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ARTICLE INFO ABSTRACT
Article history: Purpose: Liver metastasis is one of the major types of recurrence after surgery for colorectal
Received 8 February 2010 cancer. Traditional methods of predicting liver metastasis are limited in their accuracy, sug-
Received in revised form 19 April gesting the need to develop new predictors. We developed a 10-gene signature that is clo-
2010 sely associated with the development of liver metastasis after colorectal cancer.
Accepted 20 April 2010 Patients and methods: We examined a total of 189 frozen specimens of primary colorectal
Available online 1 June 2010 cancers using both microarray and quantitative real-time reverse transcriptase-polymer-
ase chain reaction (RT-PCR) analysis. Initially, we studied gene expression in colorectal can-
Keywords: cer tissue from 160 randomly selected patients who had undergone surgical resection of
Liver metastasis colorectal cancer and evaluated the association between the level of gene expression and
Colorectal cancer the occurrence of liver metastasis. We developed a gene-expression model for the predic-
RT-PCR tion of liver metastasis based on the RT-PCR findings. We then used specimens from 29
Microarray other patients for validation.
Prediction Results: The expression of 14 genes was correlated with liver metastasis according to both

microarray and RT-PCR analysis. We constructed an accurate predictive model based on the
results for 10 of these genes, which included epiregulin (EREG), amphiregulin (AREG), cyclo-
oxygenase 2 (COX-2) and lymphocyte-specific protein tyrosine kinase (LCK). The 10-gene
signature was an independent predictor of liver metastasis. The model was validated in
the independent set of 29 patients. The predictive accuracy of the model in a test set of
patients was 86.2%.
Conclusion: The 10-gene signature identified in this study is closely associated with the
occurrence of liver metastasis in colorectal cancer patients.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction significantly reduces the recurrence rate and improves sur-
vival after surgery for colorectal cancer.>® However, adverse
Colorectal cancer is the third most common type of cancer events occur in some patients who receive adjuvant chemo-

worldwide." Studies have shown that adjuvant chemotherapy therapy. We previously demonstrated that expression of
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molecular markers could select those patients who would
benefit from adjuvant chemotherapy? however, we did not
focus on specific sites of recurrence. As liver metastasis is
one of the major forms of recurrence after surgery for colorec-
tal cancer, the identification of high-risk patients could re-
duce its development by allowing intensive adjuvant
chemotherapy or curative surgical resection of the disease
to be carried out. However, no specific markers for the predic-
tion of liver metastases after surgery have yet been identified.

We previously reported on the use of DNA microarrays in
predicting the development of colitic cancer and classifying
molecular subtypes of microsatellite instability in colorectal
cancer.”>” Microarrays have also been used in several studies
to predict the development of liver metastasis by colorectal
cancer.2'? However, microarrays lack reproducibility for the
quantitative analysis of gene expression and therefore re-
quire verification by an alternative approach such as the
real-time polymerase chain reaction (PCR).***® In addition,
a large number of genes are used in prediction models. Be-
cause of these difficulties, the use of microarrays in clinical
practice is still limited and recent studies have shown that
reverse transcription (RT)-PCR analyses of a small number
of selected genes are capable of accurately predicting the
outcome of patients with diffuse large-B-cell lymphoma lung
cancer.’**

Accordingly, in the present study, we aimed to establish a
predictive model of liver metastasis based on RT-PCR analy-
sis. Using the expression levels of 10 genes analysed by RT-
PCR, our predictive model gave an accuracy rate of 86.2%. To
the best of our knowledge, this is the first study to predict
recurrence in the form of liver metastasis based on gene-
expression levels determined by RT-PCR.

2. Materials and methods

Amongst colorectal cancer patients who underwent surgery
between 2001 and 2007, 189 patients whose RNA was available
for microarray analysis were included in this study. Patients
were evaluated at 3-month intervals for the first year after
surgery and at 6-month intervals thereafter. Liver metastases
were identified by clinical and laboratory examination and
verified by liver ultrasound or computerised tomography
(CT) scan. The follow-up was standardised amongst all pa-
tients. In total, 53 of the patients had metachronous liver
metastasis with or without synchronous liver metastasis,
whereas the other 136 patients remained liver metastasis-
free throughout the follow-up period. Patients were divided
randomly into a training set (160 patients) and a test set (29
patients). Because the main purpose of the study was to pre-
dict the development of recurrence in the liver, we selected
patients with metachronous liver metastasis alone for inclu-
sion in the test set. The training set consisted of 45 patients
with metachronous and/or synchronous liver metastasis
and 115 patients without. The test set consisted of eight
patients with metachronous liver metastasis alone and 21
patients without. Patient and tumour characteristics are
shown in Table 1.

Tumour specimens were taken from surgically resected
specimens and used for RNA extraction as described previ-
ously.>” Informed consent was obtained from patients for

the collection of specimens, and the study protocol was ap-
proved by the local ethics committee.

2.1.  RNA isolation, microarray expression profiling and its
validation

Total RNA was isolated from frozen samples using the RNeasy
Mini Kit (Qiagen, Chatsworth, GA) for gene-expression analy-
sis. Gene-expression profiles were determined using
Affymetrix HG-U133 Plus 2.0 GeneChips (Affymetrix, Santa
Clara, CA) according to the manufacturer’s recommendations,
as described previously.®” Differences in gene-expression
levels identified by microarray analysis were validated by
Tagman real-time PCR (Applied Biosystems, Foster City, CA)
as described previously.*®

2.2. Microarray data analysis

Gene-expression profiles of samples were prepared with
GeneSpring software version 7.3 (Agilent Technologies, Santa
Clara, CA). To identify probes the expression of which differed
significantly between patients with and without liver metas-
tasis, we examined 160 training samples. Expression profiles
were compared using unpaired t-tests (Benjamini and
Hochberg false discovery rate (FDR) controlling procedure)
and a fold-change value. Identified probes were then used to
perform supervised class prediction by the k-nearest-
neighbour method (KNN) and a 10-fold cross-validation.?
The significance of classification accuracy was confirmed by
the permutation test in the R computing environment. Using
selected probes, two-dimensional hierarchical clustering was
applied to the log-transformed data obtained by GeneChip,
and variation in multigene expression between patients with
and without liver metastasis was compared by principal com-
ponent analysis (PCA).

2.3.  Quantitative RT-PCR analysis

The relationship was determined between the microarray
expression ratio and RT-PCR analysis of differentially ex-
pressed probes that could be identified by UniGene in all of
the samples that had been subjected to microarray analysis.
We then established a prediction model for liver metastases
in the training set as described in the GeneChip analysis
and applied the model to an independent test set to validate
its accuracy.

2.4. Statistical analysis

Categorical data were statistically analysed using the j? test
or Fisher’s exact test. Continuous data were analysed using
the Student’s t-test. The Kaplan-Meier survival model was
used to estimate the outcome of patients stratified by the pre-
diction model and clinicopathological variables. Patients who
were predicted to become positive for liver metastasis were
classified as ‘high-risk signature’ patients and those predicted
to be negative were classified as ‘low-risk signature’ patients.
In the analysis of the probability that patients would remain
liver metastasis-free, we defined liver metastasis as the first
event. Patient data were analysed from the date of surgery
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Table 1 - Patient and tumour characteristics.

Characteristic Training patients (n = 160) Test patients (n = 29) p Value

Age Mean (SD) 63.3 (12.9) 65.1 (10.6) 0.50%
Range (years) 22-86 33-92

Gender Male 99 22 0.15°
Female 61 7

T classification’ T1, 2 39 6 0.96°
T3 87 17
T4 34 6

Lymph-node metastasis Present 69 15 0.95°
Absent 91 14

Liver metastasis Present 45 8 0.95¢
Absent 115 21

Size (mm) Mean (SD) 46.8 (25.1) 45.0 (24.9) 0.59%
Range 11-130 15-125

Site Colon 9% 19 0.58°
Rectum 64 10

Follow up period (years) Mean (SD) 3.6(1.4) 3.9(1.7) 0.33%
Range 1.4-6.7 1.6-8.2

Histological type Well 119 22 0.68°
Moderate 34 5
Poor 5 2
Others 2 0

* T classification: TNM classification
2 Student’s t-test.

b y° test.

¢ Fisher’s exact test.

to the time of the first event or the date on which data were
censored. The log-rank test was used to assess the signifi-
cance of differences between survival curves. All differences
were considered statistically significant if the p value was
<0.05.

The Cox proportional hazard model was used for univari-
ate and multivariate survival analyses and the hazard ratios
were calculated. Variables with p values <0.4 in a univariate
analysis were included in the Cox proportional hazard model
for multivariate analysis. All p values were two-tailed, and
those <0.05 were considered statistically significant.

3. Results

3.1.  Microarray data analysis

We identified 26 probes (t-test with FDR p < 7 x 107°) that were
differentially expressed between patients with and without
liver metastasis (Table 2). Next, we established a prediction
model for liver metastasis in the training set with the 26 dis-
criminating probes. The classification accuracy was calcu-
lated as follows. First, the average classification accuracy
was measured by a 100 times-repeated 10-fold cross valida-
tion using a 26-probe predictor. The average prediction accu-
racy was 86.1%. Then, the predictive performance of the
model was evaluated by a permutation-based procedure.
The class labels of the samples were permutated 5000 times,
yielding a new signature, and the 10-fold cross-validation
accuracy for each permutated data set was calculated. Finally,
we measured the random chance of obtaining a signature
with greater accuracy than the 26 signature. The false-finding
rate was 0.0028 (that is, 14 amongst 5000 permutations exhib-

ited higher prediction accuracy than in the actual data). These
26 probes were used to perform a hierarchical cluster analysis
and PCA (Fig. 1).

3.2.  Quantitative RT-PCR analysis and prediction of liver
metastasis

Amongst the 26 discriminating probes, 17 genes (21 probes)
could be identified by UniGene (Table 2). Quantitative
RT-PCR was performed to validate the microarray expression
level of probes in the training set. Samples in two patients
were insufficient for quantitative RT-PCR analysis, so this
was successful in 158 patients. The analyses showed signifi-
cant differences in the expression of 14 of the 17 genes (17
probes) between patients with and without liver metastasis
(FDR <0.05; Table 2). RT-PCR analyses showed higher expres-
sion in four of these genes and lower expression in 10 of these
genes in patients with liver metastasis compared with those
without, which was in agreement with the results obtained
by the GeneChip analysis (Supplementary Fig. S1).

Next, based on the RT-PCR data, we established a predic-
tion model in the training set. To determine the number of
probes that provided the best separation between patients
with and without liver metastasis, we ranked the 14 genes
on the basis of the significance of their FDR p values and in
decrements of one starting at the bottom of the rank-ordered
list (14, 13, 12 and so on). Fig. 2 shows the different prediction
rates when the number of discriminating probes was chan-
ged. The best accuracy rate, 86.2%, was obtained when we
used the 10 top-ranked genes (12 probes) (Table 2). The sensi-
tivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV) were 87.5%, 85.7%, 70.0% and 94.7%,
respectively.
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Table 2 - Probes with significantly different expression between patients with and without liver metastasis by GeneChip

analysis and their validation results with TagMan real-time PCR.

GeneChip TagMan low density array
Probe ID Fold change FDR p value Common Genebank UniGene ID Tagman assay ID Fold change FDRp
(LM-N/LM-P") name accession (LM-N/LM-P") value

228854 _at 0.23 3.10E-05 AI492388
1569583_at 0.34 6.03E-05 EREG BC035806 Hs.115263  Hs00914313_ml 0.36 0.0029?
235652_at 0.36 1.86E-05 SCML1 Al431345 Hs.662047  Hs00232467_m1l 0.81 0.136
236340_at 0.37 4.53E-05 Al769947
243588_at 0.43 6.03E-05 N74058
209781 _s_at 0.43 1.09E-05 KHDRBS3 AF069681 Hs.444558  Hs00198065_m1 0.53 0.0031*
1557285_at 0.44 9.30E-06 AREG AI891075 Hs.270833  Hs00155832_m1 0.50 0.0031*
232535_at 0.45 1.28E-05 AL133570
213577_at 0.45 9.30E-06 SQLE AA639705 Hs.71465 Hs00162288_m1 0.77 0.1190
1570441_at 0.48 9.30E-06 NAPB BC008463 Hs.269471  Hs00397268_m1 0.64 0.0015%
222366_at 0.50 4.22E-05 W86781
215719_x_at 2.09 6.03E-05 FAS X83493 Hs.244139  Hs00163653_m1 1.31 0.0436
204821_at 2.14 6.04E-05 BTN3A3 NM_006994 Hs.167741 Hs00757230_m1 1.38 0.0166
204891_s_at 2.17 1.09E-05 LCK NM_005356 Hs.470627 Hs00178427_m1l 2.35 0.0002%
216252_x_at 221 2.98E-05 FAS 770519 Hs.244139  Hs00163653_m1 1.31 0.0436
217478_s_at 2.28 6.03E-05 HLA-DMA X76775 Hs.351279  Hs00185435_m1 1.87 0.0031
209813_x_at 2.38 2.87E-05 TRGV9 M16768 Hs.534032  Hs00233330_m1 211 0.0015%
205488_at 241 1.83E-05 GZMA NM_006144 Hs.90708 Hs00196206_m1 217 0.0008%
204890_s_at 2.70 2.30E-05 LCK U07236 Hs.470627  Hs00178427_ml 2.35 0.0002%
209312_x_at 2.79 4.40E-05 HLA-DRB3 U65585 Hs.534322  Hs00734212_m1 0.51 0.2380
204748_at 2.80 6.03E-05 PTGS2 NM_000963 Hs.196384 Hs00153133_m1 3.23 0.0002%
215193_x_at 2.90 1.98E-05 HLA-DRB3 AJ297586 Hs.534322  Hs00734212_m1 0.51 0.2380
211991 s_at 3.08 2.49E-05 HLA-DPA1 M27487 Hs.347270 Hs00410276_m1 1.63 0.0099
1567628_at 3.27 1.79E-05 CD74 M28590 Hs.436568  Hs00269961_m1 1.92 0.0016*
208894 _at 3.42 2.17E-05 HLA-DRA M60334 Hs.520048  Hs00219575_m1 2.16 0.0004*
210982_s_at 3.79 5.28E-05 HLA-DRA M60333 Hs.520048  Hs00219575_m1 2.16 0.0004*

* LM-N: liver metastasis negative.
** LM-P: liver metastasis positive.

@ Top-ranked 10 genes (12 probes) that gave the best predictive accuracy rate for liver metastasis.

3.3.  Prognostic value of gene-expression signatures and
Clinicopathological Factors

We calculated the probability of remaining free of liver metas-
tasis and of overall survival, according to the gene-expression
signature and clinicopathological factors in the test set. The
Kaplan-Meier curves showed a significant difference between
patients with high-risk and low-risk signatures (Fig. 3). More-
over, there was a significant difference between patients with
and without lymph-node metastasis. However, no differences
were observed in regard to other clinicopathological factors.
The estimated hazard ratio for liver metastases as a first
event in patients with high-risk signatures in comparison
with low-risk signatures was 4.17 (95% confidence interval,
1.75-18.09; p = 0.0005). The estimated hazard ratios according
to the clinicopathological variables are shown in Tables 3.1
and 3.2.

Multivariable analysis found the high-risk signature to be
the only independent predictive factor (Table 3.2)

4, Discussion

Determining the expression levels of 10 genes by quantitative
RT-PCR allowed us to establish a prediction model for recur-
rence in the form of liver metastasis after surgical treatment

of colorectal cancer. The prediction accuracy rate in the train-
ing set was 77.0%, whilst the overall accuracy rate was 86.2%
as validated in an independent test set. The sensitivity and
specificity were 87.5% and 85.7%, respectively.

Several previous studies have attempted to use gene-
expression profiles to construct a predictive model for liver
metastasis after colorectal cancer.8? However, these studies
were based on DNA microarray data alone, and none con-
firmed gene expression of selected genes by quantitative
methods such as RT-PCR. In addition, the numbers of colorec-
tal cancer samples were small (20-86)37'? or the results were
not validated in a different test set of patients.”** Further-
more, as with all microarray analyses, they required a large
number of genes (46-119).*%*2

By contrast, quantitative RT-PCR analysis has been found
to be useful in predicting the outcome of patients with malig-
nancies such as lymphoma and lung cancer.’*® These stud-
ies have shown that RT-PCR is superior to microarray analysis
in terms of reproducibility for quantitative analyses of gene
expression, and that a smaller number of genes is required
for prediction.’*** Therefore, in the present study, we estab-
lished a prediction model for liver metastasis after colorectal
cancer based on RT-PCR analysis, with an accuracy of 86.1% in
a training set. The predictive performance of the model was
evaluated by a permutation-based procedure (false-finding
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Fig. 1 - (A) Two-way hierarchical clustering analysis used to order samples (columns) and array targets (rows). (B) PCA used to
generate a three-dimensional data plot from 26 probes.
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Fig. 2 - Predictive accuracy of genes. Predictive models were established based on different numbers of genes (14, 13 and so
on) to determine the number that provided the best separation between patients with and without liver metastasis. The best
accuracy rate was obtained when the 10 top-ranked genes were used.
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Fig. 3 - Kaplan-Meier analysis of liver-metastasis-free survival rate and overall survival rate. (A) Patients with high-risk
signatures had a significantly lower liver metastasis-free rate than those with low-risk signatures (p = 0.0003). (B) Patients
with lymph-node metastasis (lymph node-positive) had a significantly lower liver metastasis-free rate than those without

lymph-node metastasis (lymph node-negative) (p = 0.0198).

Table 3.1 — Univariate proportional-hazard analysis of liver metastases risk.

Variable Hazard ratio 95% CI' p value
Prognosis signature (high-risk versus low-risk signature) 4.17 1.75-18.09 0.0005
Age (>65.1 versus <65.1) 3.37 0.77-22.99 0.1087
Gender (male versus female) 1.02 0.15-4.45 0.9778
Tumour site (colon versus rectum) 1.16 0.24-4.72 0.8420
Tumour size (>45 mm versus <45 mm) 0.94 0.19-3.83 0.9302
Tumour stage (T1-3 versus T4) 1.59 0.23-6.95 0.5898
Histological type (well versus others) 1.28 0.19-5.59 0.7662
Venous invasion (positive versus negative) 2.05 0.47-13.99 0.3554
Lymphatic invasion (positive versus negative) 1.64 0.34-6.67 0.5116
Lymph-node metastases (positive versus negative) 8.12 1.44-151.90 0.0146
Number of lymph nodes examined (>12 versus <12) 0.79 0.18-5.38 0.7746
Number of positive lymph nodes (>4 versus <4) 0.86 0.19-1.35 0.6549
Adjuvant chemotherapy ~ (treatment versus no treatment) 3.01 0.74-14.72 0.1244

* CI: confidence interval.

™ Adjuvant chemotherapy: oral fluorouracil for one year after surgery.

rate = 0.0028). In total, 10 genes were selected that demon-
strated significant differences in expression between patients
with and without liver metastasis, and which provided the
best predictive accuracy of 86.2%.

Lymph-node metastasis and venous invasion have previ-
ously been identified as prognostic factors for colorectal can-
cer.?’?® In the present study, univariate analysis showed that

the prognostic signature of the predictive model and the pres-
ence of lymph-node metastasis were significant factors asso-
ciated with liver metastasis; however, only the prognostic
signature remained significant following multivariate analy-
sis. The liver metastasis-free survival analysis also showed
a significant difference according to the prediction model
and the presence of lymph-node metastasis. The reason
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Table 3.2 — Multivariate proportional-hazard analysis of liver metastases risk.

Variable Hazard ratio 95% CI' p value
Prognosis signature (high-risk versus low-risk signature) 6.98 1.78-53.5 0.0027
Age (>65.1 versus <65.1) 3.51 0.46-49.31 0.2399
Venous invasion (positive versus negative) 0.39 0.04-4.60 0.4352
Lymph-node metastases (positive versus negative) 7.49 0.92-164.98 0.0613
Adjuvant chemotherapy (treatment versus no treatment)” 0.35 0.03-2.92 0.3295

* CIL: confidence interval.

** Adjuvant chemotherapy: oral fluorouracil for one year after surgery.

why adjuvant chemotherapy was not a significant factor in
the present study may be due to a small number of patients.
These findings might be useful in clinical settings; the present
model helps to select patients who are at high-risk of devel-
oping liver metastasis and who should receive intensive fol-
low-up and adjuvant chemotherapy.

The list of 14 genes (17 probes) the expression of which dif-
fered significantly between patients with and without liver
metastasis both in the microarray and RT-PCR analyses
included epiregulin (EREG), amphiregulin (AREG), lympho-
cyte-specific protein tyrosine kinase (LCK), tumour necrosis
factor-receptor superfamily member 6 (TNFRSF6) and prosta-
glandin-endoperoxide synthase 2 (PTGS2). EREG and AREG
are ligands for the epidermal growth factor receptor (EGFR)
and previous studies have shown that they play an important
role in the development of metastasis in malignancies, such
as lung, breast and colorectal cancers.”’>? In the present
study, both genes showed higher expression in patients with
liver metastasis, suggesting that they might play an impor-
tant role in the development of liver metastasis in colorectal
cancer. LCK plays a key role in the activation of T cells and
is also expressed in many cancers. Indeed, LCK was recently
included in a five-gene signature identified by RT-PCR that
predicts clinical outcomes in non-small-cell lung cancer.'
In the present study, LCK was selected as one of the final 10
genes used to predict the development of liver metastasis
by colorectal cancer. Loss of Fas (TNFRSF6) expression corre-
lates with disease progression and metastasis in oesophageal,
colorectal and breast cancers.**> Our results showed that Fas
expression was reduced in patients with liver metastasis by
both microarray and RT-PCR analysis. Expression of PTGS2
(also known as cyclooxygenase-2 or COX-2) has also been
shown to associate with survival in various cancers.**™°
PTGS2 (COX-2) was included amongst the final predictive
genes in the present study.

There are some limitations to the current work. As the aim
was to predict recurrence in the liver, only metachronous
liver metastasis cases should have been included in our study.
However, eliminating patients with synchronous liver metas-
tasis would have reduced the total number of cases; therefore,
we included patients with metachronous liver metastasis
who also had synchronous metastasis in the training set. In
the test set, we selected patients with metachronous metas-
tasis alone and could predict liver metastasis with an accu-
racy of 86.2%. These results imply that patients with
synchronous and metachronous liver metastasis might share
a common genetic signature. Another point is the proportion

of the test set. In the present study, the number of patients in
the test set was smaller than in the training set. A large num-
ber of test set patients are ideal for the validation of the
predictive model. However, on the other hand, Michilels S
showed that in DNA microarray analysis the predictive ability
improves with large training set sizes.*’ Therefore, in the
present study, we assigned a higher proportion of patients
to the training set than to the test set.

In conclusion, the 10-gene expression signature is closely
associated with the development of liver metastasis after sur-
gical resection of colorectal cancer. This signature might be
useful for selecting patients that require adjuvant treatment
and intensive follow-up. To our knowledge, this is the first
study to establish a prediction model for the recurrence of
colorectal cancer in the form of liver metastasis based on
gene expression by RT-PCR analysis.
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