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Abstract

Background: Prostaglandin-endoperoxide synthase 2 (PTGSZ, cyclooxygenase-2, COX-2)-
prostaglandin E, (PGE>) pathway promotes tumour progression. Considering evidence suggesting
increased PGE; synthesis by BRAF mutation in tumour cells, we hypothesised that the association
of tumour P7TGS2 (COX-2) expression with colorectal cancer mortality might be stronger in
BRAFmutated tumours than in BRAFwild-type tumours.

Methods: Using 1,708 patients, including 1,200 stage I-1V colorectal carcinoma cases in the
Nurses’ Health Study (NHS) and the Health Professionals Follow-up Study (HPFS) and 508 stage
I11 colon cancer cases in a National Cancer Institute-sponsored randomised controlled trial of
adjuvant therapy (CALGB/Alliance 89803), we evaluated tumour PTGS2 (COX-2) expression
status using immunohistochemistry. We examined the prognostic association of P7TGS2 (COX-2)
expression in strata of BRAF mutation status by multivariable Cox proportional hazards regression
models to adjust for potential confounders, including disease stage, tumour differentiation,
microsatellite instability status, and KRASand P/IK3CA mutations.

Results: In NHS and HPFS, the association of P7TGS2 (COX-2) expression with colorectal
cancer-specific survival differed by BRAF mutation status (Pineraction = 0-0005); compared with
PTGS2 (COX-2)-negative/low carcinomas, the multivariable-adjusted hazard ratios for PTGS2
(COX-2)-high carcinomas were 2.44 (95% confidence interval, 1.39-4.28) in BRAF~mutated
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cases and 0.82 (95% confidence interval, 0.65-1.04) in BRAFwild-type cases. Differential
prognostic associations of PTGS2 (COX-2) expression in strata of BRAF mutation status were
similarly observed in CALGB/Alliance 89803 trial (APinteraction = 0-03).

Conclusions: The association of tumour P7TGS2 (COX-2) expression with colorectal cancer
mortality is stronger in BRAF~mutated tumours than in BRAFwild-type tumours, supporting
interactive roles of PTGS2 (COX-2) expression and BRAF mutation statuses in prognostication of
patients with colorectal cancer; ClinicalTrials.gov Identifier, NCT00003835.

Keywords

adenocarcinoma; clinical outcome; colorectal neoplasm; immunity; immunology; inflammation;
inflammatory mediator; molecular pathological epidemiology; precision medicine; prostaglandin;
PTGS; RAF

1. Introduction

Prostaglandin-endoperoxide synthase 2 (PTGSZ, cyclooxygenase-2, COX-2) regulates the
synthesis of prostaglandin E; (PGE,), which provokes chronic inflammation and plays
important roles in the development of colorectal cancer.[1-4] Epidemiological studies have
shown that regular use of the PTGS (COX) inhibitor aspirin is associated with lower
colorectal cancer incidence and mortality.[5-10] Evidence has reinforced the theory that the
PTGS2 (COX-2)-PGE, pathway plays a critical role in suppression of anti-tumour immunity
in the tumour microenvironment.[11-16] Our incomplete knowledge of the interactions
between the immune system and cancer proves that there is a significant need for
transdisciplinary integrated analyses of cancer and immunity.[17-19]

Colon and rectal cancers consist of heterogeneous diseases with tumour cells possessing
varying sets of genetic and epigenetic alterations,[20] influenced by host-tumour
interactions.[21] A mutation in BRAF is present in approximately 10% to 15% of colorectal
cancers.[22-24] BRAF mutation in colorectal cancer is associated with high-level CpG
island methylator phenotype (CIMP) which is associated with microsatellite instability
(MSI).[25] Considering the association between BRAF mutation and worse clinical outcome
in colorectal cancer patients,[26,27] further developments of effective treatment strategies
are required for BRAFmutated colorectal cancer patients.[23] Emerging evidence indicates
that upregulation of the RA~MAPK pathway by BRAF mutation may activate P7TGS2
(COX-2) in tumour cells to increase the production of PGE,.[28,29] Therefore, we
hypothesised that the association of tumour PTGS2 (COX-2) expression with colorectal
cancer mortality might be stronger in BRAF~mutated tumours than in BRAFwild-type
tumours.

To test this hypothesis, we utilised molecular pathological epidemiology databases of 1,708
patients, including 1,200 stage I-1V colorectal cancer cases in two large U.S. prospective
cohort studies and 508 stage 111 colon cancer cases in a randomised controlled trial of
adjuvant therapy.
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We utilised the database on colorectal cancer cases within two prospective cohort studies in
the U.S.: the Nurses’ Health Study (NHS, 121,701 women aged 30-55 years followed since
1976) and the Health Professionals Follow-up Study (HPFS, 51,529 men aged 4075 years
followed since 1986).[6] Every two years, study participants have been sent follow-up
questionnaires to collect information on lifestyle factors and medical history, including
physician-confirmed diseases. The National Death Index was used to confirm deaths of
study participants and to identify unreported lethal colorectal cancer cases. Participating
physicians reviewed medical records to confirm diagnoses of colorectal cancer, record
tumour characteristics [e.g., size, location, and the American Joint Committee on Cancer
tumour, node, and metastases (TNM) classification], and record causes of deaths for
participants who died. Formalin-fixed paraffin-embedded (FFPE) tissue blocks were
collected from hospitals where participants diagnosed with colorectal cancer underwent
tumour resection. For this analysis, we included 1,200 patients with available data on tumour
PTGS2 (COX-2) expression and BRAF mutation status. We included both colon and rectal
cancers based on the colorectal continuum model.[30] Patients were followed until death or
the end of follow-up (January 1, 2014 for the HPFS; June 30, 2014 for the NHS), whichever
came first. Written informed consent was obtained from all study participants. This study
was approved by the institutional review boards at Harvard T.H. Chan School of Public
Health and Brigham and Women’s Hospital (Boston, MA, USA).

As a validation set, we used 508 stage 1l colon cancer patients with available data on
tumour PTGS2 (COX-2) expression and BRAF mutation status within Cancer and Leukemia
Group B (CALGB) 89803 trial. CALGB is now part of the Alliance for Clinical Trials in
Oncology. CALGB/Alliance 89803 (ClinicalTrials.gov NCT000038350) is a National
Cancer Institute-sponsored adjuvant therapy trial for stage 111 colon cancer, comparing
weekly 5-fluorouracil and leucovorin (FU/LV) and weekly irinotecan, 5-fluorouracil, and
leucovorin (IFL).[26] Between April 1999 and April 2001, 1,264 patients were enrolled in
the treatment trial. The details of this study have been described elsewhere.[26] Data
collection and statistical analyses were conducted by the Alliance Statistics and Data Center
at Duke University Medical Center and Mayo Clinic. Data quality was ensured by review of
data by the Alliance Statistics and Data Center. All analyses were based on the study
database frozen on November 9, 2009. Written informed consent was obtained from all
patients. This study was approved by the institutional review board at each institution.

In NHS, HPFS, and CALGB/Alliance 89803 trial, a single pathologist (S.0.), who was
unaware of other data, conducted a centralised review of hematoxylin and eosin-stained
tissue sections of all colorectal cancer cases. Tumour differentiation was categorised as well
to moderate or poor (> 50% vs. < 50% glandular area, respectively).

Immunohistochemistry for PTGS2 (COX-2) expression

We constructed tissue microarrays that included up to four cores from colorectal cancer
blocks and up to two cores from normal tissue blocks from the NHS and HPFS cohorts.[5]
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Immunohistochemistry for PTGS2 (COX-2) was performed using an anti-P7GS2 (COX-2)
antibody (dilution 1:300; Cayman Chemical, Ann Arbor, MI, USA).[5] We used whole
tissue sections for immunohistochemical analysis in the CALGB/Alliance 89803 set.
Tumour PTGSZ (COX-2) expression level, compared with adjacent normal colonic
epithelium, was evaluated by a single pathologist (S.0.) and categorised as negative/low or
high. A selected sample of 124 tumours was examined by a second pathologist (T.M.);
concordance between the two observers was 0.85 (x = 0.69).[7]

2.3. Analyses of microsatellite Instability (MSI) and KRAS, BRAF, and PIK3CA mutations

DNA was extracted from archival FFPE tissue blocks using QlAamp DNA FFPE Tissue Kit
(Qiagen, Hilden, Germany). MSI status[25,26] and mutation statuses for KRAS,[26,30]
BRAF,[26,30] and PIK3CA[26,30] were determined.

2.4. Statistical analysis

Descriptive statistics of patient clinical features were presented according to dichotomised
BRAF status for categorical variables, or mean and standard deviation for continuous
variables. Our primary hypothesis testing focused on the assessment of a statistical
interaction (using the Wald test on the cross-product) between tumour P7TGS2 (COX-2)
expression (negative/low vs. high) and BRAF mutation (mutant vs. wild-type) in the Cox
proportional hazards regression model for colorectal cancer-specific survival. We also
estimated the hazard ratios (HRs) for P7TGS2 (COX-2)-high vs. PTGS2 (COX-2)-
negative/low cases in strata of BRAF mutation status using a re-parameterization of the
interaction term in a single regression model. All other analyses, including evaluation of
individual HR estimates, represent secondary analyses. We used the two-sided a level of
0.005 for our primary hypothesis testing on new discovery.[31] To account for the multiple
hypothesis testing in secondary analyses, we interpreted the results of our secondary
analyses conservatively. All statistical analyses were performed using SAS software (version
9.4; SAS Institute, Cary, NC, USA), and all Pvalues were two-sided. The authors had access
to the study data, and had reviewed and approved the final manuscript.

In NHS and HPFS, survival time was defined as the period from colorectal cancer diagnosis
to death or the end of follow-up. For analyses of colorectal cancer-specific survival,
participants who died from other causes were censored at the time of death. In CALGB/
Alliance 89803, the definitions of survival time were: (i) colorectal cancer-specific survival,
defined as the time from study enrollment to death from the primary colon cancer; (ii)
recurrence-free survival, defined as the time from study enrollment to tumour recurrence or
occurrence of the new primary colon tumour; (iii) disease-free survival, defined as the time
from study enrollment to tumour recurrence, occurrence of the new primary colon tumour,
or death from any cause; and (iv) overall survival, defined as the time from study enrollment
to death from any cause.[26] For recurrence-free survival, patients who died without known
tumour recurrence were censored at the last documented evaluation by a treating provider.

In NHS and HPFS, the multivariable Cox proportional hazards regression models initially
included sex, age at diagnosis (continuous), year of diagnosis (continuous), family history of
colorectal cancer in any first-degree relative (present vs. absent), tumour location (proximal
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colon vs. distal colon vs. rectum), tumour differentiation (well/moderate vs. poor), disease
stage (I-11 vs. I1I-1V), MSI status (high vs. non-high), KRAS (mutant vs. wild-type), and
PIK3CA (mutant vs. wild-type). In CALGB/Alliance 89803, the multivariable Cox model
initially included sex, age at diagnosis (continuous), year of diagnosis (continuous), family
history of colorectal cancer in any first-degree relative (present vs. absent), tumour location
(proximal colon vs. distal colon), tumour differentiation (well/moderate vs. poor), pT stage
(T1vs. T2 vs. T3 vs. T4), pN stage (N1 vs. N2), treatment arm (FU/LV vs. IFL), Eastern
Cooperative Oncology Group (ECOG) performance status (0 vs. 1-2), obstruction or
perforation (present vs. absent), MSI status (high vs. non-high), KRAS (mutant vs. wild-
type), and PIK3CA (mutant vs. wild-type). A backward elimination was conducted with a
threshold 2= 0.05 to select variables for the final models. Cases with missing data were
included in the majority category of a given categorical covariate to avoid excluding patients
with missing data (Supplementary Table S1). For cases with missing information on
PIK3CA mutation in CALGB/Alliance 89803, since the missing percentage is higher (15%),
we assigned a separate missing indicator variable. We confirmed that excluding cases with
missing information in any of the covariates did not substantially alter results (data not
shown). The assumption of proportional hazards was satisfied using the assessment of a
time-varying covariate; i.e., the cross-product of tumour P7GS2 (COX-2) expression and
survival time in strata of BRAF mutation status (P> 0.12). The Kaplan-Meier method was
used to describe the distribution of colorectal cancer-specific survival, and the log-rank test
was used to compare survival probabilities across PTGS2 (COX-2) expression status.

3. Results

We included 1,200 patients with colorectal cancer in NHS and HPFS (Table 1). During the
median follow-up time of 15.8 years (interquartile range, 12.0 to 19.0 years) for all censored
patients, there were 745 all-cause deaths, including 352 colorectal cancer-specific deaths.

In the combined NHS and HPFS cohort, we examined the prognostic association of tumour
PTGS2 (COX-2) expression status in strata of BRAF mutation status. In Kaplan-Meier
survival analyses, tumour P7GS2 (COX-2) expression was associated with shorter colorectal
cancer-specific survival in BRAFmutated cases, but not in BRAF~wild-type cases (Figure
1A). In our primary hypothesis testing using Cox regression analysis, we observed a
statistically significant interaction between tumour P7GS2 (COX-2) expression and BRAF
mutation status in colorectal cancer-specific survival analysis (Pinteraction = 0-0005; Table 2
and Supplementary Table S2). After adjustment for potentially prognostic factors, high
tumour PTGS2 (COX-2) expression was significantly associated with shorter colorectal
cancer-specific survival in BRAFmutated tumours [multivariable HR, 2.44; 95% confidence
interval (ClI), 1.39-4.28], but not in BRA~wild-type tumours (multivariable HR, 0.82; 95%
Cl, 0.65-1.04). These interactive associations between PTGS2 (COX-2) expression and
BRAF mutation status in colorectal cancer survival were observed in both the NHS and
HPFS cohorts when examined separately, although statistical power was limited for cohort-
specific analyses (Table 2 and Supplementary Figure S1).
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In analyses limited to patients with stage I-111 colorectal cancer, a similar differential
prognostic association of tumour P7GS2 (COX-2) expression by BRAF mutation status was
observed, although statistical power was limited (Supplementary Table S3).

We validated our findings using an independent cohort of 508 patients with stage 111 colon
cancer in CALGB/Alliance 89803 (Table 1). The median age was 59.9 years, 46% were
women, and 76% were performance status (ECOG) 0. During the median follow-up time of
7.6 years (interquartile range, 7.1 to 8.0 years) for all censored patients, there were 159 all-
cause deaths, including 140 colon cancer-specific deaths. The multivariable HR for
colorectal cancer-specific survival for PTGS2 (COX-2)-high cases compared to PTGS2
(COX-2)-negative/low cases was higher in the BRAF~mutated group (multivariable HR,
1.85; 95% ClI, 0.88-3.88) than in the BRAFwild-type group (multivariable HR, 0.74; 95%
Cl, 0.49-1.12; Pinteraction = 0.03; Table 3 and Supplementary Table S4). Similar differential
survival association were observed for recurrence-free survival (Pnteraction = 0-005; Figure
1B) and disease-free survival (Pinteraction = 0.006).

4. Discussion

To test our hypothesis that the association of tumour P7TGS2 (COX-2) expression with
colorectal cancer mortality might be stronger in BRA~mutated tumours than in BRAF~
wild-type tumours, we conducted this study utilising the two U.S. prospective cohort studies
and the randomised controlled trial. We observed a differential prognostic association of
tumour PTGS2 (COX-2) expression in strata of BRAF mutation status.

The PTGS2 (COX-2)-PGE, pathway plays key roles in tumour progression in a variety of
tumour types, including colorectal cancer.[1,2] Evidence indicates that PGE, overproduction
may enable tumour cells to evade host immune surveillance mechanisms through
accumulation of myeloid-derived suppressor cells, suppression of dendritic cells, and
evasion of the T cell-mediated anti-tumour immune response.[12-14,32] Considering that
the immunomaodulatory effect by PGE, inhibition can synergise with immune checkpoint
blockade therapies targeting PDCD1 (programmed cell death 1, PD-1) or CD274 (PDCD1
ligand 1, PD-L1) in various cancer types,[12,33,34] a better understanding of the roles of
tumour PTGS2 (COX-2) expression in the context of tumour-immune interactions would
have considerable clinical implications.[35]

Gain-of-function BRAF mutation leads to accelerated production and activity of a number of
critical cellular substrates involved in cell proliferation and survival through phosphorylation
of the MAPK kinases.[23,24] Studies indicate that BRAF mutation has been associated with
high-level CIMP and worse clinical outcomes in colorectal cancer.[22-27,36,37] Evidence
suggests that BRAF mutation may increase microRNA M/R21 (miR-21) expression level
through the activation of the MAPK and STAT3signalling pathways.[28,29,38] Given that
MIR21 increases local levels of PGE, by suppressing PGE, degradation,[29,38,39] the
prognostic association of PTGS2 (COX-2) expression might be especially pronounced in
BRAFmutated colorectal cancer. Overall, increased synthesis of PGE; resulting from
BRAF mutation and heightened PTGS2 (COX-2) activity may serve as one possible
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pathway through which the survival of colorectal cancer patients with this combination is
affected.

We acknowledge limitations in our study. Data on cancer recurrence were unavailable in
NHS and HPFS. However, colorectal cancer-specific survival can be considered a reasonable
cancer-specific outcome in a population-based study with long-term follow-up, because
median survival for recurrent (metastatic) colorectal cancer was approximately 10 to 20
months during the time period of this study. Moreover, we found the association of tumour
PTGS2 (COX-2) expression with recurrence-free survival and disease-free survival stratified
by BRAF mutation status remained consistent in the validation set of CALGB/Alliance
89803. Data on cancer treatment were also limited in the NHS and HPFS cohorts. However,
the decision to undergo chemotherapy and the specific regimen utilised would be unlikely to
differ substantially according to tumour P7GS2 (COX-2) expression in resected specimens,
as these data were not available to treating physicians. We also recognise another limitation
that the current study is an observational cohort study, not an intervention trial such as a
randomized controlled trial using aspirin and/or BRAF inhibitor. Therefore, we cannot
conclude that inhibiting P7TGS2 (COX-2) in BRAF~mutated colorectal cancer is an effective
therapeutic strategy. In the current study, we certainly observed that the association of
tumour PTGS2 (COX-2) expression with colorectal cancer mortality is stronger in BRAF~
mutated tumours than in BRAF~wild-type tumours, and further research is warranted to
investigate the therapeutic roles of BRAFand PTGS2 (COX-2) inhibitors in patients with
this malignancy.

A major strength of this study is utilisation of a molecular pathological epidemiology
database of rectal and colon cancer cases from the two large U.S. prospective cohort studies,
[40] which integrates clinicopathologic features, long-term survival data, and tumour
molecular features. This population-based colorectal cancer database enabled us to
rigorously examine the interactive prognostic association of tumour PTGS2 (COX-2)
expression and BRAF mutation status while controlling for potential confounders. Use of
the randomised controlled trial as a validation set was another significant strength of this
study. The colorectal cancer patient data in our study were derived from a large number of
hospitals from diverse locations within the U.S., which adds greatly to the generalisability of
our findings.

In conclusion, we found a stronger association of tumour P7GS2 (COX-2) expression with
colorectal cancer mortality in BRAF~mutated tumours than in BRAFwild-type tumours.
Our population-based data suggest the potential of tumour P7TGS2 (COX-2) expression
status as a prognostic biomarker in patients with BRAFmutated colorectal cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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