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Abstract

Purpose—Risk stratification after surgery for colorectal cancer liver metastases (CRLM) is
achieved using clinicopathologic variables, however is of limited accuracy. We sought to derive
and externally validate a multigene expression assay prognostic of overall survival (OS) that is
superior to clinicopathologic variables in patients with surgically resected CRLM.

Experimental Design—We measured mRNA expression in prospectively collected frozen
tumor from 96 patients with surgically resected CRLM at Memorial Sloan Kettering Cancer
Center (MSKCC, New York). We retrospectively generated a 20-gene molecular risk score (MRS)
and compared its prognostic utility for overall survival (OS) and recurrence-free survival (RFS)
with three common clinical risk scores (CRSs). We then tested the prognostic ability of the MRS
in an external validation cohort (European) of 119 patients with surgically resected CRLM at the
University Medical Center Utrecht (Netherlands) and Paul Brousse Hospital (France).

Results—For OS in the MSKCC cohort, MRS was the strongest independent prognosticator (HR
3.7-4.9, P<0.001) followed by adjuvant chemotherapy (HR 0.3, P<0.001). For OS in the European
cohort, MRS was the only independent prognosticator (HR 3.5, P=0.007). For RFS, MRS was also
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independently prognostic in the MSKCC cohort (HR 2.4-2.6, P<0.001) and the European cohort
(HR 1.6-2.5, P<0.05).

Conclusion—Compared to CRSs, the MRS is more accurate, broadly applicable, and an
independent prognostic biomarker of OS in resected CRLM. This MRS is the first externally
validated prognostic multigene expression assay after metastasectomy for CRLM, and warrants
prospective validation.
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide.(1) Colorectal liver
metastases (CRLM) develop in approximately 50% of patients with CRC(2) and are the
major cause of death. Treatment for CRLM includes surgery, ablative techniques, regional,
and systemic chemotherapy, with surgery offering the only possibility of cure. 5-year overall
survival (OS) is approximately 50% with surgery combined with chemotherapy,(3) and 15—
25% of patients are cured at 10 years.(4, 5) Outcomes after surgery are however
heterogeneous, with up to 30% of patients dying from cancer within 2 years.(3) Hence
accurate risk stratification is critical for patient selection to optimize therapeutic approaches.

Numerous groups, including our own, have incorporated standard clinical and pathologic
parameters into clinical risk scores (CRS) to risk stratify patients.(6—10) However, CRSs
have had limited success. Derived almost exclusively from single-institution cohorts
reflecting local practice patterns and biases, they have not been successfully validated across
institutions, (9, 11) in patients with longer follow-up,(12) or in the setting of neoadjuvant
chemotherapy.(13, 14) Furthermore, none of these scores have achieved a level of
prognostication sufficient to influence clinical decision-making.(15) This inability to
accurately risk stratify patients results in a standard treatment approach applied to all
patients, despite our knowledge that patient outcomes are very heterogeneous.

A genomic approach to prognostication has been adopted in many primary malignancies,
proving both prognostic and predictive.(16-18) However a validated prognostic gene
signature has not been developed to assess outcomes after metastasectomy for CRLM or any
metastatic solid tumor. We previously reported two partially overlapping internally validated
gene expression signatures prognostic of disease specific survival (DSS) and liver recurrence
free survival (LRFS) after resection of CRLM, comprised of 19 and 115 genes respectively.
We were however unable to identify a unifying gene signature prognostic of both recurrence
free survival (RFS) and overall survival (OS), and had not validated our findings in an
external cohort. (19) Herein, we aimed to identify a single multigene signature prognostic of
both OS and RFS and externally validate this signature.
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Study Design

Procedures

We selected 96 patients who underwent liver resection between January 2000 and October
2007 for CRLM at Memorial Sloan Kettering Cancer Center (MSKCC) as previously
described (derivation cohort).(19) Exclusion criteria included extrahepatic metastases,
macroscopic residual disease (R2), missing CRS scores, inadequate follow-up, and
insufficient amount or quality of RNA. The validation cohort (European cohort) was
comprised of 119 patients who underwent liver resection for CRLM at the Paul Brousse
Hospital (Villejuif, France) or the UMC Utrecht (Utrecht, Netherlands) between November
2000 and August 2010. In addition to the aforementioned exclusion criteria, patients with a
history of non-colorectal malignancies, and those who received either prior local ablative
therapy or chemoembolization in combination with surgery were also excluded in the
validation cohort. Clinical information for both cohorts were collected prospectively and
supplemented with retrospective review.(19, 20) The primary study endpoint was OS defined
as time from liver resection to death or last follow-up. The secondary endpoint was RFS
defined as the time from liver resection to cancer recurrence. This study was approved by
institutional review boards at both institutions and informed consent to procure tissue for
research purposes was obtained from all participants.

We performed a gene expression microarray on resected CRLM in the derivation cohort to
assess individual gene expression, as previously described.(19) Briefly, fresh frozen tumor
specimens were obtained from archived tissue collected at the time of surgery from patients
who underwent liver resection at MSKCC. Corresponding clinical information was obtained
from a prospectively maintained hepatic resection database and supplemented by medical
record review. After the above described exclusions, 187 frozen tissue samples were found
to have at least 70% viable tumor cells based on histologic verification under hemotoxylin
and eosin staining. These samples were macrodissected, RNA was extracted using Trizol
(Invitrogen, Carlsbad, CA), quality analyzed using an Agilent Bioanalyzer (Agilent
Technology, Palo Alto, CA), and included for microarray analysis if the RNA integrity
number (RIN) was = 7 in both cohorts. Extracted total RNA was reverse-transcribed by a
previously published method and the resulting complimentary DNA (cDNA) template was
applied to gene expression analysis.(19) The target cDNAs were hybridized to the lllumina
Human HT-12 Gene Chip containing a total of 47,231 annotated gene probe sets (Illumina,
San Diego, CA). Arrays were scanned by using standard Illumina protocols and scanners.
Microarray data are available in the ArrayExpress database under accession number E-
MTAB-1951.

For the validation cohort, after the above described exclusions, frozen tumor samples were
obtained and macrodissected as above, RNA extracted, CRNA synthesized and labeled, and
mRNA generated and amplified as previously described (19). Gene expression was
determined using the Human Array-Ready Oligo set (version 2.0, Qiagen, Limburg,
Netherlands).(20) All data and protocols are available in Array Express under accession
number E-TABM-1112. All microarray data were log transformed and quantile normalized.
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Principal Component Analysis (PCA) is a mathematical technique commonly used to
visualize datasets whose samples are characterized by a large number of variables. PCA
reduces the dimensionality of the data while retaining most of the variation in the dataset by
identifying directions along which the data variation is maximal, called principal
components. This allows for each sample to be represented by a limited number of principal
components, allowing for visual plotting of samples, and hence identifying similarities and
differences.(21) Supervised PCA (SPCA) is similar to conventional PCA however uses only
a subset of the predictors selected based on their high association with outcome, to
overcome over fitting of highly correlated variables. Given our previous inability of identify
a gene signature prognostic of OS using a ranking method based on signal-to-noise ratio, t-
test statistic, Cox proportional hazard ratio, and leave-one-out cross validation,(20) as well
as unsupervised PCA,(22) and given successful identification of prognostic gene signatures
using the SPCA method(23-25), we chose to employ this mathematical approach to gene
selection.

For gene selection, the derivation cohort was partitioned by a stratified random split into
training and test sets. The training set contained 60% of the patients while the test set had
40% (Figure 1). We then performed a supervised principal component analysis to identify
genes correlating with OS in the training set, with subsequent cross validation in the test set
(Figure 1).(26) Variables in the training set were restricted (supervised) based on univariate
Cox regression, followed by SPCA. The gene selection process was iteratively applied 1000
times with randomly generated training and test sets as described above. The reason for this
repeated application was to identify the most reproducible associations and reduce the
likelihood of selecting a potentially promising gene that appears significant in a single split
due to random associations. Genes that significantly correlated with OS (P< 0.05) in both
training and test sets with a frequency > 20% after 1000 iterations were selected for
construction of the molecular risk score (MRS) (20 genes, Supplementary Figure 1).
Following gene selection, standardized gene expression (SGE) was calculated as

SGE=(Absolute gene expression- mean gene expression)/standard deviation.

MRS was calculated as

MRS=Sum [log (univariate Cox hazards ratios) x* SGE]

The derivation cohort was then partitioned into a low and high-risk group based on median
MRS, to eliminate the effect of extreme values in the cohort. Clinicopathologic variables not
incorporated into CRSs and that have been demonstrated to be independently prognostic of
outcome following resection of CRLM, the 3 most widely used CRSs (Fong(7),
Nordlinger(27), and Iwatsuki(6)), and the MRS were included as covariates in univariate
analysis of OS and RFS. For the Fong CRS, the factors that comprise it include lymph node
status of the primary tumor (negative or positive), disease free interval (<12 months or >= 12
months), serum CEA level prior to liver resection (>200 ng/ml or <= 200 ng/ml), number of
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hepatic tumors (1 or >1) and tumor size (<=5cm or >5cm). Patients receive 1 point for each
adverse factor, and the CRS represents the sum. Patients were then divided into two groups:
high risk (CRS >= 3) and low risk (CRS<3) based on established definitions.(13, 28, 29)
Covariates with P<0.05 on univariate analysis were included in multivariate analysis, with a
maximum of 7 degrees of freedom as per Harrell’s guidelines.(30) Survival probabilities
were estimated using the Kaplan-Meier method.

Statistical methods

Results

We compared categorical variables using the X2 test and continuous variables using a two-
sided t-test. We performed univariate analysis using the log-rank test and multivariate
analysis using the Cox regression model. Gene expression data were analyzed using R
statistical software (version 3.0). We performed all other statistical analysis using StataSE
(version 13.1, TX, USA) and Prism (version 6, CA, USA). P<0.05 was considered
statistically significant.

Patient characteristics

Ninety-six patients formed the derivation cohort (Table 1). Sixty-nine patients (72%)
received neoadjuvant chemotherapy, 79 (83%) adjuvant chemotherapy, and 35 (36%)
adjuvant hepatic artery infusion (HAI) chemotherapy. Fifty-two patients (54%) had > 3
segments resected, and 58 (60%) had > 1 tumor. Median follow-up for survivors was 89
months. Sixty-six patients (69%) developed recurrence, and 70 patients (73%) died during
the study period. Median OS, and RFS in the derivation cohort were 52 and 13 months
respectively (Supplementary Figure 2A, 2B).

One hundred and nineteen patients formed the validation cohort (Table 1). Sixty-four
patients (54%) received neoadjuvant chemotherapy, 68 (57%) adjuvant chemotherapy, and
none received HAI chemotherapy. Forty-three patients (36%) had > 3 segments resected, and
63 (53%) had > 1 tumor. Median follow-up for survivors was 25 months. Compared to the
derivation cohort, the validation cohort had a significantly smaller fraction of female patients
(35% vs. 66%, P<0.0001) and resections of > 3 segments (36% vs. 54%, P<0.01). The
validation cohort had a lower fraction of patients who received neoadjuvant (54% vs. 72%,
P<0.01), adjuvant (57% vs. 83%, P<0.001), and HAI chemotherapy (0% vs. 35%, P<0.001).
Ninety-eight patients (82%) developed recurrence, and 29 patients (24%) died during the
study period. Median OS, and RFS in the validation cohort were 55 and 10 months
respectively (Supplementary Figure 2A, 2B).

Gene selection for MRS

Using iterative supervised principle component analysis, we identified 20 genes that were
associated with OS at a frequency of > 20% (Supplementary Figure 1). Of these 20 genes, 6
genes overlapped with the previously reported 19-gene signature for DSS, and 5 genes
overlapped with the previously reported 115-gene signature for LRFS (19). Only 3 genes
were common to all three signatures. Gene expression hierarchical clustering revealed 13
first order-clustering groups (Supplementary Figure 3).
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MRS is the strongest independent prognosticator of OS in the derivation and validation

cohorts

Consistent with the MSKCC cohort forming the basis of the MRS, on univariate analysis, a
high MRS (HR 3.8, P<0.001) was prognostic of decreased OS (Figure 2A, Table 2).
Additionally, a high CRS (Fong HR 2.7, P<0.001; Nordlinger HR 2.1, P=0.002) was
prognostic of decreased OS, and adjuvant chemotherapy was prognostic of increased OS
(HR 0.5, P=0.01) (Table 2). On multivariate analysis, a high MRS was prognostic of
decreased OS (HR 3.7-4.9, P<0.001) and adjuvant chemotherapy was prognostic of
increased OS (HR 0.3, P<0.001) (Table 2).

In the validation cohort, on univariate analysis, the MRS (HR 3.7, P=0.004) and the
Nordlinger score (HR 3.4, P=0.04) were prognostic of decreased OS (Figure 2A, Table 3).
On multivariate analysis, only the MRS and none of the CRSs remained prognostic of
decreased OS (HR 3.5, P=0.007) (Table 3).

MRS is independently prognostic of RFS in the derivation and validation cohorts

Consistent with the MSKCC cohort forming the basis for derivation of the MRS, on
univariate analysis, a high MRS (HR 2.5, P<0.001) was prognostic of decreased RFS (Figure
2B, Supplementary Table 1). Additionally, neoadjuvant chemotherapy (HR 1.8, P=0.04), and
a high CRS (Fong, Nordlinger, and Iwatsuki) were prognostic of decreased RFS
(Supplementary Table 1). On multivariate analysis, the MRS remained independently
prognostic of decreased RFS (HR 2.4-2.6, P<0.001, Supplementary Table 1) when
compared to each CRS.

In the validation cohort, on univariate analysis, neoadjuvant chemotherapy (HR 1.7,
P=0.009), high MRS (HR 1.5, P=0.04), and a high CRS (Fong, Nordlinger, and Iwatsuki)
were prognostic of decreased RFS (Figure 2B, Supplementary Table 2), whereas adjuvant
chemotherapy was prognostic of increased RFS (HR 0.5, P=0.003) (Supplementary Table 2).
On multivariate analysis, the MRS remained independently prognostic of RFS (HR 1.6-2.5,
P<0.05) (Supplementary Table 2).

Discussion

Outcomes after surgery for CRLM remain highly heterogeneous, ranging from death within
2 years to long-term cure,(4, 5) highlighting the need to accurately risk stratify patients to
aid in pre- and post-operative decision making. Currently, only CRS systems utilizing
standard pathologic and clinical variables are available to risk stratify patients with resected
CRLM, as proposed by Fong(7), Nordlinger(27), Iwatsuki(6), and others(8—10). However,
these systems have failed to validate across different patient cohorts, and lack prognostic
accuracy in the era of modern chemotherapy. This underscores the need for novel prognostic
biomarkers that are superior to CRSs. We successfully derived and externally validated the
first gene expression assay in resected CRLM that achieves this.

CRSs are not prognostic in all patient cohorts. Zakaria demonstrated that the Fong,
Nordlinger, and Iwatsuki scores did not validate in 662 patients with resected CRLM at the
Mayo clinic, with concordance estimates less than 0.6 for DSS and RFS and hence
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stratification roughly equivalent to chance.(9) Roberts similarly showed in 286 patients with
resected CRLM, that 6 of 7 CRSs identified cancer specific deaths at a frequency of less
than 65% frequency.(12) Nomograms estimating outcomes after resection of CRLM are also
poorly prognostic, achieving a maximum concordance index of only 0.61, and hence not
identifying patients who will experience disease recurrence or death nearly 40% of the time
(15, 31) Our findings concur with these studies — neither the Fong, Nordlinger, nor Iwatsuki
CRSs were independently prognostic of OS in the validation cohort (Table 3). Notably,
atleast 1 of the 3 CRSs failed to achieve significance on univariate analysis in both cohorts
for both endpoints. In contrast, the MRS remained independently prognostic of both OS and
RFS in the validation cohort. Furthermore, the MRS prognosticated outcomes with
equivalent magnitude in both cohorts (derivation cohort OS HR 3.7-4.9, validation cohort
OS HR 3.5, Tables 2,3) despite significant differences in the frequency of female patients,
neoadjuvant, adjuvant, and regional chemotherapy, and major resections (Table 1). Hence
the MRS is superior to CRSs in prognostic ability, and appears consistent in its magnitude of
stratification in differing patient cohorts.

Due to data demonstrating a clinical benefit to first(32, 33) and second-line(34, 35)
chemotherapy in metastatic colorectal cancer, patients are increasingly heavily pre-treated at
the time of evaluation for surgery. This necessitates a biomarker that remains prognostic
independent of chemotherapy. Currently, CRSs do not achieve this. Ayez and colleagues
found that 3 CRSs, including the Fong score, did not stratify patients when applied prior to
neoadjuvant chemotherapy.(13) Other groups have arrived at similar conclusions when
examining the prognostic ability of CRSs in the setting of chemotherapy.(14) In contrast, the
MRS remained prognostic and independent of chemotherapy for both OS and RFS in the
validation cohort where up to 54% received neoadjuvant chemotherapy and 57% received
adjuvant chemotherapy. Hence, unlike CRSs, the MRS appears independently prognostic of
both RFS and OS despite neoadjuvant, adjuvant, or regional chemotherapy, highlighting its
utility in the modern era.

Recent data have demonstrated no OS benefit to perioperative chemotherapy in addition to
surgery in patients with CRLM.(3, 36) However, certain subgroups of patients may
experience benefit. In the validation cohort, in patients who did not receive neoadjuvant
chemotherapy, adjuvant chemotherapy was associated with improved OS in the low MRS
group (HR 8.5, 95% CI 1.4-118, P=0.02) but not the high MRS group (P=0.38). Although
this result is based on a small sample size and must be explored in a larger, prospective
dataset, it suggests that the MRS may have clinical applications akin to multigene assays in
breast cancer by identifying subsets of patients that derive greater benefit from
chemotherapy, and shifting risk stratification from a TNM to a multigene system.(18) It may
also enhance our ability to molecularly stratify and select patients for clinical trial inclusion
to assess the benefit of novel systemic therapies.

The success of Oncotype Dx, a multigene assay to risk stratify patients with resected
primary breast cancer has shown the validity of a molecular approach to prognostication,(16)
and has been applied to other primary tumors.(17) However, a prognostic molecular
signature has yet to be developed for resected CRLM, or for metastasectomy of any solid
tumor. Using a non-iterative supervised principle components method, we previously
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reported a 19-gene score prognostic of DSS and a 115-gene score prognostic of LRFS.
However, in that study, we were unable to identify a prognostic gene score for RFS, or a
single gene score prognostic of all endpoints (19). Using a multiple sampling approach with
leave-one-out cross-validation, Snoeren and colleagues attempted to derive a prognostic
gene signature based on expression data from the European validation cohort however were
unsuccessful. (37) In the present study, using an iterative supervised principle component
analysis not used in our previous report, we derived a new 20-gene molecular score that was
prognostic of not only OS, but also RFS, in both cohorts, highlighting the strength of the
iterative supervised principle components method for gene selection. It is noteworthy that
unlike other multigene assays that only assess recurrence(16, 38, 39), we identified a MRS
that significantly stratifies both RFS and OS with just 20 genes. Hence, as has been
successfully performed with other gene expression signatures (Oncotype Dx, 21 genes), the
MRS has the potential to be developed into clinically applicable and practical PCR assays
with relative ease. Our findings are hence both novel as the first externally validated
multigene assay to prognosticate outcomes after metastasectomy for any solid tumor, and
practical with potential for clinical application as a biomarker in resected CRLM.

This study is retrospective, limited to resected patients, and fails to capture high risk,
resectable candidates who progress to unresectability on initial systemic treatment.
Conversely, it does not capture patients who have a complete pathologic response to
systemic treatment, as seen in up to 37% of patients.(40) The study was also performed on
banked frozen tissue and omitted patients who had poor quality RNA, or no banked tissue,
providing additional sources of selection bias. It is unknown if the MRS remains prognostic
when expression is measured on tissue embedded in paraffin, and this is currently under
investigation. Finally, this study is limited by small sample size and mandates validation in
larger prospective datasets.

In summary, we report a novel, externally validated prognostic gene expression signature for
OS in resected CLRM that is superior to existing CRSs. Our data highlights the prognostic
potential of transcription profiling in patients undergoing resection of CRLM and warrants
prospective evaluation of its ability to identify patient subgroups that may derive benefits
from specific therapeutic strategies. A molecular approach to risk assess patients treated
with metastasectomy in other solid tumors appears promising and merits further
investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Colorectal liver metastases (CRLM) develop in 50% of patients with CRC and are the
major cause of death. The primary treatment includes surgery and chemotherapy,
however outcomes remains heterogeneous. Currently, clinicopathologic risk scores are
used to estimate prognosis yet these scores have poor accuracy across institutions and in
the setting of chemotherapy.

A genomic approach to risk assessment has been shown to be both prognostic and
predictive in primary malignancies however has yet been applied after metastasectomy
for CRLM or any solid tumor. In this study, we report the first externally validated
prognostic gene expression signature for OS in resected CLRM that is superior to clinical
risk scores.

Our findings are novel as the first externally validated multigene expression assay to
prognosticate outcomes after metastasectomy for CRLM and validates a molecular
approach to risk assess patients treated with metastasectomy in solid tumors.
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Figure 1.
Investigational design.
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Figure 2.

A. Overall survival in derivation (MSKCC) and validation (European) cohorts stratified by
MRS (median) and CRS (<3, low; = 3, high).
B. Recurrence free survival in derivation (MSKCC) and validation (European) cohorts
stratified by MRS (median) and CRS (<3, low; = 3, high).
Circles and squares are censored events. P values were determined by log rank method. NR

= Not Reached.
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