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Abstract

a) Objectives—MMP-2, MMP-9, their complexes and ADAM12 are detected in the urine of
breast cancer patients and predict disease status. We assessed the use of FRET-based substrates in
an assay to distinguish breast cancer patients from controls.

b) Design and Methods—Substrates with varying specificities for MMP-9 and MMP-2 and
several ADAMs were screened. Flsub21 and Flsub13, substrates for ADAM12 and ADAMS8
respectively, were studied.

¢) Results—FIsub21 and Flsub13 cleavage activity was detected in the urine of patients with
invasive and metastatic breast cancer at significantly higher frequencies compared to controls. Our
model predicted probabilities of 90% when both Flsub21 and Flsub13 were positive, 65% when
Flsub21 alone was positive, 55% when Flsub13 alone was positive and 20% when both substrates
were negative.

d) Conclusions—These data suggest the potential utility of FRET substrates to non-invasively
identify invasive and/or metastatic breast cancer.
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Introduction

Matrix metalloproteases (MMPs) are a multigene family of zinc-dependent endopeptidases
that have been implicated in tumor growth, invasion and metastasis in experimental cancer

© 2011 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

$To whom correspondence should be addressed: Marsha A. Moses, Ph.D., Program in Vascular Biology, 12.214, Karp Family
Research Building, Children’s Hospital Boston, Harvard Medical School, 300 Longwood Avenue, Boston MA 02115, phone (617)
919-2207, fax (617) 730-0231, marsha.moses@childrens.harvard.edu. To whom correspondence should be addressed: Marcia L.
Moss, Ph.D., BioZyme, Inc., 1513 Old White Oak Church Road, Apex, NC 27523, mmoss@biozyme-inc.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Roy et al.

Page 2

models and in human tumors [1-8]. The characteristic domain structure of MMPs includes
(1) the signal peptide domain, which guides the enzyme into the rough endoplasmic
reticulum during synthesis, (2) the propeptide domain, which sustains the latency of these
enzymes until it is removed or disrupted, (3) the catalytic domain, which houses the highly
conserved ZnZ* binding region (HExGHxxGxxHS/T) and is responsible for enzyme activity,
(4) the hemopexin domain, which determines the substrate specificity of MMPs and (5) a
small hinge region, which enables the hemopexin region to present substrate to the active
core of the catalytic domain. A subfamily of membrane-type MMPs (MT-MMPs) possesses
an additional transmembrane domain. Two members of this family in particular, MMP-2
and MMP-9, degrade, among other substrates, typelV collagen, fibronectin and laminin,
major components of the basement membrane and are commonly used as markers of the
malignant phenotype. MMP activity is regulated by a group of four endogenous tissue
inhibitors of metalloproteases (TIMPs) [1,5, 9].

More recently, a related family of disintegrin metalloproteases, the ADAMs (A Disintegrin
And Metalloprotease) have also been implicated in tumor growth and metastasis. Most
ADAMs possess the conserved Zn-binding catalytic domain similar to MMPs and are
proteolytically active. ADAM family members are typically membrane-bound, however,
some can have alternatively spliced secreted isoforms as well [10,11]. ADAM substrates
include cell-surface-associated type | or Il integral membrane proteins and a number of them
also possess matrix-degrading activity similar to the MMPs. Based on their metalloprotease
function and substrate specificity, MMPs and ADAMs have been shown to be involved in
normal developmental processes such as cardiac and neuronal development [12], mammary
involution [13] and bone turnover [14] and when dysregulated, their activity can lead to
diseases including cancer, inflammation, obesity and cardiac hypertrophy [15-17].

Overexpression of MMPs and/or ADAMS in tumor tissue and/or stroma can result in
increased levels of MMP activity in various body fluids. Evidence is emerging that members
of the MMP and/or ADAM family can serve not only as potential markers for diagnosis and
prognosis, early detection and risk assessment but also as indicators of tumor recurrence,
metastatic spread and response to primary and adjuvant therapy for breast cancer [18-21].
MMP-9 has been detected in the serum and plasma of tumor bearing rats and in humans
with malignant tumors [22-25]. We have previously reported that MMPs can be detected in
urine from patients with a variety of cancers and are independent predictors of disease status
[19,20,26—-29]. MMP-9 levels in tumor tissue as well as serum, plasma and urine are
significantly elevated in breast cancer patients [24,26,27,30]. ADAM12 can be detected in
the urine of breast [31] and bladder [32] cancer patients and its levels have been shown to
correlate with disease status, stage and cancer risk [18,31].

In addition to zymography and other biochemical approaches to measuring enzyme activity,
fluorescent and colorimetric substrates can be used easily to assess enzyme activities.
Fluorescence resonance energy transfer (FRET) substrates have been used, for example, to
detect stromelysin activity in synovial fluid [33]. In this study, we asked whether FRET
substrates might be utilized as the basis of a non-invasive test for cancer. This would require
only the addition of the substrate to urine and measurement of an increase in fluorescence
over a short period of time using a fluorescence plate reader. Fluorescent substrates for
MMPs and ADAMs have been designed [34-36] based on either previously known
physiological substrates of these enzymes or results from substrate mapping experiments.
Here, we have used fluorescent substrates described in the literature to determine whether
they are suitable to indicate the presence of breast cancer.
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Materials and methods

Study Population

Eighty-nine samples were analyzed in this study, including samples from patients diagnosed
with ductal carcinoma in situ (n=24), invasive breast cancer (n=22) and advanced metastatic
breast cancer (n=18) cancer and age-matched controls (n=21). All diagnoses were confirmed
by biopsy. Specimens were obtained prior to surgical or other therapeutic intervention.
Institutional Review Board approval for the study was obtained.

Urine sample collection and processing

For a pilot study, five normal and five metastatic age-matched urines were purchased from
Bioreclammation, Inc. All of the remaining urine samples were collected according to the
institutional bioethical guidelines pertaining to discarded clinical material as previously
reported by us [27]. Samples were collected in sterile containers and immediately frozen at
—20°C. Urine was tested for presence of blood and leukocytes using Multistix 9 Urinalysis
Strips (Bayer, Elkhart IN) and samples containing blood or leukocytes were excluded.
Protein concentration of urine was determined by the Bradford method using bovine serum
albumin as the standard.

Screening of urines with fluorescence substrates

Initially, a pilot study composed of five normal and five metastatic age-matched urines was
conducted. Flsub8, DabPChaGC(Me)HAK (Fam)-NH,, Flsub10, Dabcyl-
SPLAQAVRSSK(Fam)-NH>, Flsub11, Dabcyl-GPLGMRGK (Fam)-NHo, Flsub13, Dabcyl-
HGDQMAQKSK(Fam)-NH2, Flsub21, Dabcyl-LAQAHomopheRSK(Fam)-NH,, and Flsub
63, Dabcyl-SNLAYYTAK(Fam)K-NH, were prepared as 10 mM stock solutions in
dimethyl sulfoxide (DMSOQ). Substrates were diluted to 20 uM in buffer containing 50 mM
Tris, pH8, 10 mM CaCls, and 0.01% Brij for assays measuring ADAM activity and 50 mM
Tris, pH 7.5, 150 mM NaCl, 5 mM CaCl,, 1 uM ZnSQy, 0.01% Brij for assays measuring
MMP activity. For the assay, 75 pl of urine was added to a Grenier 96 well black coated
plate (Sigma-Aldrich, St. Louis, MO). To start the reaction, 25 ul of substrate was added via
multipipettor. Fluorescence values were measured in a Fluroskan 11 at excitation and
emission wavelengths of 485 and 530nm respectively. Control wells contained urine with
substrate buffer alone or 25 pl of substrate buffer and 75 pl of phosphate buffered saline.
The total running time for each assay was 2.5 hr, readings were taken every 2 min. Ninety
points were used to determine slope values which were linear. Fluorescence units (FU)
versus time were plotted and slopes of the initial velocities were obtained by linear fit.
Protein concentrations were determined using the Pierce protein assay. Absorbance was
measured at 595 nm. Specific activities (U/mg) were determined by dividing the slopes from
the FU versus time graphs by total protein present in the urine for each assay.

Measurement of Flsub21 and FIsub13 cleavage activities

Stock substrate solutions of Flsub21 and Flsub13 were prepared at 5 mM concentration in
DMSO and stored at —80 °C. Substrates were thawed and diluted into assay buffer (50 mM
Tris, pH 7.5, 5 mM CaCl,, 1 uM ZnSQO,) to obtain a working concentration of 20 uM for
the assays.

Reactions were conducted in 96-well white polystyrene flat bottom plates (Whatman, GE
Healthcare, Piscataway, NJ) at room temperature. All assays were conducted in duplicate.
The assay mixture consisted of 80 pl urine sample and 20 pl substrate (final substrate
concentration 4 uM). To determine background fluorescent levels, control wells containing
assay buffer only, substrate alone or urine sample alone were used and background
fluorescent levels subtracted before activity calculation. The enzyme, assay buffer or urine
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samples were added to the wells first and subsequently the reaction was started by adding
the substrate using a multichannel pipettor. The reaction was monitored using a Wallace
Victor, 1420 Multilabel counter (Perkin Elmer, Waltham, MA). Excitation and emission
filters were set to 485 and 530 nm respectively. For all assays fluorescence measurements
were recorded every 15 min over a period of 3 h. Experimental data from the fluorimeter
was imported into Excel for specific activity calculations. Net fluorescence was obtained by
the subtraction of background fluorescence from each well. Slope was calculated using net
fluorescence increase (using twelve data points) in the linear range versus time curves. Slope
values were initially divided by an arbitrary number 1000. To obtain substrate cleavage
activity (U/ml), slope values were multiplied by 12.5. Finally, specific activity (U/mg) was
calculated using protein concentration values of each urine sample.

Statistical Analysis

Results

Cleavage of FRET substrates Flsub21 and Flsub13 were compared between breast cancer
urine samples and control urine samples using the nonparametric Mann-Whitney U-test
since these substrates displayed skewness as assessed by the Kolmogorov-Smirnov test of
normality [37]. Data are presented as medians and interquartile ranges. Using an activity
value of greater than 0 U/mg for Flsub21 and Flsub13 to identify possible breast cancer,
sensitivity and specificity were calculated for breast cancer patients versus controls, and for
invasive breast cancer (IBC)/metastatic disease versus controls using Fisher’s exact test.
Multivariable logistic regression was used to test whether Flsub21 and Flsub13 (based on a
positive or negative test results) were independently predictive of 1) cancer versus control,
and 2) IBC/metastatic disease compared to controls with the odds ratio and 95% confidence
interval (CI) for determining risk [38,39]. Receiver operating characteristic (ROC) curve
analysis was applied to determine the diagnostic accuracy of each urinary substrate in
differentiating cancer patients from controls using area under the curve (AUC) with a 95%
Cl as the measure of prediction [40]. Statistical analysis was performed using the SPSS
software package (version 18.0, SPSS Inc./IBM, Chicago, IL). Two-tailed values of P <
0.05 were considered statistically significant.

Screening of fluorescent substrates for MMP/ADAM activity

Several different MMPs and ADAMs were screened for their ability to cleave a range of
fluorescent substrates including Flsub8, —10, —11, —13, —21 and —63 (Table 1). Substrates
were chosen based on their ability to distinguish between MMP-9, MMP-2, ADAM12 and
ADAMB. For example, Flsub8 and —11 were chosen because of their selectivity for MMP-9
over MMP-2. In addition, these two substrates were not very reactive towards other MMPs
with the exceptions of MMP-13, and ADAM family members, ADAMS, -9, —10, —12, and
—17. Since the presence of MMP-9 and not MMP-2 in urine was shown to correlate with
breast cancer, we reasoned that these two substrates could potentially be used successfully to
predict disease status. FIsub63 is a substrate selective for MMP-2 over MMP-9 and therefore
served as a negative control. Finally, Flsub10, —13 and —21 are useful fluorescent substrates
to measure ADAM activity. FIsub10 is not a selective substrate but is very sensitive for
ADAM17. Flsub21 is the best substrate known to date for ADAM12 [35] although it can be
cleaved by ADAM17 and ADAM10 as well. Flsub13 is used typically to detect ADAMS8
activity. Since a secreted isoform of ADAMS has been reported and since ADAMS levels
have been shown to correlate with head and neck cancer [41], we chose to use Flsub13 in
the event that ADAMBS is also present in the urine samples. In addition, FIsubl13 is selective
for ADAMBS over most of the MMPs.
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To ascertain whether these fluorescent substrates could be used to predict disease status,
urine samples from patients with metastatic breast cancer and age- and sex-matched controls
were initially screened with several substrates that are known to be efficiently cleaved by
MMP-2, MMP-9, ADAMS8 and ADAM12.

Table 2 indicates the specific activity (fluorescent units (FU)/min.mg) calculated using the
fluorescence units versus time plots for each of the urine samples using six distinct
substrates. The MMP-9-specific substrates Flsub8 and Flsub11 were only partially selective,
with specific activity values for the slopes (mean FU/min.mg of 5 vs. 28 and 13.8 vs. 19) for
the normal and metastatic groups respectively. Mean activity values for the metastatic and
control groups using the MMP-2 substrate FIsub63 were very similar (Table 2) and all the
specific activities were above 1 with the exception of 3N. Similar findings were obtained
with the general ADAM substrate, Flsub10, as all the values were positive, even though
there was a 33-fold mean difference for the normal and metastatic groups. Interestingly,
fluorescent substrates FIsub13 and —21, with high specificity for ADAM8 and ADAM12
respectively, showed the most discrimination between the two test groups. The activity
values for Flsub13 and Flsub21 were either negative or approached zero for all urine
samples from normal controls with the exception of sample 1N (Table 2). In contrast, urine
samples from patients with metastatic disease all tested positive for Flsub21 cleavage
activity while 4 out of 5 samples tested were positive for Flsub13 cleavage activity.

Our initial screening studies indicated that FIsub21 and Flsub13 could prove to be useful
substrates for screening urine samples from breast cancer patients. Purified recombinant
human ADAM12 has been previously reported to cleave Flsub21 efficiently but not FIsub13
[35] whereas ADAMBS could selectively cleave Flsub13 [35]. Next, we assessed the effect of
metalloprotease inhibitors on Flsub21 and FIsub13 cleavage activity in urine samples. The
general MMP inhibitor, GM6001 (500nM) had no effect on Flsub21 and Flsub13 cleavage
activity in urine samples. However, when the broad spectrum ADAM inhibitor, TMI (5 uM)
was used, urine from cancer patients displayed inhibition for Flsub13- (20-100%) and
Flsub21-cleavage activity (0-45%), whereas no inhibitable activity was present in any of the
normal control urines regardless of the substrate used (data not shown). These findings
prompted us to test urine samples using the fluorescent substrates Flsub21 and Flsub13 to
determine whether there was a correlation between activity and disease status. A total of 85
urine samples were tested including 64 from breast cancer patients and 21 from age- and
sex-matched controls. The breast cancer cohort included samples from across the disease
spectrum, ductal carcinoma in-situ (DCIS, n=24), locally invasive breast cancer (IBC, n=22)
and advanced metastatic disease (n=18) (Fig. 1). Urine samples were tested in triplicate.
Urinary Flsub21 and Flsub13 cleavage activity for breast cancer patients and normal
controls is presented in Table 3. Using Flsub21, only 19% of urines from normal controls
displayed cleavage activity whereas 34%, 68% and 89% samples from DCIS, IBC and
metastatic patients respectively displayed Flsub21 cleavage activity. For this substrate, the
median specific activity values for samples from patients with DCIS were similar to normal
controls, however, median specific activity levels were significantly higher in urine samples
from invasive (P<0.001) and metastatic breast cancer (P<0.001) (Table 3). Similar trends
were observed for Flsub13, while only 28% of samples from normal controls displayed any
activity 37%, 77% and 89% samples from DCIS, IBC and metastatic patients respectively
had positive Flsub13 activity. In addition, the median specific activity values using Flsub13
were not very different for normal controls or DCIS samples and significantly higher median
specific activities were observed for urines from patients with IBC (P<0.001) and metastatic
breast cancer (P<0.001).

This data was analyzed by univariate and multivariate statistics (Table 3 and 4).
Multivariable logistic regression using binary cut-off values for the two substrates indicated
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that FIsub21 provided significant predictive information in differentiating breast cancer
patients from controls (Table 4; odds ratio 7.7, 95% CI: 2.3 — 25.8, P < 0.001). FIsub13 was
not found to provide additional predictive information (P = 0.12). In a subgroup analysis
considering the 40 IBC/metastatic disease patients and the 21 controls, multivariable logistic
regression indicated that using binary cut-off values, Flsub21 (P = 0.009) and Flsub13 (P =
0.028) cleavage activities were significant independent biomarkers. The odds of IBC/
metastatic disease based on a value greater than 0 U/mg for Flsub21 was almost 8 times
higher (odds ratio 7.9, 95% ClI: 2.0 — 37.4), whereas the odds of IBC/metastatic disease were
over 5 times higher in individuals having a positive Flsub13 activity (odds ratio 5.7, 95% CI:
1.3-27.2).

Overall, there were significant differences in the median specific activity using both Flsub21
and Flsub13 between all 64 cancer patients and 21 controls (Table 3). Examining each group
separately, it was obvious that the substrates show differences although these differences are
statistically significant only for the IBC and metastatic group compared to controls and did
not reach significance for the DCIS groups. Medians, interquartile ranges (25t — 75t
percentiles), and full ranges were used with the nonparametric Mann-Whitney U-test (due to
skewness of the substrate data) for comparing groups. Multivariable analysis using logistic
regression indicated that while both Flsub21 and Flsub13 displayed some value in
differentiating cancer versus controls, this was largely due to higher FIsub21 and Flsub13
values in the more advanced cancer subgroups (IBC or metastatic disease). Urinary Flsub21
and Flsub13 activities were highly correlated and logistic regression confirmed that they are
not independent markers. Therefore, one of these two substrates would probably be
sufficient from the perspective of predicting the presence of any cancer. The utility of these
substrates is limited for distinguishing cancer from non-cancer when considering the DCIS
cancer subgroup, since there were too many DCIS urine samples with non-measurable
Flsub21 and/or Flsub13 activity.

Based on multivariable regression modeling, using the two fluorescent substrates for
predicting IBC and/or advanced metastatic disease, the model would predict a 20%
probability if both substrates were negative, 55% probability if Flsub13 was positive and
Flsub21 was negative, 65% probability if FIsub21 was positive and FIsub13 was negative,
and a 90% probability of advanced breast cancer (IBC or metastatic disease) if urinary
Flsub21 and Flsub13 cleavage activities were both positive. In general, the value of these
substrates increases substantially in differentiating the more advanced breast cancer from
normal controls or from the DCIS subgroup.

Table 4 summarizes results of ROC analysis and shows that while the AUC was significant
for substrates in differentiating all cancers (n=64) compared to normal controls (n=21), the
diagnostic performance based on AUC values was better when differentiating invasive and/
or metastatic breast cancer from normal controls as opposed to differentiating between
controls and all cancers.

Using any positive urinary FRET substrate cleavage activity measurement, the table
summarizes sensitivity and specificity for Flsub21 and Flsub13 for all breast cancer groups
versus control and for IBC/metastatic versus controls (the sensitivity for each substrate is
much higher). In conclusion, the substrates Flsub21 and Flsub13 offer useful diagnostic
characteristics as predictive biomarkers, however the data suggest that this value lies mainly
in differentiating more advanced breast cancer disease from normal controls.
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Discussion

A number of the MMP and ADAM family members are found in biological fluids and are
now being appreciated as potential biomarkers for cancer. In the current study, we have used
fluorescent substrates to determine whether they have the potential to be used in predicting
the presence of disease using urine samples from patients with breast cancer and normal
controls. Fluorescent substrates designed to be specific for ADAM family members were
predictive of disease status. Some ADAM substrates proved not to be useful, such as the
best TACE substrate FIsub10 (data not shown) and broad spectrum substrates described in
Moss et. al. [42]. During the initial screening process, of all the substrates tested, those more
selective for MMP-9 proved to be the most useful. The best MMP-9 substrate tested was
Flsub11 which is slightly more specific than Flsub8 for MMP-9 compared to the ADAMSs
and other MMPs. Flsubl1 is based on a previous substrate that was demonstrated to be
useful for detection of MMP-13 activity [34]. However, its specificity constant is greater
than 10° for MMP-9 and as a result appears to be very useful in detecting MMP-9 activity.
In contrast, FIsub63, which is a MMP-2 specific substrate, was not indicative of disease
status.

The substrates that proved to be the best for large scale screening of urines were Flsub13
and Flsub21. FIsub13, an ADAMBS substrate that is based on a cleavage sequence of CD23,
is most promising since only activities in urines from cancer patients were inhibited by the
broad spectrum ADAM inhibitor, TMI-1 (data not shown). FIsub13 is unique in that it is not
processed well by any of the MMPs tested. FIsub21 is based on the processed site in TNF-
alpha but has homophenylalanyl in place of valine at S1°. This substitution was shown
previously to be helpful in increasing TACE activity [43] although it is cleaved by a number
of MMP and ADAM family members. The closely related Flsub10, with the native TNF-
alpha substrate sequence, is not as useful as FIsub21, suggesting that the unnatural amino
acid substitution is beneficial. Another ADAM selective substrate, PEPDABO014, which is
based on the TGF-alpha cleavage site [42], was not a useful substrate, suggesting that TACE
activity may not be predictive of the presence of metastatic breast cancer. Therefore,
substrates based on physiological cleavage sites of proteins that are shed by ADAMSs appear
to be useful in detecting ADAM family members in human urine samples. In fact,
combinations of semi-selective substrates along with the use of inhibitors as in the multiple
enzyme reagent assay system (MEMRAS) technique [34] has been modified recently by
Miller et. al. to quantify ADAM17 and -10 levels in cellular assays, even though there were
non-specific proteinase activities present [44].

More importantly, however, is the finding that a combination of Flsub21 and Flsub13
activity determined, with 90% certainty, that the individual has either invasive breast cancer
or metastatic disease. While the substrates studied here were not useful in detecting the
presence of other stages of the disease, combinations of semi-selective substrates may
ultimately be useful in doing so [44]. Traditional techniques to measure metalloproteinase
activities have relied on ELISA assays and zymography. While ELISAs can be quite useful,
they do not measure how catalytically active an enzyme is in a biological fluid. The use of
fluorescence substrates offers a unique, quantifiable and sensitive way to determine active
enzyme concentrations. Furthermore, unlike zymography which is gel-based, these
fluorescence assays can be high throughput, completed within a shorter time frame and
automated if necessary.

In this report, we have presented a proof-of-concept study in which fluorescent substrate
cleavage activity was used to predict disease status in patients with breast cancer. Using a
cohort of samples from across the disease spectrum and comparing these to normal controls,
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we found that FIsub21 and Flsub13 cleavage activity may be used to distinguish between the
presence of invasive and/or metastatic breast cancer from normal controls.

Mosesetal Highlights

e We analyzed proteolysis of FRET substrates in urine of breast cancer patients
and controls.

e Flsub21 and Flsub13 cleavage is detected at significantly higher frequencies in
urine of breast patients.

e FRET substrates may be used to non-invasively identify invasive and/or
metastatic breast cancer.

Abbreviations

FRET fluorescence resonance energy transfer
MMP matrix metalloprotease

ADAM a disintegrin and metalloprotease

IBC invasive breast cancer

DCIS ductal carcinoma in situ
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Figure 1.

Flsub21 and Flsub13 cleavage activity is significantly higher in urine of patients with
invasive and metastatic breast cancer compared to controls. Scatter plots representing
urinary Flsub21 (A) and Flsub13 (B) cleavage activity from breast cancer groups; DCIS
(triangle), IBC (inverted triangle), metastatic disease (diamonds) and normal controls
(circles). Each assay was conducted in triplicate and the results are expressed as the mean
(£SEM). Using Flsub21, specific activity levels were significantly higher in urine samples
from invasive (p<0.001) and metastatic breast cancer (p<0.001) compared to controls.
Similarly for Flsub13, significantly higher specific activities were observed for urines from
patients with IBC (p<0.001) and metastatic breast cancer (p<0.001) compared to controls.
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