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Abstract

Papillary thyroid carcinoma (PTC), while often having a favorable prognosis, can progress
to aggressive forms. Matrix metalloproteinases (MMPs) are crucial in extracellular matrix
remodeling and are implicated in tumor invasion and metastasis. This study investigated
MMP expression and activity in PTC and the efficacy of two selective MMP inhibitors
in suppressing PTC cell migration and invasion. The analysis of RNA-seq data from the
TCGA-THCA dataset highlighted the overexpression of MMP-14 in PTC, a key upstream
activator of several MMPs, including MMP-2 and, indirectly, MMP-9. This elevation
correlated with disease status and recurrence risk. Validation in a cell model, using PTC
lines (K1 and BCPAP) and non-tumoral thyroid cells (Nthy-ori 3-1), showed markedly
increased MMP-14 activity in PTC lines (6-fold in K1; 11-fold in BCPAP). MMP-9 activity
was also substantially elevated (386-fold in K1; 131-fold in BCPAP), along with increased
MMP-2 activity. We then tested selective inhibitors. NSC405020, an MMP-14 inhibitor,
reduced K1 cell migration by 56.52% and invasion by 67.3%. Gallic acid, an MMP-2 and
MMP-9 inhibitor, reduced K1 cell migration to 60.3% and invasion to 33.3% relative to the
controls. These findings suggest that elevated MMP activity is a hallmark of aggressive
PTC, underscoring MMPs' role in cancer progression. Targeting MMPs, particularly with
agents like NSC405020 and gallic acid, presents a promising therapeutic strategy to disrupt
PTC tumor progression.

Keywords: thyroid cancer; metalloproteinases; NSC405020; gallic acid

1. Introduction

Papillary thyroid carcinoma (PTC) is the predominant form of thyroid cancer, account-
ing for 80-85% of all thyroid cancer cases [1]. Although a good prognosis in most cases,
PTC can evolve into an aggressive and lethal thyroid carcinoma. Nodal metastases in the
lateral neck are reported in 27% of patients at presentation, most often originating from
tumors in the ipsilateral thyroid lobe [2]. Despite a low mortality around 8%, PTC has a
high recurrence rate of 30% [3]. For advanced or radioiodine-refractory thyroid cancer,
current therapeutic approaches extend beyond surgery and radioactive iodine, increasingly
relying on targeted therapies such as multikinase inhibitors (e.g., sorafenib and lenvatinib)
to manage disease progression. However, these treatments often present challenges re-
lated to drug resistance and significant side effects, underscoring the continuous need for
novel, more effective, and less toxic therapeutic strategies [4]. A deeper understanding
of the molecular mechanisms underlying PTC progression is crucial for the identification
of accurate diagnostic and prognostic markers, as well as for the development of more
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effective therapeutic strategies. Tumor invasion and metastasis involve interaction with
and degradation of different components of the extracellular matrix (ECM). These processes
are mediated by cell-ECM adhesion molecules and proteolytic enzymes, such as matrix
metalloproteinases (MMPs) [5].

MMPs are zinc (Zn*)-dependent endopeptidases, existing in two forms: intracellular
and membrane-bound [6]. MMPs degrade ECM proteins such as fibronectin (FN), collagen,
and laminin, and they play a key role in ECM remodeling in various physiological processes,
like wound healing, tissue remodeling, organ morphogenesis, and angiogenesis. Under
physiological conditions, MMPs are tightly regulated. Dysregulation of these enzymes
is related to various diseases and pathological processes, like neurodegenerative, cardio-
vascular and lung diseases, arthritis, and tumor invasion [7]. Matrix metalloproteinases
(MMPs) are tightly regulated at multiple levels, including gene transcription, pro-enzyme
activation, and inhibition by endogenous tissue inhibitors of metalloproteinases (TIMPs),
ensuring precise control over their proteolytic activity [8]. An imbalance between MMPs
activation and inhibition plays a crucial role in the pathophysiology of cancer. In human
cancers, MMPs are frequently overexpressed and have been implicated in nearly every
stage of tumor development and progression. Their elevated levels and functional roles
make them promising candidates as diagnostic and prognostic biomarkers across various
cancer types [9,10]. Specifically, MMPs facilitate cancer cell proliferation, angiogenesis,
and, crucially, enable tumor cells to escape the primary site and colonize distant organs
by degrading the basement membrane and interstitial matrix components. This direct
involvement in invasion and metastasis highlights MMPs as critical targets for cytostatic
interventions aimed at preventing disease dissemination [11]. MMPs have been the object
on several investigations in PTC, mostly restricted to MMP-9, demonstrating a higher
expression, and it is associated with poor prognosis [6]. By contrast, other MMPs, including
MMP-14, remain largely unexplored in the context of thyroid cancer.

We analyzed the gene expression data from PTC and normal thyroid tissue, obtained
from The Cancer Genome Atlas (TCGA) Research Network, and found increased expression
of MMP-2, MMP-9, and MMP-14 in PTC samples. MMP-2 and MMP-9, classified as
gelatinases, possess three FN type Il-like repeats that enable them to effectively degrade
gelatin and a broad range of extracellular matrix (ECM) components, including collagen,
vitronectin, proteoglycans, and laminin. This degradative capability is essential to promote
metastasis, as it facilitates the breakdown of the physical barrier of the ECM, thereby
enabling tumor cells to invade surrounding tissues and disseminate to distant sites. [12].
MMP-14 activates proMMP-2 on the cell surface. It forms a trimolecular complex with
tissue inhibitor of metalloproteinases 2 (TIMP-2) and proMMP-2, facilitating the conversion
of proMMP-2 into its active form [13]. Recent studies have demonstrated that MMP-14
catalyzes pericellular collagen lysis, promoting tissue invasion of tumor cells [14].

To better elucidate the role of these MMPs, we conducted experiments on PTC cell lines
that evidenced their role in migration and invasion. Our findings indicate that elevated
MMP activity is a hallmark of aggressive PTC, suggesting that targeting MMPs, particularly
with agents like NSC405020 and gallic acid, represents a promising therapeutic strategy to
disrupt PTC tumor progression.

2. Results
2.1. MMPs Expression in Normal Thyroid Tissue and in PTC

We analyzed RNA-seq data from the TCGA-THCA dataset, comprising 355 papillary
thyroid carcinoma (PTC) samples, including classical (PTCcl) and tall-cell (PTCtc) variants,

and 58 normal thyroid (NT) tissue samples (Figure 1A). The results provide a comprehen-
sive overview of the expression pattern of MMP gene family across the PTCcl, PTCtc, and
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NT. Among the matrix metalloproteinases present in the TCGA-THCA dataset, MMP-2,
MMP-9, and MMP-14 were the only members significantly expressed in normal thyroid
(NT) samples. In both PTC subtypes, MMP-7, MMP-11, MMP-14, and MMP-16 were
consistently overexpressed, while MMP-2 showed specific overexpression in the PTCtc
subtype. The analysis was further refined by examining MMPs” expression in relation to
driver gene mutations (Figure 1B). Notably, RAS-positive PTC displayed an expression
profile similar to that of normal tissue (NT), with only MMP-11 showing a modest yet
significant overexpression.
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Figure 1. MMPs’ expression in PTC and NT tissues: (A) mRNA expression of MMPs in PTCcl,
PTCtc, and NT; and (B) mRNA expression of MMPs in PTC cases with BRAFV600E (BRAF™,
N = 204), RAS mutation (RAS*, N = 19), or neither mutation (NULL, N = 132). Data are presented as
mean =+ standard deviation. Wilcoxon test: * p < 0.01, and ** p < 0.0001; RSEM, RNA-Seq by
Expectation Maximization. PTCcl, classic type; PTCtc, tall cell.

2.2. Association of MMPs Expression and Clinical Features

We analyzed the correlation of MMPs with disease status and risk of tumor recurrence
according to the 2015 American Thyroid Association guidelines [15] (Table 1). MMP-14
expression was positively correlated with all indicators of advanced disease, including
lymph node metastasis (p = 0.0001), advanced stage (p = 0.0419), extrathyroidal extension
(p = 0.0045), and increased risk of tumor recurrence (p = 0.0002). MMP16 expression was
positively correlated with lymph node metastasis (p = 0.0012) and increased risk of tumor
recurrence (p = 0.0003).

2.3. MMP-14 Expression and Activity in PTC Cell Lines

Given the observed increase in MMP-14 expression in PTC tissues compared to normal
thyroid tissue in the TCGA analysis, we sought to examine the expression levels of MMP-14
in a PTC cell-line model. MMP-14 protein expression was assessed by immunofluores-
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cence with specific antibodies in the PTC cell lines K1 and BCPAP and compared to the
immortalized non-tumoral thyroid cell line Nthy-ori 3-1 (Figure 2). K1 cells exhibited
a 6.8-fold increase in MMP-14 expression compared to Nthy-ori 3-1 cells, while BCPAP
displayed a 4.7-fold increase. We next investigated MMP-14 activity in these same cell
lines (Figure 3). Consistent with the observed differential expression, marked differences
in MMP-14 activities were also observed. However, in contrast to MMP-14 expression
levels, its enzymatic activity was higher in BCPAP than in K1 cells. Specifically, BCPAP
cells exhibited an 11-fold increase in activity compared to Nthy-ori 3-1, whereas K1 cells
showed a 6-fold increase in activity. These results are consistent with the TCGA data and
further support the evidence of elevated MMP-14 activity in thyroid cancer.

Table 1. Mean MMP gene expression and analysis of the correlation with nodal status, disease stage,
extrathyroidal extension and risk group 2. Only significant data are reported.

Nodal Status
Gene NO N1 p
MMP14 9735 13,210 0.0001
MMP16 1172 1657 0.0012
Disease stage
I II III | AY p
MMP14 10,454 10,313 12,475 13,769 0.0419
Extra thyroidal extension
None Minimal Moderate/advanced p
MMP14 10,439 13,385 14,231 0.0045
Risk group ?
Low Intermediate High p
MMP14 9196 11,875 15,930 0.0002
MMP16 979 1615 1797 0.0003

2, estimated risk of tumor recurrence based on the 2015 American Thyroid Association guidelines. Statistical
analysis was ANOVA for disease stage, extrathyroidal extension and risk group, and Wilcoxcon for nodal status.
Mean gene expression is calculated by RSEM.
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Figure 2. Immunofluorescence analysis of MMP-14 expression in thyroid cell lines. (A) Representative
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immunofluorescence images showing MMP-14 (green), DAPI-stained nuclei (blue), and merged
channels (green and blue) in thyroid cell lines. A negative control (CTRL-) for MMP-14 staining is
also shown. Scale bars represent 50 um. (B) Quantitative analysis of MMP-14 expression, presented
as Corrected Total Cell Fluorescence (CTCF). ** p = 0.0015; *** p < 0.0001. (Images corresponding to
the data see Supplementary Materials).
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Figure 3. Enzymatic activity of MMP-14 in thyroid cell lines. Quantitative analysis of MMP-14 activity
in K1 and BCPAP (PTC cell lines) compared to Nthy-ori 3-1 (non-tumoral immortalized thyroid cell
line). MMP-14 activity is reported as mean relative fluorescence units (RFU) + standard deviation.
Statistical significance: ** p < 0.01; *** p < 0.001.

2.4. MMP-2 and MMP-9 Activity in PTC Cell Lines

MMP-14 activates proMMP-2 on the cell surface and, indirectly, MMP-9. To assess
the activity of MMP-2 and MMP-9, we performed gelatin zymography (Figure 4). Gelatin
zymography demonstrated a remarkable increase in MMP-9 activity in both PTC cell
lines. Specifically, MMP-9 activity was minimal in Nthy-ori-3-1, while K1 cells exhibited
a remarkable 386-fold increase (p = 0.003), and BCPAP cells showed a 131-fold increase
(p = 0.027). The increase in MMP-2 activity in PTC cell lines was modest but significant,
with K1 showing a 1.9-fold increase (p = 0.048), and BCPAP a 1.8-fold increase (p = 0.049).
These results highlight the potential role of MMP-9 in this tumor.

A B

Nthy-ori 3-1

MMP-9
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Figure 4. Specific gelatinase activity (MMP-2 and MMP-9) in thyroid cell lines by gelatin zymography.
(A) Equal amounts of protein (30 pg) from cell culture-conditioned media were separated on a 7.5%
SDS-polyacrylamide gel containing gelatin. Clear bands indicate the proteolytic activity of MMP-9
(upper band) and MMP-2 (lower band). (B) Densitometric analysis of the zymography bands was
assessed using Image] software (NIH) version 1.54. Data are presented as mean + SD. Statistical
significance was determined by unpaired ¢-tests: * p < 0.05; ** p < 0.01.



Int. J. Mol. Sci. 2025, 26, 7956

6 of 16

2.5. Inhibition of MMP-14 Activity Reduces K1 Cell Migration and Invasion

To investigate the functional role of MMP-14 in PTC cell migration and invasion, we
assessed the effect of NSC405020, an inhibitor of MMP-14 activity, on K1 cells, the cell line
with more aggressive phenotype. Cell migration was evaluated using chamber migration
assay, and cell invasion was assessed using Matrigel Invasion Assay. Treatment with
NSC405020 significantly reduced the migratory capacity of K1 cells with a dose-dependent
effect (Figure 5A). Treatment with 12.5 uM NSC405020 resulted in a 39.13% reduction in
cell migration compared to the control (p = 0.033). Treatment with 50 uM NSC405020
led to an even more substantial 56.52% reduction in cell migration (p = 0.006). Similarly,
NSC405020 treatment significantly impaired the invasive capacity of K1 cells in the Matrigel
invasion assay (Figure 5B). Notably, treatment with 12.5 uM NSC405020 reduced the
number of invasive cells by approximately 67.3% (p = 0.0055). The inhibitory effect of
NSC405020 on cell migration and invasion was not due to cytotoxicity, as demonstrated
by its minimal impact on cell viability at concentrations up to 100 uM in MTT assays
(Figure 5C). Altogether, these results highlight MMP-14 as a mediator of cell migration
and invasion.
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Figure 5. Effect of the MMP14 inhibitor NSC405020 on K1 cell migration, invasion, and viability. K1
cells were treated with the indicated concentrations of NSC405020 for 24 h and then subjected to
(A) a transwell migration assay, using permeable supports, and (B) a Matrigel invasion assay. Data are
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presented as mean 3= SEM from at least three independent experiments. Statistical significance was
assessed using unpaired t-tests: * p < 0.05; ** p < 0.01. Representative images were captured at
20x magnification. (C) K1 cells were treated with NSC405020 or left untreated for 24 h. Cell viability
was assessed by MTT assay and expressed as a percentage relative to untreated controls. No statisti-
cally significant differences in cell viability were observed. (D) Chemical structure of NSC405020.

2.6. Inhibition of MMP-2 and MMP-9 Activity Reduces K1 Cell Invasion and Migration

Inhibition of MMP-2 and MMP-9 activity was achieved with gallic acid (GA). GA-
induced cytotoxicity was assessed using the crystal violet assay, as GA has been reported to
interfere with formazan formation in MTT assays, potentially leading to inaccurate viability
measurements [16]. The results indicated that GA exerted negligible cytotoxic effects on
K1 cells at concentrations up to 75 uM (Figure 6A). We then evaluated the impact of gallic
acid on MMP-2 and MMP-9 activity in K1 cells using gelatin zymography. Treatment
with GA (0, 50, and 75 uM) resulted in a dose-dependent reduction in the activity of both
MMP-2 and MMP-9 (Figure 6B). Compared to the control, MMP-9 activity was reduced
by approximately 53% with 50 uM GA (p = 0.005), and by 69% with 75 uM GA (p = 0.002).
Similarly, MMP-2 activity was reduced by approximately 38% in cells treated with 50 uM
GA (p = 0.00008) and by 45% in cells treated with 75 uM GA (p = 0.001; Figure 6C). The
chemical structure of GA is shown in Figure 6D. Then, we assessed the effect of GA on the
invasive and migratory capabilities of K1 cells. Consistent with the observed reduction
in MMP-2 and MMP-9 activity, GA treatment significantly reduced both the invasion
and migration of K1 cells. To evaluate the effect of GA on cellular migration, a 24 h
migration assay was performed on K1 cells. Treatment with 50 uM GA resulted in a 35.7%
reduction in migration (p = 0.037), while 75 uM GA led to a 60.3% decrease in the number of
migrated cells compared to the control (p = 0.022; Figure 7A). The 24 h invasion assay 50 uM
GA caused a 33.3% reduction in invasive capacity (p = 0.032; Figure 7B). These findings
highlight the contribution of MMP-2 and MMP-9 to the migratory and invasive behavior of
PTC cells.
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Figure 6. Effect of GA on MMP-2 and MMP-9 activity in K1 cells. (A) K1 cells were treated with
increasing concentrations of gallic acid (GA) for 24 h, and cell viability was assessed by crystal violet
staining. (B) Conditioned media were collected and analyzed by gelatin zymography to evaluate
MMP2 and MMP9 enzymatic activity. (C) Densitometric quantification of zymographic bands relative
to untreated controls. (D) Chemical structure of GA. Data are presented as mean + SEM from at
least three independent experiments. Statistical significance was assessed using unpaired t-tests:
** p < 0.005; *** p = 0.00008.
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Figure 7. Effect of GA on K1 cell migration and invasion. K1 cells were treated with 50 uM or
75 uM GA for 24 h or left untreated and then seeded on permeable supports for cell migration assay
(A) or used for Matrigel invasion assay (B). Cells that migrated to the lower side of the insert were
fixed and stained with crystal violet. The number of migrated cells was counted and expressed as
% of untreated cells. Data are presented as mean + SEM of at least three independent experiments.
Statistical significance was determined by unpaired t-tests: * p < 0.05.Representative images were
captured at 20 x magnification.

3. Discussion

In this study, we delved into the crucial role of MMPs, particularly MMP-14,
MMP-2, and MMP-9, in PTC cell lines, and we explored the therapeutic potential of
specific inhibitors, NSC405020 and GA, in modulating their activity, cell migration, and
invasion. Several studies demonstrate that MMP-9 is overexpressed in PTC tissue and
serum, correlating with aggressive clinicopathological features, such as lymph node metas-
tasis, extrathyroidal invasion, and higher TNM stage [17-20]. Both total and active MMP-9
expression, especially when assessed by immunohistochemistry and zymography, are asso-
ciated with poor prognosis and shorter disease-free survival [21,22]. The overall expression
profile of MMPs in PTC has been far less explored, and no studies to date have focused
on MMP-14.

Our findings consistently reinforce the established understanding of MMPs as piv-
otal mediators of ECM remodeling, a fundamental process in cancer progression, tumor
invasion, and metastasis [23,24]. The tumor microenvironment, where MMPs exert their
activity, is increasingly recognized as a vital therapeutic target in cancer [25,26]. This is
particularly pertinent for PTC, where to understand the factors influencing prognosis,
especially in aggressive or radioiodine-refractory cases, remains crucial for optimizing
therapeutic strategies [27].

It is important to acknowledge that the intricate network of molecular events driving
thyroid cancer progression also involves the prominent dysregulation of major signaling
pathways, including the MAPK and PI3K/AKT pathways [28]. While our study specifically
focuses on the therapeutic potential of MMP inhibition, understanding these broader
molecular contexts is essential. The activities of MMPs can be influenced by cross-talk
with these upstream oncogenic pathways, suggesting potential avenues for combined
therapeutic strategies in the future to more comprehensively combat PTC aggressiveness.

The interaction between the ECM and its receptors, the integrins, has been exten-
sively investigated in normal thyroid cell and in PTC, underscoring its role in thyroid cell
physiology and promoting invasive behavior of PTC [29-32].

Our initial observations, derived from a meta-analysis of TCGA data, highlight a
significant upregulation of some MMPs gene expression in PTC compared to normal
thyroid tissue. Among these, MMP-14 emerged as being particularly relevant, given its
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association with disease status and risk of tumor recurrence, as well as its well-documented
ability to activate other MMPs, including MMP-2 and MMP-9. This genomic insight guided
our experimental approach. We subsequently confirmed this upregulation at the protein
and activity level in a cell line model including two BRAFV600E-mutant PTC lines (K1 and
BCPAP) and one non-tumoral thyroid cell line. Specifically, K1 cells exhibited a remarkable
6-fold increase in MMP-14 activity and a 6.8-fold increase in expression, while BCPAP cells
showed an 11-fold increase in activity and a 4.7-fold increase in expression (Figures 2 and 3).
MMP-14, also known as MT1-MMDP, is a promising drug target in various malignancies due
to its direct involvement in tumor growth, migration, and collagen degradation [33]. The
membrane-anchored nature of MT1-MMP, along with its distinct hemopexin (PEX) and
catalytic domains, allows for unique inhibitory strategies that differ from broad-spectrum
catalytic site inhibitors that have faced challenges in clinical trials [33-35].

Further investigation revealed an increase in gelatinase activity, primarily mediated
by MMP-2 and MMP-9, in PTC cell lines. Gelatin zymography provided further validation,
highlighting a pronounced elevation in MMP-9 activity in PTC cell lines, with a 386-fold
increase in K1 and a 131-fold increase in BCPAP. These results align with the known mech-
anism by which MMP-14 activates latent gelatinases, particularly pro-MMP-2, a process
crucial for extensive ECM degradation and tumor invasion [36-38]. The elevated activity of
these type IV collagenases (MMP-2 and MMP-9) is recognized as a key contributor to tumor
progression and dissemination in several malignancies, including osteosarcoma [39,40].
Indeed, the critical involvement of cell-matrix interactions, specifically integrin—fibronectin
binding, further contributes to these invasive mechanisms in PTC [32]. This is particu-
larly relevant in the context of PTC, where increased MMP-9 expression has been directly
correlated with lymph node metastasis and poor prognosis [6,41,42].

To exploit the role of MMP-14 in cell migration and invasion and its potential as a
target for therapy, we employed NSC405020, a selective inhibitor that targets the PEX
domain of MMP-14, instead of its catalytic site. This distinctive feature is crucial, as broad-
spectrum MMP inhibitors have often failed in clinical trials due to severe side effects as a
consequence of non-specific inhibition of various MMPs involved in normal physiological
processes [24]. NSC405020 acts by disrupting MMP-14 homodimerization, without having
a direct effect on its catalytic activity, thus leading to increased collagen I deposition and
thereby reducing tumor growth [33]. Further elucidating the mechanism, NSC405020
(3,4-Dichloro-N-(pentan-2-yl) benzamide) acts as a specific non-catalytic inhibitor of MMP-
14. Its inhibitory action is mediated by a selective interaction with a particular binding
pocket located within the PEX domain of MMP-14. This pocket is formed by key amino
acid residues, including Met-328, Arg-330, Asp-376, Met-422, and Ser-470 of the enzyme.
The specific structural features of NSC405020, notably the dichloro substituents on the
benzamide group and the pentan-2-yl chain, are crucial for this selective recognition and
binding to the PEX domain, which ultimately interferes with MMP-14 homodimerization
without a direct effect on its catalytic activity [43]. Our results demonstrate that NSC405020
significantly reduced the migratory and invasive capacities of K1. Specifically, 50 uM of
NSC405020 led to a 56.52% reduction in migration, and 12.5 uM of NSC405020 resulted
in a 39.13% decrease in migration and a 67.3% reduction in invasion. These inhibitory
effects were not attributable to cytotoxicity, further confirming MMP-14 as a critical factor
in PTC cell motility and invasion, and supporting the concept of MMP-14 as a promising
therapeutic target in malignancy [33]. The selective targeting of the unique PEX domain
by NSC405020 offers a novel strategy for therapeutic intervention by selectively disabling
MMP-14 regulatory function.

To further investigate the role of MMPs in the process of tumor invasion and dissemi-
nation, we investigated GA, a naturally occurring plant phenol with known anti-tumor
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properties, including the inhibition of MMP-2 and MMP-9 activity [16]. GA’s precise
molecular mechanisms are multifaceted. The existing literature indicates that it primar-
ily downregulates MMP-2 and MMP-9 expression and activity by modulating upstream
signaling pathways. Specifically, GA has been shown to suppress key kinases, like ERK,
JNK, p38, and AKT, and inhibit the NF-«xB pathway;, all critical for MMP regulation [16,44].
While some direct inhibition via zinc chelation is possible, GA’s main action appears to be
through these broader modulations of intracellular signaling [45]. Our findings showed
that GA significantly reduced the activity of both MMP-2 and MMP-9 in K1 cells in a
dose-dependent manner (Figure 6B). Notable effects were observed in MMP-9 activity, with
a reduction of 53% at 50 M, and 69% at 75 uM, as well as in MMP-2 activity, with decreases
of 38% at 50 uM, and 45% at 75 uM. Consistent with these enzymatic inhibitions, GA
also significantly impaired the migratory (35.7% reduction at 50 uM; 60.3% at 75 uM) and
invasive (33.3% reduction at 50 M) capabilities of K1 cells, without exhibiting cytotoxicity
(Figures 6A and 7A,B). These results further support the existing literature on GA’s anti-
cancer functions and its ability to modulate MMPs’ activity [16]. These results highlight
GA’s potential as a therapeutic or adjuvant agent to inhibit pro-invasive and pro-migratory
activities in PTC cells by targeting MMP-2 and MMP-9, offering a natural compound ap-
proach to complement existing therapies. While thyroid carcinoma typically has a favorable
outcome, advanced and iodine-refractory cases necessitate specific treatment strategies
based on molecularly targeted therapies or novel broad-spectrum agents [46—-48].

4. Materials and Methods
4.1. Materials and Reagents

The following reagents were used in this study. Gallic acid and NSC405020 were both
obtained from Sigma-Aldrich, St. Louis, MO, USA. For cell culture, we used DMEM/F12
and RPMI-1640 (Euroclone S.p.A, Pero, Italy), supplemented with Fetal Bovine Serum (FBS)
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Protein content was determined
using the BCA method with reagents from Thermo Fisher Scientific, Inc., Waltham, MA,
USA. The SensoLyte 520 MMP-14 assay kit (AnaSpec EGT Group, Fremont, CA, USA)
was used for MMP-14 activity analysis. For gelatin zymography, gelatin (1 mg/mL; Cat.
No. G2500) was purchased from Sigma-Aldrich, St. Louis, MO, USA. In immunofluo-
rescence analyses, cells were fixed with an acetone-methanol 1:1 mixture. The MMP-14
polyclonal antibody (Cat. No. PA5-13183) was obtained from Invitrogen, Thermo Fisher
Scientific, Inc. Waltham, MA, USA. VECTASHIELD Antifade Mounting Medium with
DAPI (Vector Laboratories, Burlingame, CA, USA) was used for mounting slides. For
cell-viability assays, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (4 mg/mL) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich,
St. Louis, MO, USA.

For cell-migration and -invasion assays, cell culture inserts (8 pm pore size) were
obtained from Falcon, Corning (New York, NY, USA), and Corning Matrigel Invasion
Chambers were obtained from Corning (New York, NY, USA). Crystal violet solution was
used for cell staining (Sigma-Aldrich, St. Louis, MO, USA).

4.2. RNA-Seq Analysis

The TCGA-THCA dataset was retrieved from The Cancer Genome Atlas (TCGA)
portal (https://portal.gdc.cancer.gov/ accessed on 2 January 2025). We analyzed raw-
count gene expression data from 358 classical papillary thyroid carcinoma (PTCcl) samples,
37 tall cell-variant PTC (PTCtc) samples, and 58 normal thyroid (NT) solid tissue samples.
Matching clinicopathological data were obtained from the cBioPortal for Cancer Genomics
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(https:/ /www.cbioportal.org/ accessed on 2 January 2025) [49]. RNA-seq quantification
was performed using the RNA-Seq by Expectation Maximization (RSEM) algorithm [50].

4.3. Cell Lines and Culture Mediums

BCPAP (Leibniz Institute DSMZ-GmbH, Braunschweig, Germany) and K1 (Merck
KGaA, Darmstadt, Germany) are PTC cell lines harboring BRAFV600E. K1 cells were
cultured in DMEM/F12 (Euroclone S.p.A, Pero, Italy), 10% FBS (Gibco; Thermo Fisher
Scientific, Inc., USA). Nthy-ori-3-1 is a human thyroid follicular cell line derived from
normal thyroid tissue, immortalized by transfection with a plasmid containing a defective
genome of the SV40 virus (SV-ori), allowing them to retain several characteristics of normal
thyroid follicular cells. BCPAP and Nthy-ori-3-1 were cultured in RPMI-1640 (Euroclone
S.p.A, Pero, Italy), 10% FBS. Cells were cultured in a humidified incubator (5% CO; and
95% air at 37 °C).

4.4. Fluorimetric MMP-14 Activity Assay

A total of 1.5 x 10° cells were seeded in 100 mm culture plates and grown in the
absence of serum. After 24 h, the cells were collected and washed 3 times with phosphate-
buffered saline (PBS). Total proteins were extracted from the cells using the RIPA buffer
method. The protein content of the cells was determined using the BCA method (Thermo
Scientific, Waltham, MA, USA). MMP-14 activity was then measured using the SensoLyte
520 MMP-14 assay kit (AnaSpec EGT Group, Fremont, CA, USA) as follows: samples were
incubated with 4-aminophenylmercuric acetate (APMA) for 3 h at 37 °C. Subsequently,
50 pL of each sample was combined with 50 L. of MMP-14 substrate solution in black 96-well
microplates. The contents were gently mixed by shaking for 30 s and incubated at 37 °C
for 60 min. Fluorescence intensity was measured at Ex/Em =490 &= 20 nm /520 + 20 nm.
Once fluorescence readings are acquired, the data can be expressed in relative fluorescence
units (RFU) after subtracting the background fluorescence from the substrate control well.

4.5. Immunofluorescence

Cells were plated onto sterile glass coverslips and cultured for 48 h at 37 °C in the
specific medium and 10% FBS. Cells were rinsed in phosphate-buffered saline, pH 7.4 (PBS);
fixed in acetone-methanol 1:1 (v/v) for 20 min; rinsed in PBS; and blocked with 1% BSA
in PBS for 30 min. Cells were incubated with MMP-14 polyclonal antibody (PA5-13183
Invitrogen, Waltham, MA, USA) 1:100 in PBS and 0.2% Tween-20 overnight, washed in
PBS, incubated with rabbit fluorescein-conjugated secondary antibody for 1 h, washed
again, briefly rinsed in distilled water, mounted on microscope slides in Vectashield with
DAPI (Vector Laboratories, Burligame, CA, USA), and then observed with a fluorescence
microscope (Nikon Eclipse, Nikon Corporation, Tokyo, Japan).

4.6. Gelatin Gel Zymography

A total of 1.5 x 10° cells were seeded in 100 mm tissue culture plates and grown
in complete medium. Once cells reached 80% confluence, they were washed three times
with sterile D-PBS, and fresh FBS-free medium was added. After 24 h of incubation, the
conditioned media were collected and concentrated using Amicon® Ultra Centrifugal Filter
with a 30 kDa molecular weight cut-off (Amicon® Ultra Centrifugal Filter, Merck KGaA,
Darmstadt, Germany). Protein content was determined using the BCA method (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Equal amounts of protein from conditioned
media (30 pg) were analyzed by gelatin zymography under non-reducing conditions.
Samples were loaded onto 7.5% SDS—polyacrylamide gel co-polymerized with gelatin
1 mg/mL (Cat. No. G2500, Sigma-Aldrich, St. Louis, MO, USA). Electrophoresis was
performed at 100 V for 90-120 min at 4 °C. Following electrophoresis, gels were incubated
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for 1 h at room temperature in renaturation buffer containing 2.5% Triton X-100, 50 mM
Tris-HCl pH 7.5, 5 mM CaCl,, and 1 uM ZnCl,. Gels were then incubated at 37 °C for 48 h
in development buffer (50 mM Tris-HC1 pH 7.5, 200 mM NaCl, 5 mM CaCly, and 5 pM
ZnClp) to allow for substrate degradation. After incubation, gels were stained with 0.5%
Coomassie Brilliant Blue R-250 and destained using a solution of 50% methanol and 5%
acetic acid to visualize proteolytic bands.

4.7. Cell Migration and Matrigel Invasion Assays

K1 PTC cells were cultured in appropriate media until reaching 80-90% confluence.
Cells were then trypsinized, and the cell number was determined using a hemocytometer.
For the cell migration assay, cell culture inserts with an 8 um pore size (Falcon, Corning,
New York, NY, USA) were used, whereas for the cell Matrigel invasion assay, Corning
Matrigel Invasion Chambers (Corning, New York, NY, USA) were used. Cells were treated
with different concentrations of drugs for 24 h. In total, 25,000 treated and 25,000 untreated
(control) cells were seeded in the upper chamber of the permeable supports in serum-free
medium. The lower chamber of each well contained medium supplemented with 5%
serum as a chemoattractant. The cells were incubated for 24 h at 37 °C in a humidified
atmosphere containing 5% CO;. After the 24 h incubation period, non-migrated cells
remaining in the upper chamber were carefully removed using a cotton-tipped swab. Cells
that had migrated through the pores to the lower side of the insert were fixed with 4%
paraformaldehyde and then stained with crystal violet. The number of migrated cells
was quantified by counting the cells under an Olympus microscope at 4 x magnification.
Images were analyzed using Image] software (NIH) version 1.54 to determine the number
of migrated cells per field.

4.8. Cell-Viability (MTT) Assay

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) assay. K1 PTC cells were seeded in 96-well plates at a density of
5 x 103 cells/well and allowed to adhere overnight. Cells were then treated with varying
concentrations of NSC405020 (0, 12.5, 50, and 75 uM; Sigma-Aldrich, St. Louis, MO, USA)
for 24 h. Following incubation, 4 mg/mL of MTT solution (Sigma-Aldrich, St. Louis, MO,
USA) was added to each well, and cells were incubated for an additional 4 h at 37 °C. The
supernatant was then removed, and 100 puL of dimethyl sulfoxide (DMSO) was added to
each well to dissolve the formazan crystals. Absorbance was measured at 490 nm using a
microplate reader. All experiments were performed in triplicate.

4.9. Crystal Violet-Based Cell-Viability Assay

Cell viability was assessed via a modified crystal violet staining assay. Cells were
treated with various concentrations of gallic acid for 24 h. Following treatment, the cells
were washed with PBS and fixed with a fixative solution for 30 min. After washing with
distilled water, cells were stained with a crystal violet solution for 30 min. Excess dye
was removed by washing with distilled water. The number of adherent stained cells was
directly counted under a microscope to quantify viable cells and determine the cytotoxic
effects of gallic acid.

4.10. Statical Analysis

Data are presented as mean =+ standard deviation (SD). The normality of distribution
was assessed using the Shapiro-Wilk test. For normally distributed variables, comparisons
were performed using the paired Student’s t-test, whereas non-normally distributed vari-
ables were analyzed using the Wilcoxon signed-rank test. Differences in integrin expression
and clinical features among groups were evaluated using one-way analysis of variance
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(ANOVA), with statistical significance set at p < 0.01. Univariate regression analyses were
conducted using the Spearman rank correlation test. All statistical analyses were performed
using SPSS Statistics software, version 26 (IBM Corp., Armonk, NY, USA).

5. Conclusions

Our study provides robust evidence that elevated MMP activity is a hallmark of
aggressive PTC, highlighting MMPs’ critical role in thyroid cancer progression. These
findings suggest that targeting MMP-14 and its downstream effectors, MMP-2 and MMP-
9, may represent a viable and promising therapeutic strategy for PTC. Future research
should use in vivo models and clinical studies to further validate these therapeutic targets
and rigorously assess their efficacy and safety within the complex biological context of a
living organism.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26167956/s1. The following supplementary figures are
provided to ensure full data transparency and reproducibility. They include uncropped and
unedited images of the experiments presented in the main manuscript. Figures S1.1-51.12: These
figures show the uncropped and unedited immunofluorescence images corresponding to the
data presented in Figure 2 of the main text. Figure S2: This figure presents the uncropped and
unedited gelatin zymography gel used to assess the gelatinase activity in the tumor cell lines K1
and BCPAP and the non-tumoral cell line Nthy-ori-3-1, as shown in Figure 4 of the main text.
Figures 53.1-53.3: These figures show the uncropped and unedited images of the migration assay for
K1 cells treated with 0, 12.5, and 50 uM of NSC405020. This data corresponds to Figure 5A in the main
text. Figures S4.1-54.2: These figures present the uncropped and unedited images of the invasion
assay after K1 cell treatment with 0 and 12.5 uM of NSC405020. This data corresponds to Figure 5B
in the main text. Figure S5: This figure shows the uncropped and unedited gelatin zymography
gel for K1 cells treated with 0, 50, and 75 pM of Gallic Acid, as seen in Figure 6B of the main text.
Figures S6.1-56.3: These figures represent the uncropped and unedited images from the migration
assay of K1 cells treated with 0, 50, and 75 uM of GA. This data corresponds to Figure 7A of the
main text. Figures 57.1-57.2: These figures present the uncropped and unedited images from the
invasion assay for K1 cells treated with 0 and 50 uM of GA. This data corresponds to Figure 7B of the
main text.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA analysis of variance
APMA 4-aminophenylmercuric acetate
BCA bicinchoninic acid
BSA bovine serum albumin
CO, carbon dioxide
CTCF Corrected Total Cell Fluorescence
DMEM/F12  Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
DMSO dimethyl sulfoxide
ECM extracellular matrix
FBS Fetal Bovine Serum
FN fibronectin
MMP matrix metalloproteinase
MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
NT normal thyroid
PBS phosphate-buffered saline
PEX hemopexin domain
PTC papillary thyroid carcinoma
PTCcdl classical papillary thyroid carcinoma
PTCtc tall cell-variant papillary thyroid carcinoma
RFU relative fluorescence units
RPMI-1640 Roswell Park Memorial Institute 1640 medium
RSEM RNA-Seq by Expectation Maximization
SD standard deviation
TCGA The Cancer Genome Atlas
TIMP tissue inhibitor of metalloproteinases
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