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Abstract: Membrane type 1 matrix metalloproteinase (MT1-MMP) has been shown to be crucial
for tumor angiogenesis, invasion, and metastasis, and thus MT1-MMP is a high priority target for
potential cancer therapies. To properly evaluate MT1-MMP inhibitors, a screening protocol is desired
by which enzyme activity can be quantified in a tumor microenvironment-like model system. In the
present study, we applied a fluorogenic, collagen model triple-helical substrate to quantify MT1-MMP
activity for tumor spheroids embedded in a collagen hydrogel. The substrate was designed to be
MT1-MMP selective and to possess fluorescent properties compatible with cell-based assays. The
proteolysis of the substrate correlated to glioma spheroid invasion. In turn, the application of either
small molecule or protein-based MMP inhibitors reduced proteolytic activity and glioma spheroid
invasion. The presence of MT1-MMP in glioma spheroids was confirmed by western blotting. Thus,
spheroid invasion was dependent on MT1-MMP activity, and inhibitors of MT1-MMP and invasion
could be conveniently screened in a high-throughput format. The combination of the fluorogenic,
triple-helical substrate, the three-dimensional tumor spheroids embedded in collagen, and Hit-Pick
software resulted in an easily adaptable in vivo-like tumor microenvironment for rapidly processing
inhibitor potential for anti-cancer use.

Keywords: membrane type 1 matrix metalloproteinase; glioblastoma; spheroid; cell-based high-throughput
screening; triple helix; collagen; FRET assay

1. Introduction

Malignant gliomas, including glioblastoma multiforme (GBM) and astrocytomas, are
the most common primary brain tumors in the United States [1] and make up 78% of
malignant brain tumors [2]. Although relatively rare, particularly in the United States,
malignant brain tumors exhibit a disproportionate cancer mortality due to their high
fatality rates [3], where, on average, only one-third of individuals survive at least five years
after diagnosis [4]. Membrane type 1 matrix metalloproteinase (MT1-MMP, also known
as MMP-14) has been shown to be crucial for the progression, invasion, migration, and
angiogenesis of tumors [5–7]. MT1-MMP belongs to a subset of zinc-dependent membrane-
anchored MMPs able to degrade the basement membrane and proteins of the extracellular
matrix (ECM) [8], cell adhesion molecules, cytokines, growth factors, and receptors [9].
Its expression also correlates with tumor grade and is associated with reduced survival
in glioma patients [10–14]. Therefore, many studies have highlighted the potential of
MT1-MMP as a therapeutic target in a variety of cancers [15,16].

Invasion is considered one of the main hallmarks of cancer [17,18] and is the result of the
continuous interaction between tumor cells and the surrounding microenvironment [17–19].
When glioma cells invade through the brain parenchyma, they establish contact with
molecules of the ECM and components of the basement membrane. As part of this pro-
cess, surface proteases, such as MT-MMPs, are recruited at the focal contacts with the
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ECM where they either directly or indirectly (through the activation of soluble MMPs)
degrade and remodel the surrounding ECM, favoring invasion [20]. For many years, the
simplest model to study cell motility, especially with respect to cell-ECM interactions,
consisted of culturing cells in a two-dimensional (2D) monolayer on glass, plastic slides,
or microplates [21]. ECM components were used either as a coating or solubilized in the
medium, and the assay involved the observation of motility [21]. Despite the simplicity of
the model, there were numerous limitations [21]; specifically, the assay monitored motility
and not invasion [22]. It also did not take into account the fact that cells in monolayers be-
have differently than cells cultured in a three-dimensional (3D) manner [23,24]. Because of
this limitation, newer, more advanced cell models have been developed to better mimic the
in vivo cell environment. A particular model showing promise incorporates round-bottom
spheroid microplates where tumor specific primary cells, or cultured cell lines, are added to
plate wells. Following aggregation, the 3D tumor models are embedded in a hydrogel, such
as collagen, Matrigel, etc., and allowed to invade into the ECM. This type of model allows
for more complex development that more closely mimics tumor development [25,26] and
gives rise to tumors resembling the in vivo invasion pattern of the tumor of origin [25,26].
It has also been demonstrated that this 3D invasion model led to the increased produc-
tion of matrix degrading enzymes, such as MMPs [27,28], and was more predictive of
therapy response [26,29].

In the present study, multiple glioma cell lines were formed into tumor spheroids,
followed by the addition of type I collagen. The FAM-fTHP-9 substrate was utilized to
monitor MT1-MMP activity. FAM-fTHP-9 is a fluorescently labeled collagen model syn-
thetic triple-helical peptide substrate designed to be preferentially targeted and degraded
by MT1-MMP [30]. A variety of known MT1-MMP inhibitors were then added to the wells
to potentially inhibit the invasion of the spheroids. During the procedure, all control and
test wells were read and the signal from the cleaved substrate was quantified. Uninhibited
invasion within positive control wells exhibited high fluorescence values. Therefore, a
“Hit Pick” criteria was established wherein any wells containing test molecules that were
statistically lower in fluorescent signal than the average from the corresponding positive
control, and therefore were expected to exhibit inhibited invasion, were imaged. Those
wells that were not significantly lower were not imaged. To evaluate the general utility of
this approach, melanoma spheroids were also examined.

2. Materials and Methods

A-172 glioblastoma cells (catalog # CRL-1620), H4 astrocytoma cells (catalog # HTB-148),
SW 1088 astrocytoma cells (catalog # HTB-12), U-87 glioblastoma cells (catalog # HTB-14),
WM-266-4 metastatic melanoma cells (catalog # CRL-1676), and WM115 primary melanoma
cells (catalog # CRL-1675) were obtained from ATCC (Manassas, VA, USA). Type I collagen
solution from rat tail (catalog # C3867), collagenase D (catalog # COLLD-RO), and marima-
stat (catalog # M2699) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hyclone
Fetal Bovine Serum (catalog # SH3007103) was sourced from GE Healthcare LifeSciences
(Piscataway, NJ, USA). Penicillin-streptomycin (100×) (catalog # 15140-122), collagenase
D (catalog # NC1578589), and Hepes, 1 M (catalog # 15630-080) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Recombinant MMP-14 (catalog # 918-MP),
aprotinin (catalog # 4139), and recombinant human TIMP-2, CF (catalog # 971-TM) were
purchased from R&D Systems (Minneapolis, MN, USA). 96-Well Black/clear round bottom
ultra-low attachment spheroid microplates (catalog # 4515) were purchased from Corning
Life Sciences (Corning, NY, USA). Cell culture materials were purchased from Fischer Scientific
(Pittsburgh, PA, USA). FAM-fTHP-9 (sequence Gly-Pro-Hyp)5-Gly-Pro-Lys(Fam)-Gly-
Pro-Gln-Gly~Cys(Mob)-Arg-Gly-Gln-Lys(Dabycl)-Gly-Val-Arg-(Gly-Pro-Hyp)5-NH2) was
synthesized and characterized as previously described [31].

The concentration of FAM-fTHP-9 was determined using a Nanodrop (Thermo Fisher
Scientific) with an absorbance measuring at λ = 493 nm. The substrate was subsequently
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prepared as 40 and 80 µM stock solutions in Tris Salt buffer (TSB) (50 mM Tris, 100 mM NaCl,
10 mM CaCl2, 0.05% Brij-35, pH 7.5).

A-172, H4, and WM115 were incubated in a 5% CO2 incubator at 37 ◦C and were
maintained in tissue culture-treated T-75 flasks (Thermo Fisher Scientific) in Dulbecco’s Modi-
fication of Eagle’s Medium (DMEM) (Fisher Scientific) supplemented with heat-inactivated
1% fetal bovine serum (FBS), 1% penicillin-streptomycin, and sodium pyruvate (1×).
U-87 and WM266 were incubated similarly and maintained in Eagle’s Minimal Essen-
tial Medium (EMEM) (Fisher Scientific) supplemented with heat-inactivated 1% FBS,
1% penicillin-streptomycin, and sodium pyruvate (1×). Heat inactivation was performed
at 56 ◦C for 30 min in a water bath with occasional shaking [32]. SW1088 was incubated
in a 0% CO2 incubator at 37 ◦C and maintained in L-15 media. The cell lines were split or
passaged between 70–90% confluency. Cell passaging was preformed at regular intervals of
passaging every 4 d. Cells were detached by washing with 1× phosphate-buffered saline
solution (FBS), then PBS was removed from the flask. A dissociating agent, 1× TrypLE Ex-
press Enzyme (Thermo Fisher Scientific), was added to the flask and incubated for 3–5 min
to detach the cells. TrypLE was deactivated by adding a 1:1 ratio of complete DMEM to
the flask. The cell suspension was then diluted to each cell line’s respective subcultiva-
tion ratio (as recommended by ATCC) with completed media and added to a new cell
culture flask.

Cell counts were obtained from cell suspensions using Trypan Blue (Thermo Fisher
Scientific). A combination of Trypan Blue and the cell suspension were mixed in a 1:1 ratio
and then transferred into a cell counting chamber slide for the cells to be counted using a
Countess™ II Automated Cell Counter (Thermo Fisher Scientific). Each cell line suspension
was prepared at a concentration of 50,000 cells/mL using the detached cells and complete
DMEM. The prepared suspensions were then seeded into Corning 4515 96-Well Ultra-Low
Binding, U-Shaped Bottom microplates at 200 µL/well in order to form a single spheroid
per well. The spheroids were observed after the cells were incubated for at least 72 h in
5% CO2 at 37 ◦C. After individual spheroids were formed, 150 µL of media was removed
from each well and the individual spheroids were then embedded in 96-well microplates
containing 150 µL per well of Advanced Biomatrix PURECOL EZ GEL solution of type
I collagen (where this solution contained 750 mL of stock collagen solution, 250 mL of
cell type-appropriate complete media, and 30 mL of 1 M HEPES). The plate was then
incubated for at least 1 h to allow the collagen to congeal. Pictures were taken at time zero
and at several time points to display the growing presence and amount of invadopodia
over time.

A test for fluorescence intensity was conducted to confirm that one can detect FAM-
fTHP-9 cleavage in spheroids embedded in type I collagen. Two broad spectrum MMP
inhibitors (marimastat and aprotinin) were added to wells as a treatment. Marimastat
was added at a final concentration of 400 µM, and aprotinin was added at a final con-
centration of 4 µM. Wells treated with these inhibitors were allowed to incubate for 1 h
in 5% CO2 at 37 ◦C. After incubation, FAM-fTHP-9 was thoroughly mixed with type I
collagen before embedding the spheroids in the collagen. FAM-fTHP-9 was prepared in
two concentrations: 80 µM of the substrate was added to wells containing spheroids embed-
ded in collagen, while 40 µM of substrate was added to wells containing spheroids in media
only. Fluorescence was monitored continuously on a Cytation 5 Microplate Reader (BioTek,
Winooski, VT, USA), using λexcitation = 485 nm and λemission = 528 nm, at 37 ◦C for 36 h.
Measurements were reported in relative fluorescence units (RFUs).

A-172 glioma spheroids and WM115 melanoma spheroids were treated with 150 µL
(diluted in a 1:3 ratio with PBS) of type I collagen per well and allowed to incubate for
72 h in a 5% CO2 incubator. The spheroids pretreated with collagen were then exposed
to collagenase D, 100 µL/well. The plate was then incubated for 2 h in a Cytation 5 plate
reader (BioTek) that provided orbital shaking in 15 min intervals.

Cell viability was determined by CellTiter-Glo® 3D Cell Viability Assay (Promega;
Maddison, WI, USA) as per the manufacturer’s instructions. For western blot analysis,
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lysate was collected as follows. Seventy-two hours after collagen embedding, 100 µL of
collagenase was added to each collagen-containing well for 2 h at 37 ◦C with orbital shaking
on the Citation 5. Six spheroids were then pooled together and rinsed with phosphate-
buffered saline (PBS). For cell lysis, the buffer consisted of 10 mM Tris•HCl, 150 mM NaCl,
1 mM EDTA, and 1% Triton X-114 supplemented with 1 mM PMSF (Sigma-Aldrich) and 1X
Protease Inhibitor Cocktail III (Thermo Scientific). Lysis was achieved at a concentration of
500,000 cells/100 µL incubated at 4 ◦C for 1 h with mild agitation. The resulting supernatant
was used for western blot analysis.

Western blotting was performed as follows. The total protein concentration was
determined using the Bradford method. Twenty µg of each sample was resolved in a
10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Thermo Scientific).
The total protein content present on the membrane was determined using the Revert
700 Total Protein Stain for western blot normalization (LICOR, Lincoln, NE, USA). The
membranes were blocked with PBS containing 5% nonfat dried milk and 0.05% Tween 20
and then incubated overnight at 4 ◦C with either a recombinant monoclonal rabbit anti-
human MT1-MMP antibody (Abcam, Cambridge, UK) or a polyclonal rabbit anti-human
MT1-MMP antibody (Sigma-Aldrich) at a concentration of 1:1000. The membrane was then
washed with PBST followed by 1.5 h incubation with IRDye 800CW donkey anti-rabbit
IgG secondary antibody (LICOR). Afterwards, the wash step was repeated and the image
acquired using LICOR’s Odyssey imaging system.

Cells were harvested in a final concentration of 5.0 × 104 cells/mL for each cell type in
complete DMEM. After dispensing 200 µL of cell suspension into appropriate microplate
wells, the microplates were incubated at 37 ◦C/5% CO2 for 72 to 96 h, depending on cell
type, to allow cells to aggregate into tumoroids. Upon completion of tumoroid formation,
80–90% of complete medium was manually removed from each well, and the tumoroid plate
placed on ice in a refrigerator for 5 min to cool the cells. Collagen matrix was then thawed
on ice. Once thawed, a working solution was then created such that every 1 mL contained
750 µL of stock collagen solution, 250 µL of complete cell type appropriate complete media,
and 30 µL of 1 M HEPES. With the plate still on ice, 150 µL of collagen working solution
was added to each well of the spheroid microplates. The microplate was centrifuged
at 300× g for 5 min in a swinging bucket centrifuge that was previously set to 4 ◦C
for tumoroid positioning, then transferred to a 37 ◦C/5% CO2 incubator for one hour to
initiate gel formation.

Following gel formation, microplates were removed from the incubator and an equal
volume of cell specific complete media added to the wells, with or without test inhibitors.
The final concentrations of inhibitors were 400 µM marimastat, 4 µM aprotinin, and
30 µM TIMP-2. The plates were once again placed back into the incubator for 1 h. Finally,
FAM-fTHP-9 was added to each well at a final concentration of 5 µM. Upon the addition
of FAM-fTHP-9, spheroid plates used to test the ability to kinetically track fluorescent
substrate signal and tumoroid invasion were placed into the Cytation 5. A discontinuous
kinetic procedure was created to both detect the green fluorescent signal from each well us-
ing the Cytation 5′s variable bandwith monochromators in addition to capturing tumoroid
images using the brightfield transmitted light imaging channel. Reading and imaging were
carried out every 6 h over a 48-h time period.

Following the addition of inhibitor molecules and substrate, as previously described,
spheroid plates were placed into a tissue culture incubator for an additional 48 h. At the
end of the incubation period, the plates were transferred into the Cytation 5 to perform
the Hit Pick experiment [33]. The automated procedure consisted of three steps. In the
first step, a fluorescence intensity read was carried out on all appropriate wells of the
plate for the cell type being tested with the Cytation 5′s monochromators. Settings for
the monochromators were the same as those used for the kinetic reading and imaging
experiments. By selecting “Define statistic” in the Hit Pick step window, a statistically
defined criteria was then determined to trigger test well imaging. The average and standard
deviation of the signal from untreated, positive control wells, which should exhibit the
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highest amount of FAM-fTHP-9 cleavage and the therefore highest signal for each cell
type, were automatically calculated by Gen5. The criteria were then set such that that the
signal from inhibitor test wells had to be greater than two standard deviations below the
average signal from the control wells. If the signal was lower than the cutoff criteria, the
test well was imaged. If the signal did not meet the criteria, the well was left unimaged.
In the final part of the Hit Pick procedure, an imaging step was carried out to discern the
level of tumoroid invasion following compound incubation using the brightfield imag-
ing channel. The same imaging settings were used as those for the kinetic reading and
imaging experiments.

Individual image tiles from each z-plane captured using the one-by-two montage
were then stitched together. A single image projection was then created from the 16 slice
stitched z-stack. The focus stacking method was chosen, which automatically selects the
most in-focus pixel from each image in the stack for inclusion in the final projection. This
allows for a most accurate analysis to be carried out on each invading tumoroid at each
timepoint. A signal background removal step was then applied to the stitched, projected
images. This served to even out the background brightfield signal and increase the accuracy
in terms of cellular analysis mask placement. Following image processing, primary cellular
analysis criteria were applied using the brightfield channel to automatically place object
masks around the entire invading structure in each final image.

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software,
Boston, MA, USA). Conditions were tested in triplicates or quadruplicates. An unpaired
student t-test was performed to compare statistical differences between two treatment
groups (spheroids in free media and spheroids pretreated with collagen then degraded
with Collagenase D). Values associated with p ≤ 0.05 were considered significant.

3. Results
3.1. Evaluation of FAM-fTHP-9 Signal Detection

We first examined whether the signal emanating from the cleaved FAM-fTHP-9 sub-
strate could be detected by the monochromators of the Cytation 5. In addition, it was
also imperative that the cleaved substrate signal be statistically greater than that detected
from wells containing no substrate. To this end, U-87 glioblastoma spheroids were used
as a test cell line for assay development. FAM-fTHP-9 was added to wells containing
U-87 spheroids. No inhibitory compound was added to these wells. In this manner, the
maximum amount of MT1-MMP activity should have been generated in the wells, leading
to the largest concentration of cleaved substrate and highest possible fluorescent signal
being emitted. Negative control wells were also set up where no substrate was added to
uninhibited wells containing U-87 tumoroids. The signal from all wells was then quantified
every 6 h over a 36-h period.

When the average signal from positive control wells, containing substrate, was plotted
kinetically over time by the Gen5 software (Figure 1 Top, red data points), the signal could
be quantified by the monochromators on the Cytation 5 even when using an embedded
3D spheroid model. In addition, the quantified signal increased over 14-fold over time
(Figure 1 Bottom, red data points), as would be expected when incorporating the highly
invasive U-87 glioblastoma cell type. When observing the kinetic curve generated from
negative control wells, containing no substrate, it was seen that little to no fluorescence
was detected at any timepoint during the incubation (Figure 1 Top, green data points). The
signal remained stable and did not change in an appreciable manner over time (Figure 1
Bottom, green data points). From the combined results it was clear that the signal from the
FAM-fTHP-9 substrate could be accurately detected in a kinetic manner by the Cytation 5′s
monochromator system and was statistically greater than background signal.
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Figure 1. (Top) Kinetic FAM-fTHP-9 substrate signal (red) from single uninhibited U-87 test well
compared with cells and no substrate (green). (Bottom) Ratio of FAM-fTHP-9 substrate signal (red)
to background (green) from same uninhibited U-87 test well.

3.2. Correlation of FAM-fTHP-9 Signal with Increased Spheroid Invasion

In the same experiment where FAM-fTHP-9 substrate signal was being kinetically
quantified, brightfield images were captured from wells containing substrate and U-87
spheroids at the same timepoints. Image processing steps were first applied, including
stitching, z-projection, and background removal. Cellular analysis was applied to the
final image. This allowed a detailed object mask (Figure 2) to be applied to the entire
invading structure.

When the curve generated by plotting the FAM-fTHP-9 fluorescent signal over time
(Figure 3 Top) was compared to the curve created by plotting U-87 spheroid area coverage
over the same timeframe (Figure 3 Bottom), it was apparent that an increasing substrate
signal is correlated to increasing spheroid invasion into the collagen matrix.
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3.3. Evaluating the Origin of FAM-fTHP-9 Cleavage

We next evaluated if FAM-fTHP-9 was being cleaved by MT1-MMP and not by other
proteases or other means. Marimastat (also known as BB-2516) has an IC50 value for MT1-
MMP of 1.8 nM [34]. Pro-MT1-MMP can be activated intracellularly by furin and at the cell
surface by plasmin [35–37]. Aprotinin has an IC50 value for plasmin of 21.7 nM [38] but is rel-
atively ineffective against furin [39]. The inhibitors were utilized at concentrations of 400 µM
for marimastat and 4 µM for aprotinin to maximize the inhibitory potential. Marima-
stat and aprotinin were added to designated test wells containing substrate and U-87
spheroids. The wells were then read and imaged kinetically in the same manner as de-
scribed above, in addition to wells containing uninhibited U-87 spheroids and wells con-
taining spheroids with no substrate. The treatment of spheroids with marimastat indicated
that the inhibitor is toxic to cells at a concentration of 1000 µM but not 500 µM and below
(Supplementary Figures S1–S3).

When the normalized FAM-fTHP-9 signal was plotted over time, the wells treated
with marimastat and aprotinin together demonstrated a significant decrease in substrate
signal over the incubation period (Figure 4). This supports the specificity of the substrate,
as a decrease in signal indicates diminished substrate cleavage from MT1-MMP enzyme
activity due to the inhibitory effects of the two MT1-MMP inhibitors.
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signal at time 0. Red curve: uninhibited U-87 tumoroids. Blue curve: 400 µM marimastat and 4 µM
aprotinin inhibited U-87 tumoroids. Green curve: U-87 tumoroids with no substrate.

In a second experiment, substrate was incubated in the presence of medium alone, and
the signal was read over 48 h. Complete DMEM (which included 10% FBS) showed cleav-
age of FAM-fTHP-9 and that activity was inhibited by PMSF (Supplementary Figure S4),
consistent with a prior report [40]. We initially examined cell survival without FBS.
Spheroids were viable up to 24 h but not after this (Supplementary Figure S5). A better
alternative was to use heat-inactivated media (DMEM with 1% heat-inactivated (HI) FBS).
The average fluorescence detected from these wells, throughout the entire incubation pe-
riod, was 127 RFU, indicating that the medium contained no components that resulted in
nonspecific FAM-fTHP-9 cleavage.

3.4. Hit Pick Assay Performance Using FAM-fTHP-9 Signal to Trigger Imaging of Test Inhibitor Wells

A Hit Pick experiment was performed to assess the ability of different compounds to
inhibit invasion of various spheroids through the collagen matrix. Uninhibited positive
control wells were run for each cell type, in addition to the inhibitor containing test
wells. A total of 252 wells were included in the experiment across three separate spheroid
microplates, including 84 control wells and 168 inhibitor containing test wells. TIMP-2 and
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NSC405020 have IC50 values for MT1-MMP of 5.1 nM and >100 µM, respectively [41,42].
NSC405020 is a non-catalytic inhibitor of MT1-MMP that interacts with the hemopexin-
like domain of the enzyme, inhibiting enzyme homodimerization on the cell surface and
subsequent cell migration [41]. The inhibitors were utilized at concentrations of 30 µM for
TIMP-2 and 100 µM NSC405020 to maximize inhibitory potential.

Following the 48-h incubation period, where cells were in the presence of substrate
and inhibitor or no inhibitor, the fluorescent signal was detected from each well of the
spheroid plates. The Gen5 software automatically calculated the average signal from the
control wells, in addition to standard deviation. A statistically determined Hit Pick criteria
for each cell type was established to trigger the imaging of associated test wells. The criteria
stated that if the signal from a test well containing inhibitor exhibited a FAM-fTHP-9 signal
lower than the average control well signal minus two standard deviations, that test well
would be imaged using the brightfield imaging step. If a test well did not meet the criteria
described above, then the test molecule did not inhibit substrate cleavage to a statistically
significant extent and therefore the well was not imaged. Using the criteria established,
out of the total 168 inhibitor containing wells tested, 33 wells were unimaged due to the
fact that the substrate signal was not lower than the cutoff value, meaning that MT1-MMP
activity was not sufficiently inhibited by the test molecule.

The fluorescent substrate signal, and associated images, were then compared between
positive control wells per cell type and test inhibitor wells triggered to be imaged. This was
carried out for each of the four cell types tested; A-172, H4, SW 1088, and U-87 (Figures 5–8).

Upon comparison of the substrate signal with associated images, it was observed
that inhibitor wells triggered to be imaged by emitting a lower substrate signal do in fact
demonstrate a lower level of spheroid invasion. The results serve to validate the method as
a viable way to quickly screen for inhibitors of glioma spheroid invasion.
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3.5. Evaluation of FAM-fTHP-9 Signal Detection and Spheroid Invasion in A172, H4, and SW
1088 Cell Lines

The hydrolysis of FAM-fTHP-9 was examined for A172, H4, and SW 1088 spheroids.
For all three cell lines, increased fluorescence was observed over time (Table 1). A172
spheroids showed the greatest increase in the fluorescence ratio, and hence FAM-fTHP-9
hydrolysis, followed by H4 spheroids and then SW 1088 spheroids. The examination of
spheroid growth also showed an increase over time for all three cell lines (Table 1). Spheroid
growth did not strictly correlate to an increase in the fluorescence ratio; for example, the
A172 spheroids showed the greatest increase in the fluorescence ratio but had a lower
growth ratio than the SW 1088 spheroids (Table 1).

Table 1. Substrate hydrolysis and spheroid growth.

Cell Type Time (h) Substrate Signal (RFU) Substrate Ratio Spheroid Area (µm2) Spheroid Ratio

A172
0 4.85 ± 0.13 × 104 1.00 8.22 ± 0.23 × 104 1.00

24 3.52 ± 0.03 × 105 7.26 ± 0.25 1.35 ± 0.05 × 105 1.64 ± 0.10
48 5.77 ± 0.05 × 105 11.9 ± 0.22 1.8 ± 0.15 × 105 2.19 ± 0.12

H4
0
24

8.92 ± 0.23 × 104

5.12 ± 0.15 × 105
1.00

5.72 ± 0.02
2.93 ± 0.05 × 105

4.53 ± 0.08 × 105
1.00

1.55 ± 0.01
48 8.62 ± 0.11 × 105 9.66 ± 0.13 6.64 ± 0.02 × 105 2.27 ± 0.05

SW 1088
0 9.9 ± 0.2 × 104 1.00 1.64 ± 0.03 × 105 1.00

24 4.31 ± 0.32 × 105 4.35 ± 42 3.79 ± 0.17 × 105 2.31 ± 0.14
48 7.62 ± 0.47 × 105 7.7 ± 0.65 4.84 ± 0.31 × 105 2.96 ± 0.25
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3.6. Inhibition of FAM-fTHP-9 Signal and Spheroid Invasion in A172, H4, and SW 1088 Cell Lines

The inhibition of the hydrolysis of FAM-fTHP-9 by marimastat plus aprotinin was
examined for A172, H4, and SW 1088 spheroids. For all three cell lines, the change in fluores-
cence over time was decreased when the inhibitors were applied (compare Tables 1 and 2).
The examination of spheroid growth showed virtually no increase over time when the
inhibitors were applied (Table 2). The inhibition of spheroid growth for the three cell lines
closely resembles that observed in the case of U-87 spheroids (Figure 4).

Table 2. Inhibition of substrate hydrolysis and spheroid growth by marimastat + aprotinin.

Cell Type Time (h) Substrate Signal (RFU) Substrate Ratio Spheroid Area (µm2) Spheroid Ratio

A172
0 4.80 ± 0.26 × 104 1.00 6.06 ± 0.06 × 104 1.00

24 1.31 ± 0.03 × 105 2.73 ± 0.2 6.13 ± 0.07 × 104 1.01 ± 0.02
48 2.0 ± 0.05 × 105 4.17 ± 0.31 5.57 ± 0.54 × 104 0.92 ± 0.1

H4
0

24
8.79 ± 0.42 × 104

1.33 ± 0.05 × 105
1.00

1.52 ± 0.02
2.28 ± 0.01 × 105

2.29 ± 0.02 × 105
1.00

1.01 ± 0.01
48 2.72 ± 0.15 × 105 3.10 ± 0.03 2.3 ± 0.02 × 105 1.01 ± 0.01

SW 1088
0 9.51 ± 0.22 × 104 1.00 1.46 ± 0.05 × 105 1.00

24 1.1 ± 0.07 × 105 1.16 ± 0.05 1.4 ± 0.1 × 105 0.97 ± 0.04
48 2.69 ± 0.07 × 105 2.83 ± 0.14 1.34 ± 0.1 × 105 0.92 ± 0.04

3.7. Western Blot Analysis

Western blot analysis previously demonstrated the presence of MT1-MMP in numer-
ous glioblastoma cell lines [16,43–46]. During western blot analysis, MT1-MMP can be
observed at 69, 63, 57, 53, and 44 kDa, based on glycosylation pattern, proenzyme versus
activated enzyme, and autocleavage products [47]. Western blot analysis was performed
herein initially for the A172 glioblastoma cell line under various conditions where the
protein concentration was normalized to whole cell lysate. MT1-MMP production was
below the detection limit in 2D cultures and 3D cultures containing spheroids in media,
while spheroids grown in the presence of collagen exhibited the 53 kDa activated enzyme
form of MT1-MMP (Supplementary Figure S6). The presence of MT1-MMP was confirmed
by comparison to an MT1-MMP standard, as previously demonstrated for pancreatic cancer
spheroids [48]. Thus, the 3D culturing of the glioblastoma cell line in collagen resulted in
an elevated production of MT1-MMP.

Western blot analysis was repeated using a polyclonal antibody to obtain a stronger
signal. MT1-MMP production for the A172 glioblastoma cell line was below the detection
limit in 2D cultures, minimal in 3D cultures containing spheroids in media, and significant
in spheroids grown in the presence of collagen (Supplementary Figure S7). As observed
with the mAb detection, the 3D culturing of the glioblastoma cell line in collagen resulted
in an elevated production of MT1-MMP. Conversely, western blot analysis of astrocytes
and the SW 1088 astrocytoma cells showed the MT1-MMP production to be substantial
in monolayers but below the limits of detection in spheroids (Supplementary Figure S7).
The pure MT1-MMP showed bands corresponding to proenzyme (~80 and ~74 kDa),
activated enzyme (~53 kDa), and autocleaved enzyme (~33 kDa) (Supplementary Figure S7).
The A172 spheroids, SW 1088 monolayers, and astrocyte monolayers primarily showed
the ~53 kDa species.

Western blot analysis of melanoma cell lines showed that more MT1-MMP was present
in 3D invading WM115 and WM266 spheroids (spheroids contained in collagen) compared
to spheroids in media or 2D cell culture (Supplementary Figure S8).

3.8. Cell Viability

The cell viability assay was based on a luciferase reaction where its co-factor, ATP, was
used as an indicator of metabolically active cells and measured using bioluminescence. The
initial results revealed very low measurements in terms of relative luminescence units (RLUs)
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(Supplementary Figure S9), suggesting that either the CellTiter-Glo reagent was unable to
penetrate the congealed collagen and reach the spheroids to activate the luciferase reaction
or that the 1% acetic acid used to potentially release the spheroids from the collagen was
toxic to the cells. Collagenase D was added to the wells of A172 glioblastoma and WM115
melanoma spheroids embedded in type I collagen for the purpose of degrading the collagen
in order to obtain accurate results from the cell viability assay. A172 and WM115 spheroids
pretreated with collagen followed by an addition of collagenase D resulted in the significant
appearance of RLUs (Figure 9). Spheroids embedded in collagen showed an increase
in RLUs compared with spheroids not embedded in collagen, indicating improved cell
viability in the collagen environment.
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4. Discussion

MT1-MMP has long been implicated in tumor metastasis and angiogenesis [49]. The
development of MT1-MMP inhibitors would be greatly facilitated by their evaluation
in a tumor-mimicking microenvironment. Three-dimensional models such as spheroids
and organoids provide systems that allow for the rapid screening of novel therapeutics
while maintaining cellular behaviors more reminiscent of tumors than traditional 2D
cell culture [26,50,51].

Methods to quantitatively assess MT1-MMP activity in a cellular environment have
been lacking [49,52]. The visualization of membrane-bound, active MT1-MMP has been
achieved by fluorescence resonance energy transfer (FRET) or the bioluminescence imag-
ing of sensors, often surface-anchored, but these methods do not provide insight into
MT1-MMP kinetics [53–61]. We previously described a 2D cell-based assay for MT1-MMP
that allowed for the quantification of enzyme activity and inhibition [52]. The assay utilized
a triple-helical FRET substrate, where the combination of sequence and triple-helical struc-
ture minimized non-specific proteolysis. We improved on the prior method by changing the
fluorophore/quencher pair from (7-methoxycoumarin-4-yl)-acetyl (Mca)/2,4-dinitrophenyl
(Dnp) to 5-carboxyfluorescein (5-Fam)/4,4-dimethylamino-azobenzene-4′-carboxylic acid
(Dabcyl). The higher wavelength used to monitor 5-Fam fluorescence (λexcitation = 490 nm
and λemission = 520 nm) leads to less background signal from cells. The 3D spheroid model
described herein showed that MT1-MMP activity correlated to tumor invasion (Figure 3),
and thus the method represents a potentially effective screening tool for MT1-MMP in-
hibitors. The presence of MT1-MMP in cell lines was confirmed by western blotting
(Figure 9), consistent with prior results [16,46]. For example, the U-87 glioblastoma cell line
expresses MT1-MMP and produces the enzyme on the cell surface [16,43,44] while BT25
gliobastoma and BT114 glioma spheroids produce MT1-MMP [45].

UWR2 and UWR3 glioblastoma cell lines produced more MT1-MMP compared to SNB-
19 astrocytoma [62]. In similar fashion, U-87 glioblastoma cells produced more MT1-MMP
compared to IPSB18 anaplastic astrocytoma [16]. Glioblastomas typically have higher
MT1-MMP gene expression than astrocytomas, although this is not absolute [16,43,46,62,63].
Based on the present and prior results, U-87 and A-172 glioblastoma cells have higher
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levels of MT1-MMP compared with astrocytoma cells (H4 and SW 1088 herein). In turn, the
levels of MT1-MMP in the spheroids examined correlated to the rate of substrate hydrolysis
(Figures 1 and 9 and Table 1), indicating that the assay was effective for monitoring MT1-
MMP activity.

The inhibition of MT1-MMP activity resulted in decreased tumor invasion (Figures 4–8
and Table 2), indicating a significant role for this enzyme in the metastatic process. Applying
MT1-MMP inhibitors, in addition to slowing metastasis, may improve immune responses.
MT1-MMP sheds tumor cell MHC class I chain-related molecule A (MICA) [64]. The engage-
ment of MICA to NKG2D stimulates natural killer (NK) and T-cell antitumor activity [64].
The inhibition of MICA and MICB shedding promotes NK cell antitumor immunity [65].

Evaluating the activity of MT1-MMP in the tumor environment can facilitate the ap-
plication of MT1-MMP activated prodrugs [66]. For example, ICT2588 is an MT1-MMP
activated prodrug that delivers colchicine to the tumor vasculature [67–69]. More specifically,
ICT2588 is composed of (1) azademethylcolchicine at the C-terminus, (2) the peptide sequence
Arg-Ser-Cit-Gly~Hof-Tyr-Leu-Tyr (where Cit = citrulline and Hof = homophenylalanine),
which is cleaved selectively by MT1-MMP at the Gly~Hof bond, and (3) fluorescein at
the N-terminus [67–69]. ICT2588 was subsequently modified by utilizing the sequence
βAla-Cys-Arg-Ser-Cit-Gly~Hof-Tyr-Leu-Tyr and attaching cross-linked iron oxide particles
to the side chain of Cys [70]. The resultant CLIO-ICT theranostic was utilized for treatment
of glioblastoma [71–73]. In a similar fashion, the Pro-Cit-Gly~Hof-Tyr-Leu MT1-MMP
selective sequence has been used for delivery of a doxorubicin prodrug [74]. A dual near-
infrared fluorescence (NIRF)/positron emission tomography (PET) probe, activated by
MT1-MMP processing of the Arg-Ser-Cit-Gly~Hof-Tyr-Leu-Tyr sequence, has been used to
image glioma in preclinical models [75].

The present screening approach utilized cell line-derived spheroids and thus does
not capture a true tumor microenvironment. In turn, the assay appears to be readily
amenable to adaptation, so a more tumor-like environment could be incorporated. For
example, glioblastoma cells could be seeded in type I collagen or hyaluronic acid hydrogels
supplemented with native brain-derived ECM [76]. Including other cell types found in
the tumor microenvironment would allow for the examination of indirect effects, such
as glioma-associated microglia/macrophages producing MT1-MMP, which then activates
glioma-derived proMMP-2 and enhances tumor invasion [10]. It will ultimately be impor-
tant to better understand the temporal and spatial activity of MT1-MMP in glioma [77].
While glioblastoma is currently categorized as either isocitrate dehydrogenase wild type
or isocitrate dehydrogenase mutant, the identification of subtypes within these two cat-
egories [46,78–80], including levels of MT1-MMP expression, may provide insight into
patient-specific treatment strategies.

5. Conclusions

FAM-fTHP-9 was found to accurately detect MT1-MMP activity in tumor spheroids.
Signal from the cleaved substrate increased over time proportionately to spheroid invasion.
The substrate itself was also shown to be specific to cleavage from the target MT1-MMP,
with the signal production being reduced accordingly by known MT1-MMP inhibitors.
When combined together, the substrate and Hit Pick process provided an efficient, yet
robust, method to predict the potential inhibitory effects of test molecules on MT1-MMP
activity and downstream tumor invasion in 3D glioma cell models.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines11020562/s1, Figure S1: Viability of WM266 spheroids
in the presence of marimastat over time; Figure S2: Processing of FAM-fTHP-9 by WM266 spheroids
in the presence of marimastat after 24 h; Figure S3: Processing of FAM-fTHP-9 by WM266 spheroids
in the presence of marimastat after 72 h; Figure S4: DMEM processing of FAM-fTHP-9 and inhibition
by no or 1.0 mM PMSF; Figure S5: WM266 spheroid survival in DMEM with and without FBS and
phenol red over time; Figure S6: Western blot analysis of A172 cell culture, spheroids, and spheroids
incubated with collagen for detection of MT1-MMP using a mAb; Figure S7: Western blot analysis of
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MT1-MMP; Figure S8: Western blot of WM115 and WM266 cell culture and spheroids for detection of
MT1-MMP; Figure S9: Spheroid viability in the presence of 1% acetic acid.

Author Contributions: Conceptualization, A.M.K., B.L. and G.B.F.; methodology, A.M.K. and B.L.;
software, B.L.; validation, A.M.K., D.T.-R. and B.L.; formal analysis, A.M.K., B.L. and G.B.F.; resources,
G.B.F.; data curation, A.M.K., C.C., G.D., A.E., I.G., M.R. and D.T.; writing—original draft preparation,
B.L. and G.B.F.; writing—review and editing, G.B.F.; project administration, B.L. and G.B.F.; funding
acquisition, G.B.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the James and Esther King Biomedical Research Program,
grant number 8JK01, while G.D., A.E. and I.G. were supported by FAU Undergraduate Research
Grants and G.D. was additionally supported by a John Nambu Memorial Summer Research Experi-
ence for Undergraduates Program Award.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institutional Review Board of Florida Atlantic University
(IBC # B19-27 and approved 20 January 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to a confidentiality agreement between
Agilent Technologies and Florida Atlantic University.

Acknowledgments: We thank Lillian Onwuha-Ekpete for the western blot protocol.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. American Association of Neurological Surgeons. Brain Tumors—Classifications, Symptoms, Diagnosis and Treatments. Available online:

https://www.aans.org/en/Patients/Neurosurgical-Conditions-and-Treatments/Brain-Tumors (accessed on 24 October 2021).
2. Ostrom, Q.; Gittleman, H.; Farah, P.; Ondracek, A.; Chen, Y.; Wolinsky, Y.; Stroup, N.E.; Kruchko, C.; Barnholtz-Sloan, J. CBTRUS

Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2006–2010. Neuro Oncol.
2013, 15, ii1–ii56. [CrossRef] [PubMed]

3. Wu, W.; Klockow, J.L.; Zhang, M.; Lafortune, F.; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma multiforme (GBM):
An overview of current therapies and mechanisms of resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef] [PubMed]

4. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
5. Sounni, N.E.; Devy, L.; Hajitou, A.; Frankenne, F.; Munaut, C.; Gilles, C.; Deroanne, C.; Thompson, E.W.; Foidart, J.M.; Noel, A.

MT1-MMP expression promotes tumor growth and angiogenesis through an up-regulation of vascular endothelial growth factor
expression. FASEB J. 2002, 16, 555–564. [CrossRef] [PubMed]

6. Seiki, M. Membrane-type 1 matrix metalloproteinase: A key enzyme for tumor invasion. Cancer Lett. 2003, 194, 1–11. [CrossRef]
7. Arroyo, A.; Genis, L.; Gonzalo, P.; Matias-Roman, S.; Pollan, A.; Galvez, B.G. Matrix Metalloproteinases: New Routes to the Use

of MT1-MMP As a Therapeutic Target in Angiogenesis-Related Disease. Curr. Pharm. Des. 2007, 13, 1787–1802. [CrossRef]
8. Itoh, Y.; Ito, N.; Nagase, H.; Evans, R.D.; Bird, S.A.; Seiki, M. Cell Surface Collagenolysis Requires Homodimerization of the

Membrane-bound Collagenase MT1-MMP. Mol. Biol. Cell 2006, 17, 5390–5399. [CrossRef]
9. Itoh, Y.; Seiki, M. MT1-MMP: A potent modifier of pericellular microenvironment. J. Cell. Physiol. 2006, 206, 1–8. [CrossRef]
10. Markovic, D.S.; Vinnakota, K.; Chirasani, S.; Synowitz, M.; Raguet, H.; Stock, K.; Sliwa, M.; Lehmann, S.; Kälin, R.; van Rooijen, N.; et al.

Gliomas induce and exploit microglial MT1-MMP expression for tumor expansion. Proc. Natl. Acad. Sci. USA 2009, 106, 12530–12535.
[CrossRef]

11. Xie, H.; Xue, Y.-X.; Liu, L.-B.; Wang, P.; Liu, Y.-H.; Ying, H.-Q. Expressions of matrix metalloproteinase-7 and matrix
metalloproteinase-14 associated with the activation of extracellular signal-regulated kinase1/2 in human brain gliomas of
different pathological grades. Med. Oncol. 2011, 28, S433–S438. [CrossRef]

12. Wang, L.; Yuan, J.; Tu, Y.; Mao, X.; He, S.; Fu, G.; Zong, J.; Zhang, Y. Co-expression of MMP-14 and MMP-19 predicts poor survival
in human glioma. Clin. Transl. Oncol. 2013, 15, 139–145. [CrossRef] [PubMed]

13. Li, M.; Li, S.; Zhou, L.; Yang, L.; Wu, X.; Tang, B.; Xie, S.; Fang, L.; Zheng, S.; Hong, T. Immune Infiltration of MMP14 in Pan
Cancer and Its Prognostic Effect on Tumors. Front. Oncol. 2021, 11, 717606. [CrossRef] [PubMed]

14. Zhai, Y.; Sang, W.; Su, L.; Shen, Y.; Hu, Y.; Zhang, W. Analysis of the expression and prognostic value of MT1-MMP, β1-integrin
and YAP1 in glioma. Open Med. 2022, 17, 492–507. [CrossRef] [PubMed]

15. Sato, H.; Takino, T.; Okada, Y.; Cao, J.; Shinagawa, A.; Yamamoto, E.; Seiki, M. A matrix metalloproteinase expressed on the
surface of invasive tumour cells. Nature 1994, 370, 61–65. [CrossRef]

16. VanMeter, T.E.; Rooprai, H.K.; Kibble, M.M.; Fillmore, H.L.; Broaddus, W.C.; Pilkington, G.J. The role of matrix metalloproteinase
genes in glioma invasion: Co-dependent and interactive proteolysis. J. Neuro Oncol. 2001, 53, 213–235. [CrossRef]

https://www.aans.org/en/Patients/Neurosurgical-Conditions-and-Treatments/Brain-Tumors
http://doi.org/10.1093/neuonc/not151
http://www.ncbi.nlm.nih.gov/pubmed/24137015
http://doi.org/10.1016/j.phrs.2021.105780
http://www.ncbi.nlm.nih.gov/pubmed/34302977
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1096/fj.01-0790com
http://www.ncbi.nlm.nih.gov/pubmed/11919158
http://doi.org/10.1016/S0304-3835(02)00699-7
http://doi.org/10.2174/138161207780831284
http://doi.org/10.1091/mbc.e06-08-0740
http://doi.org/10.1002/jcp.20431
http://doi.org/10.1073/pnas.0804273106
http://doi.org/10.1007/s12032-010-9660-7
http://doi.org/10.1007/s12094-012-0900-5
http://www.ncbi.nlm.nih.gov/pubmed/22855183
http://doi.org/10.3389/fonc.2021.717606
http://www.ncbi.nlm.nih.gov/pubmed/34604053
http://doi.org/10.1515/med-2022-0449
http://www.ncbi.nlm.nih.gov/pubmed/35350840
http://doi.org/10.1038/370061a0
http://doi.org/10.1023/A:1012280925031


Biomedicines 2023, 11, 562 15 of 17

17. Hanahan, D.; Weinberg, R.A. The Hallmarks of Cancer. Cell 2000, 100, 57–70. [CrossRef]
18. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
19. Yi, Y.; Hsieh, I.-Y.; Huang, X.; Li, J.; Zhao, W. Glioblastoma Stem-Like Cells: Characteristics, Microenvironment, and Therapy.

Front. Pharmacol. 2016, 7, 477. [CrossRef]
20. Tam, E.M.; Wu, Y.I.; Butler, G.S.; Stack, M.S.; Overall, C.M. Collagen Binding Properties of the Membrane Type-1 Matrix

Metalloproteinase (MT1-MMP) Hemopexin C Domain. J. Biol. Chem. 2002, 277, 39005–39014. [CrossRef]
21. Rape, A.; Ananthanarayanan, B.; Kumar, S. Engineering strategies to mimic the glioblastoma microenvironment. Adv. Drug

Deliv. Rev. 2014, 79-80, 172–183. [CrossRef]
22. Bolteus, A.J.; Berens, M.E.; Pilkington, G.J. Migration and invasion in brain neoplasms. Curr. Neurol. Neurosci. Rep. 2001, 1, 225–232.

[CrossRef] [PubMed]
23. Griffith, L.G.; Swartz, M.A. Capturing complex 3D tissue physiology in vitro. Nat. Rev. Mol. Cell Biol. 2006, 7, 211–224. [CrossRef]

[PubMed]
24. Yamada, K.M.; Cukierman, E. Modeling Tissue Morphogenesis and Cancer in 3D. Cell 2007, 130, 601–610. [CrossRef] [PubMed]
25. Hubert, C.G.; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E.; Sloan, A.E.; Rich, J.N.

A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and
Cancer Stem Cell Heterogeneity of Tumors Found In Vivo. Cancer Res. 2016, 76, 2465–2477. [CrossRef] [PubMed]

26. Jia, W.; Zhu, H.; Zhao, M.; Zhou, Q.; Yin, W.; Liu, W.; Wang, L.; Xiao, Z.; Jiang, X.; Dai, J.; et al. Potential mechanisms underlying
the promoting effects of 3D collagen scaffold culture on stemness and drug resistance of glioma cells. Biochim. Biophys. Acta Mol.
Basis Dis. 2022, 1868, 166522. [CrossRef] [PubMed]

27. Pedron, S.; Becka, E.; Harley, B.A. Regulation of glioma cell phenotype in 3D matrices by hyaluronic acid. Biomaterials 2013, 34, 7408–7417.
[CrossRef]

28. Pedron, S.; Becka, E.; Harley, B.A. Spatially Gradated Hydrogel Platform as a 3D Engineered Tumor Microenvironment.
Adv. Mater. 2015, 27, 1567–1572. [CrossRef]

29. Jiglaire, C.J.; Baeza-Kallee, N.; Denicolaï, E.; Barets, D.; Metellus, P.; Padovani, L.; Chinot, O.; Figarella-Branger, D.; Fernandez, C.
Ex vivo cultures of glioblastoma in three-dimensional hydrogel maintain the original tumor growth behavior and are suitable for
preclinical drug and radiation sensitivity screening. Exp. Cell Res. 2014, 321, 99–108. [CrossRef]

30. Minond, D.; Lauer-Fields, J.L.; Nagase, H.; Fields, G.B. Matrix Metalloproteinase Triple-Helical Peptidase Activities Are Differen-
tially Regulated by Substrate Stability. Biochemistry 2004, 43, 11474–11481. [CrossRef]

31. Tokmina-Roszyk, M.; Tokmina-Roszyk, D.; Fields, G.B. The synthesis and application of Fmoc-Lys(5-Fam) building blocks.
Biopolymers 2013, 100, 347–355. [CrossRef]

32. Triglia, P.; Linscott, W.D. Titers of nine complement components, conglutinin and C3b-inactivator in adult and fetal bovine sera.
Mol. Immunol. 1980, 17, 741–748. [CrossRef] [PubMed]

33. Larson, B.; Knapinska, A.; Drotleff, G.; Fields, G. Combination of a Fluorescent Substrate-Based MMP Activity Assay and Hit
Pick Reading/Imaging Procedure: Efficiently screen for inhibitors of MT1-MMP activity and 3D glioma tumoroid invasion. In
Agilent Application Note: Cell Migration and Invasion; Agilent: Raleigh, NC, USA, 2022; 11p.

34. Vandenbroucke, R.E.; Libert, C. Is there new hope for therapeutic matrix metalloproteinase inhibition? Nat. Rev. Drug Discov.
2014, 13, 904–927. [CrossRef] [PubMed]

35. Pei, D.; Weiss, S.J. Transmembrane-deletion Mutants of the Membrane-type Matrix Metalloproteinase-1 Process Progelatinase A
and Express Intrinsic Matrix-degrading Activity. J. Biol. Chem. 1996, 271, 9135–9140. [CrossRef] [PubMed]

36. Sato, H.; Kinoshita, T.; Takino, T.; Nakayama, K.; Seiki, M. Activation of a recombinant membrane type 1-matrix metalloproteinase
(MT1-MMP) by furin and its interaction with tissue inhibitor of metalloproteinases (TIMP)-2. FEBS Lett. 1996, 393, 101–104.
[CrossRef]

37. Okumura, Y.; Sato, H.; Seiki, M.; Kido, H. Proteolytic activation of the precursor of membrane type 1 matrix metalloproteinase by
human plasmin: A possible cell surface activator. FEBS Lett. 1997, 402, 181–184. [CrossRef]

38. Choo, Y.M.; Lee, K.S.; Yoon, H.J.; Qiu, Y.; Wan, H.; Sohn, M.R.; Sohn, H.D.; Jin, B.R. Antifibrinolytic Role of a Bee Venom Serine
Protease Inhibitor That Acts as a Plasmin Inhibitor. PLoS ONE 2012, 7, e32269. [CrossRef]

39. Molloy, S.; Bresnahan, P.; Leppla, S.; Klimpel, K.; Thomas, G. Human furin is a calcium-dependent serine endoprotease that
recognizes the sequence Arg-X-X-Arg and efficiently cleaves anthrax toxin protective antigen. J. Biol. Chem. 1992, 267, 16396–16402.
[CrossRef]

40. Shimomura, T.; Ochiai, M.; Kondo, J.; Morimoto, Y. A novel protease obtained from FBS-containing culture supernatant, that
processes single chain form hepatocyte growth factor to two chain form in serum-free culture. Cytotechnology 1992, 8, 219–229.
[CrossRef]

41. Remacle, A.G.; Golubkov, V.S.; Shiryaev, S.A.; Dahl, R.; Stebbins, J.L.; Chernov, A.V.; Cheltsov, A.V.; Pellecchia, M.; Strongin, A.Y.
Novel MT1-MMP Small-Molecule Inhibitors Based on Insights into Hemopexin Domain Function in Tumor Growth. Cancer Res.
2012, 72, 2339–2349. [CrossRef]

42. Nam, D.H.; Rodriguez, C.; Remacle, A.G.; Strongin, A.Y.; Ge, X. Active-site MMP-selective antibody inhibitors discovered from
convex paratope synthetic libraries. Proc. Natl. Acad. Sci. USA 2016, 113, 14970–14975. [CrossRef]

http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.3389/fphar.2016.00477
http://doi.org/10.1074/jbc.M206874200
http://doi.org/10.1016/j.addr.2014.08.012
http://doi.org/10.1007/s11910-001-0022-x
http://www.ncbi.nlm.nih.gov/pubmed/11898522
http://doi.org/10.1038/nrm1858
http://www.ncbi.nlm.nih.gov/pubmed/16496023
http://doi.org/10.1016/j.cell.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17719539
http://doi.org/10.1158/0008-5472.CAN-15-2402
http://www.ncbi.nlm.nih.gov/pubmed/26896279
http://doi.org/10.1016/j.bbadis.2022.166522
http://www.ncbi.nlm.nih.gov/pubmed/35981653
http://doi.org/10.1016/j.biomaterials.2013.06.024
http://doi.org/10.1002/adma.201404896
http://doi.org/10.1016/j.yexcr.2013.12.010
http://doi.org/10.1021/bi048938i
http://doi.org/10.1002/bip.22222
http://doi.org/10.1016/0161-5890(80)90144-3
http://www.ncbi.nlm.nih.gov/pubmed/7432351
http://doi.org/10.1038/nrd4390
http://www.ncbi.nlm.nih.gov/pubmed/25376097
http://doi.org/10.1074/jbc.271.15.9135
http://www.ncbi.nlm.nih.gov/pubmed/8621565
http://doi.org/10.1016/0014-5793(96)00861-7
http://doi.org/10.1016/S0014-5793(96)01523-2
http://doi.org/10.1371/journal.pone.0032269
http://doi.org/10.1016/S0021-9258(18)42016-9
http://doi.org/10.1007/BF02522039
http://doi.org/10.1158/0008-5472.CAN-11-4149
http://doi.org/10.1073/pnas.1609375114


Biomedicines 2023, 11, 562 16 of 17

43. Hur, J.H.; Park, M.J.; Park, I.C.; Yi, D.H.; Rhee, C.H.; Hong, S.I.; Lee, S.H. Matrix metalloproteinases in human gliomas: Activation
of matrix metalloproteinase-2 (MMP-2) may be correlated with membrane-type-1 matrix metalloproteinase (MT1-MMP)
expression. J. Korean Med. Sci. 2000, 15, 309–314. [CrossRef] [PubMed]

44. Proulx-Bonneau, S.; Pratt, J.; Annabi, B. A role for MT1-MMP as a cell death sensor/effector through the regulation of endoplasmic
reticulum stress in U87 glioblastoma cells. J. Neuro Oncol. 2011, 104, 33–43. [CrossRef] [PubMed]

45. Duran, C.L.; Lee, D.W.; Jung, J.-U.; Ravi, S.; Pogue, C.B.; Toussaint, L.G.; Bayless, K.J.; Sitcheran, R. NIK regulates MT1-MMP
activity and promotes glioma cell invasion independently of the canonical NF-κB pathway. Oncogenesis 2016, 5, e231. [CrossRef]
[PubMed]

46. Thome, I.; Lacle, R.; Voß, A.; Bortolussi, G.; Pantazis, G.; Schmidt, A.; Conrad, C.; Jacob, R.; Timmesfeld, N.; Bartsch, J.W.; et al.
Neoplastic Cells are the Major Source of MT-MMPs in IDH1-Mutant Glioma, Thus Enhancing Tumor-Cell Intrinsic Brain
Infiltration. Cancers 2020, 12, 2456. [CrossRef] [PubMed]

47. Ludwig, T.; Theissen, S.M.; Morton, M.J.; Caplan, M.J. The Cytoplasmic Tail Dileucine Motif LL572 Determines the Glycosylation
Pattern of Membrane-type 1 Matrix Metalloproteinase. J. Biol. Chem. 2008, 283, 35410–35418. [CrossRef]

48. Knapinska, A.M.; Estrada, C.-A.; Fields, G.B. The roles of matrix metalloproteinases in pancreatic cancer. In Progress in Molecular Biology
and Translational Science; (Matrix Metalloproteinases and Tissue Remodeling in Health and Disease: Target Tissues and Therapy);
Khalil, R.A., Ed.; Academic Press: Cambridge, MA, USA; Elsevier, Inc.: London, UK, 2017; Volume 148, pp. 339–354.

49. Pahwa, S.; Stawikowski, M.J.; Fields, G.B. Monitoring and Inhibiting MT1-MMP during Cancer Initiation and Progression.
Cancers 2014, 6, 416–435. [CrossRef]

50. Huang, L.; Holtzinger, A.; Jagan, I.; BeGora, M.; Lohse, I.; Ngai, N.; Nostro, C.; Wang, R.; Muthuswamy, L.B.; Crawford, H.C.; et al.
Ductal pancreatic cancer modeling and drug screening using human pluripotent stem cell-and patient-derived tumor organoids.
Nat. Med. 2015, 21, 1364–1371. [CrossRef] [PubMed]

51. Hesley, J.; Sirenko, O. Screening for Cancer Therapeutics Using Spheroids. Genet. Eng. Biotechnol. News 2016, 36, 14–15. [CrossRef]
52. Pahwa, S.; Bhowmick, M.; Amar, S.; Cao, J.; Strongin, A.Y.; Fridman, R.; Weiss, S.J.; Fields, G.B. Characterization and regulation of

MT1-MMP cell surface-associated activity. Chem. Biol. Drug Des. 2019, 93, 1251–1264. [CrossRef]
53. Ouyang, M.; Huang, H.; Shaner, N.C.; Remacle, A.G.; Shiryaev, S.A.; Strongin, A.Y.; Tsien, R.Y.; Wang, Y. Simultaneous

Visualization of Protumorigenic Src and MT1-MMP Activities with Fluorescence Resonance Energy Transfer. Cancer Res
2010, 70, 2204–2212. [CrossRef]

54. Ouyang, M.; Lu, S.; Li, X.-Y.; Xu, J.; Seong, J.; Giepmans, B.; Shyy, J.Y.-J.; Weiss, S.J.; Wang, Y. Visualization of Polarized Membrane
Type 1 Matrix Metalloproteinase Activity in Live Cells by Fluorescence Resonance Energy Transfer Imaging. J. Biol. Chem.
2008, 283, 17740–17748. [CrossRef] [PubMed]

55. Jabaiah, A.; Daugherty, P.S. Directed Evolution of Protease Beacons that Enable Sensitive Detection of Endogenous MT1-MMP
Activity in Tumor Cell Lines. Chem. Biol. 2011, 18, 392–401. [CrossRef] [PubMed]

56. Lu, S.; Wang, Y.; Huang, H.; Pan, Y.; Chaney, E.J.; Boppart, S.; Ozer, H.; Strongin, A.Y.; Wang, Y. Quantitative FRET Imaging to
Visualize the Invasiveness of Live Breast Cancer Cells. PLoS ONE 2013, 8, e58569. [CrossRef] [PubMed]

57. Limsakul, P.; Peng, Q.; Wu, Y.; Allen, M.E.; Liang, J.; Remacle, A.G.; Lopez, T.; Ge, X.; Kay, B.K.; Zhao, H.; et al. Directed Evolution
to Engineer Monobody for FRET Biosensor Assembly and Imaging at Live-Cell Surface. Cell Chem. Biol. 2018, 25, 370–379.
[CrossRef]

58. Leight, J.L.; Alge, D.L.; Maier, A.J.; Anseth, K.S. Direct measurement of matrix metalloproteinase activity in 3D cellular microenvi-
ronments using a fluorogenic peptide substrate. Biomaterials 2013, 34, 7344–7352. [CrossRef]

59. Tian, F.; Chen, Y.; Wang, W.; Zhang, J.; Jiang, T.; Lu, Q. Noninvasive Bioluminescence Imaging of Matrix Metalloproteinase-14
Activity in Lung Cancer Using a Membrane-Bound Biosensor. Anal. Chem. 2021, 93, 8739–8745. [CrossRef]

60. Zhu, L.; Zhang, F.; Ma, Y.; Liu, G.; Kim, K.; Fang, X.; Lee, S.; Chen, X. In Vivo Optical Imaging of Membrane-Type Matrix
Metalloproteinase (MT-MMP) Activity. Mol. Pharm. 2011, 8, 2331–2338. [CrossRef]

61. Nguyen, M.-D.; Kang, K.A. Chapter 54: MMP-14 Triggered Fluorescence Contrast Agent. In Oxygen Transport to Tissue XXXVIII:
Advances in Experimental Medicine and Biology 923; Luo, Q., Li, L.Z., Harrison, D.K., Shi, H., Bruley, D.F., Eds.; Springer International
Publishing: Cham, Switzerland, 2016; pp. 413–419.

62. Yamamoto, M.; Mohanam, S.; Sawaya, R.; Fuller, G.; Seiki, M.; Sato, H.; Gokaslan, Z.L.; Liotta, L.; Nicolson, G.L.; Rao, J.S.
Differential expression of membrane-type matrix metalloproteinase and its correlation with gelatinase A activation in human
malignant brain tumors in vivo and in vitro. Cancer Res 1996, 56, 384–392.

63. Nuttall, R.K.; Pennington, C.J.; Taplin, J.; Wheal, A.; Yong, V.W.; Forsyth, P.; Edwards, D.R. Elevated membrane-type ma-
trix metalloproteinases in gliomas revealed by profiling proteases and inhibitors in human cancer cells. Mol. Cancer Res.
2003, 1, 333–345.

64. Liu, G.; Atteridge, C.L.; Wang, X.; Lundgren, A.D.; Wu, J.D. Cutting Edge: The Membrane Type Matrix Metalloproteinase MMP14
Mediates Constitutive Shedding of MHC Class I Chain-Related Molecule a Independent of a Disintegrin and Metalloproteinases.
J. Immunol. 2010, 184, 3346–3350. [CrossRef]

65. De Andrade, L.F.; Tay, R.E.; Pan, D.; Luoma, A.M.; Ito, Y.; Badrinath, S.; Tsoucas, D.; Franz, B.; May, K.F., Jr.; Harvey, C.J.; et al.
Antibody-mediated inhibition of MICA and MICB shedding promotes NK cell–driven tumor immunity. Science 2018, 359, 1537–1542.
[CrossRef] [PubMed]

http://doi.org/10.3346/jkms.2000.15.3.309
http://www.ncbi.nlm.nih.gov/pubmed/10895974
http://doi.org/10.1007/s11060-010-0468-2
http://www.ncbi.nlm.nih.gov/pubmed/21088866
http://doi.org/10.1038/oncsis.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27270613
http://doi.org/10.3390/cancers12092456
http://www.ncbi.nlm.nih.gov/pubmed/32872536
http://doi.org/10.1074/jbc.M801816200
http://doi.org/10.3390/cancers6010416
http://doi.org/10.1038/nm.3973
http://www.ncbi.nlm.nih.gov/pubmed/26501191
http://doi.org/10.1089/gen.36.11.08
http://doi.org/10.1111/cbdd.13450
http://doi.org/10.1158/0008-5472.CAN-09-3698
http://doi.org/10.1074/jbc.M709872200
http://www.ncbi.nlm.nih.gov/pubmed/18441011
http://doi.org/10.1016/j.chembiol.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21439484
http://doi.org/10.1371/journal.pone.0058569
http://www.ncbi.nlm.nih.gov/pubmed/23516511
http://doi.org/10.1016/j.chembiol.2018.01.002
http://doi.org/10.1016/j.biomaterials.2013.06.023
http://doi.org/10.1021/acs.analchem.0c05189
http://doi.org/10.1021/mp2002297
http://doi.org/10.4049/jimmunol.0903789
http://doi.org/10.1126/science.aao0505
http://www.ncbi.nlm.nih.gov/pubmed/29599246


Biomedicines 2023, 11, 562 17 of 17

66. Fields, G.B. Protease-activated delivery and imaging systems. In The Cancer Degradome—Proteases in Cancer Biology; Edwards, D.,
Hoyer-Hansen, G., Blasi, F., Sloane, B., Eds.; Springer: New York, NY, USA, 2008; pp. 827–851.

67. Atkinson, J.M.; Falconer, R.A.; Edwards, D.R.; Pennington, C.J.; Siller, C.S.; Shnyder, S.D.; Bibby, M.C.; Patterson, L.H.; Loadman, P.M.;
Gill, J.H. Development of a Novel Tumor-Targeted Vascular Disrupting Agent Activated by Membrane-Type Matrix Metallopro-
teinases. Cancer Res 2010, 70, 6902–6912. [CrossRef] [PubMed]

68. Gill, J.H.; Loadman, P.M.; Shnyder, S.D.; Cooper, P.; Atkinson, J.M.; Morais, G.R.; Patterson, L.H.; Falconer, R.A. Tumor-Targeted
Prodrug ICT2588 Demonstrates Therapeutic Activity against Solid Tumors and Reduced Potential for Cardiovascular Toxicity.
Mol. Pharm. 2014, 11, 1294–1300. [CrossRef] [PubMed]

69. Barnieh, F.M.; Morais, G.R.; Garland, H.; Loadman, P.M.; Falconer, R.A. Targeted delivery of a colchicine analogue provides
synergy with ATR inhibition in cancer cells. Biochem. Pharmacol. 2022, 201, 115095. [CrossRef]

70. Ansari, C.; Tikhomirov, G.; Hong, S.H.; Falconer, R.; Loadman, P.; Gill, J.; Castaneda, R.; Hazard, F.K.; Tong, L.; Lenkov, O.D.; et al.
Development of Novel Tumor-Targeted Theranostic Nanoparticles Activated by Membrane-Type Matrix Metalloproteinases for
Combined Cancer Magnetic Resonance Imaging and Therapy. Small 2014, 10, 566–575. [CrossRef] [PubMed]

71. Mohanty, S.; Chen, Z.; Li, K.; Morais, G.R.; Klockow, J.; Yerneni, K.; Pisani, L.; Chin, F.T.; Mitra, S.; Cheshier, S.; et al. A Novel
Theranostic Strategy for MMP-14–Expressing Glioblastomas Impacts Survival. Mol. Cancer Ther. 2017, 16, 1909–1921. [CrossRef]
[PubMed]

72. Daldrup-Link, H.E. Rethinking Brain Cancer Therapy: Tumor Enzyme Activatable Theranostic Nanoparticles. Mol. Imaging
2017, 16, 1536012117730950. [CrossRef]

73. Wu, W.; Klockow, J.L.; Mohanty, S.; Ku, K.S.; Aghighi, M.; Melemenidis, S.; Chen, Z.; Li, K.; Morais, G.R.; Zhao, N.; et al.
Theranostic nanoparticles enhance the response of glioblastomas to radiation. Nanotheranostics 2019, 3, 299–310. [CrossRef]

74. Albright, C.F.; Graciani, N.; Han, W.; Yue, E.; Stein, R.; Lai, Z.; Diamond, M.; Dowling, R.; Grimminger, L.; Zhang, S.-Y.; et al.
Matrix metalloproteinase–activated doxorubicin prodrugs inhibit HT1080 xenograft growth better than doxorubicin with less
toxicity. Mol. Cancer Ther. 2005, 4, 751–760. [CrossRef]

75. Kasten, B.B.; Jiang, K.; Cole, D.; Jani, A.; Udayakumar, N.; Gillespie, G.Y.; Lu, G.; Dai, T.; Rosenthal, E.L.; Markert, J.M.; et al.
Targeting MMP-14 for dual PET and fluorescence imaging of glioma in preclinical models. Eur. J. Nucl. Med. Mol. Imaging
2020, 47, 1412–1426. [CrossRef]

76. Sood, D.; Tang-Schomer, M.; Pouli, D.; Mizzoni, C.; Raia, N.; Tai, A.; Arkun, K.; Wu, J.; Black, L.D.; Scheffler, B.; et al. 3D
extracellular matrix microenvironment in bioengineered tissue models of primary pediatric and adult brain tumors. Nat. Commun.
2019, 10, 4529. [CrossRef] [PubMed]

77. Pullen, N.; Pickford, A.R.; Perry, M.M.; Jaworski, D.M.; Loveson, K.F.; Arthur, D.J.; Holliday, J.R.; Van Meter, T.; Peckham, R.;
Younas, W.; et al. Current insights into matrix metalloproteinases and glioma progression: Transcending the degradation
boundary. Met. Med. 2018, 5, 13–30. [CrossRef]

78. Johansson, P.; Krona, C.; Kundu, S.; Doroszko, M.; Baskaran, S.; Schmidt, L.; Vinel, C.; Almstedt, E.; Elgendy, R.; Elfineh, L.; et al.
A Patient-Derived Cell Atlas Informs Precision Targeting of Glioblastoma. Cell Rep. 2020, 32, 107897. [CrossRef] [PubMed]

79. Wang, L.-B.; Karpova, A.; Gritsenko, M.A.; Kyle, J.E.; Cao, S.; Li, Y.; Rykunov, D.; Colaprico, A.; Rothstein, J.H.; Hong, R.; et al.
Proteogenomic and metabolomic characterization of human glioblastoma. Cancer Cell 2021, 39, 509–528.e20. [CrossRef] [PubMed]

80. Varn, F.S.; Johnson, K.C.; Martinek, J.; Huse, J.T.; Nasrallah, M.P.; Wesseling, P.; Cooper, L.A.; Malta, T.M.; Wade, T.E.;
Sabedot, T.S.; et al. Glioma progression is shaped by genetic evolution and microenvironment interactions. Cell 2022, 185,
2184–2199.e16. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1158/0008-5472.CAN-10-1440
http://www.ncbi.nlm.nih.gov/pubmed/20663911
http://doi.org/10.1021/mp400760b
http://www.ncbi.nlm.nih.gov/pubmed/24641451
http://doi.org/10.1016/j.bcp.2022.115095
http://doi.org/10.1002/smll.201301456
http://www.ncbi.nlm.nih.gov/pubmed/24038954
http://doi.org/10.1158/1535-7163.MCT-17-0022
http://www.ncbi.nlm.nih.gov/pubmed/28659432
http://doi.org/10.1177/1536012117730950
http://doi.org/10.7150/ntno.35342
http://doi.org/10.1158/1535-7163.MCT-05-0006
http://doi.org/10.1007/s00259-019-04607-x
http://doi.org/10.1038/s41467-019-12420-1
http://www.ncbi.nlm.nih.gov/pubmed/31586101
http://doi.org/10.2147/MNM.S105123
http://doi.org/10.1016/j.celrep.2020.107897
http://www.ncbi.nlm.nih.gov/pubmed/32668248
http://doi.org/10.1016/j.ccell.2021.01.006
http://www.ncbi.nlm.nih.gov/pubmed/33577785
http://doi.org/10.1016/j.cell.2022.04.038

	Introduction 
	Materials and Methods 
	Results 
	Evaluation of FAM-fTHP-9 Signal Detection 
	Correlation of FAM-fTHP-9 Signal with Increased Spheroid Invasion 
	Evaluating the Origin of FAM-fTHP-9 Cleavage 
	Hit Pick Assay Performance Using FAM-fTHP-9 Signal to Trigger Imaging of Test Inhibitor Wells 
	Evaluation of FAM-fTHP-9 Signal Detection and Spheroid Invasion in A172, H4, and SW 1088 Cell Lines 
	Inhibition of FAM-fTHP-9 Signal and Spheroid Invasion in A172, H4, and SW 1088 Cell Lines 
	Western Blot Analysis 
	Cell Viability 

	Discussion 
	Conclusions 
	References

