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The characterization of the proteolytic activity of proteases as
a tumor biomarker is essential to the development of
a prognostic model for cancer patients and to the detailed
understanding of cancer cells in physiology and clinicopathol-
ogyl In particular, there have been recent efforts® to
characterize the expression level of membrane type-1 matrix
metalloproteinase (MT1-MMP) because of its functional role
in cancer cell proliferation and metastasis.”*¢ The mecha-
nism of extracellular matrix (ECM) breakdown by MT1-
MMP depends on the cell type; for instance, a tumor cell will
experience a different ECM breakdown mechanism than
a normal cell, and this difference is highly related to the
metastasis®*! and/or abnormal cell division in tumor cells.”
This difference may be attributed not only to the expression
level of MT1-MMP but also to the proteolytic activity of
MT1-MMP that is expressed on the surface of an invasive
cancer cell; in general, a cancerous cell exhibits over-
expressed and highly activated MT1-MMPs on its surface.!
This observation indicates that for an early diagnosis of
cancers, it is essential to quantify the proteolytic activity as
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well as the acute expression level of MTI-MMP on the
surfaces of invasive cancer cells.

One of the conventional assay tools that are able to
characterize the expression level of proteinases is an immu-
noblot assay; however this assay does not give any insight of
the kinetics of the proteolytic activity of MT1-MMP. To
overcome this limitation, for a couple of decades, there have
been attempts to characterize the proteolytic activity of
matrix metalloproteinases (MMPs) by using fluorogenic
nanosensors.”*® However, because of photobleaching (or
photoquenching) and/or light interference, a fluorogenic
bioassay is not effective in deciphering the kinetics of MT1-
MMP-driven proteolysis. This limitation indicates that the
fluorogenic method is inappropriate for the quantification of
proteolytic activities of MT1-MMPs on invasive cancer cells.
Herein, we report a cantilever assay to decipher the kinetics
of MT1-MMP activity for various invasive cancer cells. A
cantilever bioassay enables not only highly sensitive detection
but also quantitative depiction of biomolecular interactions
based on mechanical signal transduction.["! Cantilever-based
label-free, real-time detection of the proteolytic activity of the
MT1-MMP of invasive cancer cells can be a useful addition to
conventional assays (e.g. immunoassay) and may lead to an
early diagnosis of cancer at a molecular level. For specific
measurements of the proteolytic activity, we functionalized
a cantilever surface with a specific peptide sequence® that is
able to selectively interact with MT1-MMP (Figure 1a). Here,
the peptide chains attached on a cantilever surface can be
specifically snipped by MT1-MMP (Figure 1b). The function-
alization of a cantilever decreases its resonant frequency by
(9.4 £2.8) kHz, because the attachment of molecules to
a cantilever increases its mass (see Tables S1 and S2 in the
Supporting Information). After functionalization of the
cantilever, it was mounted on a liquid cell, into which the
solution containing MT1-MMP was injected to observe the
MT1-MMP-driven proteolysis. Our detection principle is
based on the direct transduction of MT1-MMP-induced
proteolysis into a shift in the resonant frequency of a canti-
lever owing to a decrease in the effective mass of a cantilever
during proteolysis (Figure 1c).

We have considered the dependence of MT1-MMP-
driven peptide cleavage on MT1-MMP concentrations to
validate our conjecture that MT1-MMP concentration
(responsible for the invasion and metastasis for cancerous
cells) may significantly affect the proteolysis efficacy. To
confirm the specific interaction between MT1-MMP and
peptide chains attached on a cantilever surface, we have

SWILEY i

ONLINE LIBRARY

5837


http://dx.doi.org/10.1002/anie.201108830

Angewandte

5838

Communications

a) . Peptide-
Bare Aminated functionalized

cantilever cantilever PEGylated cantilever

e tide,

mPEG Cleavag y
SI e
-~ Peptlde{ <

APTMS

c)
mPEG-|: =2
i
Peptide MT1-MMP Frequency
E d(:(, solution PP
" Sensmg
\(,3\, e = L Laser ol -
S “‘-C g{zavage Injection
R })— { y
L L € Tubin, i
Bl & ,=
L . : : ]
P - e
G T 4 4
PO e
i& Proteoly5|s

Figure 1. a) Preparation of a peptide-functionalized cantilever for a bio-
assay. b) Chemical structure of peptide sequence, with cleavage site
highlighted in yellow. c) Experimental setup and sensing mechanism.
APTMS = 3-aminopropyltrimethoxysilane, mPEG = monomethyl poly-
(ethylene glycol), PSD = position-sensitive detector.

performed a few negative-control experiments (that validate
specific interaction between MT1-MMP and the peptide
sequence) as described in Figure S1 in the Supporting
Information. Based on the frequency shift that is due to
proteolysis, we have found that the proteolysis efficacy
depends on the MT1-MMP concentra-
tion (Figure S2a in the Supporting
Information); as the concentration of

that the evaluation of the kinetic rate of proteolysis as
a function of MT1-MMP concentration leads to quantitative
predictions on the amount of expressed MT1-MMPs.

For validation of our strategy toward cancer diagnostics,
we have measured small-molecule-mediated inhibition of
MT1-MMP-driven proteolysis, since such a characterization is
a first requisite for understanding the regulation of MT1-
MMP expression. We have utilized the MMP inhibitor
GM6001 as a small-molecule reagent that interrupts MT1-
MMP-induced proteolysis. In an inhibition assay, we have
fixed the MT1-MMP concentration at 48 nm, while the
GM6001 concentration ranges from 48 nM to 4.8 um. It is
shown in Figure S2b in the Supporting Information that the
proteolysis efficacy is significantly affected by the GM6001
concentration in such a way that when the GM6001 concen-
tration is increased, the proteolysis efficacy is remarkably
decreased.?>' Moreover, we have estimated the kinetic rate
of MT1-MMP-driven proteolysis as a function of GM6001
concentration based on in situ frequency shifts (Figure 2¢). It
is shown that an increase of GM6001 concentration signifi-
cantly decreases the kinetic rate of MTI1-MMP-induced
proteolysis in such a way that a decrease in kinetic rate is
proportional to GM6001 concentration (Figure 2d). This
result implies that our cantilever biosensor exhibits a high
detection sensitivity, which may result in effective cancer
diagnosis.

For verifying interaction between MT1-MMP and target
peptides as well as small-molecule-mediated inhibition, we
have utilized tapping-mode AFM (tmAFM),"! which can
visualize the cantilever surface on which MT1-MMP-driven

a) 64  b)oz0
MT1-MMP increases, so does the pro-
teolysis efficacy. Moreover, we have T 20 [MT1-MMP] = 480 ‘ 48 T T
taken into account the insitu frequency | . 018 |
shift measured in buffer solution thatis L = 305 g
due to MT1-MMP-driven proteolysis ;& 1.0 [MT-MMF) =450 g 30121 hs
for gaining insights into the kinetics of < 16
proteolysis. As described in our previ- 08
ous study,” the insitu frequency shift 0.0 , [MT1-KMP] =4 80M | o5 |
(Aw,") can be theoretically fitted to g o0 ‘ el L w0 1% 9
a Langmuir kinetic model that describes Tonefmin; == [MT1-MME] oy —
the frequency shift in the form ¢y 15 —.s @) 015
Apr(t) _ Awo [1—6Xp(—kp Z)] and ..-.[GM.6001l/[MTl-MM-P)—O. 13.
allows extraction of the rate constant T 1.2 [GMB001/[MT1-MMP]=1 T T 012 ¥
for proteolysis, k, (Figure2a). For & o4 c®® ® 124
instance, the kinetic rate of proteolysis = [GMBO01JMT1-MMPI=10 s g 009y
at an MTI-MMP concentration of ¢ 0.6 158 }006 I
48nm is estimated to be k, 03 = '
~0.088 min~! (Figure 2b). We found [GMB001}/[MT1-MMP}=100
that the kinetic rate strongly depends 0o - 0 20 il : : % e

on the MT1-MMP concentration, and
that it increases with the MT1-MMP
concentration. The increase rate (R) of
the kinetic rate with respect to MT1-
MMP concentration is estimated to be
R=0.16x10"min"'Mm™" (Figure 2b).
This increase rate clearly elucidates
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Figure 2. In situ monitoring of MT1-MMP activities and small-molecule-mediated inhibition.
a) Resonant frequency shifts (Aw,") and mass of cleft peptide (Am,") owing to proteolysis are
measured in buffer solution with different MT1-MMP concentrations. b) Kinetic rate, k, for

» Kpy

proteolysis with respect to MT1-MMP concentration. c) Resonant frequency shift owing to
proteolysis by MT1-MMP in the presence of the small-molecule inhibitor GM6001. d) Rate
constant of proteolysis measured in the presence of the small-molecule inhibitor.
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proteolysis occurs (Figure 3a—d). The immobilization of
peptides onto a cantilever surface increases both the AFM
average height and the roughness of a cantilever surface
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Figure 3. AFM tapping-mode images (10x 10 um?) of cantilever surfa-
ces in different states. a) A bare cantilever surface is very flat (root-
mean-squared height R,=(0.1940.01) nm), b) a cantilever surface
functionalized with peptides (R,=(14.542.5) nm), c) a functionalized
surface exposed to MT1-MMP (R, = (6.140.9) nm), and d) a function-
alized surface exposed to both MT1-MMP and inhibitor GM6001
(Rq=(13.440.6) nm). e) Root-mean-squared height R, for cantilever
surfaces in different states and f) Gaussian distribution of cantilever
surface roughness in each state.

decreases the AFM average height as well as the roughness
of a cantilever surface (Figure 3c). An increase in surface
roughness owing to peptide immobilization is attributed to
peptide aggregation. A decrease in surface roughness induced
by proteolysis may be ascribed to the hypothesis that during
proteolysis, most of the peptide chain is cleaved off. The
surface profile clearly validates the interaction between MT1-
MMP and peptides immobilized on a cantilever surface.
Moreover, we have corroborated the small-molecule-medi-
ated inhibition of MT1-MMP-driven proteolysis based on
surface morphology. The decrease in AFM average height for
the cantilever surface in the presence of both inhibitor
GM6001 and MT1-MMP is smaller than in the presence of
only MT1-MMP (Figure 3d-f). This finding suggests that
inhibitor GM6001 effectively prevents MT1-MMP from
cleaving the peptide chains on a cantilever surface.
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To evaluate the potential of our sensor for cancer
diagnostics, we have studied the cantilever-based detection
of the proteolysis activity of MT1-MMPs that were extracted
from membranes of live cancer cells. Specifically, in a canti-
lever assay a buffer solution containing various proteins,
which were obtained from whole cell lysate of fibrosarcoma
HT1080 cells," was injected into a liquid cell, in which
a cantilever vibrated (see the Supporting Information). The
expression of MT1-MMP on HT1080 cells (and on HT1080
cells treated with inhibitor GM6001) was validated by western
blotting analysis (Figure 4a), which enables the understand-
ing of small interfering RNA (siRNA)-based regulation of
MT1-MMP expression,”*'? while it cannot provide an insight
into small-molecule-mediated regulation of MT1-MMP activ-
ity. This limitation of western blotting analysis for studying
proteolytic activity of MT1-MMP can be overcome by using
our cantilever sensor. We have observed a resonant frequency
shift owing to MT1-MMP-driven proteolysis of peptides as
well as GM6001-mediated regulation of such a proteolysis
(Figure 4c¢). The frequency shift induced by peptide cleavage
by MT1-MMP (extracted from the invasive cancerous cell
line HT1080) is estimated to be 0.3 kHz, which is equivalent
to the mass of cleft peptides of approximately 0.9 ng, whereas
the frequency shift of a cantilever exposed to both MT1-MMP
(obtained from whole cell lysate) and inhibitor GM6001 is
below 0.1 kHz (equivalent to a mass of cleft peptide of
approximately 0.12 ng). Moreover, based on the Langmuir
kinetic model, the kinetic rate for proteolysis driven by MT1-
MMP expressed on HTI1080 cells is found to be k,
~0.066 min~!, whereas GM6001-mediated inhibition signifi-
cantly decreases the kinetic rate of proteolysis by MT1-MMP
(i.e. k,~0.023 min™"). This result clearly suggests that a canti-
lever sensor is able to effectively detect the small-molecule-
mediated regulation of enzymatic activity,”*'? thus implying
that our cantilever assay may be useful for drug screening
with high sensitivity.

To further confirm the diagnostic potential of our sensor,
we have considered HEK293 cells that are genetically trans-
fected with MT1-MMP or mutant MT1-MMP. Here, three
different kinds of cells—original HEK293 cells (N/C),
HEK?293 cells transfected with MT1-MMP (WT), and
HEK293 cells transfected with mutant MT1-MMP (E/
A)[zb]—were used for the cantilever bioassay, and the correct
protein expression in the different cells was confirmed by
western blotting analysis as shown in Figure 4b. When
a solution obtained from whole cell lysate of cells transfected
with MT1-MMP (WT) was injected into a liquid cell, a shift in
the frequency of a cantilever was observed, which is
attributed to peptide cleavage by MT1-MMP. However,
when a cantilever is exposed to solutions obtained from cell
lysates of original HEK293 cells (N/C) and from cells
transfected with the mutant MT1-MMP (E/A), the shift in
the frequency is smaller than 0.1 kHz (Figure 4d), thus
indicating that peptide cleavage is unlikely to occur. Interest-
ingly, in this experiment, we could validate the proteolytic
ability of mutant MT1-MMP (E/A). Although an expression
of MT1-MMP in the cells transfected with mutant MT1-MMP
(E/A) was shown in western blot analysis, the cantilever
bioassay reveals that the proteolytic activity of mutant MT1-
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Figure 4. Quantifying MT1-MMP concentration in whole cell lysate of invasive cancer cells.

a) Western blot analysis of MT1-MMP from whole cell lysates of HT1080 cells using a-tubulin
as a loading control (*N/C: negative control—normal HT1080 cells; **GM6001 concentration
is 20 uM; siMTT1: siRNA directed against MT1-MMP). The treatment with siMT1 inhibits the
expression of MT1-MMP in a cell, whereas treatment with inhibitor GM6001 does not.

b) Expression of MT1-MMP from HEK293 cells (*N/C: negative control—normal HEK293
**%E[/A: mutant MT1-MMP expression).
The expected molecular weights for immature MT1-MMP and mutant MT1-MMP are 63 and
61 kDa, respectively. c,d) Resonant frequency shift owing to peptide cleavage by MT1-MMP
acquired from HT1080 (c) and HEK293 (d) whole cell lysates (ca. 1x10° cellsmL™"). Injection
volume of lysate into the liquid cell is 50 pL and the concentration of inhibtor GM6001

cells; **WT: up-regulation of MT1-MMP expression;

(20 um) is identical in all bioassays where GM6001 is added.

MMP was forfeited, thereby suggesting that the mutation of
MT1-MMP affects its enzymatic activity.

In conclusion, we have quantitatively described the
proteolytic activities of MT1-MMP (acquired from invasive
cancer cells and also genetically engineered cells) by using
a resonant microcantilever. The label-free detection of the
activity of MT1-MMP extracted from invasive cancer cells is
based on the measurement of both the mass of peptides
cleaved by MT1-MMP and the kinetic rate of MT1-MMP-
driven proteolysis. It has been shown that our cantilever
bioassay exhibits a detection sensitivity below 1nm for
sensing MT1-MMP-driven proteolysis (see the Supporting
Information), which is mostly higher than the sensitivity of
other methods, such as methods using fluorogenic
probes,”®**! except a method using nanoporous films™ for
detecting MMP activity. Our study sheds light on a cantilever
assay for quantifying enzymatic activity (for cancerous cells)
as well as the regulation of such an activity. For future
applications in cancer diagnosis our cantilever sensor will be
used with more realistic samples, such as various cancerous
cells with different metastasis status or in different stages of
cancer development.'>14
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