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Abstract
Background  EMILIN-1 is an extracellular matrix glycoprotein with tumor-suppressive functions. While its loss is impli-
cated in cancer progression, its specific role in the gastric tumor microenvironment and its clinical relevance remain poorly 
defined.
Methods  Using in vitro cellular systems and genetically modified mouse models we investigated the consequences of 
impaired EMILIN-1 function on gastric epithelial transformation, stromal remodeling, and fibroblast reprogramming. His-
topathological analysis, gene expression profiling, and functional assays were employed to assess phenotypic changes in 
epithelial, fibroblastic, and endothelial compartments.
Results  We found that gastric cancer (GC) cells downregulate EMILIN-1 in stromal fibroblasts and lymphatic endothelial 
cells via paracrine signaling, leading to reduced EMILIN-1 deposition and disrupted lymphatic organization. Mechanisti-
cally, the interaction between EMILIN-1 and α4β1 integrin, which is absent in GC cells, modulates tumor cell proliferation; 
loss of this axis allows tumor cells to escape ECM-mediated growth control. Furthermore, EMILIN-1 downregulation repro-
grams fibroblasts into a pro-tumorigenic phenotype, which enhances GC cell migration and clonogenic potential. EMILIN-1 
loss-of-function (E955A) mice showed increased susceptibility to pre-neoplastic lesions, a finding mirrored in human dys-
plastic tissues where EMILIN-1 was markedly reduced.
Conclusion  Our findings establish EMILIN-1 as a master regulator of gastric tissue integrity. Its loss creates a tumor-permis-
sive microenvironment by disrupting epithelial homeostasis, impairing lymphatic structure, and promoting fibroblast activa-
tion. The consistent reduction of EMILIN-1 in early human dysplasia highlights its potential as a novel stromal biomarker 
for early GC risk stratification. Moreover, restoring the EMILIN-1/integrin axis represents a promising therapeutic strategy 
to re-establish growth control and suppress tumor progression.

Keywords  Extracellular matrix · Gastric tumor microenvironment · Cancer associated fibroblasts · Gastric preneoplastic 
lesions · Paracrine communication
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Introduction

Gastric cancer (GC) remains one of the leading causes of 
cancer-related mortality worldwide, with most patients 
diagnosed at advanced stages and facing poor overall 
prognosis despite recent therapeutic advances [1, 2]. His-
torically, GC research has primarily focused on epithelial 
transformation driven by Helicobacter pylori infection, 
chronic inflammation, and genomic instability [3]. How-
ever, accumulating evidence highlights the critical role of 
the tumor microenvironment (TME), comprising immune 
cells, blood and lymphatic vasculature, fibroblasts, and the 
extracellular matrix (ECM), in shaping tumor progression 
[4].

Beyond providing structural support, several ECM com-
ponents are now recognized as active regulators of tumor 
behavior. These molecules influence key processes such 
as cell adhesion, growth factor signaling, and immune cell 
recruitment. Nevertheless, their specific contribution to gas-
tric tumorigenesis remains poorly understood. One such 
molecule is EMILIN-1, a glycoprotein localized at elastin–
collagen interfaces and abundantly expressed by stromal 
fibroblasts and lymphatic endothelial cells (LECs) [5, 6]. In 
other tissue contexts, EMILIN-1 has been shown to exert 
tumor-suppressive functions by limiting cell proliferation, 
modulating lymphangiogenesis, and regulating TGF-β sig-
naling [7–11].

We have previously identified EMILIN-1 as a tumor-sup-
pressive ECM component in the gastric mucosa whose loss 
results in lymphatic dysfunction and proliferative advan-
tages that fuel tumorigenesis [12]. However, the mecha-
nisms by which GC cells circumvent EMILIN-1-mediated 
restraint, and how its downregulation reshapes the sur-
rounding stroma, remain unclear. Notably, GC cells exhibit 
epigenetic silencing of ITGA4, the gene encoding the α4 
integrin subunit [13–15], which binds EMILIN-1 through 
its gC1q domain [16]. Promoter hypermethylation of ITGA4 
abolishes α4β1 integrin expression in tumor epithelial cells, 
thereby preventing their interaction with EMILIN-1 in the 
surrounding matrix.

In this study, we investigated whether EMILIN-1 exerts 
a broader regulatory role within gastric TME. Leverag-
ing genetically engineered mouse models, human gastric 
specimens, and in vitro systems mimicking tumor-stroma 
interactions, we uncover a dual escape strategy adopted by 
GC cells: suppression of EMILIN-1 production in stromal 
fibroblasts and LECs and loss of its cognate receptor α4β1-
integrin in epithelial cells. Collectively, these alterations 
enable GC to evade EMILIN-1 mediated stromal surveil-
lance and foster the development of a tumor-permissive 
microenvironment.

Materials and methods

Chemicals and reagents

Human recombinant gC1q WT and E954A domains were 
prepared as previously described [16]. Primary antibodies 
for Western blot and immunofluorescence are listed in Sup-
plementary Table 1. HRP-conjugated secondary antibodies 
(Bethyl) and Alexa Fluor conjugates (Invitrogen) were used 
for Western blot and immunofluorescence, respectively.

Cell cultures

Cells were maintained with 10% FBS and 100 U/mL peni-
cillin/streptomycin unless specified. GES-1 (courtesy of 
Prof. Marina de Bernard, University of Padua) and NCI-
N87 (ATCC) were maintained in RPMI; Hs746T (ATCC) 
in DMEM + 1  mM sodium pyruvate; AGS (ATCC) in 
F-12  K; Human Dermal Lymphatic Endothelial Cells 
in EBM™-2 + EGM™-2 MV BulletKit™ (Lonza); Bj-
5ta fibroblasts (ATCC) in 4:1 DMEM/M199 + 10% 
FBS + 0.01 mg/mL hygromycin B (Invitrogen); primary der-
mal fibroblasts (courtesy of Dr. Danilo Ranieri, St. Andrea 
Hospital, Rome, Italy) in DMEM + 10% FBS.

Animals and in vivo procedures

C57BL/6 J WT mice (Charles River) and Emilin1-E955A 
knock-in (E955A-KI) (Polygene Transgenetics, Rumlang, 
CH), formerly referred as E933A-TG corresponding to the 
E954 in the human hortolog [9, 17–19], were maintained at 
CRO-IRCCS. All procedures complied with national regu-
lations (authorization n°348/2023 PR). Tamoxifen (350 mg/
kg body weight, 3 days) was intra-peritoneally injected or 
gavaged to induce gastric atrophy and Spasmolytic Polypep-
tide-Expressing Metaplasia (SPEM) [20]; stomachs were 
collected 3 days later. DMP-777 (350 mg/kg, DBA Italia) 
was gavaged daily for 3 days to ablate parietal cells [21]. 
Tissues were fixed in 10% formalin, transferred to 70% eth-
anol, paraffin-embedded, sectioned (5 µm), and stained with 
H&E. The immunohistochemistry process involved staining 
tissue samples for α-SMA using a standard protocol with 
antibody incubation, peroxidase detection, and hematoxylin 
counterstaining. Digital image analysis was then performed 
on the slides using QuPath software to quantify α-SMA-
positive areas and ImageJ software to measure the average 
width of the muscularis mucosae for each sample.

Immunostaining

Patient characteristics are detailed in Supplementary Table 2. 
For immunohistochemical (IHC) analysis of EMILIN-1, 
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we selected representative paraffin-embedded sections from 
biopsy or mucosectomy specimens. After heat-induced anti-
gen retrieval with 10  mM citrate buffer (pH 6.0), staining 
was performed using the As556 rabbit polyclonal antibody 
[22] and an UltraVision LP Detection System HRP DAB kit 
(Thermo Scientific, Waltham, USA). Slides were scanned at 
10 × magnification, and EMILIN-1 expression was evaluated 
in the lamina propria of matched dysplastic and non-dysplas-
tic mucosal areas. The analysis included 1 to 14 fields per 
dysplastic region. A semi-quantitative H-score (range 0–300) 
was assigned by multiplying the percentage of positive cells 

by the staining intensity (0 to 3 +). In the same areas, the 
expression of α-SMA was assessed using a semi-quantitative 
score ranging from 0 to 5 (0, absence of staining; 5 maximal 
staining).

Cell transfection

AGS cells were transfected with FuGENE HD (Promega) 
using empty pcDNA or α4-pcDNA following previously 
described protocols [23]. Stable clones were selected and 
maintained in F-12 K + 10% FBS + 0.5 mg/ml G418.

Fig. 1  Role of α4 integrin in 
cell adhesion and prolifera-
tion of gastric cells. A Integrin 
expression profile in GES-1 
and AGS cells, obtained from 
FACS analysis, showing the 
percentage of α4-positive cells. 
B Quantification of cell adhesion 
using CAFCA assay of GES-1 
and AGS cells on various ECM 
substrates, expressed as the 
percentage of adherent cells. C 
Proliferation curves of GES-1 
and AGS cells cultured in the 
presence of recombinant gC1q or 
its human mutant form E954A. D 
Western blotting of α4 expression 
in AGS stable clones. E Adhesion 
to gC1q and fibronectin, and F 
proliferation in the presence of 
gC1q of AGS parental cells and 
AGS clones (2, 7 and 105) stably 
expressing α4 integrin, detected 
by xCELLigence technol-
ogy. **P < 0.01; ***P < 0.005; 
***P < 0.001
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RT-PCR analysis

RNA was extracted with NucleoSpin RNA II (Macherey-
Nagel), reverse-transcribed, and amplified with iQ SYBR-
Green (Bio-Rad) using primers in Supplementary Table 3. 
qRT-PCR was performed with CFX96 and analyzed with 
CFX Maestro (Bio-Rad).

CRISPR/Cas9 system

EMILIN-1 KO in Bj-5ta fibroblasts was generated using 
Cas9/sgRNAs spanning exon 1 (Supplementary Table  4) 
cloned into pLV hUbC-Cas9-T2A-GFP (AddGene) [24]. 
Transduced cells were sorted, sequenced (Illumina MiSeq), 
and validated with Integrative Genomics Viewer. Clones 

Fig. 2  EMILIN-1 is downregulated by GC cells. A Schematic over-
view of experimental design. Stromal cells, fibroblasts (Fbs) and lym-
phatic endothelial cells (LECs), were cultured for 72  h with condi-
tioned media (CM) derived from gastric epithelial cell lines. Control 
conditions included standard growth medium for each cell type. After 
treatment, ECM-enriched extracts, slides, and total RNA were col-
lected for analysis of EMILIN-1 expression. The gastric cell lines used 
included GES-1 (non-tumorigenic), NCI-N87 (metastatic), Hs746T 
(diffuse-type GC), and AGS (intestinal-type GC). B RT-PCR analy-

sis showing EMILIN1 mRNA downregulation in fibroblasts (top) and 
LECs (bottom) following CM treatment. C Western blot analysis of 
EMILIN-1 protein levels in ECM extracts from fibroblasts exposed 
to CM from GC cell lines. D Immunofluorescence analysis of fibro-
blasts treated with cancer-derived CM reveals decreased EMILIN-1 
deposition (green). Quantification of EMILIN-1–positive signal was 
performed over the entire 20 × fields. At least five fields were analyzed 
per sample. Statistical analysis was performed using a two-tailed Stu-
dent’s t-test. *P < 0.05, **P < 0.01, ****P < 0.001. Scale bar: 100 μm
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were screened by PCR, using specific primers (Supplemen-
tary Table 5).

Western blot analysis

Cells were lysed using two methods: one with NP-40/PBS 
for extracellular matrix (ECM) proteins and another with 
RIPA buffer for total proteins. Protein concentrations were 
measured, and equal amounts were separated by SDS-PAGE. 
After transferring to membranes, proteins were detected 
using specific primary (listed in the Supplementary Table 1) 
and HRP-conjugated secondary antibodies, visualized by 
chemiluminescence, and quantified using imaging software.

FACS analysis

Cells were incubated with PE-anti-integrins antibodies (α2, 
clone P1E6-C5, Biolegend; α4, clone 9F10, Biolegend; α5, 
clone REA686, Miltenyi Biotec; α6, clone GoH3, Bioleg-
end; α9β1, clone Y9A2, Biolegend; αvβ3, clone 23C6, Milt-
enyi Biotec; β1, clone MAR4, BD Pharmingen; β4, clone 
439-9B, BD Pharmingen) or with APC-anti α3 integrin 
(clone ASC-1, Biolegend) or isotype control and analyzed 
with LSRFortessa X-20 (BD Biosciences). Bj-5ta cells were 
sorted with BD FACSAria™ III and expanded.

Cell adhesion assay

The CAFCA (Centrifugal Assay for Fluorescence-based Cell 
Adhesion) assay was performed as previously described [25]. 
Briefly, PVC strips were coated with substrates (Collagen I/
IV, Fibronectin, recombinant gC1q). Calcein AM-stained 
cells were seeded, synchronized by centrifugation, incubated, 
and analyzed using an Infinite M1000 fluorometer (TECAN). 
Adhesion was calculated as percentage of bound cells.

xCELLigence technology for adhesion and proliferation 
assays

Real-time monitoring of cell adhesion and proliferation was 
performed using the xCELLigence RTCA Single Plate system 
(Agilent) with E-plate VIEW 96 (Acea Bioscience). Experi-
mental setup, data acquisition, and analysis were conducted 
using RTCA Software Pro. The Cell Index, based on electrical 
impedance, reflects cell number, attachment, and morphology 
over time. Plates were coated with ECM proteins or gC1q, 
seeded with cells, and impedance recorded (every 5 min for 
20 h for adhesion; hourly for 5 days for proliferation).

Tube formation assay

Cultrex® BME (Trevigen) was polymerized in 96-well 
plates. Human dermal LECs (2 × 104/well) were seeded with/

without conditioned medium from gastric cells. Tube forma-
tion was imaged every 15  min for 8  h (Leica AF6000LX) 
and analyzed with Wimasis WimTube software (Onimagin 
Technologies SCA) to determine the number of branch sites/
nodes, loops/meshes, and number or length of tubes formed.

Colony assay

Cells were seeded at low density (1,000 cells/well) in 6-well 
plates and allowed to adhere overnight in complete F-12 K 
medium (supplemented with 10% FBS and 1% Penicillin/
Streptomycin) at 37 °C with 5% CO₂. The following day, the 
medium was replaced with conditioned medium (CM) from 
either wild-type (WT) or EMILIN-1 knockout (KO) BJ-5ta 
fibroblasts, supplemented with 10% FBS. After a 7-day incu-
bation, the colonies were gently washed with PBS, fixed with 
4% paraformaldehyde (PFA) for 10 min at room temperature, 
and stained with 0.05% crystal violet in 20% methanol for 
30 min. Following a final rinse with distilled water and air-
drying, colonies were imaged. The number and size of the col-
onies were quantified using ImageJ software (win64 version).

Wound healing

Cells were cultured to confluence in F-12 K medium supple-
mented with 10% FBS and 1% Penicillin/Streptomycin. A 
uniform scratch wound was generated in the monolayer using 
a 200 µL pipette tip. After two gentle washes with PBS to 
remove detached cells, the cells were incubated in a serum-free 
medium consisting of a 1:1 mixture of fresh F-12 K and condi-
tioned medium (CM) from either WT or KO BJ-5ta fibroblasts. 
Wound closure was monitored using an inverted phase-con-
trast microscope (Nikon Eclipse TS100) at 4 × magnification. 
The wound area at each time point was quantified using ImageJ 
software (win64 version).

Statistical analysis

Graphpad Prism (version 7.02) was used to perform statistical 
analyses. One-way ANOVA or unpaired (or paired) t-test was 
applied to normally distributed data. P < 0.05 was considered 
significant. Data are shown as mean ± SD.

Results

The EMILIN-1/α4β1-integrin axis regulates gastric 
epithelial proliferation and is bypassed by cancer cells.

We previously established EMILIN-1 as a tumor-suppressive 
sentinel in the gastric microenvironment. Both EMILIN-1 
knock-out (KO) and E955A-KI mice, the latter expressing 
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a mutant EMILIN-1 unable to bind α4β1 integrin, exhibited 
increased tumor susceptibility when challenged with gastric 
tumor cells or the carcinogen N-methyl-N-nitrosourea (NMU) 
[12]. This implicated the EMILIN-1/α4β1 integrin interaction 
as a critical growth control mechanism.

Since α4-integrin is transcriptionally repressed in human 
GC epithelium but not in normal tissue [13], we hypothesized 
that cancer cells evade growth inhibition not only by depleting 
EMILIN-1 from their microenvironment [12] but also by los-
ing the α4-integrin receptor itself. To assess this, we character-
ized the integrin expression profiles of normal GES-1 gastric 
mucosa cells and intestinal-type AGS GC cells. Flow cytom-
etry revealed that while both lines expressed α5, α6, β1, and β4 
subunits, only GES-1 cells expressed α3, α4, and αv integrins. 
Notably, α9-integrin, an EMILIN-1-binding homolog of α4 [7, 
26], was absent in both (Fig. 1A, Fig. S1). This lack of α4 and 
α9 was a consistent feature across other GC lines (Fig. S2), 
confirming that disruption of the EMILIN-1/integrin axis is a 
common event in gastric carcinogenesis.

Integrin activation was assessed through adhesion assays 
using various ECM substrates. In line with the 66% expres-
sion of α4-integrin, approximately 50% of GES-1 cells adhered 
specifically to the gC1q domain of EMILIN-1. This adhe-
sion was abrogated by function-inhibiting antibodies target-
ing α4-integrin, and the human gC1q E954A mutant, which 
is unable to bind integrins [27], did not support adhesion 
(Fig. 1B).

Cell proliferation assays showed that the growth of GES-1 
cells, which expresses α4β1-integrin, was modulated by the 
presence of gC1q. In contrast, AGS cells, lacking α4-integrin, 

did not exhibit any change in proliferation (Fig. 1C). Similarly, 
gC1q failed to reduce the proliferation of other GC cell lines 
deficient in α4-integrin (Fig. S2D).

To further explore this mechanism, AGS cells were trans-
fected with α4-integrin, and the resulting clones were evaluated 
in adhesion and proliferation assays (Fig.  1D). Remarkably, 
α4-expressing AGS cells exhibited enhanced and sustained 
binding to gC1q exceeding their adhesion to fibronectin used 
here as a control ECM protein (Fig. 1E). Furthermore, prolif-
eration of these transfected clones was significantly modulated 
by gC1q, confirming that the α4β1-integrin/EMILIN-1 interac-
tion directly influences the growth of GC cells (Fig. 1F). These 
findings demonstrate that α4β1-integrin is essential for EMI-
LIN-1–mediated epithelial restraint and that its loss enables 
GC cells to bypass ECM-dependent proliferation control.

Gastric Cancer cell–derived paracrine signals suppress 
EMILIN-1 in stromal compartments

We previously found that the deposition of EMILIN-1 was sig-
nificantly decreased in malignant samples and that the presence 
of neutrophil elastase, a protease known to process EMILIN-1, 
could be responsible for the reduced levels of the protein [12]. 
To test whether the reduced EMILIN-1 protein levels were not 
only the result of a degradation process but also a consequence 
of transcriptional regulation, we developed an in vitro model 
designed to mimic the TME. The primary aim was to deter-
mine whether GC epithelial cells influence EMILIN-1 expres-
sion in stromal fibroblasts and LECs, which are known to be its 
main producers (Fig. S3A).

To this end, stromal fibroblasts were exposed to CM col-
lected from various GC cell lines: NCI-N87 (a metastatic 
line), Hs746T (representative of the diffuse histotype), and 
AGS (intestinal histotype). CM from normal gastric epithelial 
cells (GES-1) served as controls. Following treatment, EMI-
LIN-1 levels in fibroblasts were assessed by RT-PCR and IF 
(Fig. 2A). EMILIN-1 mRNA expression was downregulated 
both in fibroblasts and LECs when cultured in the presence 
of CM derived from GC cells while CM from normal gastric 
epithelial cells had no effect (Fig. 2B). As shown in Fig. 2C, 
this downregulation led to a marked reduction of EMILIN-1 
protein levels in ECM extracts. Immunofluorescence staining 
of fibroblast cultures incubated with GC-derived CM, par-
ticularly from AGS cells, confirmed a pronounced decrease in 
EMILIN-1 deposition (Fig. 2D).

To evaluate the specificity of EMILIN-1 downregulation, 
we also examined the expression of fibronectin, another 
major ECM component. Interestingly, both fibronectin 
mRNA and protein levels were not decreased by CM from 
GC cell lines; on the contrary they were significantly ele-
vated (Fig. S3B, C).

Fig. 3  Conditioned media from GC cells induce a shift towards a Can-
cer-Associated Fibroblast (CAF)-like phenotype. A CM from AGS 
cells, but not from normal GES-1 cells, significantly impaired LEC 
tube formation. Brightfield images were analyzed with the Wimasis™ 
tool; quantification includes total tubule length, number of branch-
ing points, loops, and tubes. B Immunofluorescence analysis shows a 
marked increase in α-smooth muscle actin (α-SMA, red) expression in 
fibroblasts treated with conditioned media (CM) from GC cell lines. C 
Quantification of α-SMA–positive signal was performed across entire 
20 × fields; at least five fields were analyzed per sample. D Representa-
tive images of genetically engineered KO fibroblasts clones exhibit-
ing a myofibroblastic phenotype, with increased α-SMA deposition. 
E Quantification of α-SMA positive volume in the entire section field 
examined. For each clone (more than ten clones for each genotype), 
at least five fields were analyzed. Dots represent the mean value of 
different clones. F Comparison of α-SMA–positive volume in WT 
and KO Bj-5ta fibroblasts treated with CM from either GES-1 or AGS 
cells. Quantification was based on analysis of at least five fields per 
clone; each dot represents the mean value per clone (n = 4). G Repre-
sentative western blots of lysates from Bj-5ta fibroblasts probed for the 
indicated proteins, including pPDGFRβ, pSTAT3, NF-κB p65, ERK, 
AKT, and α-SMA H Quantification of band intensity. Signals for phos-
phorylated proteins were normalized to their respective total protein 
and α-SMA to GAPDH used as loading control. Data are presented 
as mean ± SD. Statistical significance was assessed using two-tailed 
Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
Scale bar: 25 μm
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To determine whether this regulatory mechanism was 
specific to GC or indicative of a broader cancer-associated 
mechanism, we exposed fibroblasts to CM from colon and 
ovarian cancer cell lines. Unexpectedly, we observed no 
reduction in EMILIN-1 mRNA levels; on the contrary, an 
opposite trend was detected (Fig. S3D).

Collectively, these findings indicate that EMILIN-1 down-
regulation induced by GC cells is predominantly driven 
through mechanisms affecting transcription and/or mRNA 
stability. While the contribution of degradative enzymes, such 
as matrix metalloproteinases (MMPs), cannot be completely 
excluded, our data argues against a major role for proteolytic 
loss in this context. Specifically, MMP expression in fibroblasts 
remained unchanged following treatment with tumor-CM, and 
no increase in MMP levels was observed in GC-derived CM 
compared to controls (data not shown). This strongly suggests 
that transcriptional suppression and/or mRNA destabilization, 
rather than enhanced ECM degradation, represent the predomi-
nant mechanism adopted by cancer cells to deplete EMILIN-1 
in the gastric TME.

EMILIN-1 downregulation promotes tumor 
progression through lymphatic dysfunction and 
stromal fibroblast activation

CM from GC cell lines altered LEC behavior, as demonstrated 
by impaired tube formation in vitro. In contrast, CM from nor-
mal gastric cells (GES-1) did not affect LEC tube formation 
(Fig. 3A). Quantitative analysis revealed a significant reduc-
tion in total tube length, number of branching points, loops, and 
overall tube structures (Fig. 3A). These data identify a novel 
link between EMILIN-1 downregulation and LEC dysfunc-
tion in GC. This connection is part of a broader mechanism 
in which tumor-derived factors suppress EMILIN-1 and drive 
extensive remodeling of the ECM and suggests that by reshap-
ing the stromal microenvironment in this way, including the 
active contribution of altered lymphatic vessels [12, 28], GC 
enhances its own aggressiveness and progression.

To investigate the functional impact of EMILIN-1 down-
regulation in fibroblasts, we examined whether EMILIN-1 loss 

Fig. 4  EMILIN-1-deficient 
fibroblasts promote AGS cell 
migration, invasive sprouting 
and clonogenicity. A, B Condi-
tioned medium (CM) from KO 
fibroblasts accelerates AGS cell 
wound closure. A Representative 
images of the scratch assay at 0, 
4, 8, and 20 h. B Quantification 
of wound closure over time. CM 
from four independent fibroblast 
clones per genotype was tested 
C, D CM from KO fibroblasts 
increases the clonogenic potential 
of AGS cells. C Representative 
images of colonies. D Quantifica-
tion of colony number and size. 
Data are presented as mean ± SD. 
E 3D spheroids composed of 
AGS cells alone or co-cultured 
with WT or KO BJ-5ta fibroblasts 
were embedded in Matrigel and 
cultured for 5 days. Representa-
tive images are shown. F Graphs 
report quantification of spheroid 
size and sprouting-associated 
invasive area. Statistical signifi-
cance was determined by a two-
tailed Student's t-test (*P < 0.05, 
**P < 0.01, ***P < 0.001). Scale 
bar: 50 µm.
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promotes stromal activation toward a CAF-like/myofibroblas-
tic phenotype. We first assessed the expression of α-smooth 
muscle actin (α-SMA), a marker commonly associated with 
activated myofibroblastic CAF subsets. EMILIN-1 downregu-
lation significantly increased α-SMA levels (Fig. 3B,C), indi-
cating a myofibroblastic transdifferentiation that is known to 
support tumor progression [29].

To test the cell-autonomous role of EMILIN-1 in pro-
moting a CAF-like state, we generated a stable EMILIN-1 
knockout (KO) in Bj-5ta fibroblasts using CRISPR-Cas9 
(Fig. S4). Consistent with our initial findings, EMILIN-1 KO 
fibroblasts exhibited elevated basal α-SMA levels compared 
to WT controls (Fig. 3D,E). When stimulated with AGS-CM, 

WT fibroblasts robustly upregulated α-SMA, whereas KO 
fibroblasts, already primed toward an activated state, showed 
no further induction (Fig. 3F). Western blot analysis not only 
confirmed the significant increase in α-SMA protein but also 
revealed concomitant activation of key pro-survival and inflam-
matory signaling pathways, including AKT, ERK, NF-κB, and 
STAT3, in KO cells (Fig. 3G,H). Together with the observed 
upregulation of CTGF in KO clones (Fig. S4), these molecular 
changes align with established signaling networks involved in 
GC-associated fibroblast activation [30, 31].

This EMILIN-1-driven phenotypic shift had profound func-
tional consequences for GC cells. CM from EMILIN-1 KO 
fibroblasts significantly enhanced the migration of AGS and 

Fig. 5  EMILIN-1 loss of function 
promotes increased incidence 
of gastric preneoplastic lesions. 
A Percentage of adult mice 
exhibiting spontaneous gastric 
metaplasia. For each genotype, 
the distribution of mild and 
moderate metaplastic alterations 
is indicated. B Experimental 
timeline and schematic over-
view of Tamoxifen or DMP-777 
treatment protocols, including 
sample collection and histologi-
cal processing. C-D Quantita-
tive analysis of oxyntic cell loss 
severity scores and SPEM sever-
ity across genotypes in fundic 
mucosa F and in fundic mucosa 
at the border with the fore-
stomach (margo plicatus) (MP) 
following oral gavage treatment 
with Tamoxifen (C, n = 11 WT 
and 12 KI) or DMP-777 (D, n = 6 
WT and 16 KI). E Representative 
micrographs of α-SMA immu-
nostaining in gastric mucosal 
sections from DMP-777-treated 
WT and KI-955A mice. Yellow 
arrows indicate the muscularis 
mucosae. The associated graphs 
F provide quantification of 
α-SMA immunoreactivity and 
muscularis mucosae thickness. 
Scale bar, 50 µm
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Hs746T cells in both scratch wound and haptotaxis assays 
(Fig. 4A,B; Fig. S5; Fig. S6A-C) and boosted AGS clonogenic 
potential (Fig. 4C,D). Moreover, 3D spheroid assays showed 
that co-culture with EMILIN-1 KO fibroblasts increased 
spheroid size and sprouting-associated invasion of both AGS 
(Fig. 4E,F) and Hs746T GC cells compared with WT fibro-
blasts (Fig. S6D,E), further supporting a pro-invasive stromal 
phenotype induced by EMILIN-1 loss.

In summary, our results demonstrate that loss of EMILIN-1 
is sufficient to promote fibroblast activation toward a CAF-
like/myofibroblastic state, characterized by pro-tumorigenic 

signaling and functional tumor-supportive properties. This 
reprogramming functionally enhances GC cell aggressiveness, 
revealing a critical role for EMILIN-1 in maintaining fibroblast 
homeostasis and restraining tumor-promoting microenviron-
mental remodeling.

Impaired EMILIN-1 function enhances susceptibility 
to gastric preneoplastic transformation

To further explore whether genetically induced EMILIN-1 
dysfunction contributes to the establishment of a tumor-per-
missive microenvironment, we analyzed the gastric mucosa 
of adult mutant mice. As shown in Fig. 5A, E955A-KI mice 
developed a modestly increased number of spontaneous meta-
plastic lesions compared to WT controls, but with a signifi-
cantly higher proportion exhibiting more severe histological 
alteration scores. These findings suggested that the regenera-
tive response is exacerbated in the absence of functional EMI-
LIN-1–integrin signaling, underscoring the role of EMILIN-1 
in maintaining mucosal homeostasis and restraining patho-
logical remodeling. Importantly, these effects are independent 
of TGF-β activity, as its regulation remained unaltered in the 
mutant model [9, 17]. To further challenge epithelial integrity, 
we used Tamoxifen, which induces parietal cell loss, or DMP-
777, a selective neutrophil elastase inhibitor known to trigger 
gastric pre-neoplastic lesions [32] and used here as a chemi-
cal approach to preserve EMILIN-1 integrity by preventing its 
proteolytic inactivation [33, 34] (Fig. 5B). Histological analy-
ses were performed to assess both the incidence and severity of 
gastric lesions. Intraperitoneal injection of Tamoxifen caused a 
marked systemic toxicity, characterized by severe pathological 
alterations in the kidney and colon across all genotypes, with-
out notable differences in the extent of parietal (oxyntic) cell 
loss in the gastric mucosa. Spasmolytic polypeptide-expressing 
metaplasia (SPEM) was not detected in any group, although 
higher scores for the presence of nuclear debris within glandu-
lar lumina and signs of regenerative hyperplasia were observed 
in E955A-KI mutant mice (Fig. S7). To reduce off-target tox-
icity, we switched to oral gavage administration. Under these 
conditions, Tamoxifen robustly induced oxyntic cell depletion 
and SPEM across all genotypes (Fig.  5C). While the differ-
ences were not statistically significant, the severity of meta-
plastic lesions appeared higher in E955A-KI mice compared to 
WT controls, suggesting increased susceptibility in the context 
of impaired EMILIN-1–integrin interaction (Fig. 5C). Notably, 
Tamoxifen-induced inflammation leads to neutrophil elastase 
release [35], which can degrade EMILIN-1 even in WT mice, 
partially reproducing the EMILIN-1-deficient environment of 
KI animals and thereby exacerbating lesion severity. Remark-
ably, treatment with DMP-777 resulted in more extensive 
pre-neoplastic alterations in EMILIN-1 mutant KI mice com-
pared with their WT counterparts. While very few WT animals 

Fig. 6  Loss of EMILIN-1 in gastric dysplasia. A Representative immu-
nohistochemical staining for EMILIN-1 in human gastric dysplasia. 
Higher-magnification views (green, red, and black rectangles) show the 
loss of the intense fibrillar staining present in the normal mucosa within 
dysplastic foci. B Representative α-SMA immunostaining (patient b) 
showing similar staining intensity in normal and dysplastic areas. C 
Representative α9 integrin staining showing the strong membrane sig-
nal both in normal and dysplastic epithelium. The dashed yellow lines 
demarcate the normal and dysplastic areas. The red asterisks in (A) indi-
cate the presence of neutrophils in dysplastic areas. Scale bar, 100 µm
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developed only focal and relatively mild lesions, a great per-
centage of KI treated mice displayed widespread mucosal 
damage accompanied by an increased number of metaplas-
tic glands and higher histological alteration scores (Fig. 5D). 
These lesions were characterized by enhanced epithelial 
remodeling and expansion of atypical glandular structures, 
features indicative of a more sustained and dysregulated regen-
erative response. The differential susceptibility to DMP-777–
induced injury strongly suggests that functional EMILIN-1 is 
required to limit the severity of epithelial transformation and 
to preserve tissue architecture under conditions of parietal cell 
loss. Together, these findings support the concept that EMI-
LIN-1 acts as a stromal safeguard, buffering the gastric mucosa 
against pathological remodeling and reducing the likelihood of 
progression toward pre-neoplastic states.

Although the increase in α-SMA expression and mus-
cularis mucosae width in E955A-KI mice was not statisti-
cally significant, the clear upward trend for both measures 
(Fig.  5E,F) directionally supports the in vitro finding that 
EMILIN-1 deficiency reprograms fibroblasts into α-SMA-
positive CAF-like/myofibroblastic state. In human gastric 
dysplasia, EMILIN-1 was present in normal mucosa but 
absent in dysplastic regions (Fig.  6A and Fig. S8A), mir-
roring the mutant mouse phenotype. This indicates stromal 
remodeling as an early, active contributor to progression. 
The lack of a concurrent α-SMA increase in these human 
samples (Fig. 6B and Fig. S8B) further suggests that EMI-
LIN-1 loss is a very early event, initiating stromal changes 
prior to full fibroblast reprogramming. Although α4 integrin 
could not be reliably assessed because of inadequate antibody 

performance, α9 integrin staining showed no evident differ-
ences between normal and dysplastic regions (Fig. 6C and Fig. 
S8C). These findings further point to EMILIN-1 downregu-
lation as an early event in gastric dysplastic transformation. 
We also interrogated datasets for ITGA4 and ITGA9 expres-
sion in bulk GC samples. Because α4 integrin is expressed 
not only by epithelial cells but also by several inflammatory 
and immune cell populations infiltrating the TME, transcrip-
tomic analyses of whole tumor tissues may partially obscure 
tumor-cell-specific downregulation, potentially explaining 
why no significant differences in α4 integrin expression were 
observed between normal and tumor tissues in our analyses 
(Fig. S9A). By contrast, α9 integrin expression was signifi-
cantly reduced in tumor samples (Fig. S9A). This finding was 
further supported by analysis of the online TNMplot data-
set, which showed a significant overall decrease in ITGA9 
expression across several tumor types, including GC (Fig. 
S9B,C). Importantly, high EMILIN1 expression was asso-
ciated with improved clinical outcome in GC patients (Fig. 
S8D,E). Kaplan–Meier analyses showed significantly longer 
OS and FP in patients with high EMILIN1 expression com-
pared with those with low expression. Median OS was 26.2 
versus 18.6 months (P = 0.031), whereas median FP was 17.3 
versus 9.8 months (P = 0.0039). Stratification by tumor stage 
did not reveal statistically significant differences, although a 
trend toward improved survival was observed in patients with 
early-stage disease (Fig. S9E). Overall, these findings support 
a role for early EMILIN-1 loss in gastric tumorigenesis and 
link disruption of the EMILIN-1/integrin axis to disease pro-
gression and unfavorable clinical outcome.

Fig. 7  GC cells remodel the TME 
through dual impairment of the 
EMILIN-1/integrin axis. GC cells 
disrupt the EMILIN-1/integrin 
signaling axis through coordi-
nated downregulation of stromal 
EMILIN-1 and epithelial α4β1/
α9β1 integrins. Loss and proteo-
lytic degradation of EMILIN-1 
impair LEC function, increasing 
vessel permeability and inflam-
matory damage, while simul-
taneously promoting fibroblast 
activation toward a CAF-like 
phenotype. These stromal altera-
tions enhance GC cell prolifera-
tion and invasiveness, identifying 
EMILIN-1 as a critical regulator 
of gastric tumor microenviron-
ment homeostasis
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Discussion

Our study uncovers a previously unexplored mechanism by 
which GC cells remodel the TME through dual impairment 
of the EMILIN-1/integrin axis (Fig. 7). EMILIN-1, an ECM 
glycoprotein with anti-proliferative functions, emerges as a 
key stromal gatekeeper restraining epithelial transformation 
and fibroblast activation. Its loss, via genetic mutation, pro-
teolysis, or transcriptional silencing, creates a permissive 
niche for neoplastic progression.

The increased susceptibility of E955A KI mice, expressing 
an EMILIN-1 mutant unable to bind α4/α9β1 integrins, high-
lights the importance of this interaction in maintaining stromal 
integrity and restraining early tumorigenesis. Consistently, 
selective loss of EMILIN-1 in human dysplastic lesions sug-
gests that stromal alterations are early events in GC progression 
rather than passive consequences of epithelial transformation.

In vitro, GC cells further amplified this downregulation 
by reducing EMILIN-1 expression in stromal fibroblasts and 
LECs through soluble factors present in CM. The GC cell 
lines used in this study were selected to represent distinct 
histological and biological GC subtypes, including intes-
tinal-type (AGS), diffuse-type (Hs746T), and metastatic 
GC (NCI-N87). Although some quantitative variability 
was observed among cell lines, all GC-derived CM consis-
tently induced EMILIN-1 downregulation, supporting the 
broad relevance of this phenomenon across heterogeneous 
GC contexts. The observed inter-cell-line variability likely 
reflects the intrinsic molecular heterogeneity of GC and its 
associated stromal remodeling programs. A limitation of the 
present study is the loss of systematic analyses of cohorts 
of intestinal-type, diffuse-type, and metastatic gastric cancer 
specimens to determine whether the degree of EMILIN-1 
loss varies among these subgroups and whether it correlates 
with clinicopathological features. This represents an impor-
tant direction for future investigation.

Our findings suggest that EMILIN-1 loss is not merely a 
passive consequence of matrix degradation, but the result of 
an active tumor-driven suppression mechanism. This effect 
appears selective and primarily transcriptional, since other 
ECM components, such as fibronectin, are preserved or even 
upregulated under the same conditions. Interestingly, EMI-
LIN-1 suppression was observed specifically in response to 
GC-derived CM, whereas CM from colon or ovarian cancer 
cells did not produce comparable effects, suggesting the exis-
tence of tissue-specific ECM regulatory programs linked to 
the inflammatory and metaplastic gastric microenvironment.

The mechanisms through which GC cells suppress EMI-
LIN-1 expression in stromal cells remain incompletely 
understood. One possibility is that GC-derived inflammatory 
mediators and proteases may cooperatively regulate EMI-
LIN-1 availability at both transcriptional and post-translational 

levels, potentially involving STAT3, NF-κB, and ERK signal-
ing pathways. In addition, previous studies from our group 
demonstrated that neutrophil elastase and matrix metallopro-
teinases proteolytically cleave EMILIN-1 [33, 34, 36], fur-
ther contributing to its loss during GC progression.

GC cells disrupt the EMILIN-1/integrin axis through a dual 
mechanism: suppression of stromal EMILIN-1 together with 
downregulation of its epithelial receptor. This coordinated loss 
weakens tumor stroma communication and promotes a permis-
sive microenvironment for cancer progression. Consistently, 
restoration of integrin expression in GC cells re-established 
EMILIN-1-mediated growth suppression, supporting the func-
tional relevance and therapeutic potential of this pathway.

Beyond epithelial regulation, EMILIN-1 loss impaired LEC 
tube formation and promoted fibroblast activation toward a 
myofibroblastic/CAF-like phenotype. Recent studies suggest 
that fibroblast populations involved in gastric tumorigenesis 
may display substantial plasticity and context-dependent func-
tional specialization rather than fitting into rigid CAF classifi-
cations. In particular, distinct stromal populations have been 
identified, including PDGFRA positive telocyte-like fibro-
blasts, inflammatory fibroblasts, ACTA2high myofibroblast-like 
fibroblasts, and pericyte-like populations, all coexisting within 
normal, metaplastic, and dysplastic gastric mucosa [37]. More-
over, analysis of the single-cell transcriptomic dataset reported 
by Lee et al. [38] revealed lower EMILIN1 expression in 
tumor-associated fibroblast populations than in non-malignant 
stromal fibroblasts, consistent with our findings.

Altered ECM-integrin signaling following EMILIN-1 loss 
may disrupt mechanotransduction pathways and activate pro-
inflammatory and pro-survival cascades involved in stromal 
reprogramming. Accordingly, EMILIN-1-deficient fibroblasts 
displayed activation of AKT, ERK, NF-κB, and STAT3 sig-
naling, enhanced CTGF expression, and increased tumor-sup-
portive functions, including promotion of GC cell migration, 
clonogenicity, and invasive sprouting. Moreover, these obser-
vations raise the possibility that fibroblast activation may also 
influence neighboring LECs, consistent with previous reports 
describing a crosstalk during lymphatic remodeling and tumor 
progression [39]. Together, these findings support a critical 
role for EMILIN-1 in maintaining stromal homeostasis and 
restraining tumor-promoting microenvironmental remodeling.

These data also provide a mechanistic framework for inter-
preting our in vivo observations: the trend in mice supports 
this reprogramming mechanism, while the lack of significant 
α-SMA increase and the unchanged expression levels of α9 
integrin in human dysplasia suggest EMILIN-1 loss is a very 
early event, initiating stromal changes before full fibroblast 
reprogramming is detectable. The absence of α9 integrin down-
regulation further indicates that integrin remodeling is likely a 
later event associated with malignant progression rather than 
with dysplastic lesions.
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Taken together, these findings position EMILIN-1 as a cen-
tral molecular hub in the gastric TME. Its targeted suppression 
by tumor cells represents a form of stromal hijacking, wherein 
the ECM is no longer a passive scaffold but an active regulator 
of tumor dynamics. This paradigm supports the idea that tumor 
cells evolve not only to grow autonomously but to reshape their 
microenvironment in ways that disarm stromal defenses.

Clinically, this opens new therapeutic avenues. Restoring 
EMILIN-1 function, preventing its degradation, or reactivat-
ing integrin signaling may help re-establish stromal control 
and restrain GC progression. Understanding how EMILIN-1 
is epigenetically or post-translationally regulated may uncover 
actionable targets and enhance current treatments, offering a 
strategy that complements conventional therapies with micro-
environment-focused interventions.
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