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Abstract
Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteinases that cleave a plethora of substrates, 
including components of the extracellular matrix and cell-surface-associated proteins, as well as intracellular 
targets. MMPs have also been found in extracellular vesicles (EVs), such as exosomes. MMP-3 promotes tumor 
growth, epithelial-to-mesenchymal transition, genome instability, migration, invasion, and metastasis of cancer 
cells, and nuclear MMP-3 controls gene transcription. Intranuclear proteolysis by MMPs may significantly alter 
cancer progression. However, the nuclear substrates of MMP-3 have not been well investigated. In this study, 
we performed proteomic analyses to identify the nuclear substrates and EV proteins regulated by MMP-3. While 
rabidly metastatic colon cancer (LuM1) three-dimensionally cultured tumoroids secreted EVs containing 30 
protein types, including Lamin A (LMNA), MMP-3, fibronectin (FN1), HSPA8 (Hsc70), β-actin (ACTB), and vimentin 
(VIM), CRISPR/Cas9-based knockout of MMP-3 reduced the secretion of these proteins in EVs. Notably, EV-bound 
cleaved Lamin secretion was confirmed by immunoelectron microscopy. Also, MMP-3 formed proteolytic dimers 
via its hemopexin-like repeat domains in nuclei. Many nuclear MMP-3-binding proteins, including Lamin A/C, 
histones, topoisomerases, and hnRNPs, were screened by co-immunoprecipitation followed by proteomics. 
Proteolytic MMP-3 overexpression generated a C-terminal 30-kDa fragment of Lamin A, whose cleavage site was 
defined via structural analysis. MMP-3 digestion of Lamin A induced nuclear deformity (atypia) required for cell 
migration in confined space. The cleaved Lamin A and MMP-3 were transported with autophagosomes (LC3B+), 
nucleophagosomes, and amphisomes (CD63 + LC3B+) and co-secreted with EVs. Proteolytic MMP-3 also induced 
nuclear speckles of Lamin A, suggesting their roles in transcription and splicing. Clinical analysis revealed that high 
expressions of MMP3 and LMNA were significantly seen in head and neck squamous cell carcinoma (HNSC) than in 
the other 16 cancer types, and predicted poor prognosis of patients suffering from HNSC, pancreatic, rectum and 
lung adenocarcinomas at specific stages. Immunohistochemistry revealed that nuclear MMP-3 and cleaved Lamin 
were significantly higher expressed in stage IV metastatic HNSC cases than in stage I non-metastatic cases. Taken 
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Introduction
Cancer is a leading cause of death worldwide. There 
were close to 20 million new cases of cancer in the year 
2022, alongside 9.7 million deaths from cancer [1]. Can-
cer metastasis is the primary reason most cancer patients 
die. While the primary tumor can be treated, metasta-
sis often leads to organ damage and failure, ultimately 
causing death. For example, head and neck squamous 
cell carcinoma (HNSC) ranks as the seventh most com-
mon malignancy worldwide, with approximately 890,000 
new cases and 450,000 deaths annually, accounting for 
4.5% of global cancer diagnoses and fatalities [2]. Oral 
squamous cell carcinoma (OSCC) is the most prevalent 
form of head and neck cancer and represents approxi-
mately 90% of all cases [1]. OSCC alone contributes to 
3% of global malignancies and is the 17th leading cause of 
cancer-related mortality [3, 4]. Despite recent advance-
ments in many therapeutic strategies, HNSC remains 
associated with recurrence and progression. More than 
50% of HNSC patients exhibit lymph node metastasis, 
one of the most common adverse prognostic factors in 
HNSC patients [4]. The 5-year survival rate of primary 
HNSC patients is greater than 80% but it falls to 40% with 
cervical lymph node metastasis and to 20% with distant 
metastases [5].

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent proteinases that belong to the group of endo-
peptidases or matrixins [6]. They can cleave a plethora 
of substrates, including components of the extracellular 
matrix (ECM) and cell-surface-associated proteins, as 
well as intracellular targets. Accordingly, MMPs play key 
roles in a variety of physiological and pathological pro-
cesses, such as tissue homeostasis and cancer cell inva-
sion in the tumor microenvironment (TME) [7]. For 
example, MMPs, including MMP-2, MMP-9, and MT1-
MMP (aka MMP-14), cleave laminins, thereby destroying 
the basement membrane and promoting epithelial-to-
mesenchymal transition (EMT), migration, and invasion 
of epithelial cancer cells [8, 9]. Notably, MMP-3 pro-
motes tumor growth, EMT, genome instability, migra-
tion, invasion, and metastasis of cancer cells [10–12]. 
Additionally, recent studies have shown that metallopro-
teases are present in extracellular vesicles (EVs), such as 
exosomes [13]. We have shown that EV-bound MMP-3 
was transferred into recipient cell nuclei and promoted 
the tumorigenesis and metastasis of colon cancer cells 
[11, 14]. Consistent with the pro-tumorigenic roles of a 
broad range of MMPs, a pan-metalloprotease inhibitor, 
BB-94, inhibited tumor growth, invasion, and metasta-
sis in human colon, liver, breast, and prostate cancers in 
mouse models [15, 16].

together, MMP3-cleavage of Lamin A induces nuclear deformity, nucleophagy, and their autophagic co-secretion 
with EVs in metastatic cancer. Also, high expression of MMP-3 and secretion of Lamin A can predict poor prognosis 
in multiple cancer types at specific stages.

Plain english summary
Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteinases that cleave a wide range of 
substrates, including components of the extracellular matrix and cell-surface-associated proteins, as well as 
intracellular targets. MMP-3 promotes tumor growth, migration, invasion, and metastasis of cancer cells, and nuclear 
MMP-3 controls gene transcription. Here, we performed proteomic analyses to identify the nuclear substrates and 
extracellular vesicle (EV)-bound proteins regulated by MMP-3. While three-dimensionally cultured, rabidly metastatic 
colon cancer tumoroids secreted EVs containing 30 protein types, including Lamin A (LMNA), MMP-3, and vimentin 
(VIM), knockout of MMP-3 reduced the secretion of these proteins in EVs. EV-bound cleaved Lamin secretion was 
confirmed by immunoelectron microscopy. Nuclear MMP-3 formed proteolytic dimers via its PEX domains. Many 
nuclear MMP-3-binding proteins, including LMNA, were screened by proteomics. MMP-3 overexpression generated 
a C-terminal 30-kDa fragment of LMNA, whose cleavage site was defined via structural analysis. MMP-3 digestion of 
Lamin A induced nuclear deformity required for cell migration in confined space. The cleaved LMNA and MMP-
3 were co-transported via autophagosomes and amphisomes and co-secreted with EVs. MMP-3 also induced 
LMNA nuclear speckles. Clinically, high expressions of MMP3 and LMNA were seen in head and neck squamous 
cell carcinoma (HNSC) than in the other 16 cancer types, and predicted poor prognosis in HNSC, pancreatic, 
rectum and lung adenocarcinomas at specific stages. Nuclear MMP-3 and cleaved Lamin were significantly higher 
expressed in metastatic HNSC cases than in non-metastatic cases. Taken together, MMP3-cleavage of Lamin A 
induces nuclear deformity and their autophagic co-secretion with EVs in metastatic cancer. Also, high expression of 
MMP-3 and secretion of Lamin A can predict poor prognosis in multiple cancer types at specific stages.

Keywords  Lamin A (LMNA), Matrix metalloprotease (MMP), Proteolysis, Extracellular vesicle (EV), Exosome, 
Autophagy, Amphisome, Proteome, Nuclear deformity, Migration, Metastatic cancer, Head and neck squamous cell 
carcinoma, Colorectal cancer



Page 3 of 28Eguchi et al. Cell Communication and Signaling          (2026) 24:146 

Moreover, intracellular roles of MMPs have been 
uncovered, and research on this new aspect of their 
biology has expanded [17–19]. For example, glycogen 
synthase kinase-3beta (GSK-3β) is activated by MMP2-
mediated proteolysis in cardiomyoblasts [20]. MMP-3 
activated caspase-9 and cleaved Apaf-1, leading to apop-
tosis [21]. Notably, it has been shown that some MMP 
members translocate into the nucleus, where they con-
trol gene transcription [17, 22]. MMP-3 transcription-
ally activates the cellular communication network factor 
2 (CCN2), aka connective tissue growth factor (CTGF) 
[14, 23], and heat shock protein 70 (HSP70) gene in col-
laboration with heterochromatin protein 1 (HP1) [24]. In 
addition, nuclear MT1-MMP regulated the PI3Kδ/Akt/
GSK3β-Mi-2/NuRD-dependent control of macrophage 
immune function [25]. Moreover, nuclear MMP-12 medi-
ated NFKBIA transcription, leading to IFN-α secretion 
and host protection in antiviral immunity [26]. Recently, 
it has been implicated that MMPs regulate epigenetics by 
cleaving histone tails. MMP-9 facilitated selective prote-
olysis of the histone H3 tail at genes necessary for profi-
cient osteoclastogenesis [27]. Similarly, MMP-2 mediates 
ribosomal RNA transcription by cleaving nucleolar his-
tones [28]. Therefore, the intranuclear proteolysis by 
MMPs may also largely alter cancer progression. How-
ever, the nuclear substrates of MMP-3 have not been well 
investigated. In this study, we performed proteomic anal-
ysis to screen nuclear substrates of MMP-3 and found 
that MMP-3 cleaves nuclear Lamin A (LMNA), which is 
co-secreted with autophagic EVs in metastatic cancer.

Extracellular vesicles (EVs) are small lipid-bilayered 
particles sized between 30  nm and 10  μm secreted by 
cells, while major EVs, such as exosomes and microves-
icles, are sized between 30 nm and 500 nm [29, 30]. EVs 
carry cell-derived cargo molecules, such as proteins, 
nucleic acids, and metabolites, inside or on their sur-
face. EVs with cargo molecules are found in body flu-
ids, such as serum, saliva, and urine, as well as in cell/
tissue culture supernatants. Therefore, some EV cargo 
molecules have been developed as prognostic biomark-
ers of diseases, including cancers, and of pathophysi-
ological body states. For example, we have shown that 
epithelial cell adhesion molecule (EpCAM) and heat 
shock protein 90 (HSP90), including HSP90α, HSP90β, 
and TRAP1/HSP75, are enriched in lymph-node-meta-
static HNSC-EVs and indicate poor prognosis of HNSCs 
[31–33]. Notably, EV-mediated intercellular molecular 
transfer is essential for intercellular communication [34, 
35]. Via the molecular transfer, cancer cell-derived EVs 
arrange tumor-associated cells in the TME and distant 
cells to form a metastatic niche [30, 36, 37]. We have 
also shown that HNSC-derived HSP90-bearing EVs ini-
tiate EMT, promote cancer cell migration, invasion, and 
stem cell-like properties, and polarize tumor-associated 

macrophages (TAM) into tumor-supporting M2-type 
[38, 39]. Among various EV types, exosomes are secreted 
from cells via exocytosis, in which multivesicular bodies 
(MVBs) that contain intra-luminal vesicles (ILVs) fuse 
with the plasma membrane and exocytose exosomes 
[29, 30]. Additionally, recent studies have identified the 
autophagic EV secretion pathway in which the fusion 
of autophagosomes and MVBs generates amphisomes, 
which then fuse with the plasma membrane and secretes 
dozens of protein types and RNAs via exosomes, which is 
also known as exophagy [30, 40–42]. EVs have often been 
separated in monolayer cell culture systems, whereas 
three-dimensional (3D) tumoroids, also known as cancer 
organoids that mimic in vivo tumors, have been applied 
to EV studies [11, 43]. Notably, we recently reported that 
MMP-3 is essential for the integrity of cancer EVs, pro-
moting 3D tumor growth in vitro by inhibiting necrosis, 
whereas MMP-3 knockout in EVs significantly inhibited 
their pro-tumorigenic role in the 3D tumoroid culture 
model [11]. However, it remains unclear whether MMP-3 
controls key protein expression in cancer EVs. Here, we 
aimed to discover key proteins controlled by MMP-3 in 
EVs. Surprisingly, Lamin A was detected in metastatic 
cancer EVs, and MMP-3 controlled its cleavage and 
autophagic EV secretion.

Lamins are nucleo-skeletal proteins supporting the 
nuclear envelope (NE) from inside. In human cells, 
A-type lamins (Lamin A, Lamin C, and minor isoforms) 
are expressed in a tissue- and development-specific man-
ner, while B-type lamins (B1 and B2) are ubiquitously 
expressed [44]. Changes in Lamin A/C levels are asso-
ciated with a poor prognosis in multiple human can-
cers [45]. Lamin A/C controls many cellular processes 
with key roles in cancer, including cell invasion, stem-
ness, genomic stability, signal transduction, transcrip-
tional regulation, and resistance to mechanical stress 
[45]. While the dynamic cytoplasm deforms easily to fit 
through micron-scale spaces, the nucleus supported by 
Lamins is the largest and stiffest cellular organelle, and 
nuclear deformation can impose a rate-limiting step on 
migration [46, 47]. Notably, increasing evidence suggests 
that nucleophagy, a selective form of autophagy that tar-
gets nuclear components such as Lamins, plays a critical 
role in preserving nuclear integrity by clearing dysfunc-
tional nuclear materials [48]. We therefore hypothesized 
that MMP3 cleavage of Lamin A induces nuclear defor-
mity and nucleophagy in metastatic cancer cells. In the 
present study, we indeed show that MMP3 cleavage of 
Lamin A induces nuclear deformity, which is required for 
increased migration in confined spaces and nucleophagy 
leading to autophagic EV secretion in metastatic cancer 
cells.
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Materials and methods
Cellular cloning
MMP3-knockout LuM1 cells were generated using a 
CRISPR/Cas9-based genome-editing technology as 
described previously [14]. Cloning of cells expressing 
palmitoylation signal-fused (membrane-bound) green 
fluorescent protein (pGFP) was performed as described 
previously [11, 38]. Lentiviral reporter constructs of 
CSCW-palmitoylation signal-EGFP were kindly gifted 
from Dr. Charles P. Lai [49]. For virus production, 
HEK293T cells at 70–80% confluence were transfected 
with the construct, psPAX2 packaging plasmid, and 
pMD2.G envelope plasmid using PEI max (Polysciences, 
Warrington, PA, USA). HSC-3-M3 (M3) and LuM1 cells 
were infected by using the spinfection method with the 
viral solution. Infected/transduced stable cells were 
selected using puromycin. Single clones were isolated 
by the limiting dilution to establish M3pGFP cells and 
LuM1pGFP cell lines.

Cells and tumoroid culture
Colon26 (aka CT26), LuM1, LuM1/MMP3-KO, and 
LuM1pGFP cells were maintained in RPMI1640 media 
with 10% fetal bovine serum (FBS), penicillin, strep-
tomycin, and amphotericin B [12]. HSC-3-M3/pGFP 
(M3pGFP), HEK293, COS-7, and HeLa cells were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% FBS, penicillin, and streptomy-
cin. For autophagy-inducing starvation, cells were cul-
tured in serum-free, amino acid-free DMEM (FujiFilm 
Wako, Osaka, Japan) for 3 h.

Tumoroids of LuM1 and LuM1/MMP3-KO cells were 
formed in the 3D culture systems using ultra-low attach-
ment (ULA) culture plates/dishes (Greiner, Krems-
munster, Austria) within mTeSR1 stem-cell medium 
(StemCell Technologies, Vancouver, BC, Canada) as 
described previously [43, 50, 51].

For immunoelectron microscopy (immunoEM) of EV 
particles, LuM1 cells were cultured in a half-and-half 
medium of serum-free RPMI and Essential 8 xeno-free, 
serum-free defined medium (Thermo Fisher Scientific/
Gibco, Waltham, MA, USA) containing DMEM/F12, 
bFGF, TGFβ, insulin, transferrin, selenium, and ascorbic 
acid.

Plasmid constructs
Plasmid pcDNA3.1/MMP3-GFP with a N-terminal signal 
peptide and a C-terminal GFP tag was constructed using 
TOPO technology as described previously [24]. MMP-3 
truncated constructs, including full-length (FL), catalyti-
cally dead (Cat-Dead), active form (Act), catalytic domain 
(Cat), and hemopexin-like repeat domain (PEX), with 
N-terminal 3 × Flag and C-terminal myc tags without a 
signal peptide, were constructed as previously described 

[23]. The GFP-Lamin-A plasmid (206027) was obtained 
from Addgene.

Transfection
Cells were cultured in 6-cm dishes and transiently trans-
fected with plasmids using Lipofectamine 2000 (Thermo 
Fisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s instructions. Stable transfected cell clon-
ing was performed as described previously [52]. Briefly, 
pcDNA3.1/MMP3-GFP or pcDNA3.1 plasmids were 
transfected into HeLa cells using Lipofectamine 2000. 
Cells were selected within 0.2, 0.4, 0.8, and 1.6 µg/mL of 
geneticin for 2 weeks to establish stable clones.

Separation of EVs and non-EV fraction
EVs were prepared from culture supernatants of 3D-cul-
tured tumoroids [11] or monolayer cells using the 
modified polymer-based precipitation (mPBP) method 
combined with the centrifugation filter method (PBP-CF) 
[38, 43, 53]. For proteomics, LuM1 cells were seeded on 
a 10-cm ultra-low attachment (ULA) dish at a density of 
1.0 × 106 cells/8 mL mTeSR1 medium and cultured for six 
days. Tumoroids were washed with phosphate-buffered 
saline (PBS) and cultured in mTeSR1 medium (4 mL per 
dish) for two days. The cell culture supernatant was col-
lected and centrifuged at 2000 × g for 30 min at 4  °C to 
remove the detached cells and cell debris. The superna-
tant was then centrifuged at 10,000 × g for 30 min at 4 °C 
to remove far larger EVs. The supernatant (8 mL) was 
concentrated to less than 1 mL using an Amicon Ultra-15 
centrifugal filter device for M.W. 100k (Merck Millipore, 
Burlington, MA). The pass-through was used for the 
non-EV fraction, and the concentrate was used for the EV 
fraction. The concentrate was applied to the same volume 
of total exosome isolation reagent (Thermo Fisher Scien-
tific) and incubated overnight at 4  °C. The mixture was 
centrifuged at 10,000 × g for 60  min at 4  °C. The pellet 
was dissolved in 100 µL phosphate-buffered saline (PBS) 
by vortexing. The pass-through was concentrated using 
an Amicon Ultra-15 centrifugal filter device for M.W. 
10k (Merck Millipore) and used as non-EV fractions. The 
protein concentration was measured using a micro BCA 
protein assay kit (Thermo Fisher Scientific).

For ImmunoEM, LuM1 cells were cultured in six 
15-cm dishes, each containing 10 ml of Essential 8/RPMI 
half-and-half medium per dish without serum. Cell cul-
ture supernatants were collected three times atevery 
2-day intervals during the proliferating, confluent, and 
over-confluent phases three times. The culture super-
natant was centrifuged at 300 × g for 5  min at 4  °C to 
remove cells. The supernatant was centrifuged at 1200 × 
g at 4 °C for 20 min to remove cell debris. The superna-
tant was then centrifuged at 10,000 × g for 30 min at 4 °C. 
The supernatant was concentrated using two Amicon 
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Ultra-15 centrifugal Filter Devices for M.W. 100k (Merck 
Millipore) by centrifuging at 5000 × g for 10  min in a 
fixed-angle rotor, repeating several times until the con-
centrate was reduced to less than 500 µL. The same vol-
ume of total exosome isolation reagent (Thermo Fisher 
Scientific) was added to the concentrate, and the mixture 
was incubated at 4 °C overnight. The mixture was centri-
fuged at 10,000 × g for 60 min at 4 °C. The pellet was dis-
solved in 100 µL PBS by vortexing.

Transmission electron microscopy (TEM)
TEM grids, i.e., formvar/carbon-supported copper grids 
with a grid size of 400-mesh grid size, were hydrophili-
cally treated. The EV suspensions (5–10 µL each) were 
placed on Parafilm. The grids were floated on the EV sus-
pension for 15  min. Samples were treated with 2% ura-
nyl acetate solution for negative staining for 2  min and 
visualized at 5,000, 10,000, or 20,000 times magnification 
with an H-7650 TEM (Hitachi, Tokyo, Japan) at the Cen-
tral Research Laboratory, Okayama University Medical 
School.

Immunoelectron microscopy (ImmunoEM)
EVs were bound to TEM grids as described above. The 
EV samples were blocked in 1% BSA and 10% goat serum 
in PBS for 15  min and then treated with primary anti-
bodies to Lamin A/C (4777s, Cell Signaling Technology, 
Danvers, MA, USA; 1:25), cleaved Lamin (2035s, Cell 
Signaling Technology; 1:100), EpCAM (2929s, VU1D9, 
mouse mAb, Cell Signaling Technology; 1:800) and 
MMP-3 (ab52915, rabbit monoclonal, Abcam, Cam-
bridge, United Kingdom; 1:25) in the blocking buffer 
overnight at 4 °C. No primary antibody was used for the 
negative control study. Samples were washed 5 times 
in 0.1% bovine serum albumin (BSA) in PBS and then 
treated with 10-nm colloidal gold particle-conjugated 
anti-mouse goat IgG or anti-rabbit goat IgG (BBI solu-
tions, Crumlin, Wakes, United Kingdom; 1:50) second-
ary antibodies for 2 h at room temperature (RT). Samples 
were washed with 0.1% BSA in PBS 3 times and 0.1% PBS 
once, fixed with 2% glutaraldehyde for 3 min, and washed 
with distilled water once. Samples were treated with 0.3% 
uranyl acetate and visualized at × 30,000 or × 50,000 
magnification with an H-7650 TEM (Hitachi, Tokyo, 
Japan) at the Central Research Laboratory, Okayama 
University Medical School.

Particle diameter distribution
The particle diameters of the EV fractions in the range of 
0–6000  nm were analyzed using a Zetasizer Nano ZSP 
(Malvern Panalytical, Malvern, UK).

Immunoprecipitation (IP)
IP was performed as described previously [23]. MMP3-
GFP overexpressed cells were treated with heat shock 
stress (HSS) at 43 °C for 30 min, 5 min, or left untreated. 
Nuclear extracts were collected from the MMP3-GFP/
non-heat, MMP3-GFP/HSS, and HeLa/pcDNA3.1/
non-heat cells using NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (Thermo Fisher Scientific). Alter-
natively, cell lysates were prepared using CelLytic M 
(Sigma). Co-IP was performed using Dynabeads Co-IP 
kit (Thermo Fisher Scientific) with anti-GFP (ab290, 
Abcam) and anti-HSP90 (4874, Cell Signaling Tech-
nology) antibodies. The co-precipitated proteins were 
analyzed by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) in 4–20% TGX-GEL 
(BioRad, Hercules, CA, USA), Coomassie Brilliant Blue 
(CBB) staining, and mass spectrometry (MS).

For analysis of MMP-3 oligomers, a plasmid 3 × Flag-
MMP3-myc was transfected into COS7 cells. Protein 
complexes were precipitated using a FLAG IP kit (Sigma-
Aldrich, St. Louis, MO, USA) with anti-Flag M2 anti-
body-conjugated magnetic beads. The protein complexes 
were analyzed by western blotting using the C-terminal 
myc tag.

Mass spectrometry (MS)
Liquid chromatography and tandem mass spectrometry 
(LC-MS/MS) were performed as described previously 
[31, 53, 54]. Gel fragments containing the stained protein 
bands were excised from the CBB staining and minced 
into 1 × 1 to 2 × 2 mm pieces. The proteins were digested 
using an In-Gel Tryptic Digestion Kit (Thermo Fisher 
Scientific). The gel pieces were destained with a mixture 
of ammonium bicarbonate and acetonitrile. The protein 
samples were reduced with 50mM Tris [2-carboxyethyl] 
phosphine (TCEP), and alkylated with iodoacetamide 
(IAA). To shrink gel fragments, acetonitrile was added 
and incubated for 15  min at RT; after which the aceto-
nitrile was removed and the gel pieces were air-dried for 
5–10  min. Ten microliters of MS-grade trypsin (Pierce, 
Thermo Fisher Scientific) at a concentration of 0.1  mg/
mL was added to the air-dried sample, and the mixture 
was incubated at RT for 15 min. Ammonium bicarbon-
ate at a final concentration of 25 mM was added to the 
sample, digested overnight at 30 °C, and the extract was 
recovered. Subsequently, a 1% formic acid solution was 
added to the gel pieces, which were incubated for 5 min, 
and the supernatant was added to the extract. Extracts 
containing digested peptides were measured by an LC/
MS system, Agilent 1100LC/MSD Trap XCT Ultra (Agi-
lent Technologies, Santa Clara, CA, USA) with the MAS-
COT database search engine at the Central Research 
Laboratory, Okayama University Medical School for EV 
samples and at the Taplin Biological Mass Spectrometry 
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Facility at Harvard Medical School for IP samples. The 
scores were defined based on the coverage rate for amino 
acid sequences and the frequency of detected fragments. 
The MS and MS/MS data were analyzed by the data anal-
ysis software Spectrum Mill (Agilent Technologies). The 
cutoff score for proteins was 8.0. Protein types detected 
in each EV fraction were classified by biological function 
and compared using MS scores. A heat map was gener-
ated using GraphPad Prism (GraphPad Software, Boston, 
MA, USA).

Protein-protein interactions map
Protein-protein interactions were analyzed using the 
Search Tool for the Retrieval of Interacting Genes/Pro-
teins (STRING) v12 [55]. Briefly, the proteins identified 
by LC-MS/MS were classified into 3 classes: nuclear 
proteins (histones, transcription factors, chromatin reg-
ulators, splicing factors, and topoisomerases); nucleo-
cytoskeletal, cytoplasmic and exosomal proteins; and 
ribosomal and translational proteins. The proteins in 
each class were input into the STRING. The nuclear pro-
teins were further subclassified.

Protease cleavage site prediction
The MMP cleavage sites were predicted based on the 
combination of peptide fragments obtained by LC-MS/
MS, band sizes of Lamin A/C in CBB staining, and amino 
acid sequences in a previous study [56].

Western blotting (WB)
Western blotting was performed as described previously 
[11, 24, 52, 57]. For tumoroids and their EVs, LuM1 cells 
were cultured for 6 days in a 6-well ULA plate at a density 
of 3.0 × 105 cells per well in 3 mL mTeSR1 medium. Cells 
were further cultured in serum-free media for 2 days. On 
day 8, the supernatants and tumoroids were collected and 
centrifuged at 2000 × g, 4 °C for 5 min. Cell culture super-
natant was used to separate EV and non-EV fractions as 
described above or directly concentrated using an Ami-
con Ultra centrifugal Filter Device (Merck Millipore). 
To prepare the whole cell lysates (WCL), tumoroids or 
monolayer cells were lysed in a RIPA buffer (1% NP-40, 
0.1% SDS, 0.5% deoxycholate, and EDTA-free protease 
inhibitor cocktail in PBS) using 25-gauge syringes. Cell 
lysates were incubated on ice for 30  min, then centri-
fuged at 12,000 × g for 20 min at 4  °C. The supernatant 
was used as a soluble cell lysate. The pellet was used as 
a chromatin fraction. The nuclear and cytoplasmic frac-
tions were extracted using NE-PER nuclear and cytoplas-
mic extraction reagent (Thermo Fisher Scientific). For 
SDS-PAGE, the same amount of protei was loaded into 
each lane. EV and WCL samples (10  µg per lane) and 
non-EV fractions (5 µg per lane) were loaded. Proteins 
were transferred to a polyvinylidene fluoride (PVDF) 

membrane using a semi-dry transfer system. The mem-
branes were blocked in 5% skim milk in Tris-buffered 
saline (TBS) containing 0.05% Tween 20 for 60  min at 
RT and then incubated overnight with primary antibod-
ies to MMP-3 (EP1186Y, ab52915, Abcam), Lamin A/C 
(CST4777s, Cell Signaling Technology), cleaved Lamin 
(CST2035s, Cell Signaling Technology, rabbit polyclonal), 
CD63 (EXOAB-CD63A-1, System Biosciences, Palo 
Alto, CA, USA; rabbit polyclonal), GFP (ab290, Abcam), 
FLAG-tag (F3165, Sigma-Aldrich), myc-tag (9E10, ab32, 
Abcam), and GAPDH (5174, Cell Signaling Technology). 
For CD63, the membrane was blocked in 10% skim milk 
overnight and incubated with the primary antibody for 
2 days. The membranes were incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibod-
ies. Blots were visualized with the ECL substrate (Merck 
Millipore).

Immunocytochemistry (ICC)
ICC was performed as previously described [23, 52]. For 
overexpression studies, COS-7 or HeLa cells were cul-
tured on 120-mm round coverslips coated with a poly-D-
Lysine/Laminin coating (BD Bioscience, Franklin Lakes, 
NJ, USA) in 35-mm dishes. Cells were transfected with 
plasmids. Cells were fixed with 4% paraformaldehyde 
(PFA) for 10 min and washed twice with PBS. Cells were 
permeabilized with 0.1% Triton X-100 for 10  min and 
washed twice with PBS. Cells were incubated in a block-
ing buffer containing 3% normal goat serum in PBS for 
30  min, then primary antibodies at 4  °C overnight, fol-
lowed by secondary antibodies at RT for 1 h in the block-
ing buffer. Cells were washed three times with PBS for 
5  min between the steps. Cells were mounted within 
ProLong Gold Antifade Mountant with 4’,6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher Scientific). Fluo-
rescence images were acquired using the AxioVision 
fluorescence microscope (Zeiss, Oberkochen, Germany) 
with a camera AxioCam MR3 (Zeiss) and a filter set for 
DAPI, GFP, Cy3.5 (excitation wavelength: 580  nm), and 
Cy5 (excitation wavelength: 650 nm). Primary antibodies 
to GFP (ab290, Abcam), cleaved Lamin (CST2035s, Cell 
Signaling Technology), Myc-tag (9E10, ab32, Abcam), 
and Flag-tag (M2, Sigma-Aldrich) were used. Alexa Fluor 
350, 488, 594, and 648 secondary antibodies (Thermo 
Fisher Scientific) were used.

Alternatively, LuM1, Colon26, and MMP3-KO cells 
were cultured in 8-well chamber slides (#354118; Fal-
con, Corning, NY, USA) for a few days. Cells were 
washed with PBS and fixed in 4% PFA for 10 min. Cells 
were washed three times with cold PBS for 3 min each. 
Cells were permeabilized with 0.2% Triton X-100 for 
10  min and washed three times with PBS for 3  min. 
Cells were blocked with Blocking One Histo (Nacalai 
Tesque, Kyoto, Japan) for 10  min and washed with PBS 
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for 5  min. Cells were incubated with primary antibod-
ies to MMP3 (Abcam, EP1186Y, ab52915, rabbit mono-
clonal, 1:200), Lamin A/C (Cell Signaling Technology, 
#4777s, mouse monoclonal, 1:200), CD63 (Santa Cruz, 
sc-5275, MX-49.129.5, mouse monoclonal, 1:100), and 
LC3B (Cell Signaling Technology, #3868, D11, rabbit 
monoclonal, 1:1600) in 1:20-diluted Blocking One Histo 
in PBS overnight at 4℃. Cells were washed with PBS 
for 3 min 3 times. Cells were incubated with AlexaFluor 
488, 594, or 647 secondary antibodies to rabbit or mouse 
IgG (1:500) in 1:20-diluted Blocking One Histo in PBS 
for 1  h at RT. Cells were washed with PBS for 3  min 3 
times. Cells were mounted on DAPI-containing mount-
ing medium with cover glasses, and sealed with mani-
cure. Fluorescent images were taken using the LSM780 
confocal laser scanning microscope (CLSM) (Carl Zeiss, 
Oberkochen, Germany) at the Central Research Labora-
tory, Okayama University Medical School, with a ×63 oil 
immersion lens, and using the BZ-X800 all-in-one fluo-
rescence microscopy (Keyence, Osaka, Japan) with a ×60 
oil immersion lens and ×2 digital zoom.

Confocal images were taken using the LSM780 with 
diode laser (405 nm, blue), argon laser (488 nm, green), 
HeNe laser (594 and 633 nm, red and far red), 1-µm sec-
tion, pinhole 65–70, averaging number 8, and size setting 
1280 × 1280 pixels. The 405-nm laser was applied with a 
master gain of 650–800, and power 2. The 488-nm laser 
was applied with a master gain of 900–1200 and power 2. 
The 594 and 633-nm lasers were applied with gain 1250 
(max), digital gain 1–15, digital offset − 32 to − 320, and 
power 2–15. Brightness, contrast, gamma value, pseudo-
colors, and image merge were edited using ZEN 3.0 SR 
black edition (Carl Zeiss).

Haze reduction and 3D images were generated using 
the BZ-X800. Resolution sensitivity was customized as 
gain ×4–8 (12–18 dB) and binning 2 × 2. Z-stack images 
were acquired in sectioning mode with a 0.2–0.4  μm 
pitch. Levels, brightness (120–200), and contrast (0–80) 
were manually adjusted for overlay. 3D images were 
created. Full-focused images were generated, and haze 
reduction was processed with settings of blur size (4–8), 
brightness (3–20), reduction rate (0.9–1.2), and noise 
removal. Images of tumoroids were taken in quick full-
focus mode with haze reduction set to 3 and weak edge.

Quantitative immunocytochemistry (qICC)
For qICC, three fields-of-view ICC images were taken 
using the BZ-X800 microscope (Keyence) with ×20 and 
×40 lenses and analyzed using the hybrid cell count tool 
in a BZ-X800 analyzer (Keyence). To quantify DNA area 
and content, images of DAPI staining were taken with an 
exposure time of 1/35 sec and processed with a threshold 
of 10. Lamin A/C images were acquired with an exposure 
time of 1.5 s and processed with a threshold of 130 and 

cut-off values (< 50 µm2and > 500 µm2) to exclude unfo-
cused and aggregated cells. MMP-3 images were cap-
tured with an exposure time of 10 s and processed with 
a threshold of 25 and background subtraction of 45,000. 
For expression correlation analysis, ICC images were 
taken with exposure time of 1/3.5  s (Lamin A/C), 3  s 
(MMP-3) and 1/80 sec (DAPI), weak edging, haze reduc-
tion setting 2, and quick full focus mode, and analyzed 
with threshold of 100 (MMP-3), 35 (Lamin A/C), and 
12 (DAPI), gap filling 0–10, and area separation 90–100. 
Correlations in MMP-3-positive cells were analyzed.

Scratch assay (wound healing assay)
Cells were cultured in an 8-well chamber slide or a 
12-well plate until over-confluent. Cellular sheets were 
scratched using a 1-mL pipette tip. Images of 4–10 fields 
of view were captured at 0 and 4 h after the scratch, using 
the BZ-X800 (Keyence) with ×4 lens, oblique illumina-
tion, 40% aperture, 75–100% transmission light, 1/2250–
1/5500 sec of brightness (exposure), weak edging, and 
HR setting 3. The blank areas without cells were mea-
sured using the BZ-X800 analyzer. Migration speed was 
calculated with the following formula.

	Migration speed
(µ m

h

)
= Blank area (0h, µ m3) − Blank area (4h, µ m3)

2 (both side) × time (h) × height (2710 µ m)

Transwell migration assay
RPMI medium containing 10% FBS (200  µL/well) was 
added to a 96-well plate. Cells in the same medium were 
seeded at a concentration of 2 × 104 cells/100 µl/well in 
the upper chamber of the HTS Transwell-96 well plate 
8  μm (pore size) polyester membrane (Corning, Corn-
ing, NY) and cultured for 22  h. The cells were stained 
with Diff-Quik (Sysmex, Kobe, Japan) by fixing in 100% 
methanol for 10 s, staining with eosin for 20 s, and stain-
ing with methylene blue and azulI for 20 s. Microphoto-
graphs were taken using Keyence BZ-X800 with ×4 and 
×10 lenses.

Alternatively, 1 × 106 detached cells/ml (serum-free 
RPMI) were incubated with 0.1 µM (1:1000) Mito-
Bright LT Red (Dojindo, Kumamoto, Japan) at 37  °C for 
30  min. Cells were diluted 10-fold by mixing 100  µl of 
cells and 900 µl of serum-free RPMI. Cells were seeded 
at a concentration of 1 × 104 cells/100 µl/well in the upper 
chamber of the HTS Transwell-96 well plate (Corning, 
Corning, NY) and cultured for 22  h. Red fluorescence 
microphotographs were taken using a Keyence BZ-X800 
with a ×4 lens, 100% excitation light, 1.5  sec exposure 
time, and appropriate black balance. Numbers and areas 
of migrating cells were quantified using the Hybrid Cell 
Count on the BZ-X700 analyzer (Keyence, Osaka, Japan). 
The threshold was set between 100 and 300. Signals 
below 100 µm2 were omitted.
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Immunohistochemistry (IHC)
Twenty OSCC tissues (stage I, non-metastatic: n = 10, 
stage IV, metastatic: n = 10) resected at Okayama Uni-
versity Hospital Oral Surgery were examined. IHC was 
performed as described previously [11, 12, 38]. Paraffin 
blocks of specimens were cut at 3-µm thickness. The sec-
tions were deparaffinized and hydrated through xylenes 
and graded alcohol series. Antigen retrieval was per-
formed by autoclaving in 0.01  M citrate buffer pH 6.0 
(sodium citrate dihydrate, citric acid; Sigma-Aldrich, 
USA) in a pressure cooker for 8  min. Sections were 
treated with blocking solution (Dako, Glostrup, Den-
mark) for 30  min at RT, then incubated with primary 
antibodies to MMP-3 (ab52915, Abcam) and cleaved 
Lamin (CST2035s, Cell Signaling Technology) at 4  °C 
overnight. Sections were subsequently incubated with 
secondary antibodies: goat anti-rabbit IgG Alexa Fluor 
488 and anti-mouse IgG Alexa Fluor 594 (Thermo Fisher 
Scientific) for 1  h at RT. Fluorescent images were taken 
using a BZ-X810 Fluorescence Microscope (Keyence, 
Osaka, Japan). MMP3-positive nuclei, cleaved Lamin-
positive nuclei, and double-positive nuclei were counted 
in 300 cells in each case.

Pan-cancer gene expression analysis
Pan-cancer mRNA expression of MMP3 and LMNA was 
analyzed using the Human Protein Atlas (HPA) [58, 59].

Kaplan-Meier analysis
Kaplan-Meier (KM) survival curves of patient groups 
with high- vs. low-expression in various types of cancers 
at various stages were analyzed using the KM plotter with 
TCGA database [59, 60].

Co-expression correlation analysis
Co-expression correlation of LMNA and MMP3 in 
patient-derived tumors was analyzed using cBioPor-
tal [59, 61]. Head and neck squamous cell carcinoma 
(TCGA, PanCancer Atlas) samples (496 samples/
patients) and pancreatic adenocarcinoma (TCGA, Pan-
Cancer Atlas) samples (175 samples/patients) were 
analyzed.

Statistical analysis
Analysis of the statistical significances and generation of 
graphs were performed using Prism 8 (GraphPad Soft-
ware) and Excel (Microsoft). Two groups were compared 
using an unpaired or paired t-test, where appropriate. 
Three groups were compared using one-way analysis of 
variance (ANOVA). For KM analysis, statistical signifi-
cances was assessed using the log-rank test, and log-rank 
p-values and hazard ratios (HRs) were calculated using 
KM plotter. Statistical significance was set at p < 0.05. 

Data were expressed as mean ± S.D. unless otherwise 
specified.

Results
MMP-3 regulates the secretion of Lamin A/C with 
extracellular vesicles in metastatic cancer
We first separated EVs secreted by MMP3-high and 
MMP3-KO LuM1 colon cancer tumoroids (Fig.  1A). 
Notably, MMP3-KO tumoroids were more necrotic than 
MMP3-high tumoroids [11]. Small EVs (50–200  nm) 
and large EVs (500–1000 nm) were found in the culture 
supernatants of MMP3-high tumoroids and MMP3-KO 
tumoroids (Fig.  1B, C; Figure S1). Aggregated EVs were 
also found (Fig. 1B). MMP3 KO induced a loss of small 
EVs and an increase of large EVs (Fig.  1C, D). EV pro-
teome analyses revealed that the MMP3-high EVs were 
enriched with intermediate filament proteins such as 
Lamin A/C (LMNA and LMNC) and Vimentin (VIM), 
proteases such as MMP-3, MMP-10 and trypsin-like 
serine protease, ECM proteins such as fibronectin (FN) 
and secreted phospho-protein (SPP1 aka. OPN or BSP), 
cytoskeletal proteins such as actins (β and γ) and plec-
tin, HSPs such as Hsp70 homologs, Hsc70 and Grp78 
(aka. HspA5 or Bip), kinases such as pyruvate kinase M 
(PKM) and phosphoglycerate kinase (PGK), ferritin light 
chain (FTL), myosin heavy chain 9, proteasome subunits 
A1 and B7, viral protein Gag-Pol, hemogen, RAN, eno-
rase (ENO1), alpha fetoprotein (AFP), and formin-bind-
ing protein (FNBP1) (Fig.  1E, F, G). Notably, the levels 
of most of these EV proteins were markedly reduced by 
MMP3 KO (Fig. 1F, G). The significant loss of Lamin A/C 
by MMP3 KO was confirmed by triplicate MS experi-
ments, indicating that MMP-3 positively regulates Lamin 
A/C secretion with EVs from LuM1 colon cancer tumor-
oids (Fig.  1H). Consistently, gene expression levels of 
MMP3 and LMNA were positively correlated in clinical 
tumor specimens of HNSC (Pearson correlation coeffi-
cient: 0.30, p = 1.41e-11) and pancreatic adenocarcinoma 
(Pearson correlation coefficient: 0.35, p = 3.788e-6) (Fig-
ure S2).

We next examined whether MMP3 KO altered the 
levels of cleaved Lamin and EV marker CD63 in EVs. 
MMP-3 mature forms were found in EVs and non-EV 
fractions secreted by MMP3-high tumoroids, whereas 
MMP-3 was totally lost by the KO (Fig.  1I, Figure S3). 
Cleaved Lamin was detected in EVs and in the non-EV 
soluble fraction of MMP3-high tumoroids, although this 
was reduced in MMP3 KO tumoroids. CD63, found in 
EVs, was also decreased by MMP3-KO.

ImmunoEM confirmed the existence of extracellular 
Lamin A/C secreted by LuM1 cells (Fig.  1J, Figure S4, 
Figure S5). EV-bound Lamin A/C and vesicle-free Lamin 
A/C were found to be secreted by LuM1 cells (Fig.  1J, 
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Fig. 1  MMP-3 regulates the secretion of Lamin A/C with extracellular vesicles is regulated by MMP-3 in metastatic cancer. A An experimental design to 
compare EV proteomes of MMP3-high and MMP3-KO LuM1 tumoroids. B TEM images of EVs. s-EV, small EVs; L-EVs, large EVs; a-EV, aggregated EVs. Scale 
bars, 200 nm. C Particle diameter distribution analysis. D Rate of s-EV and L-EV particles in total particles. n = 3 EV samples, *p = 0.025 (paired t-test). Data 
were expressed as means ± S.E.M. E Venn diagram of representative protein types in EVs. F EV protein classification with summed mass spectrometry (MS) 
scores. G Heat map of EV protein types, whose expression levels were altered by MMP3-KO. H Relative MS scores of Lamin A/C in LuM1 tumoroid-EVs 
and MMP3-KO. n = 3 MS experiments, **p = 0.0082 (paired t-test). Data were expressed as means ± S.E.M. I Western blot showing MMP-3, cleaved Lamin, 
and CD63 in EVs and non-EV fractions of MMP3-high and MMP3-KO tumoroids. J Representative immunoelectron microscopy images of Lamin A/C and 
cleaved Lamin on the surface of EVs released by LuM1 cells. Scale bar, 100 nm
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Figure S5). One to four Lamin A molecules were found 
per particle (30–100 nm).

These data suggest that MMP-3 regulates the secretion 
of Lamin A/C with EVs in metastatic cancer.

MMP-3 binds to Lamin A, transcriptional, and splicing 
factors
Lamin A/C is a nuclear lamina (matrix) protein that 
controls nuclear structure, signaling, transcription, and 
chromatin organization [62–64]. Relevantly, our previous 
studies showed that nuclear MMP-3 regulated transcrip-
tion by binding to HP1α/γ, also known as the chromobox 
proteins (CBXs) [23, 24]. Moreover, nuclear MMP-3 acti-
vation of the HSP70 gene was enhanced by heat shock 
factor 1 (HSF1) and heat shock stress (HSS) [24]. There-
fore, we hypothesized that nuclear MMP-3 interacted 
with various nuclear proteins to regulate nuclear events, 
including Lamin A/C processing. We thus pursued a 
mechanism by which MMP-3 controlled the secretion of 
cleaved Lamin.

To explore the intranuclear MMP3-interacting pro-
teins and substrates, we employed a proteomic approach 
combining co-IP and LC-MS/MS. It was shown that 
MMPs were activated without the removal of N-terminal 
pre-pro-domains [65]. Therefore, we first overexpressed 
MMP-3 in cells with an N-terminal signal peptide and 
a C-terminal GFP tag. MMP3-GFP was found not only 
in culture supernatant but also in cell lysate, indicating 
intracellular MMP-3 to be overexpressed (Fig. 2A). Then, 
stable MMP3-expressing cells were cloned. To charac-
terize the nuclear MMP3-binding proteins, we collected 
the nuclear extracts from MMP3-overexpressing cells 
treated with HSS, untreated, and negative control cells 
transfected with an empty vector and then performed 
co-IP and LC-MS/MS analysis (Fig. 2B, C). CBB staining 
indicated a ladder of cofactors, including significant trip-
let bands of histones on the bottom, bound with MMP-
3, whereas bands were not found in the negative control 
empty vector and HSS cells (Fig.  2C, left), suggesting 
that 30-min HSS canceled MMP-3 interactions with co-
factors and substrates. LC-MS/MS identified a diverse 
range of MMP3-binding proteins, including Lamin A 
(LMNA) fragments and oligomers (Table  1, Figure S6), 
histones, DNA topoisomerase II (Top2A and Top2B), 
heterogeneous nuclear ribonucleoproteins (hnRNPs), 
filamins, BAZ2B (bromodomain adjacent To zinc fin-
ger domain 2B), ribosomal proteins, spectrin, and HP1/
CBXs (Fig. 2C, D). The native molecular weight of Lamin 
A is 70  kDa, whereas several fragments with different 
molecular weights (35k, 30k, 22k, 18k, 13k, and 11k) and 
potential oligomers (145k and 130k) were bound with 
MMP-3 (Fig.  2C, Figure S6, Table  1), suggesting that 
MMP-3 could first bind to Lamin A/C oligomer filaments 
and then processed them into short fragments.

To further explore the substrate proteins of MMP-3, 
we overexpressed MMP-3, treated cells with ashort HSS 
at 43 °C for 5 min, and co-immunoprecipitated using an 
anti-HSP90 antibody, as HSP90 is a key molecular chap-
erone that controls proteostasis of unfolded and mis-
folded proteins in cancer [66–68]. The combination of 
MMP-3 and short HSS generated 30-kDa new fragments 
of Lamin A, Vimentin, NONO, ATP5A1, nucleolin, 
and DKC1, which were originally all larger than 30 kDa 
(Table  2, Figure S7), suggesting that MMP-3 processed 
these proteins. Notably, Lamin A and Vimentin, which 
are intermediate filament proteins, were also detected 
in EVs as well, likely processed and extracellularly trans-
ported by MMP-3 (Table 2; Fig. 1G).

Further dry analysis revealed MMP3-interacting pro-
teins categorized into nucleo-cytoskeletal proteins 
(including Lamin A/C and Vimentin), cytoplasmic and 
exosomal proteins, histones, topoisomerases, alternative 
splicing factors, chromatin regulators, transcription fac-
tors, and translational/ribosomal proteins (Fig. 2E, F).

These data suggest that MMP-3 binds to nuclear 
Lamin A oligomers, participates in its processing, and 
is involved in nuclear events such as chromatin regula-
tion, transcription, alternative splicing, and cytoskeletal 
control.

Structural analysis revealed the MMP-3 cleavage site in 
Lamin A
Combinatorial analyses of the molecular weight of Lamin 
A fragments in CBB staining (Fig. 2C; Table 1) and iden-
tified peptide sequences of Lamin A (Figure S6) enabled 
us to predict rough structures of Lamin A fragments 
generated by MMP-3. Furthermore, the addition of con-
sensus MMP-3 cleavage sequences shown in a previous 
study [56] enabled us to predict MMP cleavage sites in 
the Lamin A structure.

Lamin A is a nuclear structural protein that forms 
filaments lining the NE (Fig. 3A). A Lamin A monomer 
comprises distinct domains: a head domain, a coiled-coil 
domain, an Ig-like domain, and a tail domain in that order 
from the N-terminus to the C-terminus (Fig. 3B, C). The 
coiled-coil domain (aka central rod domain) consists of 
coils 1a, 1b, and 2. The Lamin A monomer undergoes co-
translational dimerization, followed by tetramerization 
and subsequent polymerization to form filaments of the 
nuclear lamina (Fig.  3D). In our study, N-terminal five 
peptide sequences in the head and coiled-coil domains 
of Lamin A were identified in 130 and 145  kDa bands, 
indicating that Lamin A dimers or tetramers formed via 
the coiled-coil domain were bound with MMP-3 (Fig. 3C, 
upper left). Lamin A short N-terminal fragments (11, 
13, and 22  kDa) were also bound with MMP-3. More-
over, C-terminal fragments (30, 22, 18, 13, and 11  kDa) 
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of Lamin A containing the Ig-like and tail domains were 
predicted to bind with MMP-3 (Fig. 3C, right).

The edges of the predicted sequences, combined 
with the previous report regarding MMP-3 cleav-
age sequence [56], enabled us to predict six MMP-3 
cleavage sites in Lamin A. Among the predicted sites, 
343-REMAEMRA-350 was the most reliable sequence 
and consistent with the 30-kDa fragment found through-
out the study.

Thus, the structural analysis revealed the MMP-3 
cleavage site in Lamin A.

Nuclear MMP-3 forms mature dimers via its PEX domains
MMP-3, a zinc-dependent endopeptidase, comprises 
a N-terminal signal peptide, a pre-/pro-domain, a cata-
lytic (Cat) domain, a hinge region, and a C-terminal PEX 
domain (Fig. 4A, B). Notably, the human MMP-3 protein 
sequence harbors six NLSs and a single HP1/CBX bind-
ing motif (PxVxL) [23, 24] (Fig. 4B). The catalytic domain 
of MMP-3 forms the proteolytic active sites by hous-
ing a zinc ion coordinated by three histidine residues. 
However, in the zymogen form, the Pre-Pro-domain 
fundamentally occludes the active site, maintaining a 
self-inactivated state, whereas a study has reported that 

Fig. 2  MMP-3 binds to Lamin A, transcriptional and splicing factors. A Western blotting shows the overexpressed MMP-3 with a GFP tag and endogenous 
MMP-3. B The experiment scheme. MMP-3 was overexpressed in HEK293 cells. The cells were either heat-shocked at 43 °C for 30 min or left untreated. 
Nuclei were extracted and treated with micrococcal nuclease (MNase). Co-immunoprecipitation followed by LC-MS/MS was performed. C CBB staining 
(left) and the list (right) of MMP3-binding proteins identified by LC-MS/MS. The number of peptides identified is shown on the right of each protein within 
parentheses. Lamin A (LMNA) fragments and potential oligomers were detected in several different-sized bands, as shown in bold. See Table 1 for details. 
D Ranking of protein types by the number of peptides identified as MMP3-binding proteins. (E) Pie chart of protein categories. F Protein interaction map 
of the MMP3-binding proteins generated via STRING
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MMPs can be activated without the removal of theN-
terminal pre-pro domains upon cell stress [65]. Nev-
ertheless, the removal of the pre-pro-domain surely 
and irreversibly activates MMPs. Moreover, it has been 
shown that extracellular dimerization of MMPs (MMP2 
and MT1-MMP) is essential for their protease activi-
ties [69, 70]. Additionally, intracellular active dimers of 
MMP-3 and MMP-9 were indicated by zymographies of 
WCL of LuM1 metastatic cancer cells [12].

To investigate the subcellular localization, maturation, 
and dimerization of MMP-3, we overexpressed vari-
ous intracellular MMP-3 constructs without the signal 
peptide and examined their subcellular localization and 
post-translational maturation. Overexpressed full-length 
(FL) MMP-3 as well as PEX were detected in both soluble 
and chromatin fractions (Fig.  4C, Figure S8), indicating 
that MMP-3 was bound to chromatin in nuclei, consis-
tent with Fig. 2. Overexpression of FL-MMP3 resulted in 
its initial localization to the cytoplasm, while a mature, 
shorter form was expressed in nuclei, suggesting that 
the pre-/pro-domain was removed by proteolytic (auto-)
processing in nuclei to activate this enzyme (Fig.  4D). 
Furthermore, the PEX domain formed dimers within 
the nucleus, although predominantly monomeric in the 
cytoplasm, suggesting that PEX-PEX interactions medi-
ate MMP-3 dimerization in the nuclear compartment 
(Fig.  4E). IP-western blotting analysis confirmed the 
presence of mature MMP-3 oligomers in nuclei (Fig. 4F).

These data indicate that MMP-3 forms mature oligo-
mers through the PEX-PEX interaction in cell nuclei.

MMP-3 cleaves and co-transports Lamin A
We next examined if MMP-3 bound to, processed, and 
transported Lamin A. Overexpression of the catalytic 
domain (Cat) or active form (Act) of MMP-3 increased 
cleaved Lamin in HeLa and COS7 cells (Fig. 5A, B; Fig-
ure S9). To further explore the Lamin A status altered by 
MMP-3, we performed ICC of N-terminal GFP-tagged 
Lamin A with MMP-3 truncated forms, including FL, 
Cat-Dead, Act, and Cat (see Fig. 4B regarding the struc-
tures). FL-MMP3 and enzymatically inactive MMP-3 
(Cat-Dead) co-localized with Lamin A at the nuclear 
periphery, indicating their continuous binding with-
out processing (Fig.  5C, left). The catalytic domain and 
active form of MMP-3 induced nuclear speckle forma-
tion of Lamin A, suggesting nucleophagosome formation 
or Lamin A aggregation upon processing (Fig. 5C, right; 
Figure S10A). Furthermore, overexpression of active 
MMP-3 and its catalytic domain tended to decrease the 
nuclear area, suggesting that MMP-3 could degrade the 
nuclear lamina and other nuclear proteins such as his-
tones (Fig. 5C, Figure S10B).

To visualize MMP-3 cleavage of Lamin A/C, we 
next examined co-localization of MMP-3, Lamin A/C, 
and cleaved Lamin in serum- and amino acid-starved 
LuM1pGFP and M3pGFP cells. Plasma membrane and 
other membrane structures in cells were successfully 
visualized with palmitoylated GFP fluorophore (Fig. 5D, 
E; Figure S11, S12). MMP-3 was co-localized with Lamin 
A/C in LuM1pGFP and HSC-3-M3pGFP cells (Fig.  5D, 
E; Figure S11, S12). Simultaneously, loss and deformity 
of the Lamina and DNA regions were observed in the 
MMP-3-positive area, indicating the MMP-3-mediated 
digestion of Lamin A/C. Cleaved Lamin A and MMP-3 
were found in co-speckles in the cytoplasm and nuclear 
peripheral region, suggesting their co-transport from 
nuclei to cytoplasm toward the extracellular space 
(Fig. 5F; Figure S13). Cleaved Lamin A/C was generated 
in both living cells and dying cells (Fig. 5G–I, Figure S14, 
S15). While the co-leakage of DNA and cleaved Lamin 
from nuclei was found in living cells (Fig. 5G), DNA frag-
mentation was seen in the MMP-3 (+) cleaved Lamin (+) 
nuclei in potentially dying (apoptotic) cells (Fig. 5H).

Collectively, these findings indicate that MMP-3 
cleaves Lamin A and co-transports it from nuclei to 

Table 1  Lamin A (LMNA) oligomers and short fragments were 
bound with MMP-3
Molecular 
weight

Form Unique 
peptide

Total 
peptide

Aver-
age 
score

Avg. pre-
cursor 
intensity

145 kDa Oligomer 2 2 2.95 6.37E + 04

135 kDa Oligomer 2 2 2.60 5.81E + 04

130 kDa Oligomer 1 1 3.07 3.37E + 04

35 kDa Fragment 1 1 4.12 8.47E + 04

30 kDa Fragment 3 3 4.14 4.84E + 04

22 kDa Fragment 3 3 3.60 4.61E + 04

18 kDa Fragment 1 1 4.56 4.17E + 04

13 kDa Fragment 4 5 3.40 4.02E + 04

11 kDa Fragment 3 4 3.63 3.25E + 04

Table 2  Protein fragments were generated by MMP-3 overexpression and short heat shock stress at 43 °C for 5 min. The 30 kDa band 
analyzed by CBB staining and LC-MS/MS is shown in the supplemental figure
Rank Symbol Full-length M.W. (Da) Band size (Da) Total peptide Unique peptide Avg. score Avg. Precursor Intensity
1 VIM (Vimentin) 55k, 50k, 45k 30k 69 42 3.78 1.26E + 07

2 NONO 54k 30k 66 36 3.37 5.00E + 06

3 LMNA (Lamin A) 70k, 65k 30k 37 30 3.3 4.34E + 06

4 ATP5A1 50k 30k 37 26 3.95 4.63E + 06

5 NCL (Nucleolin) 100k 30k 33 24 3.82 5.14E + 06

6 DKC1 60k 30k 36 22 3.44 5.96E + 06
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Fig. 3  Structural analysis revealed the MMP-3 cleavage site in Lamin A. A A scheme of the nuclear structure. Nuclear lamina (dark blue), lining the nuclear 
envelope, MMP-3 (yellow), and chromatin (right blue) were drawn. B Lamin A protein structure modeled using AlphaFold 3. C A map of Lamin A frag-
ments co-precipitated with MMP-3. Top, the domain structures of Lamin A. Middle, six fragments (outer boxes) predicted by the peptide sequences (inner 
boxes) identified by LC-MS/MS and their molecular weights (written on the right) in CBB staining. Fragments cleaved by trypsin and identified by LC-MS/
MS were shown as inner boxes. Details are in Figure S6. Putative MMP-3 cleavage sites in Lamin A are shown at the bottom. The site 343-REMAEMRA-350 
consists of the 30-kDa fragment. D A scheme showing Lamin A filamentous oligomerization and polymerization. Lamin A undergoes co-translational 
dimerization
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Fig. 4  Nuclear MMP-3 forms mature dimers via its PEX domains. A The three-dimensional structure of MMP-3, predicted by AlphaFold 3. Signal peptide 
(SP) (gray), pre/pro-domain (pink), catalytic domain with hinge region (yellow), and PEX domain (blue). B The domain structures of native and overex-
pressed truncated MMP-3. Top: the structure of native MMP-3. Nuclear localization signal (NLS) (red), PxVxL motifs (dark blue) bound by HP1/CBXs. FL, full 
length. Cat-Dead, a catalytically dead form. Act., active form. Cat., catalytic domain. Truncated forms were tagged with an N-terminal 3×Flag-tag and a 
C-terminal myc-tag. C–E Plasmid constructs were transfected into COS-7 cells, and western blot analyses were performed. Interpretation schemes were 
drawn on the right of each panel. C Overexpressed FL-MMP3 and PEX were detected in both soluble and chromatin fractions. D Western blotting show-
ing the FL and mature forms of MMP-3. Cyto, cytoplasm; Nuc, nuclei. E Western blotting showing the PEX monomers in the cytoplasm and the PEX dimer 
in the nuclei. F IP-western blotting showing oligomerization of FL and mature MMP-3. MMP-3 was immunoprecipitated using the N-terminal Flag tag. 
Western blotting was performed using the C-terminal myc tag
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cytoplasm, while MMP-3 cleavage of Lamin A induces 
the nuclear aggregation of Lamin A.

Autophagosomes and amphisomes transport MMP-3 and 
cleaved Lamin
In addition to the MVBs and autophagic EV pathway, it 
has been shown that migrasomes are involved in mem-
brane trafficking and intercellular communications [71, 
72]. Besides, tunneling nanotubes (TNTs) or tumor 
microtubes (TMs) connect cells and serve as direct con-
duits for intercellular communication [73, 74]. To exam-
ine if MMP-3 and cleaved Lamin were secreted via the 
autophagy-amphisomes-EV pathway, we examined 
co-localization of an autophagosome marker (LC3B), a 
MVB marker (CD63), MMP-3, and cleaved Lamin using 
CLSM. Amphisomes were proven by the co-localization 

of LC3B and CD63 in LuM1, LuM1pGFP, and M3pGFP 
cells (Fig.  6A–C), suggesting that CD63 + ILVs are 
secreted via amphisomes and exophagy. Amphisomes 
were localized in the cytoplasm and nuclei in unstarved 
cells (Fig. 6A), whereas in starved cells they moved to the 
cellular periphery and formed migrasomes (Fig. 6B, Fig-
ure S16). Amphisomes were induced by starvation in cer-
tain M3pGFP cells (Fig. 6C, Figure S17).

MMP-3 was profoundly co-localized with 
LC3B + autophagosomes in both staved and unstarved 
cells, suggesting that MMP-3 is transported via autopha-
gosomes and amphisomes (Fig.  6D–F; Figure S18, S19). 
LC3B and MMP-3 were co-localized in nuclei, suggest-
ing that nucleophagy took in MMP-3 (Fig.  6E). While 
MMP-3 localization in CD63 + amphisomes was found 
in unstarved cells (Fig.  6G, Figure S20), MMP-3 was 

Fig. 5  MMP-3 cleaves and co-transport Lamin A/C. A Western blotting showing cleaved Lamin A/C generated by MMP-3 catalytic domain (Cat) overex-
pression. B Western blotting showing cleaved Lamin A/C generated by MMP-3 active form (Act) and Cat overexpression. (C–I) Representative immunocy-
tochemistry (ICC) images. Scale bars, 10 μm. C GFP-Lamin A (green) and truncated MMP-3 (full-length (FL), Cat-Dead, Act, and Cat) (red) in HeLa cell nuclei. 
See Fig. 4B regarding the truncated MMP-3 structures. RBBP4, nuclear protein (blue). Arrows indicate co-localization of MMP-3 with Lamin A. D, E Lamin 
A/C and MMP-3 in LuM1pGFP (D) and M3pGFP (E) cells with serum- and amino acid-starvation (Stv). Arrows indicate the loss and deformity of the Lamina 
and DNA area in the MMP-3-positive area. Arrowheads indicate loss of Lamin A/C. Membrane structures were labeled with palmitoylated GFP (pGFP). 
DNA was stained with DAPI (blue). F Cleaved Lamin A, MMP3-GFP, and their co-localization (yellow). G Cleaved Lamin and MMP-3 in LuM1pGFP (G, H) and 
M3pGFP (I) cells. Cleaved lamin was generated in living cells (G, I) and dying cells (H). Arrows indicate cleaved Lamin and DNA leakage (G). Arrowheads 
indicate DNA fragmentation in the MMP-3 (+) cleaved Lamin (+) nuclei (H)
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profoundly co-localized with CD63 + amphisomes upon 
starvation in LuM1pGFP and M3pGFP cells, suggest-
ing that starvation induced the transport of MMP-3 via 
amphisomes (Fig. 6H, I; Figure S20, S21).

Cleaved Lamin was markedly co-localized with CD63 
at the cellular periphery and TNTs/TMs, suggesting 
that nucleophagy of Lamin can contribute to the forma-
tion of TNTs/TMs and autophagic EVs (Fig.  6J, Figure 
S22). Interestingly, cleaved Lamin and CD63 were vastly 
induced in nuclei and cytoplasm upon starvation in 
LuM1pGFP cells, suggesting that the starvation induced 
nucleoamphisomes taking in cleaved Lamin(Fig. 6K, Fig-
ure S22). Consistently, the induced cleaved Lamin was 
also co-localized with LC3B upon starvation, indicating 
the autophagy of cleaved Lamin (Fig. 6L, Figure S23).

These data suggest that starvation induced MMP-3 
cleavage of Lamin A/C and their autophagic transport via 
amphisomes in HNSC and colon cancer cells.

MMP-3 significantly promotes metastatic cancer cell 
migration in confined spaces
We have shown that the high expression of MMPs is asso-
ciated with metastatic cancer cell migration in confined 
spaces (in LuM1 cells) as compared to the low expres-
sion of MMPs associated with a low-metastatic and slow 
migration phenotype (in the parental Colon26 and the 
MMP3 knockout cells) [12, 14]. Here, we examined dif-
ferential migration activities of parental Colon26 cells 
(MMP-3 low), rapidly metastatic LuM1 cells (MMP-3 
high), and LuM1/MMP3-KO cells in the 2D scratch assay 
and the Transwell migration assay.

Quantitative ICC confirmed that MMP-3 was highly 
expressed in LuM1 cells as compared to Colon26 and 
MMP3-KO cells (Fig.  7A). The MMP-3-high LuM1 
cells (40.2  μm/h) rapidly migrated as compared to 
Colon26 cells (5.3  μm/h), and the knockout of MMP-3 
(34.2 μm/h) significantly reduced the migration speed in 

Fig. 6  Autophagosomes and amphisomes transport MMP-3 and cleaved Lamin. LuM1, LuM1pGFP, and HSC-3-M3/pGFP cells were starved (Stv) by cul-
turing in the absence of serum and amino acids for 3 h, or unstarved (control). Representative confocal laser scanning microscopy (CLSM) images were 
shown. Scale bars, 10 μm. A–C Amphisomes with co-localized LC3B and CD63. Arrows indicate migrasomes (B). (D–F) MMP-3 localization in LC3B + am-
phisomes/autophagosomes. Arrows indicate nucleophagy (E). (G–I) MMP-3 localization in CD63 + amphisomes (or multivesicular bodies, MVBs). Arrows 
indicate nucleoamphisomes (I). J–L Cleaved Lamin localization in CD63 + amphisomes/MVBs (J, K) and LC3B + amphisomes/autophagosomes (L). Ar-
rowheads indicate short tunneling nanotubes (tumor microtubes) (J). Arrows indicate nucleoamphisomes (K)

 



Page 17 of 28Eguchi et al. Cell Communication and Signaling          (2026) 24:146 

Fig. 7  MMP-3 is essential for cancer cell migration in confined spaces. A  Bar graph (min to max) showing expression levels of MMP-3 in Colon26, 
LuM1, and MMP3-KO cells. Quantitative immunocytochemistry (qICC) was performed by measuring fluorescence intensity per cell. n = 50 cells, p = 0.0296 
(Colon26 vs. LuM1), p = 0.0108 (LuM1 vs. MMP3-KO), unpaired t-test. ns, not significant. (B, C) Representative images (B) and migration speed (C) of cells 
in the scratch assay. Scale bars, 100 μm. n = 3 fields of view, p < 0.0001 (Colon26 vs. LuM1), p = 0.0014 (LuM1 vs. MMP3-KO), and p < 0.0001 (Colon26 vs. 
MMP3-KO), unpaired t-test. Data were expressed as means ± S.E.M. Similar results were obtained in three independent experiments. D Representative 
photomicrographs of the Transwell migration assay. Upper images, eosin + methylene blue staining. Lower images, mitochondria staining. Scale bars, 
500 μm. E Number of migrating cells in the Transwell migration assay. n = 6 wells, p < 0.0026 (Colon26 vs. LuM1), p < 0.0001 (LuM1 vs. MMP3-KO), and 
p < 0.0001 (Colon26 vs. MMP3-KO), unpaired t-test. Data were expressed as means ± S.E.M. F Total area of migrating cells in the Transwell migration assay. 
n = 6 wells, p < 0.0626 (Colon26 vs. LuM1), p = 0.0005 (LuM1 vs. MMP3-KO), and p < 0.0001 (Colon26 vs. MMP3-KO), unpaired t-test. Data were expressed 
as means ± S.E.M
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the 2D scratch assay (Fig.  7B, C). Importantly, MMP3-
high LuM1 significantly migrated faster than the paren-
tal Colon26 and the LuM1/MMP3-KO cells in confined 
spaces in the Transwell migration assay (Fig.  7D–F). 
Knockout of MMP-3 significantly reduced the migration 
activity in the confined space (Fig. 7D–F).

These data indicate that high MMP-3 expression sig-
nificantly promotes metastatic cancer cell migration in 
confined spaces.

MMP-3 digestion of Lamin A/C induces nuclear deformity 
required for increased migration in confined spaces in 
metastatic cancer
It has been shown that low Lamin A levels enhance con-
fined cell migration and metastatic capacity in breast 
cancer [75]. The nucleus is the largest and stiffest cellular 
organelle, and nuclear deformation is required for migra-
tion [46, 47]. Consistently, the levels of nuclear atypia 
have been pathological indicators to diagnose the lev-
els of malignancy [76]. Therefore, we hypothesized that 
MMP-3 digestion of Lamin A induces nuclear deformity 
and increased migration in metastatic cancer cells.

Notably, the MMP3-dependent Lamin A/C loss and 
MMP3-dependent nuclear deformity (nuclear atypia) 
were found in the rapidly migratory LuM1 cells (Fig. 8A, 
B; Figures S24, S25). MMP3-dependent loss of Lamin 
A/C lamina spheres was also observed in LuM1 cells in 
full-focused and 3D images (Figures S26, S27). In con-
trast, in Colon26 and MMP3-KO cells, Lamin A/C 
formed round-shaped nuclear laminas surrounding the 
chromatins and lining NE from inside (Fig.  7B; Figure 
S24). The rate of cells with MMP3-dependent lamina loss 
(83%) was significantly higher than that with preserved 
lamina (18%) in LuM1 cells (Fig. 7C; Figure S25). The rate 
of cells with MMP3-dependent nuclear deformity (58%) 
(loss of DNA area) was significantly higher than that 
with round-shaped nuclei (4%) in LuM1 cells (Fig.  7D; 
Figure S25). Consistently, MMP-3 expression level per 
cell tended to be negatively correlated with Lamin A/C 
expression level and Lamin A/C area in LuM1 cells 
(Fig.  7E, F). Moreover, LuM1 cells uniquely formed 
tumor-like cell aggregates with high MMP-3 expres-
sion, whereas the MMP-3-dependent lamina loss was 
observed in peripheral migrating cells (Figure S28). In 
some LuM1 cells, MMP-3 co-localized with Lamin A/C 
at the nuclear lamina, forming a round shape, indicating 
their direct binding and processing (Fig. 7G).

Nuclear deformity was significantly increased in 
MMP3-high LuM1 cells (63%) as compared to MMP3-
low Colon26 (11%) and MMP3-KO cells (27%) (Fig. 7H), 
indicating that MMP-3 high expression caused nuclear 
deformity. Consistently, the rate of round nucleus was 
significantly reduced in MMP3-high LuM1 cells as 
compared to Colon26 (89%) and MMP3-KO cells (73%) 

(Fig. 7I). Similarly, DNA areas per cell were significantly 
reduced in LuM1 cells as compared to Colon26 and 
MMP3-KO cells (Fig. 7J).

Lamin A/C expression was significantly higher in 
LuM1 than in Colon26, although not altered by MMP3-
KO (Figure S29A). The Lamin A/C area was significantly 
more compact in LuM1 than in Colon26, although not 
altered by MMP3-KO (Figure S29B). Thus, Lamin A/C 
concentration in cells is associated with rapid migration 
and high MMPs expression, but not with MMP-3 alone.

These data indicate that MMP-3 digestion of Lamin 
A/C induces nuclear deformity required for increased 
cell migration in confined spaces in metastatic cancer.

High expression of MMP-3 and LMNA predicts poor 
prognosis in cancers
To investigate the clinical relevance of our findings, we 
analyzed the mRNA expression of MMP3 and LMNA 
in a cohort of human cancer samples, using the HPA 
database. HNSC showed the highest MMP3 expression, 
followed by colorectal cancer (CRC), among 17 cancer 
types (Fig.  9A). While LMNA expression was observed 
across various cancer types, HNSCs displayed signifi-
cantly higher LMNA expression levels (Fig. 9B).

Furthermore, we assessed the prognostic significance 
of MMP3 and LMNA expression in HNSC, rectum ade-
nocarcinoma (AC), and pancreatic ductal adenocarci-
noma (PDAC). High MMP3 expression predicted shorter 
overall survival in patients suffering from stage III HNSC 
(Fig. 9C, Figure S30) (HR = 2.27, p = 0.046), stage I PDAC 
(Fig. 9D) (HR = 1278980479, p = 0.023), stage I rectum AC 
(Fig. 9E) (HR = 2983752184, p = 0.02), and stage I lung AC 
(Fig.  9F) (HR = 2.57, p = 00067). Moreover, High LMNA 
expression predicted shorter overall survival in patients 
suffering from stage I HNSC (Fig.  9G, Figure S31) 
(HR = 1236254195, p = 0.088), stage I PDAC (Fig.  9H) 
(HR = 5.46, p = 0.015), stage III rectum AC (Fig.  9I) 
(HR = 23.06, p = 0.00011), and stage I lung AC (Fig.  9J) 
(HR = 1.64, p = 0.077).

These data indicate that high expressions of MMP3 and 
LMNA is a useful biomarker for predicting poor progno-
sis of patients with HNSC, PDAC, rectum and lung ACs 
at specific stages.

Nuclear MMP-3 and cleaved Lamin identify metastatic 
HNSC
To demonstrate the existence and clinical relevance of 
nuclear MMP-3 and cleaved Lamin, we next performed 
IHC of clinical tissue specimens of stage I (non-meta-
static) and stage IV (metastatic) HNSC cases. The num-
ber of nuclear MMP3-positive cells in stage IV HNSC 
(32.1%) was significantly higher than in stage I HNSC 
(9.8%) (Fig. 10A, B; Table S1 and S2). Similarly, the num-
ber of cleaved Lamin-positive tumor cells in stage IV 
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Fig. 8  MMP3-dependent lamina loss and nuclear deformity (atypia) in rapidly migratory cancer cells. Immunocytochemistry (ICC) of MMP-3 (green) and 
Lamin A/C (red), and scratch assay were performed in Colon26, LuM1, and MMP3-KO cells. DNA was stained with DAPI (blue). Quantitative ICC was per-
formed by measuring fluorescence intensity and cell area. A Representative confocal laser scanning microscopy (CLSM) images of MMP-3 and Lamin A/C 
in LuM1 cells. Arrows, MMP3-dependent Lamin A/C loss and MMP3-dependent nuclear deformity (atypia). Scale bar, 10 μm. DNA was stained with DAPI. 
B Representative haze reduction images of ICC. DAPI/DNA was shown in blue in merge 2 and cyan in merge 3. C, D Scatter bar plot showing the cellular 
rates with MMP3-dependent Lamin A/C loss (C) and nuclear deformity (D) in LuM1 cells. n = 4 fields of view (paired t-test), p = 0.0015 (C) and p = 0.0038 
(D). Data were expressed as means ± S.E.M. E, F Negative correlation between MMP-3 and Lamin A/C expression levels (E) or Lamin A/C area (F) per cell. 
n = 20 cells. G Representative CLSM images of MMP-3 and Lamin A/C co-localization at round-shaped nuclear lamina in LuM1 cells. Scale bar, 5 μm. H The 
rate of cells with nuclear deformity. n = 4 fields of view, p < 0.0001 (Colon26 vs. LuM1), p = 0.0005 (LuM1 vs. MMP3-KO), and p = 0.0653 (Colon26 vs. MMP3-
KO), unpaired t-test. I Rate of cells with round nuclei. n = 4 fields of view, p < 0.0001 (Colon26 vs. LuM1), p < 0.0001 (LuM1 vs. MMP3-KO), and p = 0.0097 
(Colon26 vs. MMP3-KO), unpaired t-test. J A box-and-whisker plot showing the DNA area per cell. n = 70, p < 0.0001 (Colon26 vs. LuM1), p < 0.0058 (LuM1 
vs. MMP3-KO), unpaired t-test. Whiskers indicate 10–90 percentiles. Data were expressed as means ± S.E.M
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HNSC (44.5%) was significantly higher than in stage I 
(28.4%) (Fig. 10C). Notably, the co-occurrence of nuclear 
MMP-3 and cleaved Lamin A within tumor cells was sig-
nificantly more frequent in stage IV HNSC (27.8%) com-
pared to stage I HNSC (6.9%) (Fig. 10D).

These findings collectively suggest that elevated levels 
of cleaved Lamin A, nuclear MMP-3, and their co-occur-
rence are associated with poor prognosis in patients suf-
fering from HNSC, highlighting their potential as novel 
prognostic biomarkers (Fig. 11).

Discussion
Our data indicate that MMP3 cleavage of nuclear Lamin 
A induces nuclear deformity (atypia), which is required 
for increased cell migration in confined spaces, and that 
this cleavage is autophagically co-secreted with EVs 
in metastatic cancer. Proteome, immunoEM, and ICC 
analyses revealed that MMP-3 induced the autophagic 

secretion of Lamin A/C with EVs in metastatic cancer. In 
nuclei, MMP-3 was found to bind to Lamin A, transcrip-
tional, and splicing factors. Structural analysis revealed 
the MMP-3 cleavage site in Lamin A. It is supposed 
that MMP-3 mature dimers digest Lamin A/C. Cleaved 
Lamin A localized in nuclear speckles and amphisomes 
with MMP-3, suggesting their autophagic co-transport 
and co-secretion with EVs. Clinically, high expressions 
of MMP3 and LMNA predict poor prognosis of cancers 
such as HNSC, PDAC, rectum and lung ACs at specific 
stages. Indeed, nuclear MMP-3 and cleaved Lamin were 
increased at the metastatic stage in HNSC as compared 
to the initial stage.

Our study indicates that MMP-3 can bind to, promote 
the processing of, and co-transport Lamin A. A previ-
ous study reported that nuclear MMP-2 directly cleaves 
Lamin A to generate a 50  kDa fragment but not Lamin 
B [77]. In contrast, the major Lamin A fragment in our 

Fig. 9  High expression of MMP3 and LMNA predicts a poor prognosis in cancers. A, B Pan-cancer analysis of MMP3 (A) and LMNA (B) mRNA expression. 
C-F Kaplan-Meier plot of MMP3-high (red) and MMP3-low (black) patients with stage III HNSC (C), hazard ratio (HR) = 2.27, p = 0.046, n = 35 cases (low) and 
n = 43 cases (high); stage I pancreatic ductal adenocarcinoma (PDAC) (D), HR = 1,278,980,479, p = 0.023, n = 6 cases (low) and n = 15 cases (high); stage I 
rectum adenocarcinoma (AC) (E), HR = 2,983,752,184, p = 0.02, n = 21 cases (low) and n = 9 cases (high); stage I lung AC (F), HR = 2.57, p = 0.00067, n = 95 
cases (low) and n = 175 cases (high). (G-J) Kaplan-Meier plot of LMNA-high (red) and LMNA-low (black) patients with stage I HNSC (G), HR = 1,236,254,195, 
p = 0.088, n = 9 cases (low) and n = 16 cases (high); stage I PDAC (H), HR = 5.46, p = 0.015, n = 15 cases (low) and n = 6 cases (high); stage III rectum AC (I), 
HR = 23.06, p = 0.00011, n = 31 cases (low) and n = 20 cases (high); stage I lung AC (J), HR = 1.64, p = 0.077, n = 95 cases (low) and n = 175 cases (high). Statisti-
cal significance was analyzed using the log-rank test
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study was 30 kDa. The difference suggests that cleavage 
sites in Lamin A were different between MMP-2 and 
MMP-3. MMP-mediated proteolysis of Lamin A reduces 
the nuclear matrix integrity, potentially altering cancer 
cell behavior. Our study suggested a causal relationship 
that MMP-3 digestion of Lamin A/C induced nuclear 
deformity required for increased migration in rapidly 
migratory LuM1 cells, whereas MMP3-low Colon26 and 
MMP3-KO cells showed lower migration speed [12, 14]. 
Consistently, low Lamin A levels enhanced confined cell 
migration and metastatic capacity in breast cancer [75]. 
Additionally, a few proteases have been shown to cleave 
Lamin A, including caspase-6 (aka. Mch2) [78, 79] and 
interleukin-1beta-converting enzyme (ICE)-related pro-
tease [80]. These studies have indicated that apoptosis 
was induced by protease-dependent cleavage of Lamin 
A. Additional studies reported that MMP-3 present in 
the cell nucleus is involved in apoptosis [81] and that 
overexpression of MMP-3 activated caspase-9, leading to 
apoptosis [21]. Nevertheless, our data show that both liv-
ing (non-apoptotic) and dying (apoptotic or autophagic) 

cells were seen upon MMP-3 overexpression with 
cleaved Lamin. Further studies are required to separate 
and distinguish autophagic EVs from apoptotic EVs. The 
differential cleavage of Lamin between living and dying 
cells may be due to the differences in MMP-3 expression. 
Moreover, nuclear MMP3-positive, cleaved Lamin-pos-
itive, and double-positive tumor cells were abundantly 
seen in human clinical HNSC tissue specimens. In addi-
tion, autophagic co-transport of Lamin A and MMP-3 
was seen in living cells, suggesting that this co-transport 
to the extracellular space might be a key event in meta-
static cancers. Thus, MMP-3 and Lamin A are secreted 
via the autophagic EV pathway in metastatic cancer cells.

Our data indicate that MMP3 digestion of Lamin A/C 
induced pro-migratory nuclear deformity (or nuclear 
atypia) in metastatic cancer cells. Consistently, it has 
been shown that the deformability of the nucleus is 
largely determined by expression of A-type lamins [82], 
although changes in B-type lamin expression can also 
impact nuclear elasticity [45]. Downregulation of lamin 
A/C could increase migration, as reduced lamin A/C 

Fig. 10  Nuclear MMP-3 and cleaved Lamin identify metastatic HNSC. A Representative immunohistochemistry (IHC) images of MMP-3 (red) and cleaved 
Lamin (green) in non-metastatic (stage I) and metastatic (stage IV) HNSCs. Yellow regions, co-expression. Scale bars, 20 μm. B-D Violin plots showing the 
rates of nuclear MMP3-positive cells (B), cleaved Lamin-positive cells (C), and nuclear MMP-3/cleaved Lamin double-positive cells (D). n = 10 cases (un-
paired t-test), p < 0.0001 (B), p = 0.0008 (C), and p < 0.0001 (D)
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expression could result in a softer nucleus that could 
deform more easily and, therefore, migrate through 
tighter spaces than cells expressing higher lamin A/C lev-
els [83, 84]. Indeed, cells with decreased lamin A/C levels 
migrate significantly faster through narrow constrictions 
in microfluidics devices and transwell plates with 3  μm 
pore sizes [85, 86]. Consistently, our data showed that 
MMP-3 knockout and nuclear lamina preservation 

significantly reduced metastatic cancer cell migration 
in the Transwell migration assay. Moreover, cells at the 
periphery of a xenograft tumor model showed greater 
nuclear deformation and lower lamin A expression than 
cells in the tumor core, suggesting that subpopulations 
of cells with lower lamin A expression were more effi-
cient at invasion in vivo [85]. Consistently, low Lamin A 
levels enhanced confined cell migration and metastatic 

Fig. 11  Graphical abstract showing the roles of MMP-3 and Lamin A in cancers, and membrane traffic by nucleophagy, amphisomes, multivesicular bod-
ies (MVBs), and extracellular vesicles (EVs). In addition, MMP-3-mediated cleavage of Lamin A/C induces nuclear deformity, which is required for metastatic 
cancer cell migration in confined spaces. ILV, intra-luminal vesicle. NE, nuclear envelope. PE, phosphatidylethanolamine
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capacity in breast cancer [75]. On the other hand, Lamin 
A/C supports NE, which has a critical role in protect-
ing the genome, and loss of NE integrity could damage 
DNA and potentially lead to cell death [45]. Consistently, 
we showed DNA fragmentation, a marker of dying cells, 
in MMP-3-high, cleaved Lamin-high cells. Additionally, 
Lamin A/C deregulation leads to various traits, including 
genomic instability and increased tolerance to mechani-
cal insult, which can lead to more aggressive cancer and 
poorer prognosis [45, 84]. Overall, Lamin A/C expres-
sion may be a double-edged sword: low levels promote 
cell invasion by increasing nuclear deformability, while 
high levels protect against mechanical forces, such as 
increased interstitial pressure within the tumor, and 
some minimum function of Lamins is required for proper 
cell polarization and cytoskeletal organization [45]. Our 
data suggest that MMP3 digestion of Lamin A/C induced 
increased motility, the loss of NE integrity, and genome 
instability, which can lead to more aggressive cancer and 
poorer prognosis.

Our data also suggest that MMP-3 induced nucle-
ophagy and subsequent autophagic EV secretion. 
MMP-3 cleavage of A-type Lamin destabilizes NE and 
can induce nucleophagy (or macronucleophagy). Our 
data showed that MMP-3 profoundly co-localized with 
LC3B and CD63 in nuclei, and cleaved Lamin co-local-
ized with CD63 in nuclei. Relevantly, it was reported that 
sumoylated Lamin A/C was degraded by macronucle-
ophagy [87]. Increasing evidence suggests that nucle-
ophagy plays a critical role in preserving nuclear integrity 
by clearing dysfunctional nuclear materials, including 
nuclear proteins (Lamins, SIRT1, and histones), DNA-
protein crosslinks, micronuclei, and chromatin frag-
ments [48]. Fusion of nucleophagosomes with MVBs can 
generate nucleoamphisomes that are subsequently trans-
ported to the cytoplasm and fuse with the plasma mem-
brane to secrete autophagic EVs. Thus, our data suggest 
that MMP-3 can induce nucleophagy and autophagic EV 
secretion accompanied by cleaved Lamin.

Our data also showed biophysical and biochemical 
evidence that MMP-3's invasion of the nucleus induces 
Lamin A/C loss and nuclear deformity and regulates 
various nuclear events, such as transcription, alterna-
tive splicing, and genome instability. Notably, proteolytic 
forms of MMP-3 generated Lamin A speckles in nuclei. 
Moreover, co-IP-LC-MS/MS revealed that MMP-3 could 
regulate transcription and alternative splicing. These data 
are consistent with a previous study showing that Lamin 
A/C speckles mediate the spatial organization of splicing 
factor compartments and RNA polymerase II transcrip-
tion [88]. Another study has shown that Lamin A/C sus-
tains polycomb group protein architecture, maintaining 
transcriptional repression at target genes [89]. Relevantly, 
our previous studies have shown that nuclear MMP-3 

regulates transcriptional activation [14, 23, 24]. Regard-
ing RNA regulation, our co-IP-proteomics revealed 
MMP-3 binding of RNA regulators such as hnRNA (A1, 
A2, A3, C, D, and H3 types), ELAVL1/HuR, and SRSF1 
(serine and arginine-rich splicing factor 1). Consistently, 
it has been shown that MMP-3-dependent regulation 
of Rac1 pre-mRNA splicing is involved in hnRNPA1 
[90]. Our interactome data also showed MMP-3 inter-
action with DNA topoisomerase 2 (Topo 2  A and 2B). 
It has been shown that MMP-3 and topoisomerases 
are involved in genome instability [10, 91]. Therefore, 
MMP-3 regulation of topoisomerase II can alter genome 
instability in cancer. Thus, it is suggested that nuclear 
MMP-3 is crucial in transcriptional regulation, alterna-
tive splicing, and genome instability.

Our data also suggest that extracellular Lamin A could 
be a novel biomarker of metastatic cancers. Our immu-
noEM data indicate that both EV-bound and vesicle-free 
Lamin A were secreted by metastatic cancer (Fig. 1J, Fig-
ure S4). The Minimal Information for Studies of Extracel-
lular Vesicles (MISEV2018 and MISEV2023) states that 
Lamin A is a category IV EV marker found in large onco-
somes and pathogenic/atypical states [29, 92]. However, 
no data confirmed EV-bound Lamin A in large oncosome 
papers [93]. The large oncosomes and apoptotic bodies 
were 1 to 10 μm in diameter and collectible from the pel-
let after the centrifugation at 10,000 × g [93], while the 
large EVs defined in our present study were 0.5–1.0 μm in 
diameter. Thus, large oncosomes were much larger than 
our large EVs. Only one study reported that pathological 
levels of serum Lamin A are a potential biomarker that 
can predict adverse pregnancy outcomes [94]. The Exo-
Carta database have posted that LMNA was identified in 
sEVs derived from the following tissues/cell types: cancer 
cells (breast, colorectal, gastric, lymphoma, monocytic 
leukemia, ovarian, pancreatic, prostate and squamous 
carcinoma), mammary cancer-associated fibroblasts 
(CAF), stem cells (bone marrow mesenchymal stem cells, 
mesenchymal stem cells, and pluripotent stem cells), and 
normal cells (chondrocytes, embryonic kidney cells, fore-
skin fibroblasts, normal mammary epithelial cells, pan-
creatic ductal epithelial cells, and T lymphocytes) (​h​t​t​p​​:​
/​/​​e​x​o​c​​a​r​​t​a​.​​o​r​g​​/​g​e​n​​e​_​​s​u​m​​m​a​r​​y​?​g​e​​n​e​​_​i​d​=​4​0​0​0). Most of 
these data appeared to be from mass spectrometry, but 
were not confirmed by western blotting and immunoEM. 
Moreover, the cleaved Lamin A has not been investi-
gated in previous studies. In contrast, our study originally 
indicates that metalloprotease-cleaved Lamin A is co-
secreted with EVs in metastatic cancer.

In addition to Lamin A, our study also suggests that 
another intermediate filament, Vimentin, could be 
processed by MMP-3 and secreted via the autophagy-
amphisome-EV pathway. Many groups have reported 
extracellular serum Vimentin in cancers and other 

http://exocarta.org/gene_summary?gene_id=4000
http://exocarta.org/gene_summary?gene_id=4000
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pathological states. Consistent with our study, Vimen-
tin (VIM) was the highly represented protein in pancre-
atic adenocarcinoma-derived extracellular vesicles and 
particles (EVPs) compared with adjacent paired normal 
tissue [95]. Also, serum Vimentin has been found in can-
cers such as glioblastoma [96], CRC [97], gastric cancer 
[98], and hepatocellular carcinoma [99]. Interestingly, 
serum Vimentin methylation has been found as a poten-
tial biomarker in CRC and gastric cancer [97, 98]. Serum 
Vimentin could also predict inflammatory diseases such 
as pediatric severe sepsis [100], atherosclerosis [101], 
autoimmunity [102], and non-alcoholic steatohepatitis 
[103]. Thus, serum Vimentin is found in both cancer and 
inflammatory diseases. Our data suggest that MMP-3 
could process Vimentin, while other proteases, such 
as caspases [104, 105] and calpain [106], also process 
Vimentin. Intermediate filaments such as Vimentin and 
Lamin can be preferentially processed by proteases in 
diseases, due to the abundance of filamentous structures 
accessible to proteases and chaperones.

While the proteolytic processing of Lamin A/C by pro-
teases is akin to post-translational modification (PTM) 
that dynamically induces nuclear deformity and nucle-
ophagy, many PTMs are crucial for Lamin A/C metabo-
lism and thus nuclear architecture and cell fate. Lamin A 
is initially translated as pre-lamin A, which undergoes a 
chain of PTMs at its C-terminal tail domain to become 
functionally useful. This process includes farnesylation 
by farnesyl transferase (FTase), cleavage of the terminal 
aaX motif by Zmpste24 or Rce1, carboxymethylation by 
ICMT, and a final cleavage by Zmpste24 to remove the 
modified cysteine [107]. Beyond maturation, Lamin A/C 
is regulated by various PTMs—such as phosphorylation, 
acetylation, SUMOylation, ubiquitylation, and palmi-
toylation—that influence its solubility, polymerization, 
localization, and interactions with chromatin and other 
proteins [108]. These modifications are essential for main-
taining nuclear architecture and coordinating cellular 
processes throughout the cell cycle [108]. SUMOylation, 
which regulates the reassembly of Lamin A after the 
end of mitosis in the daughter cells, is regulated via the 
SUMO motif on lamin A [109]. Notably, nuclear accu-
mulation of UBC9 contributes to SUMOylation of Lamin 
A/C and nucleophagy in response to DNA damage [87]. 
Phosphorylation, particularly at Ser22 and Ser392 by 
CDK1, facilitates Lamin A disassembly during mitosis 
and modulates enhancer activity, with aberrant phos-
phorylation implicated in disorders like progeria [110]. 
Another group has shown that CDK1 controls NE integ-
rity via regulating the phosphorylation of Lamin A/C at 
Ser 22 and 392 sites [111]. A recent study showed that 
phosphorylation of Lamin A/C at Ser301 mediated CAF 
activation caused by androgen receptor loss [112]. Addi-
tionally, pronounced observation of micronuclei and NE 

rupture have been observed in cancer cells. Kovacs et 
al. have shown that DNA damage induces NE rupture 
and micronuclei formation by phosphorylating Lamin 
A/C via ATR [113]. Similarly, another study showed that 
Doxorubicin, an anticancer drug, causes DNA dam-
age and nuclear membrane injury by phosphorylating 
Lamin A/C, leading to cell death and cardiotoxicity [114, 
115]. SUMOylation affects Lamin stability and chro-
matin binding, and mutations such as E203G/K reduce 
SUMOylation, contributing to diseases like familial car-
diomyopathy and lipodystrophy [116, 117]. Acetylation, 
regulated by KAT8, supports nuclear integrity, while its 
loss leads to membrane defects and micronuclei forma-
tion [118]. Palmitoylation at specific cysteine residues, 
mediated by ZDHHC5 and reversed by ABHD7, is cru-
cial for muscle cell differentiation and repair [119]. The 
impaired PTMs and cleavage of Lamin A may disrupt the 
proper localization, structure, and function, which can 
contribute to disease progression such as cancer, cardio-
myopathy, or neurological disorders. Therefore, inves-
tigating the relationships among cleavage, PTMs, and 
secretion of Lamin A/C in cancers and laminopathies 
could provide valuable insights into their pathogenesis 
and therapeutic potential.

There are some limitations of the study. Firstly, we 
showed that MMP-3 and cleaved Lamin in EVs are cru-
cial in aggressive cancers, such as metastatic HNSC and 
colorectal cancers. However, EV-Lamin A or EV-MMP3 
have not been investigated in patient-derived liquid 
biopsy samples such as blood, saliva, or urine. Such inves-
tigations will be useful for establishing a new diagnostic 
and prognostic method to detect early-stage cancers and 
identify those with poor prognosis. Secondly, we showed 
dozens of MMP-3 cofactors, but IP-western blotting to 
confirm protein-protein interactions or in vitro cleav-
age assay using recombinant proteins has not been per-
formed. MMP-3 interaction with or cleavage of nuclear 
proteins such as histones, Topoisomerase II, and hnRNPs 
will largely determine the genome and RNA status.

Conclusions
In conclusion, MMP-3 cleavage of nuclear Lamin 
A induces nuclear deformity, which is required for 
increased migration in confined spaces, nucleophagy, 
and the autophagic co-secretion with EVs in metastatic 
cancer. High expression of MMP3 and LMNA can pre-
dict poor prognosis in HNSC, PDAC, rectum and lung 
adenocarcinomas at specific stages.
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