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Abstract. Background Patients with colorectal cancer often present with adedrdisease and concomitant poor prognosis.
The best known serum biomarker, carcinoembryonic anti@#¥( is not recommended for screening because of its limited
specificity and sensitivity. A number of other circulatingfeins have been suggested to be diagnostically usefuidiutdually
none of these has proved to be of sufficient sensitivity oci§ipéy to establish a role in routine clinical practice. tdewe test
the hypothesis that combining several of these biomark#érénwprove diagnostic efficacy.

Methods To select the markers for our model we screened CEA and 2§ etindidate biomarkers. Four candidates were
selected and their concentrations determined in the sefl#8®patients (106 colorectal cancer patients and 133 aonear
subjects).

Results Class prediction models based on CEA, DR-70 and sCD26 peatla modest increase in detection accuracy over CEA
alone, particularly for early stage cancers. The sensitand specificity required for a clinically useful test wast reached.
Conclusion It is unlikely that a biomarker panel comprised of the cotigavailable serum markers will generate a clinically
useful diagnostic test for colorectal cancer. Our findirgjerate the urgent need to discover novel biomarkers od#tection

of colorectal cancer.

Abbreviations LR: Logistic regression
MMP9:  Matrix metallopeptidase 9
ROC: Receiver operator characteristic
AUROC: Area under the receiver operator sCD26:  Serum-soluble CD26.
characteristic curve
CEA: Carcinoembryonic antigen
DR-70: A commercially available test for 1. Introduction
fibrinogen degredation products
FOBT: Faecal occult blood test Colorectal cancer is the second most common can-

cer worldwide [1]. A favourable outcome is highly
dependent on early detection with a 5 year survival
rate of more than 90% for Dukes stage A but less
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cal occult blood testing (FOBT) and/or colonoscopy. 2. Methods
Colonoscopy is expensive, unpleasant, carries a risk of

bowel perforation and is therefore not an ideal popula- 2.1. Patients
tion screening tool. It has, also, recently been shown
that once-only flexible sigmoidoscopy is effective at re-

ducing colorectal cancer mortality [.3.]'. Despite hgving December 1998 and January 2009. Patient information
only moderate sensitivity and specificity, screening by g symmarised in Table 1. The patients included in this

FOBT has been shown to significantly reduce colorec- gy,qy either had a histological diagnosis of colorectal
tal cancer mortality [4—6]. As cancers may bleed inter- cancer or, in the case of the non-cancer controls, no
mittently, gastrointestinal bleeding may arise fromoth- - apnormality or benign disease detected at colonoscopy.
er causes, and the widely used guaiac test lacks speci-Non-cancer control subjects with adenomas were ex-
ficity for human haemoglobin, FOBT suffers from both  cluded. All sera were collected prior to commenc-
false-positive and false-negative results [7]. The use of ing treatment. Ethical approval was obtained for sam-
guantitative immunochemical FOBT tests rather than ple collection and all patients gave informed consent.
guaiac based tests is likely to decrease the number of Blood was left to clot for 1-2 hours at room temper-
false-positive results [8]. Uptake rates for stool based ature before centrifugation (2500 x g for 10 min) and
screening are only in the order of 50% [9] as com- aliquots of supernatant stored-aB0°C.

pared to, for example, 70% in breast cancer screening
programmes [10].

Despite intensive research, highly sensitive and spe-  o|| sera were assayed using commercially available
cific serum/faecal biomarkers for early stage colorec- it (Table 2), following the manufacturer’s instruc-
tal cancer have yet to be found. Faecal DNA and al- tjons.
ternative protein tests have been proposed (reviewed
in [7]) but blood borne biomarkers could underlie a 2.3. Study design
simpler and more acceptable test. CEA, the most wide-

ly used colorectal cancer serum biomarker, was dis- T‘h? study was“performed in three phases: phase 1)
covered in 1965 [11]. Initially thought to have high the ‘discovery set’: The concentrations of 27 candidate

biomarker proteins (Table 2) were measured in the sera
of 37-41 patients with colorectal cancer and 43 patients
without colorectal cancer as a single technical repli-

Serum samples were obtained from 239 patients at-
tending the University Hospital Birmingham between

2.2. ELISA assays

sensitivity and specificity for colorectal cancer [12], it
is now recognised that such reports focused on patients

V\IgthkadYche; dlrs],ease. In ';hose with efirly stage Cancer cate. The two patient groups were balanced for age and
(Dukes’ Aor B), the targets for a screening programme, gender and the cancer group contained a mix of Dukes

sensitivity is less than 40% [13]. Therefore, CEA, giages A to D. During this phase of the study some
whilst useful for monitoring colorectal cancer [14], is  samples were completely used up and, where possible,
not recommended as a screening tool. The concentra-we substituted sera from patients of similar age, gen-
tion of many other proteins have been reported to be der and disease status. The 4 proteins with the high-
altered in the serum of colorectal cancer patients [15], est AUROC in the discovery set were taken forward to
although few have been thoroughly explored either as phase 2) the ‘training set’: Here, the serum concentra-
individual biomarkers or in combination. tion of the proteins were measured (in duplicate) us-
In this study, the ability of combinations of serum ing a ‘training sample set’, comprised of serum from
biomarkers to detect colorectal cancer was assessed.68 cancer patients and 92 non-cancer patients (age and
Firstly, in the ‘discovery set’ of patients 27 candidate S€x balanced). From this data a predictive model was
biomarkers were assessed using univariate analysis.crefited- Finally, in phase 3) an independent ‘testing
The candidates with the highest ROC areas were CEA, set’ comprised of serum from 38 cancer.patlents and
MMP9, DR-70 and serum CD26. These 4 markers 41 non-cancer su_b;ects were used, to _whlch the model
were assayed in 106 colorectal cancer patients and 133created in the training phase was applied.
non-cancer control subjects. Logistic regression mod- 5 4 pata analysis
elling was then used to assess whether, individually or
combined, they are useful in the detection of colorectal  All statistical analyses were performed using R
cancer. (http://www.r-project.org/). The area under the ROC
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Table 1
Details of the number, gender and age of the patient studypgrare shown including the number
of colorectal cancer patients with early-stage diseasééBi & B) or late-stage disease (Dukes C

& D)
No. Gender Age Disease Stage

patients  (male: female) Median (range) (early:late:umkmo
Training set non-cancer 92 44:48 67 (31-89) -
Training set cancer 68 42:26 72 (31-86) 29:28:11
Testing set non-cancer 41 21:20 71 (32-92) -
Testing set cancer 38 19:19 73 (32-89) 18:19:1
Non-cancer (total) 133 65:68 68 (31-92) -
Cancer (total) 106 61:45 72 (31-89) 47:47:12

Table 2

Candidate biomarker screening. Discovery set: The coratént of 25 pro-
teins listed were measured in the sera from 37-41 cancer &indcancer
patients and the area under ROC curves calculated for eatbirpr IGF-
1: insulin-like growth factor 1, M2-PK: tumour M2 pyruvaténkse, MIF:
macrophage migration inhibitory factor, TPA: tissue p@ppde antigen.

Candidate biomarker AUROC 95% ClI ELISA kit manufacturer

DR-70 [23,24] 0.81 0.71-0.89 AMDL, Inc

sCD26 [31,33,34] 0.78 0.68-0.87 Bender Medsystems
MMP-9 (total) [20] 0.78 0.66-0.87 R & D Systems
CEA[12] 0.77 0.66-0.85  Fujirebio Diagnostics
complement c3a [39] 0.74 0.64-0.83  Quidel

IGF-1 [40] 0.70 0.58-0.80 R & D systems

CA 19-9 [41] 0.70 0.59-0.79 DRG International
Transferrin [39] 0.68 0.57-0.78  Bethyl Laboratories
Kallikrein 6 [42] 0.68 0.56-0.78  Ibex

Prolactin [43] 0.67 0.59-0.74 R & D systems

CA 242 [44] 0.67 0.56-0.77 DRG International
TIMP-2 [45] 0.66 0.55-0.76  RayBiotech

Cyfra 21-1 [46] 0.66 0.54-0.76  Demeditec Diagnostics
IL-6 [47] 0.64 0.53-0.74 Cambridge Bioscience
Galanin [48] 0.63 0.51-0.73  Peninsula Laboratories
TPA [49] 0.62 0.51-0.73  DRG Diagnostics
TIMP-1 [50] 0.58 0.46-0.68  RayBiotech

CA 72-4 [51] 0.58 0.46-0.68 DRG Diagnostics
SFAS [52] 0.57 0.45-0.68 R & D systems
al—antitrypsin [39] 0.56 0.45-0.67  Immunodiagnostic
CA-125 [53] 0.54 0.43-0.65 CanAg Diagnostics
Laminin [54] 0.54 0.43-0.65 Chemicon

M2-PK [55] 0.54 0.42-0.65  Schebo Biotech

MIF [56] 0.54 0.42-0.65 R & D systems

VEGF (free) [57] 0.50 0.39-0.61 Neogen Corporation

plot (AUROC) was calculated using the DiagnosisMed been left out and tested. Thus the final result is from
package. Logistic regression models were built using an ensemble of models which will all be very similar
the multiple fractional polynomial (MFP) model selec- to the single model that would be generated using the
tion procedures available in the mfp package [16]. The whole dataset. Because of the increased number of
performance of class prediction models were estimat- samples used in testing, the confidence intervals on the
ed in 2 ways. Firstly, the predictions from the mod- results are narrower. For each combination of markers,
els in the training set were applied to the test dataset, the predicted probability of each sample having cancer
and secondly, a post-hoc analysis was performed in was calculated from the logistic regression model built
which all the data were combined and leave-one-out using all other samples and the MFP model selection
cross-validation was used [17]. In leave-one-out cross- procedures [16]. Areas under ROC curves (AUROC)
validation, a model is generated using all but one of were compared using a non-parametric method suitable
the samples and tested using the remaining sample.for ROCs of the same set of patients [18]. The sen-
This procedure is repeated until all of the samples have sitivities at selected specificities of 80%, 85%, 90%,
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95% and 98% are reported and compared using McNe- ble 1). The logistic regression models developed using
mar’s test [19]. For all statistical tests,< 0.05 was the training set were then applied to these results. Indi-
considered as significant. vidually, CEA generated an AUROC of 0.82 on this test
set (95% confidence intervals 0.74-0.91). The com-
bined model generated a marginally greater AUROC
of 0.84 (0.75-0.93), although the increase over CEA
alone proved not to be statistically significant in these
79 patients (Fig. 1).

3. Results
3.1. Discovery set

The concentration of CEA plus 26 candidate
biomarkers was measured in the serum of 37-41 col-
orectal cancer patients and 43 non-cancer controls by o
ELISA. The ability of each candidate to discriminate  -€a@ve-one out cross-validation was used to assess
cases from controls was assessed from the area undefhe performance of DR-70, sCD26, MMP9 and CEA
the ROC plot (Table 2). Four proteins had AUROCs N the detection of colorectal cancer, and for the detec-
greater than 0.75, these were DR-70, sCD26, MMP9 tion of early stage cancer using all 239 patient samples
and CEA and were chosen for further investigation. Of (training set and testing set combined). Figure 2 shows
the remaining candidate biomarkers tested, 12 had AU- ROC curves generated for colorectal cancer detection
ROCs greater than 0.6 and 9 showed very little promise Using logistic regression and leave-one-out cross vali-

3.4. Analysis of the combined datasets

as biomarkers for colorectal cancer with AUROCs of
less than 0.6. Two proteins, IL-10 and T&Fwere
below the limit of detection of the assays (10 pg/ml).

3.2. Training set

dation on all 239 patient sera in this study. The AU-
ROCs of individual markers and their combinations
were compared with those of CEA and the marker com-
bination CEA+ sCD26+ DR70 (Table 4), which had

the largest AUROC. Seven combinations of markers
were significantly better than CEA alone. Three com-

The 4 proteins selected during the discovery phase pinations of CEA with another marker (sCD26, DR70

(DR-70,sCD26, MMP9 and CEA) were assayed in du-

or MMP9) had similar AUROCs~0.82), which were

plicate in serum from 160 patients comprising 68 can- not significantly different from that of CEA- sCD26
cer and 92 non-cancer sera (this included patients used | pr70.

in the discovery phase), see Table 1. The serum concen-

tration of DR-70, CEA and MMP9 were significantly

The sensitivities of individual markers and their
combinations at selected specificities of 80%, 85%,

higherin the cancer patients, whereas the concentrationggo, 959 and 98% are reported in Table 5. At

of sCD26 was significantly lower (see Table 3). Logis-
tic regression models were built following the fraction-
al polynomial model selection procedures using each
protein individually. Wald chi-squared test of deviance
showed that all these models were significantly better
than the null model that did not have any prediction
variable (Table 3). While the relationship between the
log odds and the concentration of CEA or sCD26 was
linear, the relationship between the log odds and the
concentration of DR70 or MMP9 was not (Table 3).
We then built one model following the same procedure
using the four proteins. The model (log (p/ (1)
1.66+ 0.402*CEA-0.00271*sCD26-1.20%(DR78))
contains CEA, sCD26 and DR70 but not MMP9, where
p is the probability of having cancer.

3.3. Testing set

DR-70, sCD26, MMP9 and CEA were measured
in an additional 79 prospectively collected sera com-

specificities of 80%, 85% and 90%, the combination
of CEA+sCD26+DR70 had the highest sensitivities
(74.5%, 69.8% and 61.3%) among all possible mark-
er combinations, while CEA alone had sensitivities of
57.5%, 55.7% and 51.9%. The differences between
sensitivities of CEA-sCD26+DR70 and CEA alone
were significant at specificities of 80% and 85% (p val-
ue of McNemar's test= 0.0027 and 0.007), but not
significant at sensitivities of 90%, 95% or 98%. ROCs
of CEA alone and CEA-sCD26+DR70 are shown in
Fig. 2. ROC curves were also constructed using 47
early cancers (Dukes stage A or B) and 133 non cancer
patients (Fig. 3). The AUROCSs of sCD26 DR70+
CEA were significantly greater than that of CEA alone
(p-value= 0.0438). No other combinations of two or
three markers were significantly better than CEA.

The logistic regression model generated for the de-
tection of colorectal cancer using all 239 serum samples
is log(p/(1-p))= 1.51+ 0.386*CEA-0.00247*sCD26-

prised of 38 cancer and 41 non-cancer patient sera (Ta- 1.23*(DR-70"-2), where p is the probability of having
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Table 3
Univariate statistical analysis of serum concentratio€Bf, sCD26, DR-70 and MMP9
in the training set (68 cancer patients and 92 non-cancemps)

Non-cancer
median (Range)

Cancer
median (Range)

Wilcoxon
p-value

WajeP

p-value

CEA (ug/ml) 1.53(0.58-9.0)  3.30(0.62-88.27) < 0.001 < 0.001 (linear)
sCD26 (ng/ml) 824 (283-2052) 596 (128-1222) < 0.001 < 0.001 (linear)
DR70 (ug/ml)  0.87 (0.32-8.14)  1.64 (0.62—11.20) < 0.001 < 0.001 ("-2)
MMP9 (pg/ml) 210 (4-1798) 411 (37-2380) < 0.001 < 0.001 (log)
Colon Elisa ROC curves
o1 e
o et
°\{ : """""
o | . '
o !
£ i
2 |
z !
@ :
L B
S _
N
o
— sCD26+DR70+CEA
s |l | DR70
2 -=-- CEA
T T T T T T
0.0 0.2 04 0.6 0.8 1.0
1-specificity

Fig. 1. ROC curves are shown for the detection of coloreaater by CEA, DR-70 and the combination of SCDREEA + DR-70 on the
testing set (79 sera comprised of 38 cancer and 41 non-cpatients). Class prediction models were built using thieittg set (160 patients)

and evaluated on the testing set.

colorectal cancer. The distributions of these three pro-

teins and MMP9 are shown in Fig. 4. All four proteins

MMP9) in serum can, in combination with class pre-
diction modelling, produce an effective discrimina-

were tested for significant associations with gender and tion between symptomatic patients with or without

none found. The data was also stratified into four age colorectal cancer.
groups to investigate the influence of age on concen-

tration. CEA, MMP9 and sCD26 were not significant-
ly associated with age but DR-70 showed a significant
positive correlation with age. However, within each age
group DR-70 was significantly associated with cancer
(Fig. 4E).

4. Discussion

We have tested whether ELISA determination of
CEA and 3 candidate biomarkers (DR-70, sCD26 and

Individually, the three additional
biomarkers showed some ability to detect colorectal
cancer across 239 patients. Class prediction models
based on CEA plus the additional markers showed a
marginal improvement in cancer detection (all stages),
over CEA alone. The improvement was statistically
significant using leave-one-out cross-validation of the
whole dataset, but failed to reach significance using an
(albeit small) independent test set. The combination
of CEA, DR-70 and sCD26 was significantly better
than CEA alone in the detection of early stage disease
(Fig. 3). MMP-9, although statistically significantly
elevated in the cancer patients overall, was the least



128

Fig. 2. Assessment of biomarker performance by leave-oeross-validation. ROC curves are shown for the detedfaolorectal cancer by
CEA, DR-70 and the combination of SCD26CEA + DR-70 on the combined training and testing sets (239 sergsed of 106 cancer and

N.J. Shimwell et al. / Detection of colorectal cancer

Table 4
ROC analysis of biomarker combinations. Data generateddigtic regression class prediction modelling using leave-
out cross-validation of individual markers and their conations using all 239 patients in the study (combined tgstimd
training sets)

Marker combination AUROC  95% Cl of AUROC  p-value for compan  p-value for comparison
of AUROC with CEA of AUROC with CEA
+ sCD26+ DR70

CEA + sCD26+ DR70 0.85 0.80-0.90 - 0.0036
CEA + sCD26+ DR70+ MMP9 0.85 0.80-0.90 0.38 0.0036
CEA + sCD26 0.82 0.77-0.88 0.25 0.017
CEA+ DR70 0.82 0.77-0.88 0.11 0.020
CEA + MMP9 0.82 0.77-0.88 0.38 0.0052
CEA + DR70+ MMP9 0.82 0.77-0.88 0.11 0.020
CEA + sCD26+ MMP9 0.82 0.76-0.87 0.10 0.037
CEA 0.76 0.70-0.82 0.0036 -
sCD26+ DR70 0.76 0.69-0.82 0.00031 0.95
sCD26+ DR70+ MMP9 0.76 0.69-0.82 0.00031 0.95
DR70 0.74 0.67-0.80 0.00017 0.59
DR70+ MMP9 0.73 0.66-0.79 1.44E-05 0.45
sCD26 0.67 0.60-0.74 4.85E-07 0.079
sCD26+ MMP9 0.65 0.58-0.72 3.67E-09 0.025
MMP9 0.62 0.55-0.69 2.02E-08 0.0065
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133 non-cancer patients).

promising of the candidates measured in all 239 pa- resent an independent qualification of our early work
tients with an AUROC of only 0.62 and did not make on MMP-9 [20] as the sera used here in the ‘training

a significant contribution to the best class-prediction set’ are common to both studies.

models. It should be noted that this study does not rep-

Two distinct methods were used to analyse our da-
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Table 5
Sensitivities of individual markers and their combinaticat selected specificities based on the combined trainidgesting set
of patient sera (239 individual patient sera comprised & d&ncer and 133 non cancer samples. The class predictioelsrare
as in Table 4 (cross-validation using the full dataset) leaisgivity is now shown at fixed specificities to facilitatenaparison of
biomarker combinations

Marker combination Sensitivity at Sensitivity at Sensiivat Sensitivity at Sensitivity at
80% specificity ~ 85% specificity  90% specificity  95% specijicit 98% specificity
CEA + sCD26+ DR70 74.5 69.8 61.3 42.5 30.2
CEA + sCD26+ DR70+ MMP9 74.5 69.8 61.3 42.5 30.2
CEA + sCD26 67.9 0.604 59.4 47.2 30.2
CEA + MMP9 67.0 60.4 55.7 44.3 26.4
CEA + sCD26+ MMP9 66.0 60.4 58.5 46.2 30.2
CEA + DR70 65.1 55.7 48.1 43.4 30.2
CEA + DR70+ MMP9 65.1 55.7 48.1 43.4 30.2
sCD26+ DR70 61.3 52.8 44.3 7.5 3.8
sCD26+ DR70+ MMP9 61.3 52.8 44.3 7.5 3.8
CEA 57.5 55.7 51.9 45.3 28.3
DR70 53.8 34.9 23.6 6.6 0.9
DR704 MMP9 52.8 34.0 22.6 05.7 0.0
sCD26 47.2 43.4 29.2 25.5 6.6
sCD26+ MMP9 43.4 33.0 25.5 03.8 0.9
MMP9 37.7 31.1 21.7 13.2 4.7

Colon Elisa ROC curves for early cancer
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Fig. 3. Assessment of detection of early-stage coloreetater by leave-one-out cross-validation. ROC curves aversiior the detection of
early (Dukes A/B) colorectal cancer by CEA, DR-70 and sCBZBEA + DR-70 (47 cases and 133 controls).

ta: training set and test set, or cross-validation on the able, 95% confidence intervals on estimates of sensi-
whole dataset. Although an independent test set is the tivity, specificity and AUROC are large. Using this ap-

best way to assess the performance of a biomarker or proach, small changes in biomarker performance may
class prediction model, unless a large test set is avail- be missed. Therefore, leave-one-out cross-validation,
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Fig. 4. The distribution of biomarker levels in colorectaincer patients (C) and non-cancer controls (N) (combiredifrg and testing sets).
Panel A: CEA, panel B: sCD26, panel C: MMP9, panel D: DR-70ndP& re-plots the DR-70 data in age quartiles: 31-63 yeats6-69,
70-78 and 79-92.

which utilises the whole dataset, was also used. Using ing the tumour, facilitating metastasis [21,22]. In-
this approach our multi-marker model appears to sig- creased serum levels of these FDPs have been previ-
nificantly outperform CEA alone. However, we only ously been reported in several different types of cancer
obtain a small increase in AUROC which falls shortofa including colorectal [23,24]. However, conditions such
clinically useful test for colorectal cancer. Using cross- as arthritis, renal failure, infections and burns can also
validation has also allowed us to assess the ability of increase FDP levels [25]. MMP9 is an extracellular
our panel of markersto detect the 47 early stage cancersmatrix degrading enzyme that, once secreted, degrades
in this study. Again, we find a significantimprovement type IV collagen. Increased expression of MMP9 has
in the discrimination between cancer patients and the been detected in many tumours including colorectal
non-cancer control subjects, although, if for example, cancers [26—28]. Elevated levels of MMP9 are also
a specificity of 90% is required sensitivity remains low thought to originate from secretion by inflammatory
(53% for the combination of markers compared with cells at the site of colorectal malignancy [29]. The in-
40% for CEA alone). creased expression and proteolytic activity of MMP9
The DR-70 ELISA measures fibrin and fibrinogen contributes to invasion and metastasis of cancer cells,
degradation products (FDPs) in serum. Malignant cells and is also correlated with decreased survival time of
have increased expression of plasminogen activators, colorectal cancer patients [28,30]. Serum CD26 levels
allowing plasminogen degradation of fibrin surround- have previously been shown to be lower in colorectal
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cancer patients, particularly when the disease is at an [2]
early stage, and that its measurement may be useful for
prognosis and patient monitoring [31-34]. Altered lev- 3l
els of CD26 have also been measured in the tissue from
colorectal and pancreatic tumours [35,36]. SCD26 is [4]
thought to originate from membrane shedding of the
110kda glycoprotein, CD26 and has dipeptidyl pepti-
dase IV activity, cleaving regulatory peptides such as
growth factors and chemokines [37]. As such it may
have anti-oncogenic properties and explain why de-
creased expression would be beneficial to tumourigen- [6]
esis. CD26 is expressed on the surface of several cell
types including melanocytes, epithelial cells and lym-  [7]
phocytes, where its expression is important forimmune
function [38]. (8]
In summary, we have examined how useful CEA and
26 additional candidate biomarkers are for the detection [9]
of colorectal cancer. Although the levels of evidence
supporting the biomarker credentials of these candi- 10]
dates vary greatly, they do represent a substantial pro-
portion of the colorectal cancer biomarkers that have
been proposed. Some of these proteins such as M2-PK
and MMP9 would ideally be measured in plasma rather
than serum and we cannot exclude the possibility that
we have ‘missed’ the optimal combination of markers
by omitting those that performed poorly when analysed [12]
univariately in our fairly small ‘discovery set’. The
measurement of DR-70 and sCD26 for the detection of [13]
early stage colorectal cancer warrants further investiga-
tion, and may well be of additional value if combined
with other serum biomarkers. This study indicates that
combining different serum biomarkers has greater pre- [15]
dictive value than when they are used individually, but
that novel cancer biomarkers with greater sensitivity

(5]

[11]

[14]

and specificity need to be found. [16]
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