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Background: A majority of patients with pancreatic malignancies, including both pancreatic ductal adenocarcinoma (PDAC) and
pancreatic neuroendocrine tumours (pNETs), present with advanced disease due to a lack of specific symptoms and current
diagnostic limitations, making this disease extremely difficult to detect. Our goal was to determine whether urinary matrix
metalloproteases (uMMPs) and/or their endogenous inhibitors, urinary tissue inhibitor of metalloproteases (uTIMPs), could be
detected in the urine of patients with pancreatic malignancies and whether they may serve as independent predictors of disease
status.

Methods: Retrospective analyses of urine samples (n¼ 139) from PDAC and pNET patients as well as age- and sex-matched
controls were conducted. Urinary MMP-2 and uTIMP-1 levels were determined using ELISA and zymography. Biomarker
expression in tumour and normal pancreatic tissues was analysed via immunohistochemistry (IHC).

Results: Multivariable logistic regression analyses indicated that, when controlling for age and sex, uMMP-2 (Po0.0001) and
uTIMP-1 (Po0.0001) but not uMMP-9, were significant independent predictors for distinguishing between PDAC patients and
healthy controls. Our data also indicated that uMMP-2 was an independent predictor of the presence of pNET. In addition, uTIMP-
1 levels could differentiate the two cancer groups, PDAC and pNET, respectively. Immunohistochemistry analysis confirmed that
MMP-2 and TIMP-1 protein expression is significantly upregulated in PDAC tissue compared with the normal pancreas.

Conclusions: Taken together, our results suggest that the detection of uMMP-2 and uTIMP-1 may have diagnostic value in the
detection of pancreatic malignancies and that uTIMP-1 may be useful in distinguishing between pancreatic adenocarcinoma and
neuroendocrine tumours.

Pancreatic malignancies are generally subcategorised as either
pancreatic ductal adenocarcinoma (PDAC) or pancreatic neuroen-
docrine tumours (pNETs). Pancreatic adenocarcinoma accounts
for over 90% of pancreatic malignancies. A diagnosis of PDAC has
an extremely poor prognosis, with an overall 5-year relative
survival rate of only B5% and a median survival of o6 months
(Maitra and Hruban, 2008). Pancreatic neuroendocrine tumours
are less common than PDAC and have a more favourable
prognosis, although when diagnosed at a late stage this disease is
almost always fatal, with an estimated median survival duration of
2 years (Yao et al, 2008). Surgical resection is the only curative
therapy for either PDAC or pNET, unfortunately for both

diagnoses the majority of patients present with unresectable
disease (Li et al, 2004).

Neoplasms of the pancreas are grouped according to their
localisation in the pancreas (head, body or tail) or according to the
type of cell from which the cancer originated (exocrine or
endocrine). Exocrine PDACs are the most common type of
pancreatic tumours and account for approximately 90% of
diagnosed pancreatic cancers (Kaur et al, 2012). Neuroendocrine
tumours (NETs) are rarer and are characterised by the secretion of
hormones and are typically named after the hormone they produce
(e.g., gastrinomas, insulinomas and glucagonomas). Pancreatic
NETs have a low prevalence in the population of about 1 per
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100 000 representing B1–2% of all pancreatic neoplasms
(Plockinger et al, 2004). In the United States, the incidence and
prevalence of pNET has substantially increased in the last three
decades (Modlin et al, 2008).

A lack of specific symptoms make both PDAC and pNET
difficult to diagnose at an early stage. Currently used blood-based
tumour biomarkers are inadequate for either screening or
diagnosis. CA19-9 is the only FDA-approved clinical biomarker
in use for diagnosis as well as for assessing therapeutic efficacy of
PDAC (Steinberg, 1990; Goggins, 2005). CA19-9 has a moderate
sensitivity (B80%) and specificity (B60–70%) for detecting
PDAC (Yeo et al, 2002; Ozkan et al, 2003), and only 65% of
patients presenting with resectable pancreatic tumours have
elevated CA19-9 levels (Goggins, 2005). CA19-9 levels can be
elevated in patients with various benign pancreatobiliary disorders
or other non-pancreatic malignancies. For example, upregulation
of CA19-9 expression in several cancers (gastric, colon and
ovarian) as well as benign conditions (liver cirrhosis, pancreatitis,
obstructive jaundice and gastric ulcer) can lead to increased false-
positive results (Ballehaninna and Chamberlain, 2012), whereas a
Lewis-negative genotype (Tempero et al, 1987) can lead to false-
negative results, thereby significantly limiting the efficacy of CA19-
9 in PDAC detection and management. Importantly, for the
detection of smaller pancreatic tumours, which would represent a
better chance of curative resection and significantly improved
patient survival, serum CA19-9 has a very low sensitivity (B55%)
(Steinberg, 1990; Goggins, 2007). Based on these limitations, the
National Academy of Clinical Biochemistry guidelines for PDAC
tumour markers in the clinic recommend a limited role for this
marker in combination with pancreatic imaging techniques
(Goggins, 2007) for the diagnosis of PDAC as well as for
therapeutic assessment. Currently available imaging techniques to
detect PDAC are also somewhat limited, although endoscopic
ultrasound has shown some promise in screening patients at a high
risk for PDAC (Canto et al, 2006; Poley et al, 2009).

Two tumour markers currently in clinical use for pNETs are
neuron-specific enolase and chromogranin A (CgA) (Seregni et al,
2001; Yao et al, 2011; Ter-Minassian et al, 2013). Of these, CgA,
which represents a constitutive neuroendocrine secretory protein,
is the most widely accepted biomarker for pNET diagnosis (86%
specificity/69% sensitivity; Seregni et al, 2001) and CgA levels were
found to correlate with disease status in patients with advanced
disease, particularly in patients with liver metastases. However, the
use of CgA for pNET management has obvious biological
limitations. Elevated CgA levels are found in cardiac, endocrine
and inflammatory diseases, thereby significantly reducing specifi-
city for pNETs (Modlin et al, 2010). In addition, although early
decreases in CgA have been associated with favourable outcomes
(Modlin et al, 2010), the prognostic and predictive value of CgA
has not yet been widely validated and may also be therapy
dependent (Kulke et al, 2011). Finally, B25% NETs do not express
CgA resulting in reduced sensitivity for this marker (Zatelli et al,
2007). Therefore, there is an unmet need for novel biomarkers with
improved clinical efficacy for pNET.

Several studies have evaluated differentially expressed biomarkers
for PDAC in tissue, blood or exocrine pancreatic secretions. In
recent years, numerous studies have focused on the discovery of
serum-based biomarkers for the early detection of pancreatic cancer
(reviewed in Faca et al, 2008; Roy et al, 2010; Sun et al, 2011; Winter
et al, 2012), however, thus far, none of these have been successfully
adopted in the clinic. Studies using urine as a source of biomarkers
for PDAC have been rare (Nolen and Lokshin, 2011). To date, one
study has reported that elevated levels of the enzyme urokinase-type
plasminogen activator receptor in urine of PDAC patients could
identify a clinically high-risk subset of this disease (Sorio et al, 2011).
Studies evaluating novel biomarkers in pNET are similarly limited.
The goal of our study is to establish a sensitive and specific

non-invasive method for the detection of pancreatic malignancies.
We have evaluated whether urinary matrix metalloprotease (MMP)
or tissue inhibitor of matrix metalloprotease (TIMP) levels may be
useful for the detection of PDAC or pNET.

The malignant nature of pancreatic cancer represents an
aggressive phenotype characterised by early local invasion and
metastasis (Evans et al, 1997; Yang et al, 2001) facilitated by the
degradation of type IV collagen and proteoglycans in the basement
membrane, as well as changes in expression of MMPs and their
endogenous inhibitors TIMPs (Bramhall et al, 1996; Matsuyama et al,
2002). In particular, MMP-2 and MMP-9 are known to facilitate
pancreatic tumour progression and aggressiveness of disease (Evans
et al, 1997; Matsuyama et al, 2002; Durlik and Gardian, 2012).

We have analysed urine from patients with PDAC, pNET and
healthy controls to determine whether the gelatinases MMP-2 and
MMP-9 as well as their endogenous inhibitors, the TIMPs, can
serve as predictors of disease status. Our results indicate that
several MMP species can be detected with significantly higher
frequency in urine from pancreatic cancer patients compared with
healthy controls. Of these, urinary MMP-2 (uMMP-2) but not
urinary MMP-9 (uMMP-9) was a significant independent
predictor for distinguishing patients with either PDAC or pNET
from controls. In addition, uMMP-2 was an independent predictor
of the presence of neuroendocrine cancer. Urinary TIMP-1
(uTIMP-1) levels could also distinguish not only pancreatic
malignancies from control but also PDAC from pNET groups.
In agreement with these findings, we detected increased expression
of MMP-2 and TIMP-1 protein expression in pancreatic tumours
compared with normal pancreatic tissues.

MATERIALS AND METHODS

Urine collection and processing. One hundred thirty-nine
samples (n¼ 139) were analysed in this study, including samples
from patients diagnosed with PDAC (n¼ 51) and pNET (n¼ 28)
and sex-matched controls (n¼ 60). Power analyses were conducted
to determine the appropriate numbers of cancer patients and
controls, based on comparing the medians and interquartile ranges
of the urinary biomarker levels (measured via ELISA) between the
study groups using the Mann–Whitney U-test. These indicated
that to detect a 30% difference in the median levels (ng ml–1), a
minimum sample size of 28 patients in each of the three study
groups (Controls, pNET and PDAC) would provide 80% statistical
power using a Bonferroni-adjusted P-value to reduce the false
discovery rate and assuming that 75% of the controls would have a
lower uMMP value than cancer patients. In our study, we had the
benefit of having more PDAC samples (n¼ 51) than required
based on the sample size requirements and decided to include 60
controls to provide greater assurance that elevated uMMP
biomarkers in pNET or PDAC groups compared with the controls
would reflect clinically important differences in the population.
Urine was collected according to the institutional bioethical
guidelines pertaining to discarded clinical material as previously
described (Moses et al, 1998; Roy et al, 2004; Smith et al, 2007;
Pories et al, 2008; Roy et al, 2008; Smith et al, 2008). Samples were
collected in sterile containers and immediately frozen at –20 1C.
Urine was tested for presence of blood and leukocytes using
Multistix 9 Urinalysis Strips (Bayer, Elkhart, IN, USA) and samples
containing blood or leukocytes were excluded from analysis.

Substrate gel electrophoresis. Urinary MMPs and their com-
plexes in urine were detected using gelatin zymography as
described previously (Moses et al, 1998; Roy et al, 2008). Briefly,
urine (40 ml) from controls or cancer patients and pure (2 ng)
MMP-2 or MMP-9 were mixed with sample buffer (4% SDS,
0.15 mol l–1 Tris (pH 6.8), 20% (v/v) glycerol and 0.5% (w/v)
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bromophenol blue), applied without boiling to a 10% SDS-
acrylamide gel containing 0.1% (w/v) gelatin (Bio-Rad, Hercules,
CA, USA) and resolved via electrophoresis. Subsequently, gels were
soaked in 2.5% Triton X-100 with gentle shaking for 30 min.
Substrate digestion was conducted by incubating the gels overnight
at 37 1C in substrate buffer (50 mmol l–1 Tris-HCL (pH 8),
5 mmol l–1 CaCl2 and 0.02% NaN3) as previously described
(Moses et al, 1998; Roy et al, 2008). Gels were stained with 0.5%
Coomassie blue R-250 and imaged using Bio-Rad Imager. Bands of
enzyme activity were detected as zones of clearance on a
background of uniform blue staining. Zymograms were scored
independently in a binary manner (presence or absence of MMP
expression) by two investigators in a blinded manner.

ELISA. ELISAs (Quantikine kits; R&D Systems, Inc., Minneapolis,
MN, USA) were used to quantify levels of uMMP-2, uMMP-9,
uTIMP-1 and uTIMP-2 as previously reported (Smith et al, 2007,
2008). Specimens, standards and reagents were prepared according
to the manufacturer’s instructions. Protein concentration in urine
was determined by the Bradford method using bovine serum
albumin as the standard as previously described by us (Moses et al,
1998; Roy et al, 2004; Pories et al, 2008; Roy et al, 2008).

Immunohistochemical analysis. Immunohistochemical (IHC)
analysis of human pancreatic cancer tissue arrays (PA483a, T143;
US Biomax, Rockville, MD, USA) was conducted using mono-
specific antibodies against MMP-2 (MAB13405; EMD Millipore,
Temecula, CA, USA) and TIMP-1 (E3360; Spring Biosciences,
Pleasanton, CA, USA) as described previously (Roy et al, 2011).

Statistical analysis. The nonparametric Mann–Whitney U-test
was applied to compare medians and interquartile ranges for
uMMP-2 and uTIMP-1 levels between study groups. Regression
analysis was applied to assess whether group differences in
biomarker levels remained significant after adjustment for age.
Pearson w2 test was used to compare percentage of positive MMP
expression. Receiver operating characteristic (ROC) curve analysis
was used to determine area under the curve and the Youden index
was used to identify the optimal threshold cutoff value to maximise
classification of PDAC patients and controls (Zhou et al, 2011).
Multivariable logistic regression was performed to determine
independent predictors for differentiating between PDAC and
controls with the likelihood ratio test to assess significance, and
predicted probabilities and 95% confidence intervals (95% CI)
calculated for combinations of the significant independent
predictive biomarkers. Our predictive algorithm was based on
multivariate logistic regression modelling to derive predicted
probabilities of PDAC based on the significant independent
urinary biomarkers (uMMP-2 and uTIMP-1) with cutoff values
for those biomarkers determined using the Youden index in ROC
analysis to maximise sensitivity and specificity of prediction. In
addition, 90% CIs around the predicted probability of PDAC were
determined in order to show the possible range that could occur
based on each of the four variant combinations in the algorithm.
Statistical analysis was conducted using IBM SPSS Statistics
(version 21.0, IBM, Armonk, NY, USA). Two-tailed Bonferroni-
corrected values of Po0.01 were considered statistically significant
to account for multiple group comparisons (Zhou et al, 2011).
Consequently, P-values o0.05 but not o0.01, which may easily
reflect type I errors, were not regarded as statistically significant to
protect against false discovery.

RESULTS

Urinary MMP expression is higher in PDAC patients. We
initially measured uMMP expression as well as determined which
of the distinct MMP species are represented in urine of patients

with pancreatic malignancies. Urine from PDAC and pNET
patients and controls were subjected to substrate gel electrophor-
esis and blindly scored for the presence or absence of enzyme
activity for multiple MMP species including MMP-2 (B68 kDa)
and MMP-9 monomer (B92 kDa), MMP-9 dimer (B180 kDa)
and MMP-9/NGAL complex (B140 kDa) (Figure 1A). Identities of
these uMMP species have been previously confirmed and reported
by us (Moses et al, 1998; Roy et al, 2008). The percentage of
patients with positive expression of uMMPs was calculated and
compared for each MMP species between cancer and control
groups. Based on univariate analysis, we found that MMPs can be
detected in the urine of PDAC and pNET patients with
significantly higher frequency than in healthy controls
(Figure 1B). Urinary MMP-2 activity was detected with signifi-
cantly higher frequency in urine of PDAC (Po0.001; 77%), and
pNET patients (Po0.001; 85%) compared with healthy controls
(28%). Similarly, uMMP-9 monomer (B92 kDa species) activity
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Figure 1. Urinary MMP expression is elevated in samples from PDAC
and pNET patients. Representative urine samples (1–4) from Control
and pNET and PDAC cancer patients analysed via substrate gel
electrophoresis (zymography) with gelatin as the substrate (A). Multiple
MMP species were detected including MMP-2 (B68 kDa) and MMP-9
monomer (B92 kDa), MMP-9 dimer (B180 kDa) and MMP-9/NGAL
complex (B140 kDa). Molecular weight markers are indicated.
Percentages of patients with positive MMP expression for each of the
three study groups for uMMP-2, uMMP-9, uMMP-9/NGAL complex,
and uMMP-9 dimer (B). Controls (white bar), pNET (grey bar) and PDAC
(black bar). Asterisks denote significantly higher percentages of patients
in pNET and PDAC groups versus controls (all Po0.01) with respect to
uMMP-2, uMMP-9 and uMMP-9/NGAL. Percentage of PDAC patients
with positive expression for uMMP-9 dimer was significantly higher than
controls (Po0.01) or pNET (Po0.01) with no differences between pNET
vs controls (P¼0.45). The error bars represent 95% CIs around the
observed proportions to provide the precision of the activity data for the
four uMMPs in each of the three groups. For each uMMP, Pearson w2

was applied to assess overall group differences in percentages with
positive expression with PDAC and pNET patients compared with
healthy controls using Fisher’s exact test.
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was detected in 72% of PDAC and 70% of pNET patients,
respectively, but at much lower frequency in urine from controls
(40%). The uMMP-9 dimer species (B180 kDa) was detected with
significantly higher frequency only in PDAC (Po0.001; 66%)
urines compared with pNET (33%) or controls (25%).

Urinary MMP-2 and TIMP-1 levels can differentiate PDAC
patients from normal controls. Based on our findings that
uMMP-2 and uMMP-9 activity was detected with significantly
higher frequency in pancreatic cancer patients as compared with
the controls, we analysed MMP-2, MMP-9 as well as their
endogenous inhibitors TIMP-1 and TIMP-2 levels in urine from
pancreatic cancer patients and age- and sex-matched controls
using ELISAs. Urinary MMP-2 levels were significantly higher in
both PDAC (median (interquartile range); 1.2 (1.0–1.6) ng ml–1,
n¼ 51, Po0.001) and pNET tumour (1.7 (1.1–3.3) ng ml–1, n¼ 28,
Po0.001) cancer groups compared with the controls (0.8 (0.2–
1.0) ng ml–1, n¼ 60; Table 1). Univariate analysis indicated that
while uMMP-2 levels were significantly different between the
cancer and control groups, MMP-2 levels alone did not
differentiate between PDAC and pNET cohorts (P¼ 0.04;
Table 1). Indeed, 60% of the PDAC and 75% of the pNET cohorts
had uMMP-2 values above the 95th percentile of healthy controls
(B0.8 ng ml–1), whereas only 40% had uMMP-2 levels below that
respectively. Urinary MMP-9 levels did not differ significantly
between the cancer and/or the control groups (Table 1).

Urinary TIMP-1 levels were significantly higher for the PDAC
group (median (interquartile range); 4.23 (2.53–13.32) ng ml–1,
n¼ 51, Po0.001) compared with both the pNET (0.67 (0.14–
4.30) ng ml–1; n¼ 28, Po0.001) and the healthy control groups
(0.33 (0.12–2.98) ng ml–1; n¼ 60), respectively (Table 1). Sixty-six
percent of the PDAC patients had uTIMP-1 levels of X2.98 ng ml–
1 (the 95th percentile of healthy controls), whereas o25% of the
pNET patients had higher uTIMP-1 levels. This pattern of uTIMP-
1 expression was maintained when values were normalised for total
urinary protein, with significantly higher uTIMP-1 levels detected
in the PDAC cohort (median (interquartile range); 403.2 (156–
697) ng mg–1) as compared with the pNET (9.4 (4.6–37.7) ng mg–1)
or control (13.8 (4.0–74.8) ng mg–1) groups (data not shown). A
subset of samples from each group was analysed via immunoblot to
confirm the detection of uTIMP-1 (B29 kDa; data not shown). We
also measured uTIMP-2 in urine samples via ELISA, however,
uTIMP-2 levels did not differ significantly between the three
groups (data not shown).

Individual statistical analyses of each of these markers using
logistic regression indicated that while uMMP-2 can distinguish
between cancer groups (PDAC and pNET) and controls, uTIMP-1
levels can distinguish not only between PDAC and controls but

also between the PDAC and pNET cancer groups (Table 1).
Multivariable regression analysis confirmed that uMMP-2 was
significantly elevated in patients with PDAC compared with the
controls independent of age (P¼ 0.005). Similarly, for uTIMP-1,
after controlling for age, regression analysis showed that the
difference between PDAC and controls remain statistically
significant (P¼ 0.01). With respect to pNET, higher levels of
uMMP-2 were observed compared with the controls independent
of age (Po0.001). For each significant independent predictive
biomarker and their combination, ROC analysis was applied to
determine area under the curve (AUC) treating each biomarker as
a continuous variable (Figure 2; Table 2). In addition, optimal
cutoff values were chosen and based on these cutoff values,
sensitivity and specificity was calculated for the respective
biomarker. As shown in Table 2, uMMP-2 demonstrated a
sensitivity of 70% (36 of 51) for correctly classifying PDAC
patients, whereas uTIMP-1 had a sensitivity of 90% (46 of 51). The
combination of uMMP-2 and uTIMP-1 was associated with a
sensitivity of B91%. Conversely, specificity was 85% for uMMP-2
(51 of 60) and 70% for uTIMP-1 (42 of 60), respectively, suggesting
ability of these biomarkers for correctly classifying controls
(Table 2). The optimal cutoff values calculated based on the
Youden index were X1.1 ng ml–1 for uMMP-2, which showed the
highest specificity, and X0.9 ng ml–1 for uTIMP-1, which showed
the highest sensitivity, respectively (Figure 2). The AUC for each of
the two predictive biomarkers indicated excellent diagnostic
accuracy (Table 2).

Using the chosen cutoff values for uMMP-2 and uTIMP-1,
which maximised sensitivity and specificity, logistic regression was
utilised to derive a predictive algorithm (Table 3). The four
combinations shown in Table 3 are expressed in terms of
probability of PDAC and range from a predicted probability of
8% for a patient with uMMP-2 and uTIMP-1 levels below the
cutoff (95% CI: 3–18%) to 85% for an individual whose uMMP-2
and uTIMP-1 levels are above the cutoff (95% CI: 72–93%).

TIMP-1 and MMP-2 are upregulated in pancreatic tumour
tissues. In order to determine the expression patterns of TIMP-1
and MMP-2 in human pancreatic cancer tissues, we conducted an
analysis of arrays of malignant human pancreatic tumours and
matched adjacent normal tissue via IHC (Figure 3). Tissue
inhibitor of metalloprotease-1 protein expression was absent in
normal pancreatic tissues (0% positive, n¼ 16) with the exception
of pancreatic islets cells, which stained focally positive (Figures 3A
and B), but TIMP-1 staining frequency was higher in PDAC tissue
(97.5% positive, n¼ 44, Po0.00001) (Figures 3C and D).
Pancreatic islet cells have previously been reported to express high
levels of TIMP-1 (Crnogorac-Jurcevic et al, 2002). In our study, the

Table 1. Urinary MMP-2 and TIMP-1 levels can differentiate controls from pancreatic malignancies

Variable Controls (n¼60) pNET (n¼28) PDAC (n¼51)
pNET vs control

P-value
PDAC vs control

P-value
PDAC vs pNET

P-value

Gender
Male 34 (57%) 20 (70%) 30 (59%) 0.24 0.85 0.33
Female 26 (43%) 8 (30%) 21 (41%)

Age, years 42±11 56±10 61±11 o0.001a o0.001a 0.04

uMMP-2, ng ml–1 0.8 (0.2–1.0) 1.7 (1.1–3.3) 1.2 (1.0–1.6) o0.001a o0.001a 0.04

uMMP-9, ng ml–1 0.07 (0.00–0.14) 0.11 (0.07–0.15) 0.04 (0.00–0.09) 0.29 0.31 0.02

uTIMP-1, ng ml–1 0.33 (0.12–2.98) 0.67 (0.14–4.30) 4.23 (2.53–13.32) 0.66 o0.001a o0.001a

Abbreviations: MMP-2¼matrix metalloprotease-2; PDAC¼pancreatic ductal adenocarcinoma; pNET¼pancreatic neuroendocrine tumour; TIMP-1¼ tissue inhibitor of metalloprotease-1;
uMMP¼ urinary MMP; uTIMP¼ urinary TIMP. Biomarker variables are shown as median (interquartile range). Age is presented as mean ±s.d.
aStatistically significant (Po0.001, Mann–Whitney U-test).
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ductal epithelium in the normal pancreas was completely devoid of
TIMP-1 staining (Figures 3A and B), whereas neoplastic ducts in
the cancer tissue had a marked increase in TIMP-1 staining
(Figures 3C and D). Interestingly, PDAC-associated stroma was
largely negative for TIMP-1 expression, which was limited to the
ducts. When stratified according to a staining score (SS) range of
0–3 arbitrary units (where 0¼ no expression, 3¼ very strong
expression), mean TIMP-1 staining intensity was significantly
higher in PDAC (SS¼ 1.90, n¼ 44, Po0.00001) compared with
normal pancreas (SS¼ 0, n¼ 16). In contrast, pNETs expressed

very low or no TIMP-1 (25% positive, n¼ 4, SS¼ 0.25, data not
shown). Moderate levels of MMP-2 expression were detected in
normal pancreatic acinar tissue (n¼ 8), however, the normal
ductal epithelium was found to be largely negative for MMP-2
staining (Figures 3E and F). In contrast, in a majority (B87%) of
the PDAC tissues (n¼ 44) strong MMP-2 expression was detected
in the malignant ducts, with increased luminal staining in some
instances (Figures 3G and H).

DISCUSSION

In this study, we report for the first time that elevated levels of
uMMP-2 and uTIMP-1 can identify the presence of pancreatic
malignancies. Several distinct MMP species can be detected with
significantly higher frequency in urine from pancreatic cancer
patients compared with healthy controls. Of these, uMMP-2 but
not uMMP-9 was a significant independent predictor of the
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Figure 2. Receiver operating characteristic curves for urinary
biomarkers. Receiver operating characteristic curves and optimal cutoff
values for uMMP-2 and uTIMP-1 for differentiating between PDAC and
controls. Dashed lines represent chance diagonal.

Table 2. Statistical performance characteristics of urinary biomarkers to
differentiate PDAC from controls

Biomarker
Sensitivity

(%)
Specificity

(%) AUC 95% CI

uMMP-2a 70 85 0.784 0.701–0.870

uTIMP-1a 90 70 0.803 0.723–0.883

uMMP-2a/uTIMP-1a 91 75 0.861 0.790–0.937

Abbreviations: AUC¼ area under the curve; CI¼ confidence interval; PDAC¼pancreatic
ductal adenocarcinoma; ROC¼ receiver operating characteristic; uMMP-2¼urinary matrix
metalloprotease-2; uTIMP-1¼ urinary tissue inhibitor of metalloprotease-1.
aCutoff values for MMP-2 (41.1 ng ml–1) and TIMP-1 (40.9 ng ml–1) were identified using the
Youden index in ROC analysis to compute sensitivity and specificity, respectively.

Table 3. Probability of PDAC based on a combination of significant
biomarkers

uMMP-2
(X1.1 ng ml–1)

uTIMP-1
(X0.9 ng ml–1)

Probability of
PDAC 95% CI

No No 8% 3–18%

Yes No 35% 13–60%

No Yes 50% 32–67%

Yes Yes 85% 72–93%

Abbreviations: CI¼ confidence interval; PDAC¼pancreatic ductal adenocarcinoma;
uMMP-2¼urinary matrix metalloprotease-2; uTIMP-1¼ urinary tissue inhibitor of metallo-
protease-1.
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D Normal Normal
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C D

E F

G H

B

D

D

D

PDAC PDAC

S

S
D

D
D D

Normal Normal

PDAC PDAC

Figure 3. Matrix metalloprotease -2 and TIMP-1 expression
is upregulated in human pancreatic tumour tissues.
Immunohistochemistry analyses of TIMP-1 and MMP-2 in human
pancreatic tumours and adjacent normal tissues. TIMP-1 protein
expression was absent in normal pancreatic tissue (A and B), with the
exception of islets, which stained focally positive, however, TIMP-1
expression was significantly upregulated in PDAC tissue (C and D).
Moderate MMP-2 expression was detected in the normal pancreatic
acinar tissues but not in the ductal epithelium (E and F), whereas
significantly higher MMP-2 expression was detected in pancreatic
adenocarcinoma tissues (G and H).
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presence of pancreatic cancer. We found that total uMMP-2 levels
(via ELISA) as well as uMMP-2 activity (via substrate gel
electrophoresis) were significantly higher in the pancreatic cancer
groups compared with the controls. In addition, uMMP-2 was an
independent predictor of the presence of neuroendocrine cancer
(pNET). Urinary TIMP-1 levels were able to distinguish not only
pancreatic cancer from control but also PDAC from pNET cancer
groups.

Several studies have analysed the efficacy of serum MMP-9 and
MMP-2 for the detection of pancreatic cancer (Mroczko et al,
2009; Brand et al, 2011). However, to date, very few studies have
attempted to use urine as a source for biomarkers for pancreatic
cancer (Nolen and Lokshin, 2011; Sorio et al, 2011). Our report is
the first to measure urinary levels of the gelatinases MMP-2 and
MMP-9 and their endogenous inhibitors TIMP-1 and TIMP-2 for
the detection of pancreatic cancer. Compared with biomarker
analyses in tissue specimens, the measurement of MMP-2 and
TIMP-1 in urine of cancer patients provides several advantages.
Analysis of urinary biomarkers is a truly non-invasive approach
that does not require tumour biopsies or blood draws, and can be
used for patients with both resectable and non-resectable disease.
In addition, samples can be collected easily over time and used
frequently to judge therapeutic efficacy. Our study indicates that
uTIMP-1 alone (cutoff 40.9 ng ml–1) provides 90% sensitivity,
70% specificity and AUC of 0.803, which is a marked improvement
over the reported AUC of 0.716 for CA19-9 (Sandblom et al, 2008),
the currently utilised biomarker for PDAC. In our study, AUC
values improved to 0.861 for the combined detection of uTIMP-1
and uMMP-2 (sensitivity 91%; specificity 75%). Multivariable
logistic regression confirmed that uMMP-2 X1.1 ng ml–1 (odds
ratio 6.1, 95% CI: 2.3–17.0, likelihood ratio test¼ 12.3, Po0.001)
and uTIMP-1 X0.9 ng ml–1 (odds ratio 11.0, 95% CI: 3.6–34.4,
likelihood ratio test¼ 20.4, Po0.001) were significant independent
predictive biomarkers of PDAC.

The gelatinases MMP-2 and MMP-9 are upregulated in PDAC
and have been suggested to promote pancreatic cancer progression.
Elevated levels of active MMP-2 and MMP-9 enzyme can be
detected in exocrine pancreatic secretions (Yokoyama et al, 2002)
as well as malignant ascites (Sun et al, 2003) of PDAC patients. In
addition, two recent studies have implicated pancreatic stellate cell-
associated MMP-2 in promoting pancreatic tumour progression
and metastasis (Schneiderhan et al, 2007). However, the efficacy of
using MMP-2 or MMP-9 as circulating biomarkers for PDAC has
not been demonstrated. A study that analysed serum MMP-2
reported that levels did not significantly differ between PDAC,
healthy controls or benign pancreatic disease (Brand et al, 2011).
Our study represents the first to analyse uMMP-2 for the detection
of pancreatic cancer. We found that uMMP-2 but not uMMP-9
levels were significantly higher in the pancreatic cancer groups
compared with the controls. In addition, uMMP-2 was an
independent predictor of the presence of pNET. Two recent
studies have evaluated serum MMP-9 levels in correlation with
PDAC with somewhat conflicting findings. Brand et al (2011)
reported higher serum MMP-9 levels in PDAC patients compared
with healthy controls, however, MMP-9 levels did not differ
significantly between PDAC and benign pancreatic diseases. A
second study indicated a potential clinical value for serum MMP-9
measurement as an independent prognostic factor for patient
survival in PDAC (Mroczko et al, 2009). In contrast, in our study
we found that uMMP-9 levels remained unchanged between the
pancreatic cancer or control groups.

High TIMP-1 expression has been reported to be indicative of
poor prognosis in both pancreatic and breast cancer (Bramhall
et al, 1996; Nakopoulou et al, 2002). A number of gene expression
or proteomic approaches have identified TIMP-1 as a candidate
serum and tissue biomarker for human PDAC, as well as Kras-
driven transgenic mouse model of pancreatic cancer in recent years

(Zhou et al, 1998; Faca et al, 2008). Consistent with these findings,
TIMP-1 levels are significantly elevated in sera, (Zhou et al, 1998;
Faca et al, 2008; Mroczko et al, 2009; Brand et al, 2011) exocrine
pancreatic secretions and tumour tissue lysates (Lekstan et al,
2013) from PDAC patients compared with the controls. A recent
study has reported the efficacy of utilising a combination of serum
TIMP-1 and lipocalin 2 as a diagnostic test for the early detection
of familial pancreatic cancer (Slater et al, 2013). However, in these
previous studies TIMP-1 alone was not able to outperform the
current clinically used PDAC marker, CA19-9, but TIMP-1 used in
conjunction with a panel of proteins had higher efficacy (Zhou
et al, 1998; Faca et al, 2008; Brand et al, 2011). In contrast, our data
indicate that uTIMP-1 alone can differentiate between PDAC and
control with 90% sensitivity and 70% specificity, and that this
efficacy is improved when uMMP-2 detection is multiplexed with
uTIMP-1 levels, resulting in sensitivity of 91% and specificity of
75%. In addition, uTIMP-1 levels could also distinguish between
PDAC and pNET in this study suggesting that TIMP-1 may have a
specific role in the progression of exocrine pancreatic adenocarci-
nomas but not NETs. To date, there have been very few studies
that have evaluated the contributions of MMPs and/or TIMPs in
pNET progression or their usefulness as biomarkers for pNET. Our
results indicate a novel correlation between elevated uMMP-2
levels and pNET. It remains to be seen whether combining uMMP-
2 analysis with serum CgA levels will improve accuracy for pNET
detection. These studies are currently underway in our laboratory.

Finally, our IHC staining results appeared to be consistent with
our finding of uMMP-2 and uTIMP-1 as urinary biomarkers of
pancreatic cancer. Normal pancreatic tissues have low-to-moderate
levels of MMP-2 staining with the majority of positive expression
present in the acinar tissue. However, MMP-2 staining was
significantly upregulated in neoplastic pancreatic ducts (Figures 3G
and H). Matrix metalloprotease-2 expression in normal acinar
tissue appears to be mainly cytoplasmic (intracellular), whereas in
PDAC tissues, MMP-2 localisation was mainly present in ductal
and stromal cells. The difference in localisation of MMP-2 in
normal vs neoplastic pancreas (intracellular vs secreted) may
account for the increase in MMP-2 levels observed in urine from
PDAC patients.

Active MMP-2 was detected in 91% exocrine pancreatic
secretion samples from PDAC patients compared with only 18%
of those with chronic pancreatitis (Yokoyama et al, 2002). Several
recent biomarker studies have shown that serum levels of TIMP-1
are significantly higher in PDAC compared with chronic
pancreatitis (which was comparable to controls) and that serum
TIMP-1 levels can distinguish PDAC from chronic pancreatitis as
well as distinguish early-stage resectable PDAC cases from
pancreatitis cases (Pan et al, 2011; Poruk et al, 2013). Taken
together, these studies make it highly likely that a marker panel
including uMMP-2 and uTIMP-1 may be able to distinguish
pancreatic cancer from chronic pancreatitis.

Given the low incidence of pancreatic malignancies and the fact
that a majority of cases are sporadic, screening for these
malignancies within the general population is not recommended.
In fact, the presence or level of these urinary biomarkers in the
asymptomatic average-risk patient should be interpreted with
caution and accompanied by further diagnostic workup. However,
pancreatic cancer screening in high-risk groups (which account for
B10% of total cases) may be beneficial. High-risk groups for
PDAC comprises individuals with a family history of pancreatic
cancer, hereditary pancreatitis, new onset (o4 years), type 2
diabetes mellitus, obesity, Peutz–Jeghers disorder, cystic fibrosis,
familial cancer syndromes such as Lynch syndrome, adenomatous
polyposis (APC mutation), and hereditary breast and ovarian
cancer syndrome (BRCA1 and BRCA2 mutations). Whereas an
increased risk for developing pNET is associated with familial
syndromes such as multiple endocrine neoplasia type 1, von
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Hippel-Lindau, tuberous sclerosis complex and neurofibromatosis
type 1. In fact, a family history of pancreatic cancer increases risk
up to five-fold with a younger age of onset (o50 years) among
kindred of patients (Brune et al, 2010; Klein, 2011). Therefore,
periodic screening for early disease using non-invasive methods
within these high-risk populations could have a significant clinical
impact on the detection, treatment and outcome of these deadly
cancers. In the case of sporadic PDAC, a non-invasive test could
prove useful in conjunction with currently used tests such as
CA19-9 to improve therapeutic efficacy. Genetic analysis of PDAC
has indicated that the time span for initiation of a pancreatic
tumour followed by selection of a parental malignant clone and
thereafter, acquisition of metastatic potential is of the order of
approximately 15 years (Yachida et al, 2010). Therefore, there may
exist a broader window of opportunity for early detection and
prevention of this deadly disease. Although the clinical, epidemio-
logical and statistical standards for sensitivity and specificity (as
well as predictive values) depend heavily on the cohorts being
evaluated, the evidence from our study suggests that developing a
panel of predictive biomarkers would provide potential clinical
usefulness for both diagnosis as well as screening and the next step
would be a validation study to assess the generalisability of these
results. The predictive biomarkers (uMMP-2 and uTIMP-1), which
we identified as being independently able to differentiate between
PDAC and controls in our study, have excellent combined
sensitivity (91%) and good specificity (75%). The combined AUC
also suggests excellent differential diagnosis and classification
accuracy based on the statistically derived cutoffs for each of the
two biomarkers. That said, these urinary biomarkers, particularly
in combination, have performance characteristics that can be
regarded as useful in differentiating pancreatic cancer patients
from controls in the setting in which individuals are either
classified as ‘high risk’ or in the setting where individuals
undergo a clinical work-up where predictive biomarkers are
included in conjunction with clinical, imaging and laboratory
tests. The urinary biomarkers identified in our study may prove
useful in the detection of pancreatic malignancies in high-risk
populations at a stage when successful resection and therapy are
possible. Further studies using appropriate patient cohorts will
determine the efficacy of using these urinary biomarkers for
screening high-risk populations for the presence of pancreatic
malignancies.
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