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Increased MMP-9 expression in the tumor microenvironment (TME) plays a
crucial role in the extracellular matrix remodeling to facilitate cancer invasion
and metastasis. However, the mechanism of MMP-9 upregulation in TME
remains elusive. Since TGF- and TNF-a levels are elevated in TME, we asked
whether these two agents interacted to induce/augment MMP-9 expression.
Using a well-established MDA-MB-231 breast cancer model, we found that the
synergy between TGF-B and TNF-o led to MMP-9 upregulation at the
transcriptional and translational levels, compared to treatments with each
agent alone. Our in vitro findings are corroborated by co-expression of
elevated MMP-9 with TGF-B and TNF-o in human breast cancer tissues.
Mechanistically, we found that the MMP-9 upregulation driven by TGF-B/TNF-
o cooperativity was attenuated by selective inhibition of the TGF-BRI/Smad3
pathway. Comparable outcomes were observed upon inhibition of TGF-f3-
induced phosphorylation of Smad2/3 and p38. As expected, the cells defective
in Smad2/3 or p38-mediated signaling did not exhibit this synergistic induction of
MMP-9. Importantly, the inhibition of histone methylation but not acetylation
dampened the synergistic MMP-9 expression. Histone modification profiling
further identified the H3K36me2 as an epigenetic regulatory mark of this
synergy. Moreover, TGF-B/TNF-a co-stimulation led to increased levels of the
transcriptionally permissive dimethylation mark at H3K36 in the MMP-9
promoter. Comparable outcomes were noted in cells deficient in NSD2
histone methyltransferase. In conclusion, our findings support a cooperativity
model in which TGF-3 could amplify the TNF-a.-mediated MMP-9 production via
chromatin remodeling and facilitate breast cancer invasion and metastasis.
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GRAPHICAL ABSTRACT

1 Introduction

The burden of breast cancer (BC) incidence and mortality are
rapidly growing worldwide, especially among women. In 2020, 2.3
million females were diagnosed with BC with a mortality rate of
29.7% and the incidence rates are expected to increase by 40% in
2040 (1, 2). The increase in BC incidence rates is linked with either
inherent risk factors (i.e. age, ethnicity, and genetics) or extrinsic
factors (i.e. lifestyle, diet, metabolic and hormonal therapies) all of
which usually affect tumor prognosis and influence cancer
treatment therapies (3). In addition, recent studies indicated that
genetic alterations and epigenetic modifications are the primary
initiators of BC development and metastasis (4, 5). One known
characteristic of BC is that it is a heterogenous disease, in which not
only it consists of malignant cells, but also a diverse population of
other cells (i.e. immune cells and stromal cells) that surround the
extracellular matrix (ECM) forming the tumor microenvironment
(5, 6). At the early stages of tumorigenesis, the cancer cells inhibit
the cytotoxic function of the immune cells within the TME,
allowing the formation of a blood vessel network that penetrates
the tumor mass through angiogenesis, creating an environment that
promotes cancer invasion and metastasis (7). Thus, alterations in
the pathophysiology of TME affect the secretory activity of its
components. This directly induces the production of
proinflammatory cytokines (Tumor necrosis factor-o: TNEF-o,
Interleukin-1 beta (IL-1B), chemokines (chemokine (C-X-C
motif) ligand 1 (CXCL1), CXCL10), and growth factors
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(transforming growth factor-f: TGFp), that promote tumor
activity and affect patient survival (7-9).

Matrix Metalloproteinases (MMPs) are a family of extracellular
proteases that play an important role in facilitating cancer invasion
and metastasis through the degradation of the ECM basement
membrane causing DNA damage and genetic instability (10).
Matrix metalloproteinase-9 (MMP-9) or gelatinase B has been
directly linked with tumor invasion and metastasis due to its
ability to degrade collagen type IV in the ECM supporting the
formation of TME (11). Several studies highlighted that elevated
level of MMP-9 is associated with higher tumor grade and reduced
survival rate in patients with BC (10-12). These studies significantly
addressed the role of MMP-9 in BC progression, making it an
attractive target for antimetastatic therapies. Since MMP-9 is
associated with cancer invasion and metastasis, regulation of
MMP-9 is an important therapeutic approach for combating
cancer invasion and metastasis. Despite the recognized
importance of MMP-9 in breast cancer progression, the
regulatory mechanisms governing its expression within the TME
remain incompletely understood. Increased dysregulation of
cytokines (TNF-o, TGF-B, IL-1B, etc.) along with increased
expression of MMP-9 are present in TME.

TNF-a, is a proinflammatory cytokine that is involved in
apoptosis, inflammation and immunity (13). The involvement of
TNF-0. in BC progression is well documented as its upregulation is
significantly associated with BC recurrence (14, 15). Eftekhari et al.,
investigated the inflammatory composition of TME in human BC
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biopsies and found that TNF-o levels increase in parallel to the
disease stage (16). This was evident in vitro, as high TNF-o. levels
induced BC cells migration and proliferation which was
accompanied by increased MMP-9 secretion (17). Another study
also reported the upregulation of TNF-a induces MMP-9
expression, and this effect was reversed through the inhibition of
Sirtuin 6 (SIRT6) gene and mitogen-activated protein kinase
(MAPK) phosphorylation (18). This indicates that both TNF-o
and MMP-9 contribute to the dysregulation of the TME and
promote metastasis.

TGF-B, is a polypeptide growth inhibitor that is related to
molecules with wide range of regulatory activities and is involved in
many developmental and physiological processes such as
embryogenesis, immune responses, pro-inflammatory and anti-
inflammatory processes (19). Roberts and Wakefield stated that the
perturbations of the TME combined with changes in the genetic and
epigenetic context of the tumor cell alters TGF-B activity to either
promote or suppress tumor formation (20). For example, at the early
stages of tumorigenesis, TGF-B inhibits the occurrence of tumors,
however, in middle-late stages of the disease, TGF- participates in
malignant progression and tumor formation (21). A clinical study
indicated that 81% of BC patients exhibited high TGF-B1 levels in
plasma and upon tumor removal, TGF-P1 levels were normalized (22).
On the other hand, immunohistochemistry assessment of human BC
tissues showed significant increase in TGF-PB1 expression, and it was
mainly localized at the tumor edges and lymph node, indicating TGF31
role in promoting invasion and metastasis (23). Furthermore, the
increase in cell malignancy was significantly associated with the
overexpression of MMP-9 through the activation of TGF-/Smad
signaling pathway (24). Sun et al, found that resveratrol inhibits
MDA-MB-231 cells migration by reversing TGF-B tumorigenic
activity and reducing MMP-9 expression (25). While another study
indicated that curcumin inhibited TGF-B1 induced MMP-9 activity
through Smad2, ERK1/2 and p38 pathways in the same cell type (26).

The interaction between the TME components is an important
factor for BC prognosis, thus identifying the precise molecular
mechanisms underlying metastasis is required. The biomarkers IL-6,
IL-1B, TNF-0, TGF-B1, and MMP-9 demonstrated the strongest
evidence of being associated with the overall trajectory patterns, as
well as the severity, of lymphedema-fibrosis (27). TGF-B1 and/or TNE-
o induce epithelial mesenchymal transition (EMT) in bronchial
epithelial cells (28). Additive roles of TNF-o. and TGF-3 on the
induction and activation of MMP-9 have been studied in human
skin (29). Limited studies investigated the combined effects between
TNF-0, TGF-f and MMP-9 in the TME. One study stated that breast
cancer cell-secreted TNF-alpha and TGF-beta drive the expression of
MMP-9 in stromal fibroblasts (30). Another study describes that
enhancement of TAKI activation by TGF-Bl1 and TNF-o
synergistically induces epithelial to mesenchymal transition in breast
cancer cells (31). This highlights the synergistic effect between TGF-B1
and TNF-o in promoting tumor formation and proliferation in non-
invasive BC epithelial cells. Our study illuminates a novel axis of MMP-
9 regulation mediated by the interaction of TGF-B and TNF-ou.
Utilizing the MDA-MB-231 breast cancer cell model, we
demonstrate that the cooperative action of these cytokines
significantly enhances MMP-9 expression through a previously
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unappreciated mechanism involving H3K36 dimethylation. This
finding not only advances our understanding of MMP-9 regulation
in breast cancer but also opens new avenues for therapeutic
intervention targeting the epigenetic landscape of the TME.

By establishing the synergistic relationship between TGF- and
TNF-o in driving MMP-9 expression, our work sets the stage for the
development of novel therapeutic strategies aimed at interrupting this
pathway. The identification of H3K36me?2 as a key epigenetic mark in
this process further underscores the potential of targeting chromatin
remodeling mechanisms in cancer therapy. As we continue to unravel
the complexities of the TME, the insights gained from this study
promise to pave the way for more effective and targeted approaches to
combating breast cancer metastasis.

2 Materials and methods

Detailed material and methods are presented in the
Supplementary File.

2.1 Immunohistochemistry

We purchased commercial breast cancer tissue microarray (TMA)
from US Biomax Inc.(BRM961a) https://www.tissuearray.com/tissue-
arrays/Breast/BRM961b; TissueArray.Com LLC 1(5885 Crabbs
Branch Way, Derwood, MD 20855, USA. The tissue microarray
(TMA) slide contained 48 cases of breast carcinoma, 36 metastatic
carcinoma (35 matched with their primary breast carcinoma, 12
adjacent or adjacent normal breast tissue (Supplementary Table S1).
Tissue arrays were commercially being sold by US Biomax Inc and
were being used for various studies (https://www.tissuearray.com/
Selected-References). Therefore, no ethical approval is needed. The
tissue array Immunohistochemical staining was performed as
described earlier (32, 33). Briefly, TMA slides were deparaffinized
in xylene and rehydrated through descending grades of ethanol
(100%, 95%, and 75%) to water. Antigen retrieval was performed by
placing slides in target retrieval solution (pH6.0; Dako, Glostrup,
Denmark) under a pressure cooker boiling for 8 min and cooling for
15 min. After washing in PBS, endogenous peroxidase activity was
blocked with 3% H202 for 30 min and non-specific antibody
binding was blocked with 5% nonfat milk for 1hr and 1% bovine
serum albumin (BSA) solution for 1hr. Slides were treated overnight
with primary antibodies (anti-TNF-o,, 1:200, Cat# ab1793, Abcam,
Cambridge, UK; anti-MMP-9, 1:200, Cat# ab38898, Abcam,
Cambridge, UK; mouse anti-human TGF-f, 1:500, Cat# MCA
797, Bio-Rad, Hercules, California, USA) at room temperature
using dilutions as recommended by manufacturers. After washing
with PBS, slides were incubated for 1hr with a secondary antibody
conjugated with HRP polymer chain (EnVision Kit, Dako,
Glostrup, Denmark), and color was developed using 3,3'-
diaminobenzidine chromogen substrate. Specimens were washed
in running tap water, lightly counterstained with Harris
hematoxylin, dehydrated through ascending grades of ethanol
(75%, 95%, and 100%), cleared in xylene, and finally mounted in
dibutyl phthalate xylene (DPX).
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2.2 Slide scanning and scoring

The stained sample slides were evaluated under the light
microscope by trained pathologist or researcher as described earlier
(33). Semi-quantitative scoring systems are widely used to convert
subject perception of IHC-marker expression into (semi)quantitative
data, which is then used for statistical analyses and establishing of the
conclusions. The existing clinical scoring process is based on two
characteristics: overall staining intensity and the proportion of tissue or
cells stained. The overall score of the staining intensity typically has
four categories: negative (0), weak (1), moderate (2), and strong (3). H-
score, Allred-score, and Immunoreactive score are considered as a
“gold standard” of combined scoring system in IHC data evaluation
and presentation. All these scoring systems use different categories for
the proportion of tissues or cells stained (33). The H-score method
takes into account both the area and intensity of staining to generate
values between 0-300 using the following formula: X (1 x % cells
staining weakly positive) + (2 x % cells staining moderately positive) +
(3 x % cells staining strongly positive).

2.3 Quartile assignment based on TGF-J3
and TNF-o H-scores

For statistical comparisons, the human breast cancer tissue samples
were categorized into 4 quartiles depending on TGF-f and TNF-o. H-
score values: first quartile (Low TNF-at- Low TGE-f), contained breast
cancer tissues, which have H-score values: TNF-ot <169.7- and TGF-3
<223.2; second quartile (Low TNF-o- High TGF-f), contained breast
cancer tissues, which have H-score values: TNF-0: <169.7 and TGF-f3:
>223.2; third quartile (High TNF-o- Low TGF-f), contained breast
cancer tissues, which have H-score values: TNF-oi: >169.7 and TGF-f3:
<223.2; fourth quartile (High TNF-a- High TGF-B), contained breast
cancer tissues, which have H-score values: TNF-oi: >169.7 and TGF-f3:
2223.2. All quartiles are shown in the form of scatter plot graphs for
TGF- B and TNF- o (in the result section 3.2).

2.4 Cell culture

The MDA-MB-231 is a well-established cell line model for
triple-negative breast cancer. It is commonly used to identify genes
and pathways that are linked to specific metastatic sites. Human
MDA-MB-231 cells were purchased from American Type Culture
Collection (ATCC. Manassas, VA, USA), and then grown using
standard protocol. Cell stimulation was done as described in the
detailed methodology section in the Supplementary File.

2.5 Real-time quantitative PCR
RNA isolation from MDA-MB-231 cells, cDNA synthesis, real-

time PCR and protein analysis were performed using standard
protocols. Primer details are described in the Supplementary File.
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2.6 MMP-9 determination

Secreted MMP-9 protein in supernatants of MDA-MB-231 cells
stimulated with vehicle, TGF-f, TNF-o. or TGF-B/TNF-o. was
quantified using Human MMP-9 Quantikine ELISA Kit
(DMP900, R&D Systems, Minneapolis, MN, USA) following the
manufacturer’s instructions (34).

2.7 Western blotting

MDA-MB-231 cells were treated with TGF-B/TNF-o and were
harvested after incubation. Western blotting was performed on cell
lysates using standard protocol. Detailed procedure along with
antibodies’ information was described in material methods
section in Supplementary File.

2.8 Small interfering RNA transfection

Transient transfection of MDA-MB-231 cells was done using
Lipofectamine RNAIMAX reagent (Themo Fischer, USA) following
the manufacturer’s instructions and was transfected separately with
Smad2-siRNA (20 nM; s8397, Thermo Fischer, USA), Smad3-
siRNA (20 nM; s8401, Thermo Fischer, USA), p38-siRNA (20
nM; s3538, Thermo Fischer, USA), NSD2 (20 nM; s526860,
Thermo Fischer, USA) and scramble (negative control) siRNA
(20 nM; 4390843, Thermo Fischer, USA). After 48 hours of
transfection, cells were treated with vehicle, TGF-B, TNF-o or
TGF-B/TNF-o. and incubated for 24 hours. Cells and conditioned
medium were harvested for RNA isolation and ELISA. The
knockdown of Smad 2/3, nuclear receptor binding SET domain
protein 2 (NSD2), and p38 pathways was assessed using Real-Time
PCR gene-specific primer probes.

2.9 Zymography

MDA-MB-231 cells were incubated with TGE-B/TNF-o. After
incubation for 24 hours, conditioned media were collected and
mixed with zymogram sample buffer. Zymography was performed
using standard protocol.

2.10 Histone modification multiplex assay

MDA-MB-231 cells were treated with TGF-, TNF-o or TGF-
B/TNF-o. and were harvested after 6 h incubation. Total Histone
extracts were prepared using the EpiQuick Total Histone Extraction
kit (EpigenTek, Farmingdale, NY, USA) as per the manufacturer’s
instructions. The concentration of the histone extracts was
measured by QuickStart Bradford Dye Reagent, 1x Protein Assay
Kit (Bio-Rad Laboratories, Inc, CA). Histone H3 modifications
triggered by TGF-B/TNF-o. treatment were then screened in 100 ng
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of total histone extract per well of the assay plate using Histone H3
Modification Multiplex Assay Kit (Abcam, Cambridge, UK)
following the manufacturer’s instructions.

2.11 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using
the SimpleChIP enzymatic ChIP kit (catalog no. 9003, CST)
following the manufacturer’s instructions. Briefly, MDA-MB-231
cells stimulated with TGF-B and TNF-o were crosslinked with
formaldehyde and digested with micrococcal nuclease followed by
sonication to yield fragments ranging from 200 to 800 bp using a
Covaries system. The digested chromatin fragments were subjected
to immunoprecipitation using primary Abs specific to H3K36Me2
(catalog no. ab9049, Abcam), histone H3 (positive IP control,
catalog no. 4620, CST), and normal rabbit IgG (negative IP
control, catalog no. 2729, CST), for overnight at 4°C and
incubated with protein G magnetic beads for 2 h at 4°C. We
eluted the chromatin from an Ab/protein G magnetic beads
complex by incubation at 65°C for 30 min and by magnetic
separation. We then reverse crosslinked the chromatin by treating
with Proteinase K for 2 h at 65°C and purified DNA from the ChIP
fraction using the spin column method. The enrichment of DNA
sequences was then detected by real-time quantitative PCR (qPCR)
using SYBR Green mix and EpiTect ChIP-qPCR primers
(GPH1008476(-)05A, GPH1008476(-)04A, GPH1008476(-)01A,
Qiagen) spanning the MMP-9 gene promoter region.

2.12 Statistical analysis

Statistical analyses were performed using GraphPad Prism
software (version 6.07, La Jolla, CA, USA). Data are shown as +
standard error of the mean (SEM), unless otherwise indicated.
Student T Test and One-way ANOVA followed by Tukey’s test
were used to compare means between groups. For all analyses, data
from a minimum of three sample sets were used for statistical
calculation, p-value <0.05 was considered significant. No
significance (ns), (35).

3 Results

3.1 TGF-P potentiates TNF-o-induced
MMP-9 expression in breast cancer
MDA-MB-231 cells

MMP-9 expression is elevated in TME and is directly correlated
with clinical outcome of tumor invasion and metastasis (11). It
remains unclear how MMP-9 expression is upregulated in TME.
Since both TGF-f and TNF-o. are drivers of inflammation and
cancer metastasis, and are co-expressed with MMP-9, we asked
whether the co-exposure of breast cancer cells to TGF-§ and TNF-o
could amplify MMP-9 expression in these cells. To assess this,
MDA-MB-231 breast cancer cells were used as a representative
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model as this cell line has been widely used in breast cancer research
previously (36). The cells were stimulated for 24h with TGF-f and
TNF-a, alone or in combination, and MMP-9 expression was
assessed at the transcriptional and translational levels. The data
show that compared with control or TGF-B alone stimulation,
TNF-o alone stimulation induced a significant upregulation in
MMP-9 mRNA (Figure 1A) and secreted protein (Figure 1B);
however, the co-stimulation with TGF-B and TNF-a
synergistically promoted MMP-9 gene/protein expression
(Figures 1A, B). As expected, zymography revealed substantially
increased gelatinolytic activity (concordant with high MMP-9
expression) in the conditioned media from the cells co-stimulated
with TGF-f and TNF-0,, compared with TNF-o alone stimulation
(Figure 1C). Next, we asked whether TGF-B/TNF-0. combined
treatment of MDA-MB-231 breast cancer cells synergized the
transcription of other MMPs. To test our hypothesis, we
measured the gene expression of MMP-2 and MMP-25. Our
results show that TGF-B/TNF-0. combined treatment of the
cancer cells synergistically increased the expression of MMP-2
and MMP-25 when we compared either treatment of TGF-§ or
TNF-o (Supplementary Figures S1A, B). To further analyze the
priming effect of TGF-B on TNF-a stimulation, cells were first
treated with TGF-B for 5h, and then TNF-o was added for an
additional 24h. It is evident that TGF-f3 priming amplified the TNF-
o-induced MMP-9 expression. However, a similar priming with
TNF-o. (5h), followed by TGF- stimulation did not increase MMP-
9 expression (Figures 1D, E). To test the generalizability of our
findings across different breast cancer cell lines, we treated breast
cancer cell lines MCF-7 and T47D with TGF-f3 or TNF or TGF-f3/
TNF-o.. We found that combined treatment of TGF-B/TNF-o
synergistically upregulates the production of MMP-9 by the
MCEF-7 breast cancer cell line (Supplementary Figure S2A).
However, these observations were not seen in T47D cells. MMP-9
was not detected in the culture supernatant of T47D cells
(Supplementary Figure S2B). Altogether, these results
demonstrate that TGF-B priming amplifies the TNF-o-mediated
induction of MMP-9 in breast cancer cells.

3.2 MMP-9 expression associates with
TNF-o and TGF-[3 expression in the human
breast tissues

MMP-9, TNF-a, and TGF-f are integral contributors to the
complicated and multifaceted process of breast cancer metastasis
(17, 37). Since MMP-9 overexpression facilitates the spread of
cancer, understanding the intricate interplay between MMP-9 and
other coplayers in breast cancer metastasis, such as TNF-o and
TGF-B, is imperative to developing targeted therapeutic strategies to
intercept the pro-metastatic pathways and alleviate breast cancer
metastasis. Our in vitro data show that TNF-o. and TGF-B
cooperatively upregulate MMP-9 expression in breast cancer cells.
Next, we asked whether this relationship was reflected in clinical
analysis of human cancer tissue samples. To test whether MMP-9
overexpression in breast cancer tissues was associated with TNF-o.
and TGF-J expression, [HC analysis was done on 48 women breast
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TGF-B boosts TNF-o-induced MMP-9 expression in human MDA-MB-231 cells. MDA-MB-231 cells were cultured in 12-well plates with a cell
concentration set at 0.3x10° cells per well. Cells were subjected to a 24 h treatment with vehicle, TGF-B (20 ng/mL), TNF-o (10 ng/mL), or TGF-B/
TNF-o. Cells and supernatants were collected following incubation period. (A) The isolation of total RNA was followed by the assessment of MMP-9
MRNA expression using real-time PCR. (B) The concentration of secreted MMP-9 protein in the culture media was assessed by ELISA. (C) Gelatin
zymography was conducted on conditioned media to examine the activity of MMP-9. (D, E) After a 5 h priming with TGF-B or TNF-a, cells were
washed with media and subsequently treated with TNFo or TGF for 24 h, respectively. MMP-9 expression was determined. All data is presented as

the mean + SEM (n= 3). *p < 0.05.

cancer tissue samples. Based on IHC staining intensities of TGF-3
and TNF-a, patients’ samples were divided into four groups (Low
TNF-o- Low TGF-f; Low TNF-o.- High TGF-f; High TNF-0.- Low
TGF-B; High TNF-o.- High TGF-B: Figures 2A, B). The one-way
analysis of variance (ANOVA) of MMP-9 expression reveals that
there is a significant difference between the groups (F= 5.21;
p =0.002). Breast cancer tissue samples that stained intensely for
TNF-0 and TGF-J} expression revealed markedly increased MMP-9
expression (Figure 2C). Representative IHC images are shown in
Figures 2D, E. Concordantly, the samples that displayed low
expression of TNF-oo and TGF-f exhibited low expression of
MMP-9. Taken together, co-expression of elevated MMP-9 with
of TGF-B and TNF-o in the human breast cancer tissues is
corroborated to our in vitro findings indicating the synergistic
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role of TGF-B and TNF-o in potentiating MMP-9 in breast
cancer cells.

3.3 TGF-p3 augments TNF-o induced MMP-
9 expression through the SMAD2/3 and
p38 pathways

Given the predominant role of TGF-f priming in this synergy,
we next analyzed the potential involvement of TGE-f signaling
pathways in TNF-o-mediated induction of MMP-9 in MDA-MB-
231 cell model. Notably, cellular responses to TGF-f are
orchestrated through Smad and MAPK signaling pathways (38).
To test the role of Smad in this potentiating effect, MDA-MB-231
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cells were treated with inhibitors of Smad2/3 (IN-1130) and
TGFBR1 (LY364947) before treatments with TGF-B, TNF-q, or
TGF-B/TNF-o and the data show that Smad2/3 or TGF-BR1
inhibition significantly mitigated the potentiating effect of TGF-3
on TNF-o-mediated MMP-9 expression (Figures 3A-D).
Moreover, this potentiating effect of TGF-f3 was also significantly
attenuated by pre-treating cells with inhibitors of MEK1/2 (U0126)
and p38 MAPK (SB203580) (Figure 3E-H). In contrast, inhibition
of the JNK signaling pathways had no significant effect
(Supplementary Figures S3A, B). Together, these findings suggest
that both ERK1/2 and p38 MAPK pathways co-operate with the
Smad signaling pathway in amplifying TNF-o-induced MMP-9
expression. To further confirm the obligatory requirement of Smad
signaling for TGF-3 potentiating effect on TNF-a-induced MMP-9
expression, cells were individually transfected with specific siRNAs
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targeting genetic suppression of Smad2 or Smad3, and compared to
scrambled siRNA control. There was approximately a 50% decrease
in the Smad2/3 mRNA levels was achieved with siRNA
(Supplementary Figures S4A, B). Expectedly, Smad2/3 genetic
suppression also downmodulated the potentiating effect of TGF-8
on TNF-a-induced MMP-9 expression in MDA-MB-231 cells
(Figures 3I-L). Next, the effect of the genetic suppression of p38
MAPK on synergistic induction of MMP-9 by TGF-f and TNF-o
co-stimulation was also assessed. In this regard, the cells transfected
with p38 siRNA exhibited a significant reduction in p38 mRNA
expression, compared to expression in scrambled siRNA-
transfected control (Supplementary Figure S4C). Validating the
outcome of p38 inhibition, the p38 deficiency also led to a
significantly reduced expression of MMP-9 mRNA and protein,
following co-stimulation with TGF-f and TNF-o (Figures 3M, N).
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FIGURE 3

TGF-B potentiates the expression of MMP-9 induced by TNF-a, involving both the SMAD2/3 and p38 pathways. (A—H) MDA-MB-231 breast cancer
cells were pretreated for 1 h with SMAD2/3 (IN-1130; 10 uM), TGFBR1 (LY364947; 10 uM), MEK1/2 (U0126; 10 pM), p38 (SB203580; 10 puM) inhibitors
and then incubated with TGF-B, TNFo or TGF-B/TNF-o for 24 h. Both cells and their culture media were collected. MMP9 mRNA and protein
expression were determined. (I-N) Knockdown of SMAD 2/3 and P38 pathway attenuate the potentiating effect of TGFB. Knocking down SMAD 2,
SMAD 3 or p38 results in a decrease in TGFB/TNF-o induced MMP9 expression. Transfection of MDA-MB-231 cells was carried out using SMAD2
SiRNA (20 nM), SMAD3 siRNA (20 nM), p38 siRNA (20 nM), or scrambled siRNA (20 nM) following the procedures detailed in the Materials and
Methods section. Measurement of SMAD 2, SMAD 3 or p38 mRNA was carried out through real-time RT-PCR after a 36-hour interval. Cells with
knocked-down SMAD 2, SMAD 3, or p38 were subjected to incubation with TGFB, TNF-a, or TGFB/TNF-o.. MMP9 mRNA and protein expression

were determined. All data is presented as the mean + SEM (n= 3).
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Next, we determined activation of the p38 and Smad2/3
signaling pathways in response to TGF-B/TNF-o. co-stimulation
in MDA-MB-231 breast cancer cells. Our results show that the
combined stimulation with TGF-B and TNF-o potentially
enhanced phosphorylation of p38 and Smad2/3 (Figures 4A-D),
as compared to individual stimulations with TGF- or TNF-o.
Regarding phosphorylation changes in response to Smad2/3 or
TGFPR pathway blocking using specific inhibitors (IN-1130 and
LY364947, respectively), we found that intercepting the Smad2/3-
or TGFPBR-associated signaling significantly reduced the
phosphorylation levels of Smad2/3 and p38 (Figures 4E-H),
confirming the critical role of p38 and Smad2/3 signaling in the
induction of MMP9 by TGF-B/TNF-a. co-stimulation. Taken
together, these genetic and pharmacologic lines of evidence
support that both Smad2/3 and p38 signaling molecules
participate in the synergistic effect of TGF-B/TNF-o co-
stimulation on MMP-9 production.

3.4 Epigenetic modifications triggered by
TGF-B/TNF-o co-stimulation

Epigenetic alterations, such as histone acetylation and
methylation at lysine residues, play a key role in regulating gene
expression levels. Since TGF-P signaling pathway is linked with
epigenetic alterations (39), we asked whether the potentiating effect
of TGF-B on TNF-a-mediated induction of MMP-9 expression in
MDA-MB-231 cells involved peculiar epigenetic alterations. To
investigate the impact of epigenetic reprogramming on this event,
we used inhibitors for histone acetylation, histone methylation and
DNA methylation. Our results show that inhibition of histone
methylation by BIX 01294 attenuated the synergistic effect of
TGEF-B/TNF-o co-stimulation on MMP-9 expression in MDA-
MB-231 breast cancer cells (Figures 5A, B). Similar results have
been seen in MCF-7 breast cancer cells when treated with BIX
01294 before TGF-B/TNEF-a. co-stimulation (Supplementary Figure
S5A). However, blocking of histone acetylation did not change the
effect of TGF-B alone stimulation on MMP-9 expression
(Supplementary Figures S6A-D). Next, to identify specific histone
methylations sites, a comprehensive profiling of histone
modifications was performed. To achieve this, we utilized the
EpiQuikTM Histone H3 Modification Multiplex Assay Kit,
allowing us to examine 21 of the most well-established patterns of
H3 modification. To this end, histone dimethylation (me2) at
H3K36 was found to be higher in cells stimulated with TNF-o
than in control cells. Importantly, the co-stimulation with TGE-3
and TNF-o led to a significantly increased histone dimethylation at
this site, compared to TNF-co. stimulation alone (Figure 5C). For
validation, we further confirmed this H3K36Me2 hypermethylation
using Western blotting and found that TGF-B/TNF-o co-
stimulation induced a significantly higher dimethylation at
H3K36, compared to control as well as against individual
stimulations with TGF-B or TNF-a (Figures 5D, E). However,
such results were not seen in MCF-7 breast cancer cells
(Supplementary Figure S5B). Overall, the data from both
pharmacological inhibition of histone methylation and
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comprehensive profiling of histone modifications support that the
H3K36Me2 hypermethylation, driven by synergy between TGF-8
and TNF-q, is implicated in MMP-9 overexpression in late-stage
breast cancer MDA-MB-231 cell model.

3.5 NSD2 histone methyltransferase
knockdown effectively inhibits MMP-9
expression co-induced by TGF-f3 and
TNF-a

NSD2 histone methyltransferase dimethylates the DNA
packaging protein histone H3 at the 36™ lysine residue
(H3K36me2) (40) and elevated NSD2 protein expression has been
observed in various human cancers, often linked to tumorigenesis
(41, 42). To validate that the synergistic expression of MMP-9 in
our cell model was largely dependent on histone methylation, NSD2
was genetically suppressed using specific siRNA transfections,
resulting in ~60% reduction in NSD2 mRNA levels, compared to
control (scramble siRNA) (Figure 6A). Of note, NSD2 deficiency in
the cells led to a significant reduction in MMP-9 gene/protein
expression in TGF-B/TNF-o co-stimulated cells (Figures 6B, C).
Next, we also identified that the TGF-B/TNF-o mediated
synergistic transcription of other MMPs (MMP-2, MMP-25) were
also affected by suppressing H3K36 dimethylation through NSD2
siRNA transfection (Supplementary Figure S1A, B). Taken together,
these findings underscore the predominant role of NSD2 histone
methyltransferase in H3K36 dimethylation, following TGF-B/TNF-
o co-stimulation in MDA-MB-231 cells.

3.6 TGF-B/TNF-o. co-stimulation promotes
the H3K36 dimethylation at
MMP-9 promotor

We found that TGF-B/TNF-o co-stimulation resulted in
hypermethylation at histone H3K36 residues in breast cancer
cells, compared to cells treated with TGF-B or TNF-o. alone.
These results reflect the status of overall histone methylation in
the cells. Next, we asked if the similar H3K36Me2 hypermethylation
was detected at the MMP-9 promoter region, following TGF-f/
TNEF-o co-stimulation. To address this, ChIP-qPCR was used and
the specificity of each ChIP was validated using an IgG control. As
expected, ChIP-qPCR analysis showed significantly increased
H3K36Me2 methylation at the MMP-9 promoter region in cells
that were co-stimulated with TGF-f3 and TNF-o, compared to cells
stimulated with TGF-3 or TNF-o alone (Figure 7). Altogether, these
results suggest that the H3K36 dimethylation plays a crucial role in
MMP-9 gene regulation in breast cancer cells, induced by TGF-f/
TNF-a. co-stimulation.

4 Discussion

The compelling association of MMP-9 with tumor invasiveness
and poor prognostic outcomes has long underscored its significance
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FIGURE 4

Combined treatment of TGF-B/TNF-o enhances p38 and Smad2/3 phosphorylation. (A) Cells were treated with vehicle, TGF-B, TNF-o or TGF-B/TNF-o
and cell lysates were prepared and run on denaturing gel as described in the materials and methods section. Phosphorylated p38 and Smad2/3 are
presented in the upper panels, while the lower panels exhibit the total respective proteins. (B—D) Calculations of the ratio between phosphorylated and
total protein ratios were based on densitometry data, relative to the control. (E) Inhibitors blocking the TGF-B pathway lead to a reduction in p38 and
SMAD2/3 phosphorylation induced by TGF-B/TNF-o. MDA-MB-231 cells were pretreated with SMAD2/3 (IN-1130; 10uM) and TGFBR (LY364947; 10uM)
inhibitors for 1 h before being incubated with TGF-, TNF-a, or TGF-B/TNF-o. The upper panels display phosphorylated p38 and SMAD2/3, while the
lower panels exhibit the total corresponding proteins. (F—H) Densitometry data were used to calculate the ration between the phosphorylated and total
protein ratios relative to the control. All data is presented as the mean + SEM (n= 3). *p < 0.05.
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Histone methylation is increased in breast cancer cells following treatment with TGF-B/TNF-c. (A, B) Cells were treated with BIX 01294 (10uM) for
1 h and then treated with TGF-B/TNF-a for 24 h. Cells and culture supernatant were collected. MMP9 mRNA was quantified by RT-PCR. Secreted
MMP9 protein in culture media was determined by ELISA. (C) Cells were subjected to treatment with either vehicle, TGFB, TNFa, or TGFB/TNFo. for a
period of 3 hours. Isolated histone extracts underwent assessment for histone modification levels at 21 diverse sites through the EpiQuick Histone
H3 modification colorimetric assay kit, and the outcomes are displayed as a Heatmap. (D) After a 3-hour exposure to vehicle, TNF-a, or TGF-, MDA
MB 231 cells were analyzed for histone methylation levels using Western blot. (E) Quantification of Western blots. Data are presented as mean + SEM

values (n=3). *p < 0.05.

in breast cancer (11, 43, 44). However, the intricate regulatory
mechanisms dictating MMP-9 expression within the TME have
remained elusive until now. Although it is known that TGF-B or
TNF-ou stimulation regulates the MMP-9 expression in various
cells, it remains unclear how the combined TGF-B/TNF-o
stimulation modulates MMP-9 expression in breast cancer cells.
Individually, MMP-9, TNF-0,, and TGF-f3 are integral contributors
in the complicated and multifaceted process of breast cancer

Frontiers in Immunology

11

metastasis (17, 45, 46). In light of the identified elevated levels of
TGF-f and TNF-o in the TME, we sought to examine whether
these cytokines cooperatively promoted MMP-9 expression. Our
findings reveal that the interaction between TGF-f and TNF-o
significantly amplifies MMP-9 expression in human MDA-MB-231
breast cancer cells, underscoring a complex regulatory network that
extends beyond individual cytokine actions to their cooperative
impact. These findings were corroborated by the breast cancer
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FIGURE 6

Knockdown of NSD2 histone methyltransferase suppresses TGF-B/TNF-o induced MMP-9 expression. MDA-MB-231 cells were transfected with
either NSD2 siRNA (20 nM) or scrambled siRNA (20 nM) as described in the Materials and Methods section. (A) After 36 hours, real-time RT-PCR was
performed to measure NSD2 mRNA. (B, C) MDA-MB-231 cells deficient with NSD2 were incubated with vehicle, TGF-B, TNF-o or TGF-B/TNF-o
Cells and supernatants were collected and MMP9 mRNA and protein were measured by real-time RT-PCR and ELISA respectively. All data are

presented as mean + SEM (n=3). *p < 0.05.

tissue samples, which demonstrated elevated levels of MMP-9
expression, associated with high expression of TGF-f3 and TNF-ou.
In line with this observation, Han et al. reported that TNF-o and
TGF-B synergistically induced pro-MMP-9 expression in human
skin as well as in isolated dermal fibroblasts and epidermal
keratinocytes (47). Also, MMP-9 expression in the tumor
fibroblasts was found to be directly induced by tumor cell-derived
TNF-o, EGF, or TGE-B (30). However, none of these studies
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FIGURE 7

H3K36Me2 methylation at the MMP-9 promoter site is elevated by
TGF-B/TNF-o. Determination of histone modifications at the MMP9
promoter was carried out by analyzing chromatin that underwent
immunoprecipitation with antibodies H3K36Me2 or 1gG (as a
control) Ab. Levels of histone modifications were measured using
PCR primer specific to the MMP-9 promoter region. Differences are
presented as fold enrichment levels. Data are expressed as mean +
SEM (n=3). *p < 0.05
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addressed the mechanistic events that orchestrated the synergy
between TGF-f and TNF-o. for MMP-9 upregulation. Using an
MDA-MB-231 cell line model of breast cancer, we herein delve into
the epigenetic mechanisms that drive the synergy between TGF-f3
and TNF-o, with implications for MMP-9 overexpression in
the TME.

Having found that TGF-f priming was predominantly involved
in potentiating the effect of TNF-o stimulation in MMP-9
expression, we first evaluated the role of TGF-f signaling
pathways in this synergy. TGF-B binds to its cognate receptor
complex comprising of type I (TGF-BRL; ALK5) and type II
receptor (TGF-BRII). TGF-BRI and TGF-BRII function in concert
in an interdependent manner. Our data show that TGF-BRI
inhibition is sufficient to limit the synergy between TGF-f and
TNF-q, leading to a significant suppression of MMP-9 expression
in the cells. Our results bear some similarities with those of a
previous study showing that TGF-B1/TNF-o. co-induced epithelial
to mesenchymal transition (EMT) and invasiveness of breast cancer
cells, through gradually increasing TGF-P receptors expression (31).
The cognate receptor-ligand stimulation by TGE-B activates the
downstream signaling events by phosphorylating cytoplasmic
mediators Smad2/3, which form a complex with Smad4 and
translocate to the nucleus and regulate transcriptions of target
genes (48). Our data show that TGF-B-mediated phosphorylation
of Smad2/3 was increased by TNF-o. Dong et al,, reported that
increased expressions of Smad4, Smad2/3, and phosphorylation of
Smad2 were noticed in MMP-9 expressor cell lines (24). Certain
similarities to observations from this study are evident from our
results. Our data clearly show that blocking the binding of TGF-f3 to
its cognate receptor by specific inhibitor suppresses the synergistic
MMP-9 gene/protein expression, and attenuates the Smad2/3
phosphorylation. Further, as evident from Smad2/3 knockdown
data, the Smad2/3 deficiency led to a marked decrease in synergistic
induction of MMP-9 by TGF-/TNF-a. co-stimulation, indicating
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the essential role of Smad2/3 in this synergy. TGF-B-associated
Smad2/3 activation played a central role in immune suppression by
inducing Foxp3-positive regulatory T cells (49). We further
demonstrate that TGF-B priming and Smad2/3 signaling drive
synergy with TNF-o to promote MMP-9 expression in breast
cancer cells. Most likely, TGF-B plays a dual role, depending on
the milieu. Our findings are supported by a similar model showing
that TGF-P, in presence of IL-6, promotes the pathogenic expansion
of IL-17-producing Th17 cells, indirectly regulated by Smad2/3
signaling (50). This and the previous studies support that the role of
TGEF-B is very much milieu-dependent. The cellular effects of TGF-
[ are mediated via Smad and MAPK signaling pathways (51), and
there is a complex interplay between these two types of signaling
molecules. The MAPK pathways activated by TGF-P include the
extracellular signal-regulated kinases, ERK1/2; the c-Jun N-terminal
kinases, JNK1/2; and p38. Smad and MAPK pathways have
functional interactions (52, 53) and our results show that the
inhibition of p38 and ERKI1/2 attenuates the synergy between
TGF-f and TNF-o. Furthermore, Smad2/3 inhibition suppresses
the p38 phosphorylation. The cells deficient in p38 exhibited a
diminished synergy between TGF-B and TNF-o. in promoting
MMP-9 expression.

The interplay between states of chromatin and gene
expression represents the key mechanisms that underly
modulations in the expression of inflammatory mediators
produced by various cells (54). TGF- signals also via epigenetic
mechanisms for the induction of complex gene expression
programs (55). Since we identified a predominant involvement
of TGF-B in cooperativity with TNF-o. for amplifying MMP-9
gene expression, we speculated that TGF- signaling implicated
specific epigenetic alterations in this synergy. In this regard,
inhibition of methyl transferases attenuated the synergy between
TGF-B and TNF-a, resulting in suppression of MMP-9
expression. A comprehensive profiling of histone modifications
identified H3K36me2 as the most significantly upregulated
epigenetic chromatin mark in the breast cancer cells, in
response to TGF-B/TNF-o co-stimulation. NSD2 is the primary
histone methyltransferase that specifically dimethylates histone
H3 at lysine 36 residue (H3K36me2) (56). siRNA-mediated
knockdown of NSD2 in our breast cancer cell model
significantly abolished the cooperativity between TGF-f and
TNF-o for promoting MMP-9 expression, confirming the
pivotal role of H3K36m2 chromatin active mark in this synergy.
Our findings have some similarities to those reported by Sun et al.,
showing that TGF-B and high glucose induced significant
promoter methylation changes at the H3K4 and H3K9 residues
in rat mesangial cells that correlated with parallel increases in the
expression of genes related to ECM accumulation and the
pathogenesis of diabetic nephropathy (57). Since we found that
the combined stimulation with TGF-B and TNF-o caused hyper-
dimethylation at the histone H3K36 residue in breast cancer cells,
we further addressed its mechanistic role in regulating the
transcriptional activation of MMP-9, following cell stimulations
with TGF-B, TNF-a, or TGF-B/TNEF-o. together. TGF-3 and/or
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TNF-o stimulations of cells led to changes in the MMP-9
promoter histone methylation, as indicated by increased levels
of transcriptionally permissive H3K36me2 chromatin mark,
especially in cells co-stimulated with TGF-B and TNF-o.. These
data show that H3K36 dimethylation plays a critical role in
regulating MMP9 gene expression under the combined influence
of TGF-B and TNF-o. These findings are in line with previous
studies showing that TGF-B1 with high glucose leads to the
enrichment of H3K4mel/2/3 marks at ECM-associated gene
promoters in rat mesangial cells (57). Overall this synergistic
effect mediated through the H3K36me2 epigenetic modification,
underscores the importance of chromatin remodeling in the
transcriptional regulation of genes critical to cancer metastasis.
Notably, our study advances the understanding of MMP-9
regulation by highlighting the role of epigenetic modifications, a
relatively unexplored frontier in MMP-9 research. The
identification of H3K36me2 as a key epigenetic mark enriched
in the presence of TGF-B and TNF-o provides a novel insight into
the chromatin landscape alterations that facilitate MMP-9
expression. This discovery not only adds a new layer of
complexity to our understanding of MMP-9 regulation but also
opens new avenues for therapeutic interventions targeting
epigenetic mechanisms. Notably, our study advances the
understanding of MMP-9 regulation by highlighting the role of
epigenetic modifications, a relatively unexplored frontier in
MMP-9 research. The identification of H3K36me2 as a key
epigenetic mark enriched in the presence of TGF-B and TNF-o
provides a novel insight into the chromatin landscape alterations
that facilitate MMP-9 expression. This discovery not only adds a
new layer of complexity to our understanding of MMP-9
regulation but also opens new avenues for therapeutic
interventions targeting epigenetic mechanisms. The clinical
relevance of our study is underscored by the potential
therapeutic implications of disrupting the TGF-B/TNF-o/MMP-
9 axis. Given the pivotal role of MMP-9 in breast cancer
metastasis, strategies aimed at inhibiting this pathway could
offer a promising approach to limit cancer progression. The
involvement of specific epigenetic modifications in this process
further suggests the possibility of utilizing epigenetic modulators
as part of a targeted therapy regimen, offering a novel strategy for
the management of breast cancer. Our work also lays the
groundwork for future research aimed at elucidating the
complex interplay between cytokine signaling and epigenetic
regulation in cancer. While we have demonstrated the
synergistic effect of TGF- and TNF-o. on MMP-9 expression,
the broader implications of this interaction within the intricate
network of the TME warrant further investigation. Additionally,
the potential for therapeutic targeting of this pathway highlights
the need for the development of novel inhibitors that can
selectively disrupt these signaling and epigenetic mechanisms.
Our study not only sheds light on the regulatory mechanisms
underlying MMP-9 expression in breast cancer but also opens new
paths for the development of targeted therapeutic strategies. By
unveiling the role of TGF-f and TNF-a in promoting MMP-9
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expression through epigenetic modifications, we provide a
foundation for future investigations into the complex molecular
interactions that drive cancer metastasis. As we move forward, the
insights gained from this study have the potential to significantly
impact both our understanding and treatment of breast cancer.

In summary, our findings support that the synergistic interaction
between TGF-3 and TNF-o leads to MMP-9 overexpression in breast
cancer cells via the mechanism hinged on Smad/p38/H3K36me2
mediated signaling, which may have significant pathophysiological
implications for breast cancer invasion and metastasis.

4.1 Limitations of the study

In this study, we utilized cancer cell lines as our primary experimental
models, which presents some notable limitations. One of the main
constraints is the inherent difference between in vitro conditions and the
complex in vivo environment of living organisms. Cell lines, while offering
a controlled and reproducible platform, lack the intricate interactions
found in whole organisms, including immune responses, blood flow, and
the tumor microenvironment. This simplification may lead to an
overestimation or underestimation of the therapeutic efficacy and
biological behavior observed. Furthermore, cancer cell lines often
originate from a single type of tumor, representing a narrow genetic and
phenotypic spectrum of the disease, which may not accurately reflect the
heterogeneity found in human cancers. This restricts the generalizability of
our findings across different cancer types and patient populations. Another
significant limitation is the difference between cancer cell lines and primary
cancer cells derived directly from patients. Cancer cell lines, while
providing a consistent and controllable model, often lack the
heterogeneity and complex microenvironment found in primary tumors.
This disparity can affect the relevance of our findings to real-world cancer
biology. These limitations suggest that while our findings provide valuable
insights, they should be interpreted with caution, and future research
should aim to include primary cancer cells to better mimic the tumor
microenvironment and provide more clinically relevant insights. Further
validation in animal models and clinical settings is essential to confirm the
therapeutic potential and safety of the investigated compounds.
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