the addition of 5%
horse serum, 20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 10 mg/ml insulin, and 100 ng/ml
cholera toxin. The MUM-2B cells were cultured in Roswell Park Memorial Institute-1640
medium (RPMI-1640, HyClone, Thermo Scientific, USA), supplemented with 10% fetal
bovine serum (FBS Cultilab, Campinas, Brazil), 100 IU/mL of penicillin G sodium, and
100 mg/mL of streptomycin sulfate. Cells were maintained in 75 cm2 flasks at 37 °C in an
atmosphere containing 5% CO2. Cell growth was monitored daily under an inverted phase
contrast microscope. Representative samples of the culture were later frozen and kept in
liquid nitrogen, cryoprotected with 10% dimethyl sulfoxide (DMSO, Sigma).
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2.2. Treatment of cell lines with conditioned medium from HT1080 or HEK293T cells
overexpressing ADAMTS-1

HEK?293T cells overexpressing ADAMTS-1 were established as described previously and
termed HEK293T-MPA-mcherry/puromycin/ADAMTS-1 (25). Shaw et al. (26) performed a
HEK293 microarray analysis and no transcript of any member of ADAMTS’s family was
detected. The increase in ADAMTS-1 levels in the transduced cells was verified by Western
blotting. HEK293T cells or MDA-MB-231 were plated on 100 mm cell culture plates and
when reached 90% of confluence, 10 mL of DMEM/Ham’s F-12 medium without SFB

was added and conditioned for 24 h, the collected medium was centrifuged and filtered

in a syringe with 0.45 membrane filter to remove cell debris. The obtained medium was
pooled, aliquoted and then frozen at — 80 °C. The same conditioned medium was used in
the experiments that were carried out. The cell lines were treated with either the ADAMTS1
enriched media (MPA) or the conditioned medium from the control HEK293T cells without
ADAMTS-1 overexpression (MPC).

2.3. Immunofluorescence

2 x 10”5 cells were grown on glass coverslips for 24 hours. Subsequently, they were

fixed in 4% paraformaldehyde in 1X phosphate-buffered saline (PBS) for 10 minutes,
rinsed, and permeabilized with 0.5% Triton X-100 (Sigma) in PBS for 10 minutes. After
another round of rinsing, the cells were blocked with 10% normal goat serum (KPL,
Gaithersburg, USA) for 1 hour. The cells were then incubated with primary antibodies
against ADAMTS-1 at a dilution of 1:1000 in 0.1% BSA (ab28284, Abcam- Aminoterminal
end), Golgin 97 (12640-1-AP Thermo Fisher) at a dilution of 1:50 in 0.1% BSA, and NFkB
p65 (14-6731-81 Thermo Fisher) at a dilution of 1:100 in 0.1% BSA overnight. All the
antibodies used were rabbit polyclonal, and the incubation was conducted for 1 hour at room
temperature. Following this, the coverslips were washed three times for 5 minutes with PBS
and incubated with a secondary antibody conjugated to the fluorophore Goat anti-Rabbit
IgG Alexa Fluor 568 (# A-11011 Invitrogen, Eugene, Oregon, USA) at a concentration of
1:200, diluted in 10% Normal Goat Serum (KPL, Gaithersburg, USA) for 1 hour in the dark.
Subsequently, the coverslips were washed with PBS and incubated with Phalloidin-Alexa
488 (#A12379 - Life Technologies, Carlshad, CA, USA) at a concentration of 1:100, diluted
in PBS for 15 minutes in the dark. Finally, the coverslips were mounted with Prolong Gold
antifade reagent with DAPI (#P36941- Invitrogen, Eugene, Oregon, USA). An irrelevant
rabbit 1gG antibody was used as the negative control.

2.4. Western Blotting

We analyzed three components: the conditioned medium (representing the secreted
material), the nuclear fraction, and the cytosolic fraction. To precipitate the conditioned
medium, we collected the medium in tubes containing a protease inhibitor. The sample
was then precipitated and resuspended in the lysis buffer (50 mM sodium acetate, 150 mM
sodium chloride, 10% glycerol (v/v), and degassed ddH20). Cell fractions were obtained
using the NEPER Reagent for nuclear and cytoplasmic protein extraction kit in accordance
with the manufacturer’s instructions (Pierce, Rockford, IL). Electrophoresis was conducted
following the SDS-PAGE method. We loaded 30 pg of protein per well, which were then
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separated on a 10% polyacrylamide gel. After electrophoresis, the proteins were transferred
to nitrocellulose membranes (Amersham, GE Healthcare Life Science, Pittsburgh, USA),
and these membranes were blocked with 5% milk in TBS-tween (TTBS) before incubation
with antibodies that recognize the ADAMTS-1 protein (1:1000 MAB1810 -Millipore
Corporation -Myc-His carboxyl tagged full-length recombinant protein based on the human
sequence). This primary antibody was detected using a peroxidase-conjugated secondary
antibody (ab6728-Abcam 1:2000). To enable labeling with more than one antibody, the
membranes were stripped using the “Restore Western Blot Stripping Buffer” (Pierce) and
subjected to new labeling. As a loading control, we used the primary antibody anti-histone
histone (1:4000 in 0.1% BSA, Millipore 05-457) for the nuclear fraction and GAPDH
(1:1000 in 0.1% BSA, 14C10-Rabbit mAb #2118, Cell Signaling) and B-actin (1:1000 in
0.1% BSA, Abcam-ab8227) for the cytoplasmic fraction.

2.5. Analysis of the ADAMTS-1 and chromatin interaction

For the immunofluorescence experiment, fixed cells were prepared using 4%
paraformaldehyde in 1X PBS. Subsequently, cells underwent treatment with Buffer A

(10 mM PIPES pH 6.8; 100 mM NaCl; 300 mM sucrose; 3 mM MgCI2; 1 mM EGTA;
0.5% Triton X-100; 1 mM PMSF) at 4°C for 10 minutes, effectively removing the plasma
membrane, soluble proteins in the cytoplasm, and nucleoplasm. Core proteins were then
extracted with a brief exposure to Buffer B (10 mM PIPES pH 6.8; 250 mM (NH4)2S04;
300 mM sucrose; 3 mM MgCI2; 1 mM EGTA; 0.5% Triton X-100; 1 mM PMSF) at

4°C for 5 minutes. Subsequent digestion of the remaining chromatin was performed with
DNase | (deoxyribonuclease 1) in a digestion buffer-Buffer C (10 mM PIPES pH 6.8; 50
mM NaCl; 300 mM sucrose; 3 mM MgCI2; 1 mM EGTA; 0.5% Triton X-100; 1 mM
PMSF) at 4°C for 1 hour, followed by washing with buffer B. The structures remaining after
individual treatment with each buffer were then fixed with 3% paraformaldehyde in PBS

at 25°C for 15 minutes, and subsequently incubated for 1 hour with the primary histone

H1 antibody (Sigma, H1917) at 1:100 in 0,1 BSA. Specific binding was detected using

the Alexa Fluorine fluorophore-conjugated secondary antibody (Invitrogen, Eugene, Oregon,
USA). The observations were made using a conventional fluorescence microscope.

2.6. Analysis of ADAMTS-1 Endocytosis

We utilized Dynasore (Sigma, D7693) at a concentration of 80 uM. Dynasore is a drug

that functions by inhibiting the action of the protein dynamin, which plays a crucial role in
the fusion of endocytic vesicles (27). For these assays, we employed cells with a density
ranging from 40% to 70%. Cultures that are more confluent tend to be more resistant to the
effects of the drug. To assess the results of incubating cells with Dynasore, we conducted
immunofluorescence. 24 hours after plate, the cells were washed thrice with culture medium
devoid of fetal bovine serum (FBS) and kept in culture for 2 hours to induce nutrient
starvation. Following this period, the cells were treated with 80 uM Dynasore for 24 hours.
The control sample was maintained in culture medium without the addition of supplements,
containing 0.2% DMSO (Sigma) as the vehicle.
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Endocytosis analysis

HT-1080 was selected for this assay because it does not display the nuclear localization
pattern of ADAMTS-1, making it suitable model for monitoring the potential endocytosis
of the protease. Cells plated on coverslips were subjected to 1-hour or 24-hour starvation.
Subsequently, conditioned medium from MDA-MB-231, HEK-293T MPC, and HEK293T
MPA cells was added to these cells for 1 hour or 24 hours in the presence or absence of
Dynasore. The treatment involved the use of 80 M Dynasore (Sigma Aldrich) added to
the culture medium. Samples from the control group were maintained in culture medium
containing DMSO, which served as Dynasore’s dilution vehicle, with the volume equivalent
to that added to cells treated with Dynasore. As a positive control for the assay, we
employed the Anti-B-integrin antibody (18638 Sigma-Aldrich) at a 1:100 dilution in 0.1%
BSA conjugated with Alexa-568 fluorophore (Invitrogen, Eugene, Oregon, USA) for the
HT-1080 cells. The antibody was incubated with the live cells for 2 hours at 37°C, and

the endocytosis of this molecule was monitored in the presence of Dynasore or the vehicle
(DMSO, Sigma).

2.8. Blocking ADAMTS-1 exocytosis

To inhibit the exocytosis of ADAMTS-1, we employed Monensin (ab 120499) in

our assay. This compound effectively blocked protein export by the Golgi apparatus.
Subsequently, we conducted cell fractionation, followed by analysis using Western Blot and
immunofluorescence techniques. For the immunofluorescence assay, cells were seeded on
coverslips in a culture medium suitable for the specific lineage at a concentration of 2 x 10°
cells for 24 hours. Meanwhile, for the Western blotting procedure, cells were plated in 100
mm x 20 mm plates with a suitable growth medium for each cell line at a concentration of 1
x 108 cells for 24 hours. Before treatment, the cells were washed thrice with culture medium
devoid of serum, and then maintained in culture for 2 hours to induce nutrient starvation.
Following the starvation period, the cells were exposed to 2 uM Monensin for 24 hours in a
complete medium supplemented with 10% fetal bovine serum.

2.9. Analysis of ADAMTS-1 Secretion

To verify whether the secretion of ADAMTS-1 contributes to the nuclear localization of

the protease, we assessed the secretory profile of the protease using Heparin. Heparin
prevents protease cleavage from occurring, leading to its secretion in its complete form. We
seeded cells for immunofluorescence and western blotting as per the described protocol,

for duration of 24 hours. Subsequently, the cells underwent three washes with culture
medium lacking FBS and were maintained in culture for an additional 2 hours to induce
nutrient starvation. Following this period, the cells were exposed to 5 pg/ml heparin, diluted
in culture medium without FBS, for 24 hours. Post-treatment, the cells were fixed to
Immunofluorescence analysis or they were lysed, and the culture medium was collected

for analysis of the conditioned medium by Western Blot.

2.10. Blockade of nuclear pore-mediated transport using Importazole

To investigate whether ADAMTS-1, initially present in the cytoplasm of mesenchymal cells,
could be transported to the nucleus through the cytoplasmic-nuclear transport, we employed
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Importazole. Cells were plated for immunofluorescence and western blotting, following the
specified protocol, over a 24-hour period. Subsequently, the cells underwent three washes
with culture medium devoid of FBS and were then subjected to a 2-hour period of nutrient
starvation. Following this, the cells were treated with 50 pM of Importazole (Sigma Aldrich)
diluted in DMSO for 5 hours in serum-free medium, followed by treatment with 10 ug/ml

of LPS (Sigma Aldrich) for 1 hour. Post-treatment, cells were washed with 1X PBS, and
serum-free medium was introduced for a 24-hour period to evaluate the conditioned medium
and cell lysate. Control cells were cultured in medium containing DMSO (Sigma) (the
Importazole dilution vehicle) in a volume equivalent to that added to the Importazole-treated
cells.

2.11. Wound healing assay

The cells were cultivated in 35 mm diameter plates until they achieved 80% confluence.
Subsequently, a “wound” was generated in the monolayer by gently passing a 10 pL pipette
tip over it. This action led to a disruption in the monolayer, causing the cells at its edges

to migrate towards the vacant spaces. Reference points were designated at the base of

each plate to facilitate capturing photomicrographs of the same regions of the “wounds”

at different intervals (0 and 24 hours). Cell migration was assessed by measuring the
unoccupied area (marked arbitrarily as a region lacking cells) using the Image J program,

a public domain software developed by Wayne Rasband, NIMH, NIH, USA. The cell
migration index was determined by the percentage decrease in the “wound” area.

2.12. Viability by Trypan Blue dye exclusion analysis

Trypan blue (Sigma Chemical Co., St. Louis, MO, USA) was used to determine the number
of viable cells present in the cell suspension. Each 10 pl of the cell suspension was mixed
to 10 pl Trypan blue. Then the cells were examined by the Countess™ 11 Automated Cell
Counter equipment (Thermo Fischer, Waltham, Massachusetts, USA) to determine if the
cells absorbed or deleted the dye. Cells that absorbed the dye were defined as non-viable;
those that excluded were considered viable.

2.13. Transwell migration assay

Polycarbonate membranes with 8 um pores in 10-well Boyden chambers (Neuro Probe

®) were used for the migration assays. In migration assays, 1 x 10° cells were plated

into the upper chamber containing 800 puL of DMEM/F12 medium with 1% serum. The
lower chamber was filled with 800 uL of DMEM/F12 with 5% serum and incubated under
standard cell culture conditions for 24 h. Following the incubation, the membrane with
the cells was fixed with 4% paraformaldehyde and postfixed with 0.2% crystal violet in
20% methanol. Cells on the upper side of the filter were removed with a cotton swab. The
migrated cells on the lower side of the filter were photographed and counted.

2.14. Statistical analyzes

The data is presented as the mean and standard deviation. Analysis of the variance
between groups was conducted using analysis of variance (ANOVA), followed by post-hoc
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Bonferroni multiple comparisons, performed with GraphPad Prism 5 software (GraphPad,
San Diego, CA). Statistically significant differences were considered for p< 0.05.

3. Results
3.1. Localization of ADAMTS-1 in different cell types

When assessing the localization of ADAMTS-1 in various cell types with mesenchymal/
epithelial origins and phenotypes, we noted that the distribution of ADAMTS-1 varies
depending on the cell’s origin (Tablel). As depicted in Fig 1A, a distinct nuclear/
nucleolar localization of ADAMTS-1 is evident in HTR-8, MDAH-2774, NIH-OVCAR-3
and MDAH-MB-231. Conversely, in Fibroblasts, Mum-2B and HT-1080, ADAMTS-1 is
dispersed throughout the cytoplasm, devoid of nuclear/nucleolar labeling (Fig 1B, C). We
used the HT1080 cell line expressing ADAMTS-1, with a mutation involving the single
substitution of residue E385 with A in the zinc binding site to deactivate the catalytic
activity of ADAMTS1. This was done to investigate whether mutations in the catalytic
domain could result in the translocation of ADAMTS-1 into the nucleus. The findings
revealed that ADAMTS-1 with the mutation (Z11), along with its controls ATS1 and wild
type, remained in the cytoplasm of HT1080 cells (Fig 3 C). Our observations indicate

that the presence of ADAMTS-1 in the nucleus is not uniform across all cell types.
Specifically, nuclear ADAMTS-1 is observed in cells of epithelial origin, whereas in cells
of mesenchymal origin, the protease predominantly localizes to the cytoplasm. Similar
findings, indicating the presence of ADAMTS-1 in the nucleus, were also noted in the
MCF-10A and MCF-7 cell lines (Supplementary figures 1 and 2, respectively). The analyses
were conducted in technical and biological triplicates, and Figure 1 displays representative
images of the findings.

3.2. ADAMTS-1 is strongly associated with nuclear structures.

To explore whether ADAMTS-1 associates with any specific structure within the nucleus,
we conducted subcellular fractionation experiments on coverslips. Initially, cells cultured on
coverslips were treated with a buffer containing 0.5% Triton X100 (referred to as Buffer
A). This treatment effectively eliminated the plasma membrane, soluble proteins in the
cytoplasm, and the nucleoplasm. At this stage, partial removal of actin filaments (B-actin)
was observed, as indicated in Fig 2 (Buffer A) by the reduction in the intensity of actin
filament labeling and the consequent decline in the cytoskeleton’s microtubules in these
cells. This trend persisted as additional buffers were introduced. Subsequent exposure to

a high-salt solution (referred to as Buffer B) led to an approximately 50% reduction in
histone H1 in the MDA-MB-231 cell line (Fig 2 — Buffer B). Further treatment with the
Buffer C + Dnase | nearly eradicated the histone signal, also demonstrated in Fig 2 (Buffer
C). Notably, despite these successive washes, the protease persisted within the nucleus of
the cells, suggesting that ADAMTS-1 tightly associates with specific nuclear structures,
excluding DNA. Analyses were performed in triplicates, both technically and biologically,
with Figure 2 presenting illustrative images of the results.
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3.3. The importation of nuclear ADAMTS-1 is not carried out by importins, but the Golgi
apparatus is involved in the compartmentalization of the nuclear protease.

To investigate the nuclear internalization mechanism of ADAMTS-1, we initiated a series
of experiments targeting endocytosis and secretion. By pre-treating the cells with Monensin,
which disrupts the Golgi apparatus and consequently affects the secretion of molecules

to the ECM, we determined the protease’s localization. In Fig 3A, we observed that
incubating MDA-MB-231 cells with 2 uM of Monensin induced a shift in ADAMTS-1
compartmentalization. Notably, a diffuse distribution of ADAMTS-1 throughout the cell
cytoplasm was evident, with no indication of nuclear compartmentalization. This stark
disparity is clear when comparing the treated cells with the control group (Fig 3A).

To confirm Monensin’s efficacy, we conducted additional immunofluorescence targeting

a protein responsible for maintaining the Golgi apparatus structure. Post-treatment, cell
dilation was observed, and examination of Golgina 97 immunolocalization demonstrated
significant dispersion within the cell cytoplasm, in contrast to its typical perinuclear location
in the control sample (Fig 3B). Similar observations were noted regarding ADAMTS-1
protein expression. A comparison between the control and Monensin-treated cells revealed
heightened protein expression in the cytoplasm, with no observable protease expression

in the nuclear compartment (Fig 3C). Furthermore, regarding the conditioned medium,

we observed a failure of the treated cells to secrete the protease into the extracellular
medium. To assess whether the protease could be transported to the nucleus using

the importin-mediated active transport pathway, we conducted experiments treating cells
with Importazole (IPZ). Importazole is an inhibitor of the transport receptor importin-

B (Karyopherin beta), specifically obstructing importin-p-mediated nuclear import while
leaving transportin-mediated nuclear import or CRM1-mediated nuclear export intact. Upon
administering 100 UM IPZ, we noted that the protease’s localization remained nuclear in
comparison to the control (Fig 3D). This observation suggests that ADAMTS-1 does not
rely on importin-g for nuclear entry.

As a control and to assess the efficacy of the import blockade caused by Importazole (IPZ),
the cells underwent treatment with lipopolysaccharide (LPS). LPS is known to stimulate
the nuclear localization of the transcription factor NFKB p65. In Fig 3E, we observed that
LPS treatment triggered p65 NFKB translocation to the nucleus, whereas cells treated with
Importazole exhibited reduced p65 NFKB within the nucleus.

All the analysis was conducted three times each, both technically and biologically, and
Figure 3 illustrates the findings.

3.4. Heparin alters the ADAMTS-1 secretion profile, but not the amount of nuclear

ADAMTS-1

Our subsequent approach involved using Heparin to investigate whether the treatment could
alter the nuclear localization of ADAMTS-1. While assessing changes in the levels of
ADAMTS-1 protein expression, we noticed that the treatment of MDA-MB-231 cells with
Heparin led to a statistically significant increase in the expression of proteins secreted into
the ECM (Fig 4 A, B). However, in both the cytoplasmic and nuclear compartments, the
treatment did not induce any changes in the protein levels of the protease, nor were there
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any alterations in the localization of ADAMTS-1 (Fig 4 C, D). During the evaluation of
the effects of Heparin treatment through immunofluorescence, we observed that there was
no statistically significant difference concerning the amount of ADAMTS-1 in the nucleus
or nucleolus (Fig. 4G). However, there was a notable difference in the distribution of the
protease, which became more diffuse and less punctate (4E, F) compared to the control
sample. The analyses were conducted in technical and biological triplicates, and Figure 4
displays representative images and graphs of the findings.

3.5. Soluble ADAMTS-1 is internalized by cells that do not express the nuclear protease,
which start to present nuclear ADAMTS-1

To observe whether nuclear ADAMTS-1 undergoes endocytosis post-secretion, we
employed HT-1080 cells that exclusively exhibit the protease in the cytoplasmic
compartment (Fig 1B) and cultured these cells in a medium containing soluble ADAMTS-1.
We utilized MDA-MB-231 conditioned medium, known for its nuclear ADAMTS-1
presence (Fig 1A). Control HT-1080 cells, without the conditioned medium, predominantly
displayed ADAMTS-1 dispersed throughout the cytoplasm. However, upon exposure to

the conditioned medium from MDA-MB-231 cells, we noted changes in the distribution
and compartmentalization profile of the protease. Post-treatment, we observed increased
ADAMTS-1 accumulation points in the nucleolar region, akin to that observed in MDA-
MB-231 cells. These differences were found to be statistically significant (Fig 5 A, D).

To assess whether the protease’s typical location in HT1080 cells could be reinstated
(cytoplasmic location), we employed Dynasore, an endocytosis inhibitor known for its
ability to impede the action of the dynamic protein involved in the endocytosis process.
To confirm Dynasore’s efficiency and rule out any non-specific inhibition, we conducted
an endocytosis assay using an anti-p-integrin antibody conjugated to a red fluorophore. In
Figure 5 B, the absence of Dynasore treatment (control) resulted in the endocytosis of the
antibody, visible in a diffuse pattern within the cells. Conversely, in the presence of the
inhibitor, p-integrin internalization did not occur, and the molecule appeared to surround
the cells in the extracellular environment (white arrows). As depicted in Fig 5 C and D,
treatment with 80 uM of the inhibitor failed to hinder protease endocytosis, and there was
no decrease in the nucleolar localization of the protease. However, we once again observed
the protease’s more diffuse nuclear presence within this compartment (Fig 5 C). Analyses
were performed in triplicates, both technically and biologically, with Figure 5 presenting
illustrative images and graphs of the results.

To evaluate the endocytosis of ADAMTS-1, we also employed the medium conditioned

by HEK-293T. HT-1080 cells were exposed to the conditioned medium secreted by the
control HEK-293T cells and those expressing MPA (mcherry puromycin ADAMTS-1). As
observed in supplementary figure 3A, HT-1080 cells internalized the protease, secreted by
both HEK-293T and HEK293-T MPA cells, into the nuclear compartment. The number of
cells exhibiting nuclear protease post-incubation with the conditioned media was higher and
statistically significant (supplementary figure 3B).
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3.6. The availability of ADAMTS-1 changes the migratory profile of cells.

Having observed the potential translocation of ADAMTS-1 to the nucleus/nucleolus upon
conditioning HT1080 cells and fibroblasts with media secreted by MDA-MB-231 and
HEK?293-T MPA cells, we proceeded to assess whether this new localization could impact
the cells” motility function. HT1080 cells (Fig. 6 A, B) and fibroblasts (Fig. 6 C, D)

were cultured for 24 hours in conditioned media from HEK-293T MPC and HEK293T

MPA cells. Treatment of HT1080 (Fig. 6 A and B) or Fibroblasts (Fig. 6 C and D) with
conditioned media of HEK-293T MPA cells (supplemented with 1% fetal bovine serum)
induced changes in their migratory profile compared to the control group (also supplemented
with 1% fetal bovine serum), resulting in a statistically significant decrease in the cells’
migratory capacity.

Analysis of the fibroblasts’ migratory profile using the transwell migration assay (Figure

6 E) further revealed the influence of protease availability on the migratory pattern. Cells
maintained in HEK-293T MPA conditioned medium exhibited a statistically significant
reduction in fibroblast migration (Figure 6 F). Notably, the changes in cell migration (Figure
6 G) were not caused by an increase in cell proliferation or death, as indicated by the lack of
statistically significant differences in the quantity of live and dead cells in the treated groups
compared to the control group in the trypan blue viability assay. Hence, it can be concluded
that the observed alterations in the wound assay primarily stem from the process of cell
migration rather than proliferation and/or cell death. All the analysis was conducted three
times each, both technically and biologically, and Figure 3 illustrates the findings.

4. Discussion

Previously, we observed ADAMTS-1 exclusively in the nucleus of breast cell lines with
varying malignancy levels (15). Our findings show that epithelial phenotype cells host the
protease in the nucleus, while mesenchymal phenotype cells confine it to the cytoplasm.
Notably, prior evidence suggests the nuclear presence of proteases like MMP2 (28), MMP9
(29), MMP12 (30) and others (31) in nucleus, with crucial biological roles. Despite
ADAMTS-1 being primarily located in the extracellular matrix (ECM) and lacking a well-
defined function in the cell nucleus in the existing literature, previous studies, including Park
et al.”’s work on uterine epithelial cells, have highlighted its presence in the nuclei (32).
These proteases may serve as chromatin remodelers, impacting nuclear matrix structure,
apoptosis, and cell proliferation regulation (28). Studies suggest that proteins within the
nuclear matrix share functional traits with those in the ECM, aiding in the anchoring of
diverse molecules (20). For example, Ren et al. (2017) demonstrated ADAMTS-4’s nuclear
translocation, where it interacts with and cleaves PARP-1, directly triggering apoptosis (33).
At the same time, studies demonstrated that ADAMTS1 inhibits angiogenesis both in vitro
and in vivo, suggesting its role in inducing endothelial cell apoptosis. Notably, the inhibition
of proliferation was observed specifically in endothelial cells, and not in other cell types,
including smooth muscle cells, fibroblasts, and CHO-K1 cells (Chinese hamster ovary cell)
(34). Both ADAMTS-1 and 4 share the fundamental protein structure typical of this family,
differing only in the former’s possession of two thrombospondin domains in the C-terminal
region (1). Despite this dissimilarity, as both are aggrecanases, they may function similarly
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within the nucleus. Prior evidence has shown ADAMTS-1’s cleavage activity within breast
cell nuclei, indicating its potential for remodeling the nuclear matrix, given the presence
of ADAMTS substrates like Aggrecan (15) and Versican(16) in the nucleus. Importantly, it
is worth noting that ADAMTS-1 can be activated through auto-cleavage or furin activity,
which is present in the nucleus (35).

Our study has shown that ADAMTS-1 is linked with nuclear structures but not chromatin.
By impeding vesicle secretion with Monensin, the protease’s localization underwent
changes. Monensin possesses the capacity to induce functional and morphological
alterations in the Golgi apparatus and mitochondria (36-38), with effects fully reversible
after 24 hours of treatment (39). Our results suggest that Monensin disrupted the Golgi
apparatus, thus hindering ADAMTS-1’s secretion into the extracellular environment and its
subsequent localization within the cell nucleus. This implies that the protease necessitates
secretion before internalizing into the nucleus. To assess ADAMTS-1’s nucleus/cytoplasmic
translocation, we employed a selective inhibitor of nuclear transport via importin § (40, 41).
Despite incubation with importazole, ADAMTS-1 continued to localize within the nucleus.
As a positive control, we utilized LPS (lipopolysaccharide) (42, 43), a known inducer

of inflammatory cytokines, such as the transcription factor NF-RB (44). When inactive,
NF-&B remains in the cytoplasm, bound to an inhibitory protein called IRB, preventing

its translocation to the nucleus (42, 43). However, upon LPS stimulation, 1&B undergoes
phosphorylation and degradation, triggering NF-RB’s translocation to the nucleus (45).

No literature reports the presence of the typical nuclear localization signal (NLS) in
ADAMTS-1. The NLS, a short sequence of amino acids, facilitates protein transport to

the nucleus through importin receptors (46). The absence of this NLS in ADAMTS-1 aligns
with the Importazole experiment results, as proteins without the classical NLS employ
alternative importins for transport. Recent studies have identified the specific NLS sequence
in Matrix Metalloproteinase (MMP) proteins, known for their association with cancer

and neurological disorders (47). Significantly, the NLS sequence has been identified in
ADAMTS-13, a protein conventionally recognized as a secreted metalloprotease, suggesting
potential additional biological functions (48). Hunt et al. noted the presence of a cluster

of positively charged amino acid residues at the distal end of the ADAMTS13 propeptide,
bearing striking similarities to the K-K/R-X-K/R monopartite NLSs (49). Furthermore, the
maturation process of ADAMTS-1 involves two distinct processing events, resulting in the
release of two forms of the protein - an 87 kDa active form and a 65 kDa soluble form

after specific cleavage events (14). Our studies revealed that the administration of monensin
inhibits the nuclear entry of ADAMTS-1 65 kDa. This suggests that it possibly needs to

be secreted for processing in the extracellular matrix by furins and other molecules, before
returning to the nucleus. While the full-length ADAMTS-4 weighs 90 kDa, its 68 kDa form
was found to be responsible for PARP-1 cleavage, triggering cell apoptosis. This implies that
this protease also requires processing prior to its entry into the nucleus (33).

Our findings show that heparin modifies the compartmentalization of ADAMTS-1, elevating
its expression in the extracellular medium while leaving the intracellular expression
unaffected. Literature reports suggest that heparin hinders the endocytosis of MMP13 by
disrupting the interaction between MMP13 and the LRP1 receptor (receptor-related protein
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1), which facilitates the molecule’s internalization (50). Furthermore, heparin binds to

both ADAMTS-4 and ADAMTS-5 (51, 52), hindering the endocytosis of these molecules.
Furthermore, Liu et al. (2016) demonstrated, using TA3 murine mammary carcinoma cells,
that the cleavage of ADAMTS-1 is hindered by heparin (53). Heparin, a negatively charged
and sulfated molecule, interacts with various amino acid residues in proteins, owing to

its distinctive properties, and can exhibit an affinity for multiple proteins simultaneously.

In a microenvironment characterized by a high abundance of heparin, ADAMTS-1 binds

to it through its spacer/Cysrich region. This binding protects the region from proteolytic
cleavage, thus maintaining ADAMTS-1 in its full-length form, enabling it to effectively bind
and cleave its substrates (53).

Our study revealed the absence of nuclear ADAMTS-1 in mesenchymal-origin cells.
Consequently, we exposed HT-1080 and fibroblasts (cytoplasmic proteases) to conditioned
medium secreted by MDA-MB-231 and HEK-293T (nuclear proteases), leading to the
appearance of the protease in the nucleus. Based on our results, we propose that the soluble
protease in this conditioned medium undergoes endocytosis by mesenchymal-origin cells.
Literature studies indicate that tumor cells can adopt epithelial-like traits, as demonstrated
by Casal et al., wherein increased ADAMTS-1 expression in mesenchymal-origin cells
contributes to tumor plasticity and the acquisition of epithelial characteristics (54).

Furthermore, our research suggests that the internalization of ADAMTS-1 by mesenchymal
cells does not follow the classical endocytosis pathway mediated by plasma membrane
protein fusion, as the dynamin inhibitor failed to prevent the protease’s entry. Dynamin
inhibition, along with other regulators of cellular trafficking, represents potent tools for
effectively blocking endocytosis (55, 56). Recent reports have identified ADAMTSL1 as a
low-density lipoprotein receptor-related protein 1 (LRP1) (57). Studies have revealed that
ADAMTS-4, sharing a close structural resemblance to ADAMTS-1, is endocytosed by
chondrocytes through LRP1, thereby allowing it to become accessible inside the cell (58).

By taking over this nuclear compartment, ADAMTS-1 can effectively modify the functional
profile of these cells. Existing literature consistently demonstrates that ADAMTS-1 impacts
cell migration, with increased protease availability in the extracellular medium correlating
with reduced migratory potential (59, 60). Comparing this insight with our findings,

we propose that ADAMTS-1, upon translocating to the nucleus, can similarly influence
cellular maotility processes. In the case of invasive breast cancer cells (MDA-MB-231),

the absence of ADAMTS-1 triggers heightened migratory activity in the lineage (60),

while our observations reveal well-characterized ADAMTS-1 in the nucleus of these

cells (15). Evidence supports an intracellular role for versican in vascular cells, where it
seems to participate in mitotic spindle organization during cell division, acting as a known
ADAMTS-1 substrate (16). Thus, ADAMTS-1 likely participates in the cleavage of versican
within the nucleus.

A study has shown an increase in MMP-2 and -9 within neuron nuclei during the initial
post-ischemic reperfusion phase, observed in both human stroke cases and animal models.
These gelatinases bound to the nucleus contribute to oxidative DNA damage by degrading
nuclear matrix proteins, such as PARP-1 and XRCCL1, impairing their ability to repair DNA
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lesions caused by post-stroke oxidative stress. Given ADAMTS-1’s elevated expression
under hypoxic conditions, it might play a similar role (35).

Further studies are required to provide fresh insights into the transport and trafficking of
ADAMTS-1, along with the identification of new interaction partners. Future investigations
aim to elucidate the precise mechanisms by which ADAMTS-1 accesses the cell nucleus,
recognizes, and cleaves other components within the cell nucleus.

5. Conclusion

Based on our findings, we can deduce that nuclear ADAMTS-1 expression differs between
cells derived from epithelial and mesenchymal origins. Moreover, the localization of
ADAMTS-1 underwent changes when we disrupted the functional secretion of cells through
the Golgi Apparatus. Mesenchymal cells cultured in an ADAMTS-1-enriched medium
exhibited nuclear localization of the protease, which did not occur through clathrin-mediated
endocytosis. Furthermore, the nucleocytoplasmic transport of the protease proved to be
independent of the classic importin-p protein. Additionally, we demonstrated that increased
ADAMTS-1 availability diminishes the migratory capacity of cells. Figure 7 presents a
summary of the collected data.
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ADAMTS-1 is uptaken by fibroblasts and HT1080 cells, showing the location could be changed

Fig 1. ADAMTS-1 is in the nucleus of cells of epithelial origin, but in cells of mesenchymal origin
its distribution is cytoplasmic.

Immunofluorescence analysis in (A) epithelial-origin cells (HTR-8; MDAH-2774; NIH-
OVCAR-3; MDA-MB-231) and (B) mesenchymal-origin cells (Fibroblast; HT1080;
MuM-2B) clearly illustrates this distinct compartmentalization of ADAMTS-1. Blue:Core,
Green:F-actin and Red:ADAMTS-1. Scale bar: 5 um epithelial-origin cells/20 pm
mesenchymal-origin cells. Experiments were conducted in biological and experimental
triplicates (N=3).
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Fig 2. ADAMTS-1 is a protease linked to nuclear structures of MDA-MB-231 cells.
Conducting subcellular fractionation on coverslips involved incubating cells with various

buffers containing different concentrations of salts and DNAse. This process aimed to

assess the presence of ADAMTS-1 and histone, the latter serving as a positive control for
DNAse activity. Immunolocalization of ADAMTS-1 and Histone H1 in MDA-MB-231 cells
confirms that ADAMTS-1 exhibits a robust association with nuclear structures. Blue:Core;
Green:F-actin; Red:ADAMTS-1 or Histone. Scale bar: 5um. Experiments were conducted in

biological and experimental triplicates (N=3).
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Fig 3. Importing ADAMTS-1 into the core does not use Importin and the Golgi apparatus is
involved in the compartmentalization of the nuclear protease.

Following a 24-hour treatment of MDA-MB-231 cells with 2 UM Monensin in a

10% FBS culture medium, the localization of the protease was assessed using both
Immunofluorescence and Western Blot analysis of cell fractions. The Immunofluorescence
images (A, B) illustrate notable changes in the distribution pattern of ADAMTS-1 within
cells exposed to Monensin. Furthermore, the protein analysis (C) revealed an increase

in cytoplasmic ADAMTS-1 levels upon treatment, coupled with a reduction in protease
secretion (C - Control; M - Monensin-treated). In a separate experiment, MDA-MB-231
cells were treated with 50 UM Importazole for 5 hours, followed by a 1-hour exposure

to 1ug/ml of LPS, and subsequently analyzed via Immunofluorescence (D, E). Blue:Core,
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Green:F-actin and Red: ADAMTS-1/Golgina 97/NFKB. Scale bar: 5um. Experiments were
conducted in biological and experimental triplicates (N=3).
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Fig 4. Heparin alters the ADAMTS-1 secretion profile, but not the amount of nuclear
ADAMTS-1.
The Western blot analysis depicted (A) the conditioned medium, (C) as well as the

cytoplasmic and nuclear fractions obtained from MDA-MB231 cells treated with 5

pg/ml for 24 hours. A representative graph of the conditioned medium (B) and the
cytoplasm and nucleus (D) revealed statistically significant differences between groups (p
< 0.05). Moreover, Immunofluorescence images (E) demonstrated the distribution pattern
of ADAMTS-1 in Heparin-treated cells compared to the control sample, with an insert (F)
highlighting the discernibly altered distribution pattern in the treated cells. Additionally,

a representative graph (G) illustrated the presence of ADAMTS-1 in the nucleus of

both control and heparin-treated MDA-MB231 cells. Blue:Core, Green:F-actin and Red-
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ADAMTS-1. Scale bar: 5um. Experiments were conducted in biological and experimental
triplicates (N=3).
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Fig 5. ADAMTS-1 is internalized by cells of mesenchymal origin and they start to present
nuclear ADAMTS-1, and blocking endocytosis partially prevents the presence of the protease in
the nucleus.

HT1080 cells underwent a 24-hour treatment with the conditioned medium secreted by
MDA-MB-231 cells, followed by immunofluorescence analysis as shown in (A), with the
upper panel depicting control cells and the lower panel representing cells treated with MDA-
MB-231 conditioned medium. Subsequently, (B) illustrates HT1080 cells incubated with g1
integrin conjugated to Alexa fluor 568, without Dynasore (left panel) and with Dynasore
(right panel). In (C), HT1080 cells were maintained in conditioned medium secreted by
MDA-MB-231 cells, along with 80 uM Dynasore. The results of the experiments depicted
in A and C are summarized in (D), which presents a graph displaying the number of cells
with the protease located in the nucleolar region (dots). Statistically significant differences

Control
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between groups were denoted as *p=0.05, **p=0.005, and ***p=0.0005. Blue:Core and
Red:ADAMTS-1 and B-integrin. Scale bar: 5um. Experiments were conducted in biological
and experimental triplicates(N=3).

Exp Cell Res. Author manuscript; available in PMC 2024 December 15.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Silva et al. Page 26

MDA-MB-231
ADAMTS-1 F-ACTIN DAPI

Control

Buffer A
(Triton X-100)

Buffer B

b g

(high-salt)
Buffer C
+ Dnase
HISTONE F-ACTIN DAPI MERGE
- - | -
‘
Buffer A
(Triton X-100)
Buffer B
(high-salt)
Buffer C
+ Dnase

Fig 6. Increased availability of ADAMTS-1 decreases cell motility.
(A, B) HT1080 and (C, D) fibroblasts were treated with HEK293-T (MPC) and HEK293-T

MPA culture media and later we evaluated the migratory behavior of these cells by the
“wound healing assay” method and also (E, F) the migratory behavior of fibroblasts was
evaluated by transwell migration assay. (G) Cell viability test by the Trypan Blue exclusion
method. Differences between groups were considered statistically significant when *p=0.05,
**p=>0.005 and ***p=0.0005. Experiments were conducted in biological and experimental
triplicates (N=3).
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Figure 7. Summary of the obtained results.
1. It was observed that ADAMTS-1 exhibits nuclear localization in epithelial cells. 2. Upon

treatment with Importazole, an inhibitor of the importin-f receptor transport, ADAMTS-1
remained confined within the nucleus. 3. The introduction of heparin, which prevents
protease cleavage, resulted in a more diffused pattern of ADAMTS-1 within the nucleus.

4. Treatment with Monensin, wich disrupts the Golgi apparatus, hindered ADAMTS-1 from
entering the nucleus, leaving it confined within the cytoplasm. 5. When mesenchymal cells
were exposed to conditioned medium from epithelial cells, they were able to absorb and
allocate ADAMTS-1 to the nucleus, contrasting the pattern observed in the control cells.
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Table 1 -

Cell lines
Cell Line Organism Cell type Morphology Tissue Disease Ref
HEK293T ﬁ‘m‘r’]”p’b”s Epithelial cells Epithelial Kidney Normal tissue ATCC CRL-11268
HTR-8 ',:—{Jor;rzi?]sapiens, Trophoblast Epithelial-like Placenta Normal tissue ATCC CRL-3271
MCF7 r/]-[’j%t;sapiens, Pleural effusion Epithelial Breast Adenocarcinoma  ATCC HTB-22
MCF10 ﬁmﬂs&piens, Epithelial cells Epithelial Breast Normal tissue ATCC CRL-10317
MDAH2774 ',:—{Jor;rzi?]sap iens, ﬁﬁ:? in the ascitic Epithelial Ovary Adenocarcinoma gf}?ﬁi%ﬁ'zso
MDA-MB-231  H0m0 saplens Epithelial EMT)  Epithelial Breast Adenocarcinoma {7 2C, R
NIH-OVCAR-3 ﬁmﬂs&piens, Epithelial cell Epithelial Ovary Adenocarcinoma  ATCC HTB-161
Fibroblast ',:—{Jor;rzi?]sapiens, Fibroblast Mesenchymal Breast Normal tissue Ref. 23
HT1080 r/]-[’j%(?]sap fens, Fibroblast Mesenchymal-like t(iigsr:jr;ective Fibrossarcoma ATCC CCL-121
MuM-2B ﬁ%ﬂﬁp iens, Melanocytes Mesenchymal-like ~ Ocular Uveal melanoma g\e/”&s_‘i%rﬁ?

ATCC (The American Type Culture Collection)

The Cellosaurus is part of the SIB Biodata Infrastructure and a SIB Resource

EMT: epithelial-to-mesenchymal transition
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