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Abstract

Introduction—We examined two genetic markers established early in colorectal tumor
development, microsatellite instability (MSI) and mutation of the KRAS proto-oncogene, to see if
these genetic changes influence metastatic disease progression and survival.

Patients and methods—MSI and KRAS mutation status were assessed in 532 primary
adenocarcinomas (stage I1-1V) from patients treated by colon resection. Median follow-up was 4.1
years (range 0-13.3 years) overall, 5.4 years for survivors.

Results—MSI and KRAS mutation were detected in 12 and 36% of cases, respectively. MSI was
more common in early-stage disease (I, 15%; Il, 21%; I1l, 10%; 1V, 2%; P = 0.0001). Prevalence
of KRAS mutation did not vary with stage (I, 36%; I1, 34%; I11, 35%; IV, 40%; P = ns). Disease-
specific survival was far superior for MSI tumors than for microsatellite stability (MSS) tumors
(5-year survival 92 vs. 59%, P < 0.0001). KRAS mutation was a marker of poor survival (5-year
survival 55 vs. 68%, P = 0.0002). Using Cox regression analysis MSI, KRAS mutation, and stage
were strong independent predictors of survival in the entire patient population. A high-mortality
group with MSS/KRAS-mutant tumors was identified within the stage I and Il cohort.

Conclusions—MSI and KRAS mutation provide fundamental genetic signatures influencing
tumor behavior across patient subsets and stages of tumor development.

The variable cure rate of colorectal cancer offers an excellent clinical model for studying
factors influencing metastatic progression. Following surgical resection of the colon, local
tumor relapse is rare.! Cancer recurrence and death from disease are nearly always due to
distant metastases, and are thus determined by tumor biology rather than by variations in
presentation or local therapy.
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Extent of disease at the time of diagnosis has a major impact on surgical cure rate, which
varies from 90 to 50% for cancers that are clinically localized (stages I-I1l, respectively) to
less than 10% for cancers that have metastasized to distant organs (stage 1V).2~® These data
support a developmental model in which distant metastases are generally established only
after a substantial period of local growth and invasion. Thus the determinants of surgical
cure are, first, the time elapsed from cancer initiation to surgical treatment and, second, the
speed with which a cancer establishes viable micrometastases in distant organs. The
discovery and validation of genetic markers determining the efficiency of metastatic
progression of colon cancer is therefore an important area of research, with potential value
in disease management and basic investigation.

Previous studies have evaluated a variety of genetic changes that appear to influence
prognosis, including microsatellite instability, p53 mutation, KRAS mutation, aneuploidy,
17p loss, 18q loss, 8p loss, and, more recently, patterns of global gene expression and
sensitivity to chemotherapeutic agents.5-13 Because of the complexity of both tumor biology
and clinical management, study of a large number of cases is essential to successful
evaluation of even a single prognostic marker. Other important elements include quality
control of the genetic analyses, accuracy of clinical staging, quality of surgical treatment,
and adequacy of patient follow-up. Furthermore, when evaluating the impact of tumor
biology on prognosis, use of disease recurrence or disease-specific survival as a primary
endpoint is preferable to use of overall survival. Because of these numerous pitfalls,
published studies have presented uncertain, and at times conflicting, messages about the
value of genetic markers in determining prognosis in colorectal cancer.14-16 Accordingly,
genetic markers have yet to penetrate clinical management of primary colorectal cancer
despite widespread acknowledgment of their potential value.17-19

We have examined two prevalent and well-studied genetic markers that are acquired very
early in the development of colorectal neoplasia: microsatellite instability (MSI) and KRAS
mutation. MSI defines a class of colon cancers with a high rate of mutations in repeat
sequences due to a defect in DNA mismatch repair.20-21 The onset of MSI happens very
early in colon cancer development; once established, MSI has a dominant effect on cancer
phenotype.?2-24 Three large studies have demonstrated the favorable prognosis associated
with MSI in colorectal cancers.8:9:25 Though there is a five-microsatellite marker assay,
initially recommended by the National Cancer Institute in 1997 (NCI assay), data from our
and other laboratories have shown that more specific identification of MSI can be achieved
with the use of assays focusing on mononucleotide markers.26-29 |n this series we used our
previously validated three-marker assay.2® This three-marker assay utilizes two
mononucleotide markers (BAT25 and BAT26) and one dinucleotide tie-breaker (D25123).

Mutated KRAS is a powerful transforming oncogene that activates a multitude of specific
effector molecules such as Raf, PI3 Kinase, Phospholipase C, and Ral, disrupting many cell
functions including cell proliferation, cytoskeletal organization, motility, and apoptosis.3%:31
KRAS remains among the most common mutations found in human cancers.32 These
mutations have been detected in the earliest neoplastic lesions found in colonic mucosa, and
appear to exert a strong influence on the growth of polyps and early cancers.33:34
Furthermore, KRAS mutations have been correlated with methylation phenotype and
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inversely with MSI, and thus may indirectly identify tumors with distinct forms of genetic
instability.3% The importance of mutated KRASas a prognostic marker is controversial.
Several large studies have demonstrated that particular KRAS mutations impact survival,
though none have demonstrated prognostic value independent of stage.14:36:37 The
association between KRAS mutation and the absence of response to cetuximab is now well
documented. However, the patients in this study were accrued prior to the clinical use of
cetuximab; thus there will be no interaction between KRAS mutation, cetuximab exposure,
and survival.

We reasoned that, if the genetic basis for colon tumor progression is established early and
sustained through tumor development, these two markers would likely demonstrate an
independent and measurable correlation with the late stages of cancer progression.
Therefore, we studied MSI and KRAS status in a large series of colon cancer patients treated
in the 1990s at one specialty center where staging, surgical resection, and adjuvant therapy
were highly consistent. Our aim was to define the relationship of these genetic markers to
metastatic disease progression and survival.

PATIENTS AND METHODS

Patients and Samples

Tumor and normal tissue samples were collected under Institutional Review Board protocol
from patients undergoing elective surgery for colorectal cancer at Memorial Sloan—Kettering
Cancer Center. The operations were performed between January 1990 and December 1997.
Colon cancer had greater representation in this series compared with rectal cancer: 400 and
132, respectively. Rectal cancers that received preoperative radiotherapy were excluded.
There were 54 patients with distal rectal cancer (within 6 cm of the anal verge). All patients
were staged preoperatively with computed tomography (CT) scans and chest X-rays, and all
underwent colon resection as their initial cancer treatment. Final tumor—node—metastasis
(TNM) stage was assigned using the American Joint Committee on Cancer staging manual
and was based on CT findings, intraoperative findings, and final pathology reports. All
patients underwent radical resection of the primary tumor. The stage IV group was a
combination of patients undergoing palliative colon resection (73%) or potentially curative
metastasis resection (27%). The majority of patients with stage 111 (77%) and stage 1V
(88%) cancers received 5-flourouracil (5-FU)-based chemotherapy post-operatively.
Chemotherapy was not used for stage | cancer and rarely for stage 11 (11%).

Colon tumor tissue and normal mucosa were obtained at time of surgical resection from 532
patients and snap-frozen in liquid nitrogen. DNA was first extracted and purified using a
proteinase potassium/lithium chloride/ethanol (K/ LiCI/EtOH) protocol, then quantified
using ODog/280 With a GeneQuant pro™ DNA calculator. Median patient age was 67 years
(range 23-93 years). Two hundred seventy-three patients were male and 259 were female.
Median follow-up after colon resection was 4.1 years (range 0-13.3 years). Survivors were
followed for a median of 5.4 years (range 0-13.3 years).
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Microsatellite Instability (MSI)

MSI analysis was performed on matched tumor and normal tissue (100 ng DNA per
reaction) using a previously published multiplex protocol.28 Oligonucleotide primers for
BAT25, BAT26, and D2S123 were fluorescently labeled and amplified simultaneously
using AmpliTaqGold® DNA polymerase (Applied Biosystems, Foster City, CA).38 The
polymerase chain reaction (PCR) products were resolved in an ABI PRISM™ 377 DNA
Sequencer. MSI was defined as two or three PCR products demonstrating instability
consistent with the MSI-H genotype.

Polymerase Chain Reaction/Ligase Detection Reaction (PCR/LDR)

KRAS mutation status in tumors was assessed using a previously published polymerase
chain reaction and ligase detection reaction (PCR/LDR) that can detect 1 mutant KRAS
allele among 200 wild-type alleles and that, in our hands, is slightly more accurate than
DNA sequencing.3? Oligonucleotide primers and Tag DNA polymerase were used to
amplify KRASexon 1. Wild-type primers for KRASexon 30 and mutation-specific primers
for codons 12 and 13 were used in the LDR.3° The LDR products were resolved on 12.5%
polyacrylamide gel in an ABI PRISMT™ 377 DNA sequencer. Specific mutations in codons
12 and 13 were identified by their corresponding ligation products.

Statistics

Pearson’s chi-squared and Fisher’s exact tests were applied to the results, as appropriate.
Analysis of variance (ANOVA) was used to analyze MSI prevalence by stage. Survival
curves were generated by the Kaplan—-Maier method and subjected to the log-rank test.
Multivariable analysis was performed using Cox regression. All reported P values are two-
sided, and P values of < 0.05 were considered significant.

RESULTS

Frequency
MSI status was evaluated in 478 cases with matched tumor and normal tissue. The other 54
cases had insufficient normal tissue for MSI analysis. MSI was detected in 58 cases (12%).
KRAS mutation status was documented in 531 cases. The KRAS gene failed to PCR amplify
in one tumor due to insufficient tumor DNA. One or more KRAS mutations were detected in
190 tumors (36%). Of these, 157 tumors had codon 12 mutations (67 were aspartate-12, 47
were valine-12, 15 were alanine-12, 15 were cysteine-12, 7 were serine-12, 3 were
arginine-12), and 33 had codon 13 mutations (all were aspartate-13).

Patient Characteristics

Neither MSI nor KRAS mutations were associated with patient age or gender (data not
shown).

Tumor Characteristics

MSI was more common in early-stage cancers (P < 0.0001), whereas prevalence of KRAS
mutation did not vary with stage (Fig. 1a). Consistent with prior studies, MSI was strongly
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associated with tumor location proximal to the splenic flexure (38 of 58 cases, P < 0.0001),
poorly differentiated cancers (18 of 58 cases, P < 0.001), and mucinous cancers (38 of 58, P
< 0.0001), and was inversely correlated with presence of KRAS mutation (Fig. 1b). Cancers
with KRAS mutation had a higher likelihood of mucinous histology (78 of 190, P = 0.003).
Neither KRAS mutation nor MSI were associated with location in the rectum (P [ 0.40).

MSI was a favorable marker of survival compared with those tumors that had MSS (5-year
survival 92 vs. 59%, P < 0.0001) (Fig. 2a). KRASwas an unfavorable marker of survival (5-
year survival 55 vs. 68%, P = 0.0002) (Fig. 2b). Among patients with MSI tumors there was
a trend towards better survival in stages | and IV, and a significant survival difference in
stage Il (Fig. 3a). Among patients with KRAS mutant tumors, there was a strong trend
towards worse survival in stages | and 1V, and a significant survival difference in stages I1
and 11 (Fig. 3b). Survival analyses were performed on the individual codon 12 and 13
mutations. There were no significant survival differences seen between the individual
mutations.

Combining MSI and KRAS

Survival was analyzed for the four groups identified by these two genetic markers (Fig. 4).
Each marker was found to exert a consistent impact on prognosis irrespective of the status of
the other marker. The group with both markers favorable (MSI and wild-type KRAS n = 45)
had the best survival (95% at 5 years), whereas the group with both markers unfavorable
(MSS and mutant KRAS n = 157) had the worst survival (51% at 5 years). Among the
earlystage cancers (stages | and I, n = 222) expected to have an excellent prognosis, those
patients with MSS and mutant KRAS identified in their tumors (n = 66) had significantly
worse survival compared with all other stage | and Il patients (85 vs. 96% at 5 years, 64 vs.
92% at 7 years, P = 0.0005) (Fig. 5).

Multivariable Regression Analysis

To determine their prognostic value independent of disease stage, MSI and KRAS mutation
were entered into a Cox regression model (Table 1). TNM stage, KRAS mutation, and MSI
were found to be independently associated with disease-specific survival. MSI was
associated with a fivefold reduction in risk of cancer death, whereas KRAS was associated
with a 1.75-fold increase in risk of cancer death.

DISCUSSION

Our data demonstrate that genetic events established early in tumor development have a
powerful effect on metastatic progression of colorectal cancer. In our large series of surgical
patients with primary adenocarcinoma of the colon or rectum, 37% died of cancer. MSI was
linked to only 2% of cancer deaths, and multivariable models including stage of disease
predicted a fourfold reduction in actuarial risk of cancer mortality. Conversely, KRAS
mutation was linked to 47% of all cancer deaths and predicted a nearly twofold increase in
cancer mortality risk. In every stage of disease and in nearly every patient stratum, one or
both of these markers identified patients with better (MSI) or worse (KRAS mutation)
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prognosis. These data indicate that MSI and KRAS mutation are biomarkers which
distinguish genetic subsets of colorectal cancer that differ in speed and efficiency of
metastatic spread. MSI tumors rarely progress to metastasis, whereas MSS tumors with
KRAS mutation progress to metastasis in greater than 50% of cases.

Evidence from other investigators supports the idea that MSI and KRAS mutation are genetic
markers that are established early and remain biologically relevant throughout all stages of
tumor development. Both MSI and KRAS mutation have been found in aberrant crypt foci,
the earliest neoplastic lesions that can be identified in the colon.#%41 Topographic sampling
of colon cancers arising within colon adenomas has shown that, when present in an
adenoma, both MSI and KRAS mutation are stable and clonally expanded within the
cancer.3442 |n addition, KRAS mutations found in primary colon cancers are preserved in
recurrences and metastases.*3

Our data convincingly show that MSI and KRAS status each provide unique and
complementary information about prognosis (Fig. 4). We believe that, when used in
combination, these markers constitute a starting point for developing a molecular prognostic
scoring system for early-stage colorectal cancer. The multivariable model demonstrates that
both markers are predictors of outcome independent of stage. However, when stratifying by
individual stage, some statistical power is lost due to smaller sample size (Figs. 3, 4).
Nevertheless, in this series, stage | and Il patients (n = 222) had an overall 7-year disease-
specific survival of 84%. Because of this overall good prognosis, high-risk patients were
hard to identify on clinical grounds and adjuvant chemotherapy was rarely used. In this
population, MSI and KRAS mutation are common (stage I: 15 and 36%, respectively; stage
I1: 22 and 34%, respectively). In combination, the markers were capable of identifying a
high-risk subset within the stage I and Il cohort (MSS/KRAS mutation, n = 66) representing
only 30% of the early-stage patients but 14 of 25 (56%) of the cancer deaths. These two
markers provided excellent stratification of prognosis in stage | and 11 patients: 64% survival
at 7 years for the high-risk group versus 92% for the low-risk group. Useful prognostic
information about both groups can be provided by these markers (Fig. 5). The clinical utility
of these markers was further supported by multivariate analysis of the entire cohort showing
that MSI and KRAS have prognostic power similar to that of lymph node status, which is
currently the standard used to select patients for adjuvant chemotherapy (Table 1).

The link between favorable prognosis and MSI status is well supported in the literature.”:8:25
However, previously published data on KRAS mutation is inadequate for drawing
conclusions about prognosis. Most studies evaluating KRAS mutation as a prognostic marker
have been severely underpowered.*4> A meta-analysis of data from 22 centers published in
1998 and a follow-up meta-analysis of data from 35 centers published in 2001 concluded
that KRAS mutation predicts poor survival in colorectal cancer patients, although the most
recent study limited this conclusion to the valine-12 mutation.141> Unfortunately, both
meta-analyses were limited by data that was heterogenous with regard to patient accrual,
experimental method, marker prevalence, and clinical follow-up.

Only three groups have previously reported data on the prognostic implications of both
markers simultaneously in colorectal cancer.#6-48 None demonstrated meaningful
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relationships between the markers and survival. Our series is the largest study of MSI and
KRAS mutation in the same cohort, and we were able to perform an adequately powered
analysis. Additionally we used well-validated assays for MSI and KRAS mutation, and
marker prevalence was highly consistent with that demonstrated by other well-controlled
studies.26:39

There are data that show MSI or KRAS mutation is associated with in vitro and in vivo
variation in response to chemotherapy.*9-53 However, this retrospective study is not
designed to address the interaction between these molecular changes, chemotherapy, and
outcome. The finding by univariable analysis that patients who were exposed to
chemotherapy had significantly worse survival should be considered in conjunction with the
fact that patients with stage 111 and 1V colorectal cancer (CRC) were routinely treated with
postoperative chemotherapy and those with stage | and Il CRC were routine treated with
surgery alone. This difference disappeared in the multivariable model. However,
confounding by indication would obviously occur and therefore we cannot comment on
possible effect modification, the greater or lesser impact of KRAS mutation or MSI in the
chemotherapy and non-chemotherapy groups. Nevertheless, given that none of these patients
received cetuximab during the study period one may exclude the possibility that the
differences in survival are due to KRAS-mutant tumor resistance to cetuximab.

Our study provides strong evidence that likelihood of metastatic progression in colorectal
cancer can be estimated based on biomarkers present in the primary tumor. Knowledge of
MSI and KRAS status may enhance clinicopathologic staging in colorectal cancer patients
who are staged and treated in a consistent manner. Validation of additional prognostic
markers promises to provide a panel of genetic markers that will help refine management
decisions for individual patients based on tumor biology.
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TABLE 1
Univariable (log rank) and multivariable (Cox regression) analysis of clinical, pathological, and molecular
variables
Variable Univariable analysisa Multivariable analysisb
n 7-year DSS (%) P-Value Hazardratio 95% ClI P-Value
Men 111 54 0.07
Women 262 61
Age < 67 years 251 55 0.17
Age > 67 years 283 61
Proximal to splenic flexure 198 60 0.87
Distal to splenic flexure 336 57
Tumor grade | 25 60 0.75
Tumor grade I 432 58
Tumor grade 111 77 58
Mucinous cell type 76 59 0.78
Nonmucinous cell type 458 57
PNI present 41 48 0.0004 1.38 0.71-2.70  0.34
PNI absent 349 63
LVI present 109 46 0.0004 1.07 0.64-1.77 0.80
LVI absent 406 60
Stage IV versus | 147 8 <0.0001 25.6 9.1-71.4  <0.0001
Stage 11 versus | 124 67 9.4 5.2-17.2
Stage Il versus | 171 80 6.2 3.7-10.5
Stage | 92 92
Chemotherapy 178 44 <0.0001 1.04 0.55-1.98 0091
No chemotherapy 212 78
Preop CEA > 5.0 ng/ml 179 42 0.001 1.22 0.73-2.04 0.46
Preop CEA normal 252 80
MSI 58 92 <0.0001 0.18 0.06-0.60  0.005
MSS 420 53
KRAS mutant 190 46 0.0002 1.75 1.15-2.67 0.009
KRASwild type 342 64

LVI lymphovascular invasion, PNI perineural invasion, CEA carcinoembryonic antigen, Preop preoperative

a L
Kaplan-Meier with P-values calculated by log-rank test

bCox regression (backwards stepwise)
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