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BACKGROUND AND AIMS: Colorectal cancer (CRC) is a het-
erogeneous disease that can develop via several pathways.
Different CRC subtypes, identified based on tumor markers,
have been proposed to reflect these pathways. We evaluated
the significance of these previously proposed classifications to
survival. METHODS: Participants in the population-based
Seattle Colon Cancer Family Registry were diagnosed with
invasive CRC from 1998 through 2007 in western Washington
State (N ¼ 2706), and followed for survival through 2012.
Tumor samples were collected from 2050 participants and
classified into 5 subtypes based on combinations of tumor
markers: type 1 (microsatellite instability [MSI]–high, CpG is-
land methylator phenotype [CIMP] –positive, positive for BRAF
mutation, negative for KRAS mutation); type 2 (microsatellite
stable [MSS] or MSI-low, CIMP-positive, positive for BRAF
mutation, negative for KRAS mutation); type 3 (MSS or MSI low,
non-CIMP, negative for BRAF mutation, positive for KRAS
mutation); type 4 (MSS or MSI-low, non-CIMP, negative for
mutations in BRAF and KRAS); and type 5 (MSI-high, non-CIMP,
negative for mutations in BRAF and KRAS). Multiple imputation
was used to impute tumor markers for those missing data on
1–3 markers. We used Cox regression to estimate hazard ratios
(HR) and 95% confidence intervals (CI) for associations of
subtypes with disease-specific and overall mortality, adjusting
for age, sex, body mass, diagnosis year, and smoking history.
RESULTS: Compared with participants with type 4 tumors (the
most predominant), participants with type 2 tumors had the
highest disease-specific mortality (HR ¼ 2.20, 95% CI:
1.47–3.31); subjects with type 3 tumors also had higher
disease-specific mortality (HR ¼ 1.32, 95% CI: 1.07–1.63).
Subjects with type 5 tumors had the lowest disease-specific
mortality (HR ¼ 0.30, 95% CI: 0.14–0.66). Associations with
overall mortality were similar to those with disease-specific
mortality. CONCLUSIONS: Based on a large, population-based
study, CRC subtypes, defined by proposed etiologic pathways,
are associated with marked differences in survival. These
findings indicate the clinical importance of studies into the
molecular heterogeneity of CRC.
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Increasing evidence indicates that colorectal cancer
(CRC) is a biologically heterogeneous disease that can

develop via a number of distinct pathways involving
different combinations of genetic and epigenetic changes.1,2

Proposed subtype classifications for CRC, based on the
presence of microsatellite instability (MSI), the CpG island
methylator phenotype (CIMP), and somatic mutations in
BRAF and KRAS, are thought to approximate these distinct
pathways.1,2 In particular, CRC reflective of the “traditional”
adenoma-carcinoma pathway has been described as typi-
cally demonstrating absent (microsatellite stable [MSS]) to
low-level MSI (MSI-low) without CIMP and without somatic
BRAF or KRAS mutations; CRC resulting from a “serrated”
pathway has been described as frequently BRAF mutated
and CIMP positive; and an additional pathway has been
suggested for KRAS-mutated CRC that is MSS/MSI-low and
CIMP-low.2,3

The biologic distinctions between CRC subtypes resulting
from different etiologic pathways can plausibly translate to
differences in survival. As tumormarkers that can reflect such
different pathways, MSI, CIMP, BRAF-mutation, and KRAS-
mutation status have each been studied extensively, with
evidence of differences in the distribution of tumor site, sex,
age and stage at diagnosis, and survival.4–22 However, the
significance of subtype classifications based on combinations
of these 4 tumor markers with respect to survival has been
minimally described.3,23 In the only prior study to evaluate
differences in survival across CRC subtypes definedby these 4
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tumor markers in combination, Samadder et al3 suggested
that CRC with a BRAF-mutated/CIMP-high phenotype,
suggestive of the serrated pathway, was associated with
modestly worse survival than CRC with a MSS/CIMP-negative/
BRAF-mutation–negative/KRAS-mutation–negative phenotype,
suggestive of the traditional pathway.

Using data from the population-based Seattle Colon
Cancer Family Registry (SCCFR) and the Postmenopausal
Hormones Supplemental Study to the SCCFR,24,25 we further
explored the relationship between CRC molecular subtypes,
defined by common tumor marker combinations, and
survival.

Methods
Study Population

A description of the study populations has been published
elsewhere.24,25 Briefly, SCCFR study participants included per-
sons diagnosed with incident invasive CRC between January
1998 and June 2002 who, at the time of diagnosis, were aged
20–74 years and resided in King, Pierce, or Snohomish counties
of Washington State (Supplementary Table 1). During this same
period, women aged 50–74 years at CRC diagnosis and residing
in 10 surrounding counties were also recruited for participa-
tion in the Postmenopausal Hormones Supplemental Study to
the SCCFR. During a second SCCFR recruitment phase (diag-
nosis dates April 2002 to July 2007), eligible participants were
identified as individuals diagnosed at ages 18–49 years with
invasive CRC within the combined 13-county region. All cases
were identified through the population-based Surveillance,
Epidemiology, and End Results (SEER) cancer registry serving
western Washington State. Eligibility was limited to English
speakers with publicly available telephone numbers. Of 3525
eligible individuals contacted, 302 (9%) were deceased, 401
(11%) refused participation, 92 (3%) were lost to follow-up
before interview, and 24 (1%) completed only a partial inter-
view. Among participants who completed the interview
(N ¼ 2706), adequate tumor specimens were available for 77%
(n ¼ 2080). Participants for whom tumor specimens were not
obtained were excluded from this analysis.

This study was approved by the Institutional Review Board
of the Fred Hutchinson Cancer Research Center in accordance
with assurances filed with and approved by the US Department
of Health and Human Services.

Tumor Characteristics
DNA extracted from paraffin-embedded formalin-fixed

diagnostic tumor tissue specimens was used in tumor marker
testing. Testing for MSI was based on a 10-gene panel in DNA
from tumor and normal surrounding tissue (BAT25, BAT26,
BAT40, MYCL, D5S346, D17S250, ACTC, D18S55, D10S197, and
BAT34C4) for the majority of cases (n ¼ 1430):24,26 tumors
were classified as MSI-high if instability was observed for
�30% of markers, and MSS/MSI-low if instability was observed
in <30% of markers. For other cases (n ¼ 534), MSI status was
based on immunohistochemistry testing of 4 markers (MLH1,
MSH2, MSH6, PMS2): cases for which tissue exhibited positive
staining for all markers were considered MSS/MSI-low, and
cases negative for the expression of at least one marker were
considered MSI-high.27,28 Tumor DNA was tested for the

p.V600E BRAF mutation (n ¼ 1948) using a fluorescent allele-
specific polymerase chain reaction assay, as described previ-
ously;29 this mutation accounts for approximately 90% of BRAF
mutations in CRC.30 Mutations in KRAS codons 12 and 13 were
identified through forward and reverse sequencing of amplified
tumor DNA (n ¼ 1894)8,31; mutations in this hotspot region
account for approximately 80% of KRAS mutations in CRC.32,33

CIMP testing was completed for a large subset of cases (n ¼
1508) based on a validated quantitative DNA methylation assay
using a 5-gene panel (CACNA1G, IGF2, NEUROG1, RUNX3, and
SOCS1).34–36 As described elsewhere,34 tumors were classified
as CIMP positive if the percentage of methylated reference
(PMR) ratio was �10 for at least 3 of 5 markers and as non-
CIMP if the PMR ratio was �10 for <3 markers. PMR is
calculated as the amount of methylated tumor DNA at a specific
locus (normalized to input bisulfite DNA amount measured at
ALU repetitive elements) divided by the ALU-normalized
amount in a methylated reference sample, multiplied by 100.
Tumor site and stage information were available from SEER.

Subtype Classifications
Tumor subtypes were defined as follows, consistent with

previously suggested classifications1,2: type 1 (ie, MSI-high,
CIMP-positive, BRAF-mutated, KRAS-mutation–negative); type
2 (ie, MSS/MSI-low, CIMP-positive, BRAF-mutated, KRAS-
mutation–negative); type 3 (ie, MSS/MSI-low, non-CIMP, BRAF-
mutation–negative, KRAS-mutated); type 4 (ie, MSS/MSI-low,
non-CIMP, BRAF-mutation–negative, KRAS-mutation–negative);
and type 5 (ie, MSI-high, non-CIMP, BRAF-mutation–negative,
KRAS-mutation–negative). Other marker combinations were
grouped together as an “other” category for tabulations. In
sensitivity analyses, we explored changes to the type 3 subtype
classification for comparison with previous reports,3 removing
cases for whom all methylation markers had a PMR ratio <10
from this subgroup.

Of the 2080 cases for which tumor tissue was available, 30
were excluded due to insufficient tissue or uninformative as-
says. Multiple imputation was used to approximate tumor
marker status for cases with 1 (n ¼ 564), 2 (n ¼ 104), or 3
missing markers (n ¼ 38)37,38: the imputation model included
variables for MSI, BRAF- and KRAS-mutation status, methylation
status for the 5 genes used in classifying CIMP, stage, histology,
sex, age at diagnosis, diagnosis year, body mass index, height,
smoking history, use of nonsteroidal anti-inflammatory drugs
at diagnosis, history of endoscopic screening before diagnosis,
education, race, first line of therapy, time from diagnosis to
interview, censoring indicators, and analysis time. Iterative
rounds of imputation (n ¼ 25) were performed using the mi
command in STATA SE version 13.1 (Stata Corp, College Sta-
tion, TX). Tumor subtype classifications were determined on
the basis of assayed and, as necessary, imputed tumor markers.
In addition to analyses utilizing these imputed data, we con-
ducted sensitivity analyses using a complete-case approach,
wherein only cases with complete tumor marker data were
included.

Outcome Information
Vital status, death date, and cause of death were determined

through linkage to SEER and the National Death Index. CRC-
specific deaths included those with an underlying cause
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