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A B S T R A C T

Purpose: Bladder Cancer (BCa) ranks as the tenth most common cancer worldwide, with high morbidity and 
mortality. Matrix Metalloproteinases (MMPs), especially MMP-9, are associated with tumor progression and 
metastasis. This study aimed to evaluate the effects of MMP-9 silencing using CRISPR-Cas9 in T24-luc bladder 
carcinoma cells.
Methods: Guide RNAs (sgRNA1 and sgRNA2) targeting MMP-9 were cloned into pX-330 plasmids and transfected 
into T24-luc cells. Gene and protein expression were analyzed via RT-qPCR and Western blotting. Functional 
assays included flow cytometry for proliferation and apoptosis, colony formation, wound healing, and Matrigel™ 

invasion assays.
Results: sgRNA2 significantly reduced MMP-9 gene expression, while both sgRNAs reduced protein expression. 
Edited cells showed decreased proliferation and colony formation, increased apoptosis, and reduced migration 
and invasion capacity.
Conclusion: CRISPR-Cas9-mediated silencing of MMP-9 inhibited cell proliferation, migration, invasion, and 
increased apoptosis in BCa cells, supporting that MMP-9 has an important effect on the progression of bladder 
cancer.

Introduction

Bladder Cancer (BCa) is the 10th most commonly diagnosed cancer 
and the second most frequent genito-urinary cancer worldwide, with an 
estimated 573,000 new cases and 213,000 deaths in 2020 globally,1
while 82,290 new cases and 16,710 deaths were estimated in 2023 in the 
United States.2 It is four times more frequent among men than women 
and is correlated with tobacco smoking and occupational exposures 
(painting, rubber, and aluminum industries).1 Most of these cancers are 
urothelial carcinomas (over 90 %), with higher incidences observed in 
the elderly population.3 In addition, most (75 %) BCa are Non-Muscle 
Invasive (NMIBC) at first diagnosis (pTa, pT1, or Carcinoma In Situ 
[CIS]), while 25 % have Muscle-Invasive Disease (MIBC) or metastatic 
disease.4,5 High recurrence and progression rates are observed in 

NMIBCs, with recurrence rates ranging from 15 %‒61 % at one-year and 
31 %‒78 % at five-year follow-ups, and up to 45 % (depending on risk 
stratification) of NMIBCs will progress into MIBCs at five years.6 Treated 
MIBC patients present poorer long-term survival rates (29 %‒69 %) than 
NMIBC patients.7-9 Recurrence and progression from NMIBC to MIBC, 
which require more invasive, complex, and costly treatments, negatively 
impact the quality of life10,11 and increase healthcare costs per patient.11

Among cancers in the United States, BCa has the highest per-patient 
treatment costs and the fifth-highest overall cost.12,13 Therefore, it is 
essential to characterize the molecular mechanisms of BCa tumorigen-
esis, progression, and recurrence that lead to the development of new 
therapeutic options to achieve long-term cost and quality-of-life benefits 
through reduced tumor recurrence and progression rates.

Epithelial-to-Mesenchymal Transition (EMT) is a primary process 
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involved in tumor progression and metastasis. Matrix Metal-
loproteinases (MMPs) play a central role in this process due to their 
ability to degrade the Extracellular Matrix (ECM) and basement mem-
branes.14,15 In addition, the expression of MMPs has been correlated 
with cancer progression, metastasis, and relapse in multiple types of 
solid tumors, including colorectal, breast, prostate, and bladder can-
cer.16-19 Among the MMPs, the MMP-9 degrades type-IV collagen, a 
significant basement membrane component. Therefore, MMP-9 has been 
the subject of several studies regarding the role of MMPs in bladder 
cancer as a screening/diagnostic and prognostic biomarker, making it an 
attractive therapeutic target in BCa.20,21

In recent years, the CRISPR/Cas9 technique has emerged as a flex-
ible, efficient, specific, and simple genome editing tool for both research 
and disease treatment. The system is composed of two parts: a “single 
guide RNA” (sgRNA), which recognizes a specific target sequence in the 
genome, and the Cas9 protein, which promotes de double-strand break 
of the target DNA.22

In the present study, the authors investigated the effect of blocking 
the MMP-9 expression by genome editing using the CRISPR/Cas9 
technique on the migration and invasion capabilities of human T24-Luc 
bladder cancer cells.

Materials and methods

Cell culture

The human bladder carcinoma cell line T24, previously transfected 
with a viral vector containing the firefly luciferase gene (T24-Luc), was 
used in the experiment. The cells were cultured in Minimum Essential 
Media (MEM) containing 10 % fetal bovine serum and 1 % antibiotic and 
antimycotic solution (Sigma Co, USA). They were maintained in a hu-
midified incubator at 37 ◦C and a 5 % CO2 atmosphere. This study was 
conducted in accordance with the ARRIVE guidelines, adapted for in 
vitro cell experiments.

Plasmid construction

CRISPR/Cas9 plasmid was constructed using the px330 plasmid ob-
tained through Addgene (www.addgene.org). This plasmid encodes 
SpCas9, GFP, ampicillin resistance and puromycin resistance sequences, 
and BbsI restriction site. Next, the sgRNA sequence targeting the MMP9 
was synthesized using the technique described by Ran et al. These se-
quences have a high score, indicating a low probability of off-targets, as 
described by the author who developed the methodology that the authors 
use.23 The sgRNAs are from EXON 1 of MMP-9. Therefore, the final 
plasmid was constructed by inserting annealed oligo pairs 
5′-caccGGAAGGGTGGACTGGCGCTGTC-3′ and 5′-aaacGACAGCGCC 
AGTCCACCCTTCC-3′, ligated into the BbsI restriction site. Hereafter, a 
bacterial transformation of the px330-MMP9 plasmid was performed into 
Dh5α E.coli, with subsequent bacterial culture expansion in an 
ampicillin-containing medium, plasmid extraction, and validation through 
sequencing.

Transfection in T24 cells

Polymer-mediated transfection was conducted by seeding 2 × 105 

T24-Luc cells in a 6-well plate the day before transfection. A mixture 
containing pDNA (px330-MMP9 plasmid) and the Xfect™ transfection 
reagent (Takara Bio Inc., Shiga, Japan) was prepared following the 
manufacturer’s protocol. First, transfection was performed by adding 
7.5 µg plasmid to 100 µL of Xfect™ reaction buffer, followed by adding 
2.25 µL of Xfect™ polymer. Next, the solution was added to the 6-well 
plate cultures in the incubator at 37 ◦C for 4 h. After that, the culture 
medium was replaced. Transfection success was validated through GFP 
microscopy.

Proliferation and apoptosis assays by flow cytometry

In order to quantify the cellular proliferation and apoptosis after cell 
transfection, the Muse Cell Analyzer (Merck Millipore, Burlington, MA, 
USA) was used. After the transfection experiments, the cells were 
labeled with the Muse Ki67 Proliferation kit (MCH100114) and the 
Muse Annexin V & Cell Death kit (MCH100105), according to the 
manufactureŕs instructions.

Colony formation assay

The T24-Luc cells were cultured in 6 cm Petri dishes (300 cells/dish) 
and incubated at 37 ◦C and 5 % CO2 atmosphere for ten days, distributed 
in three groups (control, sgRNA1, and sgRNA2). Following incubation, 
the culture medium was removed, and the cells were washed with PBS 
and fixed with a 3:1 methanol/acetic acid solution for 5 min. Next, the 
cells were stained with a 5 % crystal violet solution. The observed colony 
area (µm2) was measured using ImageJ® software (https://imagej.nih. 
gov/ij).

RNA isolation and cDNA synthesis

According to the manufacturer’s protocol, RNA was extracted from 
cell cultures using the mirVana™ (Ambion, Austin, TX, USA) kit. Then, 
the purified samples were quantified using a spectrophotometer 
(Nanodrop DN-1000™, Thermo Scientific, Wilmington, DE, USA) and 
finally stored at −20 ◦C for future use.

Total RNA was diluted in nuclease-free water, constituting a total 
volume of 20 µL (50 ng/µL). Each reaction contained 4 µL of the RNA 
solution and 16 µL of the cDNA mix. RT reactions were performed using 
MultiScribe Reverse Transcriptase™ (Applied Biosystems, Foster City, 
CA, USA) enzyme. The reaction conditions were 25 ◦C for 10 min, 37 ◦C 
for 120 min, and 85 ◦C for 5 min. After the cycles, cDNA was stored at 
−20 ◦C until further use.

Quantitative real-time PCR (RT-qPCR) and gene expression

Expression levels of the MMP9 gene were analyzed by RT-qPCR using 
an ABI 7500 Fast Real-Time PCR System™ (Applied Biosystems, Foster 
City, CA, USA). The target sequence was amplified in a 10 µL reaction 
containing 5 µL of TaqMan Universal PCR Master Mix™ (Applied Bio-
systems, Foster City, CA, USA), 0.5 µL of the specific primer, 2.5 µL of 
nuclease-free water, and 2 µL of cDNA. The PCR reaction conditions 
were 2 min at 50 ◦C, 10 min at 95 ◦C, forty 15-second cycles at 95 ◦C, and 
1 min at 60 ◦C. In addition, a Human B2M (Beta-2-Microglobulin) assay 
(Applied Biosystems, Foster City, CA, USA) was used as an endogenous 
control. The experiments were performed in triplicate.

Western blotting

Control and transfected cells were harvested and lysed using the 
RIPA Lysis Buffer™ (Merck KGaA, Darmstadt, Germany) and then 
centrifuged at 11,000 rpm for 20 min at 4 ◦C. Next, protein concentra-
tion levels were measured by spectrophotometry (Nanodrop DN- 
1000™, Thermo Scientific, Wilmington, DE, USA) using the Pierce™ 

660 nm Protein Assay Reagent (Thermo Scientific, Wilmington, DE, 
USA), and the Laemmli buffer was added in a 1:2 proportion. The 
samples (50 µg/mL concentration) were run on a 10 % polyacrylamide 
gel at 80 V tension for 30 min and then 100 V for 90 min. After the gel 
run, the samples were transferred to a nitrocellulose membrane sub-
merged in a buffer solution under refrigeration and 120 V tension for 90 
min. Next, the membranes were blocked in 1 % BSA in TBS-T for 15 s. 
Next, antibody incubation was performed using the SNAP i.d.® Protein 
Detection System (Merck KGaA, Darmstadt, Germany) following the 
manufacturer’s protocol. Washed three times with TBS-T for 10 min, the 
blots were incubated with the secondary antibody following the same 
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protocol. The results were visualized using the Luminata™ Western HRP 
Chemiluminescence Substrates (Merck KGaA, Darmstadt, Germany). 
The Alliance 4.7 (Uvitec, Cambridge) detection device was used for 
image acquisition.

Wound healing cell scratch migration assay

105 T24-Luc cells were cultured in 12-well plates containing non- 
transfected and transfected cells. The experiment was performed in 
triplicate. After 24 h, a straight linear wound was made using a sterile 
200 µL micropipette tip to scratch the cell layer in each well. The dis-
tance between the two sides of the wound was measured and photo-
graphed at 0 h, 24 h, and 48 h. For each image, wound distance was 
measured using NIS Elements D 3.1 Software (Nikon). The migration 
distance was measured as a percentage of the initial distance at 0 h, 
based on measuring the area of risk using the formula: (A Initial – A 
Final)/(A Initial) × 100 = % wound closure/migration, where A is the 
measurement of the area between the edges of the scratch.24

Matrigel™ invasion assay

The Matrigel™ invasion assay was performed in a chamber system 
consisting of polycarbonate membrane inserts with 8 µm pores (BioCoat 
Matrigel Invasion Chamber ‒ BD Biosciences, USA) placed in 24-well 
insert companion plates. The inserts were coated with a thin layer of 
0.5 mg/mL Matrigel Basement Membrane Matrix (BD Biosciences, USA). 
The control (non-transfected) and the transfected T24-Luc cells (1 × 105 

in 750 µL of growth medium without FBS) were placed in the upper 
chamber, and 1 ml of growth medium containing 10 % FBS was placed 
in the lower chamber. The cells were incubated at 37 ◦C and allowed to 
invade through the Matrigel™ layer for 24 h. After incubation, the insert 
membranes were fixed with 75 % methanol. Next, the cells on the upper 
surface were removed with cotton-tipped swabs, and the invading cells 
on the lower surface were stained with 0.5 % crystal violet containing 20 
% methanol. Finally, the stained cells were counted under an inverted 
microscope (10 fields per membrane). Each experiment was performed 
in triplicate.

Statistical analysis

The statistical analyses were performed using GraphPad Prism 9.0 
(GraphPad Software, CA, USA). Data was presented by mean ± SD 
(Standard Deviation) for quantitative variables. The Shapiro-Wilk test 
was used to assess the normality of the data. Student́s t-test and ANOVA 

test with Bonferroni correction (three or more groups) were used for 
group comparisons, except for the colony formation assay, where the 
Kruskal-Wallis test was used. The level of statistical significance was set 
to 5 % (p ≤ 0.05).

Results

MMP-9 knockout effect on cell proliferation and apoptosis

Apoptosis analysis by flow cytometry showed that MMP-9 suppres-
sion after T24-Luc cell transfection caused a significant increase in the 
apoptosis rate for both sgRNAs (Control: 26.02 ± 2.31 vs. G1: 61.43 ±
9.68/G2: 44.05 ± 2.41; p = 0.001/ p = 0.029) (Fig. 1A). Meanwhile, the 
downregulation of MMP-9 significantly inhibited cell proliferation only 
when sgRNA2 was used, as shown in the proliferation assay (Control: 
90.69 ± 0.83 vs. G1: 92.44 ± 1.61/G2: 80.02 ± 3.24; p > 0.05/ p =
0.002) (Fig. 1B). The colony formation capability of T24 cells was 
reduced after transfection for both sgRNAs (Control: 595,581 ± 400,139 
vs. G1: 381,569 ± 206,747 vs. G2: 292,617 ± 177,554; p < 0.05) 
(Fig. 2).

Inhibition of MMP-9 expression by CRISPR/Cas9

A total of two sgRNAs (sgRNA1 and sgRNA2) targeting MMP-9 were 
designed and inserted into the px-330 plasmid as previously described. 
Their effects on MMP-9 expression were determined by RT-qPCR after 
transfection. While sgRNA1 exhibited an increase in MMP-9 RNAm 
expression, sgRNA2 showed a knockdown effect on MMP-9 expression 
levels in T24-Luc cells compared to non-transfected control cells 
(Fig. 3A). In addition, the authors verified the protein expression levels 
of MMP-9 using western blotting. The results showed a significant 
reduction in protein expression for both sgRNAs (Fig. 3B).

Inhibition of cell migration and invasion

The authors conducted migration and invasion assays to evaluate the 
effect of MMP-9 knockdown on T24-Luc cell functions. Downregulation 
of MMP-9 expression successfully inhibited cell mobility, as shown by 
significant wound closure retardation (Table 1) (Fig. 4). In addition, 
T24-Luc invasion capability was also significantly impaired after 
transfection (G1: 32.33 ± 7.57 vs. Control: 69.33 ± 16.01; p = 0.015) e 
(G2: 18.0 ± 4.58 vs. Control: 69.33 ± 16.01; p = 0.003), as shown in the 
MatrigelTM Invasion Assay (Fig. 5).

Fig. 1. Effect of MMP-9 downregulation by CRISPR/Cas9 in flow cytometry assays with T24-Luc cells. (A) Percentage of apoptotic cells in control, sgRNA1 (G1), and 
sgRNA2 (G2) groups. (B) Percentage of proliferating cells in control, sgRNA1 (G1), and sgRNA2 (G2) groups. The p-values obtained from the statistical analysis are 
displayed above the bars in each panel. The error bar corresponds to the standard deviation of the sample (two-column fitting).
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Discussion

The present study examined the effects of reducing MMP-9 expres-
sion in T24-Luc bladder cancer cells using the CRISPR-Cas9 genome 
editing technique in an in vitro experimental setting. To investigate the 
functions of MMP-9 in T24 cells, the authors designed two sgRNAs 
targeting exon 1 of the MMP-9 gene. Transfection of T24-Luc cells with 
CRISPR-Cas9-sgRNA plasmids resulted in targeted genome-specific DNA 
cleavage, suppressing MMP-9 expression in vitro, decreasing cell sur-
vival and proliferation, and inhibiting cell migration and invasion, as 
verified by wound healing cell scratch migration assays and Matrigel™ 

invasion assays. In the MMP-9 gene expression graph, the authors 
observed an increase in MMP-9 gene expression using sgRNA1, and this 
increase was not seen in samples edited with sgRNA2. However, this 
same increase in protein expression was not seen; only a decrease in 
MMP-9 was seen in both edited samples compared to controls. Similar 
results were seen in another study by the studied group.25 The authors 
believe that this is a compensatory mechanism of the cell, in an attempt 

to increase the gene expression of MMP-9, already edited, to reestablish 
protein expression, compromised by the CRISPR technique. The authors 
did not find an absence of gene expression in all cases, because the cell 
can generate non-functional mRNA, but the sensitivity of the qPCR 
technique is capable of detecting it. Therefore, the authors suggest that 
this elevated MMP-9 gene expression is not from functional mRNA, 
based on the protein expression results.

MMP-9 is a 92-kDa gelatinase with proteolytic activity on collagen 
type IV.26 Its ECM activity interacts with many other targets, such as 
growth factors, cytokines, and chemokines, which in turn activate mo-
lecular pathways involved in cellular growth, invasion, inflammation, 
migration, and angiogenesis.27 MMP-9 activity is observed in many 
metastatic tumors, such as breast, esophageal, gastric, and prostate 
cancers.16,17 Several studies have demonstrated that MMP-9 is overex-
pressed in CaB patients compared with normal urothelial tissue20,26,27

and may be correlated to clinical prognostic factors such as high tumor 
pathological grade and size, stage, and progression.19,28,29 Moreover, 
several regulator proteins, growth factors, and cytokines, like IFN-γ, 
EGF, and TNF, exert their oncogenic effect by upregulating MMP-9,30-33

suggesting its central role in cancer progression. In a previous study, 
non-metastatic bladder cancer cells transfected with IL-8 exhibited 
increased MMP-9 expression and invasive potential. Increased tumori-
genicity and metastatic potential were detected when these cells were 
implanted into mice bladders, suggesting that upregulation of MMP-9 
may induce invasive tumor growth and metastasis.34 In a similar 
experimental setting, the embryonic stem cell markers Oct-3/4 were 
also shown to increase MMP-9 expression, leading to the enhanced 

Fig. 2. Colony formation assay. Compared to the control, lower colony formation capacity is observed in transfected T24-Luc cells. The p-values obtained from the 
statistical analysis are displayed above the bars in each panel. The error bar corresponds to the standard deviation of the sample (two column fitting).

Fig. 3. MMP-9 expression inhibition by CRISPR/Cas9. (A) After 24 h transfection, the cells were collected, and the level of MMP-9 expression was measured by RT- 
qPCR. No MMP-9 expression was detected using sgRNA2. (B) Western blotting for MMP-9 protein expression in T24 cells transfected with sgRNA 1 and sgRNA 2 
plasmids. Low MMP-9 protein expression is observed for both sgRNAs (two-column fitting).

Table 1 
% Wound closure area at 24 h and 48 h.

% Wound closure area
Control G1 (sgRNA1) G2 (sgRNA2) p (Ctrl vs. G1/G2)

24h 76.90 ± 10.3 58.97 ± 3.41 41.79 ± 11.38 0.041 / <0.001
48h 91.81 ± 1.44 79.47 ± 1.99 55.91 ± 9.43 0.025 / <0.001
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invasive and metastatic potential of bladder cancer cells.35 Another 
study demonstrated that MMP-9 activity reduction by abolishing the 
binding activity of essential transcription factors resulted in migration 
and invasion reduction in T24 cells.36 Similarly, downregulation of 
EMMPRIN (an extracellular MMP inducer, also known as CD147 re-
presses MMP-9 expression, leading to decreased proliferation, migra-
tion, and invasion of bladder cancer cells.37 Therefore, MMP-9 is a 
potential diagnostic and prognostic biomarker, as well as a candidate for 
targeted therapeutic approaches.

Although the present findings are encouraging, some limitations 
should be acknowledged. The authors did not explore in detail the 
downstream molecular pathways related to MMP-9 suppression, nor did 
they conduct off-target analyses to exclude unintended CRISPR/Cas9 
effects. Moreover, the absence of in vivo experiments and the variability 
observed in some assays restricts a broader translational interpretation 
of the results. Nonetheless, these limitations do not diminish the rele-
vance of this study, which provides novel insights into the potential of 
CRISPR/Cas9-mediated MMP-9 silencing as a promising strategy to 
impair bladder cancer cell migration and invasion in vitro, paving the 
way for future mechanistic and preclinical investigations.

To our knowledge, the present study represents the first use of the 
CRISPR-Cas9 genome editing tool to perform MMP-9 knockout in 
bladder cancer cells and analyze its effects on bladder cancer cells. The 
present results were consistent with previous experimental studies 
aiming at MMP-9 inhibition or downregulation. For example, Dufour 
et al. developed a peptide that mimics the MMP-9 PEX domain blade IV, 
which reduced cell migration by blocking the requisite dimerization of 
MMP-9.38 More recently, the same group developed a low molecular 
weight compound that specifically binds to the PEX domain of MMP-9 
and abolishes its homodimerization, blocking the CD44-AGFR-MAKP 
signaling pathway38 and thus interfering with MMP-9-mediated cancer 
cell proliferation, migration, and invasion.39 However, clinical trials 
focusing on MMP inhibitors showed no significant anti-tumor ef-
fects40-42 while presenting relevant adverse side effects.42 The initial 
therapeutic concept that general unspecific systemic inhibition of a 
broad spectrum of MMPs might significantly improve survival is too 
simplistic, as it does not consider the physiologic and 
non-ECM-degrading effects of MMP inhibition. Thus, theoretically, the 
high specificity and efficacy of CRISPR-Cas9 in blocking MMP-9 
expression associated with tumor-specific transfection vectors may 

Fig. 4. Wound healing assay. (A) Wound healing assay images were obtained by optical microscopy with a 10 × objective for the 24 h and 48 h times for both 
sgRNA1 and sgRNA2 and Control groups. (B) Decreased cell migration of T24 cells transfected with sgRNA1 (G1) and sgRNA2 (G2) compared to Control after 24 h 
and 48 h. The p-values obtained from the statistical analysis are displayed above the bars in each panel. The error bar corresponds to the standard deviation of the 
sample (two-column fitting).

Fig. 5. Matrigel™ invasion assay. A reduced average rate of cells invading the membrane post-transfection with sgRNA1 and sgRNA2, visualized at 10 × objective, is 
observed compared to the control. The p-values obtained from the statistical analyses are displayed above the bars in each panel. The error bar corresponds to the 
standard deviation of the samples (two-column fitting).
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minimize the high volume of side effects observed with systemic MMP 
inhibitors. The studies cited, which minimized the expression of MMP-9, 
showed results but demonstrated limitations in inhibition, which were 
partial and lasted only for a short period of time. CRISPR-Cas9 is a recent 
and revolutionary technique, as it is possible to perform gene editing 
specifically in the region of interest, which in this study was MMP-9, and 
evaluate the evolution of the tumor for a longer period, without stim-
ulating all the adjacent effects of current treatments. Multiple treat-
ments are not necessary to evaluate the effects of inhibition. With few 
transfections, it is possible to perform permanent gene editing. We 
observed, with greater precision, that the absence of MMP-9, using the 
CRISPR-Cas9 technique, can minimize the migration and invasion ca-
pacity of edited cells, as well as increase the rate of total apoptosis, in 
relation to cells that normally express MMP-9. In addition, the possi-
bility of intravesical therapy administration in BCa patients may also 
reduce the potential adverse effects.

Conclusions

The present study demonstrated that inhibiting MMP-9 expression 
using the CRISPR-Cas9 genome editing technique is feasible and can 
successfully impair T24 bladder cancer cell migration and invasion ca-
pacities in vitro. It also corroborates the MMP-9 role in cancer cell 
migration and invasion processes. Thus, MMP-9 has an important effect 
on the progression of bladder cancer.
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Pimenta, R: Formal Analysis. Guimarães, V.R: Methodology. Candido, P: 
Methodology. Romão, P: Methodology. Leite, K.R.M: Project adminis-
tration; supervision. Nahas, W.C: Supervision, visualization. Sabrina 
Reis: Conceptualization, supervision, visualization, writing-review & 
editing.

Funding

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Ethical approval and consent to participate

The manuscript does not require consent to participate as it does not 
have experiments with human and animal samples.

Declaration of competing interest

The authors declare no conflicts of interest.

Acknowledgements

None.

Data availability

The datasets used and/or analyzed during the current study are 
available to the corresponding author on reasonable request.

References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global 

Cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209–249.

2. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin. 
2023;73(1):17–48.

3. Babjuk M, Burger M, Capoun O, Cohen D, Compérat EM, Dominguez Escrig JL, et al. 
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The effect of gene editing by CRISPR-Cas9 of miR-21 and the indirect target MMP9 
in metastatic prostate cancer. Int J Mol Sci. 2023;24(19).

26. De Groef L, Van Hove I, Dekeyster E, Stalmans I, Moons L. MMPs in the neuroretina 
and optic nerve: modulators of glaucoma pathogenesis and repair? Invest Ophthalmol 
Vis Sci. 2014;55(3):1953–1964.

27. Bauvois B. New facets of matrix metalloproteinases MMP-2 and MMP-9 as cell 
surface transducers: outside-in signaling and relationship to tumor progression. 
Biochim Biophys Acta. 2012;1825(1):29–36.

28. Wu GJ, Bao JS, Yue ZJ, Zeng FC, Cen S, Tang ZY, et al. Elevated expression of matrix 
metalloproteinase-9 is associated with bladder cancer pathogenesis. J Cancer Res 
Ther. 2018;14(Supplement):S54–SS9.

29. Gunes M, Kemik AS, Pirincci N, Gecit I, Taken K, Yuksel MB, et al. Preoperative 
levels of matrix metalloproteinase-7 and -9 and tissue inhibitor of matrix 
metalloproteinase-1 relation to pathologic parameters in bladder carcinoma 
patients. Asia Pac J Cancer Prev. 2013;14(2):873–876.

30. Nutt JE, Durkan GC, Mellon JK, Lunec J. Matrix metalloproteinases (MMPs) in 
bladder cancer: the induction of MMP9 by epidermal growth factor and its detection 
in urine. BJU Int. 2003;91(1):99–104.

F.P. Gallucci et al.                                                                                                                                                                                                                              Clinics 80 (2025) 100842 

6 

http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0001
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0001
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0001
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0002
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0002
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0003
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0003
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0003
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0004
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0004
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0004
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0005
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0005
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0005
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0006
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0006
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0006
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0006
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0007
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0007
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0007
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0008
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0008
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0008
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0008
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0009
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0009
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0009
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0009
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0010
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0010
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0010
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0011
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0011
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0011
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0012
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0012
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0012
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0013
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0013
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0013
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0014
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0014
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0015
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0015
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0016
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0016
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0016
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0017
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0017
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0017
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0018
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0018
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0018
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0018
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0019
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0019
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0019
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0020
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0020
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0021
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0021
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0021
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0022
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0022
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0022
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0023
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0023
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0024
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0024
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0024
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0025
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0025
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0025
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0026
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0026
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0026
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0027
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0027
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0027
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0028
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0028
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0028
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0029
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0029
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0029
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0029
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0030
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0030
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0030


31. Shin KY, Moon HS, Park HY, Lee TY, Woo YN, Kim HJ, et al. Effects of tumor 
necrosis factor-alpha and interferon-gamma on expressions of matrix 
metalloproteinase-2 and -9 in human bladder cancer cells. Cancer Lett. 2000;159(2): 
127–134.

32. Ongusaha PP, Kwak JC, Zwible AJ, Macip S, Higashiyama S, Taniguchi N, et al. HB- 
EGF is a potent inducer of tumor growth and angiogenesis. Cancer Res. 2004;64(15): 
5283–5290.

33. Lee SJ, Park SS, Cho YH, Park K, Kim EJ, Jung KH, et al. Activation of matrix 
metalloproteinase-9 by TNF-alpha in human urinary bladder cancer HT1376 cells: 
the role of MAP kinase signaling pathways. Oncol Rep. 2008;19(4):1007–1013.

34. Inoue K, Slaton JW, Kim SJ, Perrotte P, Eve BY, Bar-Eli M, et al. Interleukin 8 
expression regulates tumorigenicity and metastasis in human bladder cancer. Cancer 
Res. 2000;60(8):2290–2299.

35. Chang CC, Shieh GS, Wu P, Lin CC, Shiau AL, Wu CL. Oct-3/4 expression reflects 
tumor progression and regulates motility of bladder cancer cells. Cancer Res. 2008; 
68(15):6281–6291.

36. Kim H, Roh Y, Yong Park S, Lee C, Lim S, Cho S, et al. In vitro and in vivo anti-tumor 
efficacy of krill oil against bladder cancer: involvement of tumor-associated 
angiogenic vasculature. Food Res Int. 2022;156, 111144.

37. Xue YJ, Lu Q, Sun ZX. CD147 overexpression is a prognostic factor and a potential 
therapeutic target in bladder cancer. Med Oncol. 2011;28(4):1363–1372.

38. Dufour A, Zucker S, Sampson NS, Kuscu C, Cao J. Role of matrix metalloproteinase-9 
dimers in cell migration: design of inhibitory peptides. J Biol Chem. 2010;285(46): 
35944–35956.

39. Dufour A, Sampson NS, Li J, Kuscu C, Rizzo RC, Deleon JL, et al. Small-molecule 
anticancer compounds selectively target the hemopexin domain of matrix 
metalloproteinase-9. Cancer Res. 2011;71(14):4977–4988.

40. Pavlaki M, Zucker S. Matrix metalloproteinase inhibitors (MMPIs): the beginning of 
phase I or the termination of phase III clinical trials. Cancer Metastasis Rev. 2003;22 
(2–3):177–203.

41. Nemunaitis J, Poole C, Primrose J, Rosemurgy A, Malfetano J, Brown P, et al. 
Combined analysis of studies of the effects of the matrix metalloproteinase inhibitor 
marimastat on serum tumor markers in advanced cancer: selection of a biologically 
active and tolerable dose for longer-term studies. Clin Cancer Res. 1998;4(5): 
1101–1109.

42. Coussens LM, Fingleton B, Matrisian LM. Matrix metalloproteinase inhibitors and 
cancer: trials and tribulations. Science. 2002;295(5564):2387–2392.

F.P. Gallucci et al.                                                                                                                                                                                                                              Clinics 80 (2025) 100842 

7 

http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0031
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0031
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0031
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0031
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0032
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0032
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0032
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0033
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0033
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0033
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0034
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0034
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0034
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0035
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0035
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0035
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0036
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0036
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0036
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0037
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0037
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0038
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0038
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0038
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0039
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0039
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0039
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0040
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0040
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0040
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0041
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0041
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0041
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0041
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0041
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0042
http://refhub.elsevier.com/S1807-5932(25)00260-1/sbref0042

	CRISPR/Cas9–mediated MMP-9 silencing inhibits bladder cancer T24 cell invasion and migration in vitro
	Introduction
	Materials and methods
	Cell culture
	Plasmid construction
	Transfection in T24 cells
	Proliferation and apoptosis assays by flow cytometry
	Colony formation assay
	RNA isolation and cDNA synthesis
	Quantitative real-time PCR (RT-qPCR) and gene expression
	Western blotting
	Wound healing cell scratch migration assay
	Matrigel™ invasion assay
	Statistical analysis

	Results
	MMP-9 knockout effect on cell proliferation and apoptosis
	Inhibition of MMP-9 expression by CRISPR/Cas9
	Inhibition of cell migration and invasion

	Discussion
	Conclusions
	Authors’ contributions
	Funding
	Ethical approval and consent to participate
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


