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Abstract

Background—It is hypothesized that BRAF mutant cancers represent a discrete subset of

metastatic colorectal cancer (CRC) defined by poorer survival. This study investigates whether
BRAF mutant CRC is further defined by a distinct pattern of metastatic spread and explores the
impact of BRAF mutation and microsatellite instability (MSI) on prognosis in metastatic CRC.

Methods—Using prospective clinical data and molecular analyses from two major centers
(Royal Melbourne Hospital and MD Anderson Cancer Centre) patients with known BRAF
mutation status were analyzed for clinical characteristics, survival and metastatic sites.

Results—We identified 524 metastatic CRC patients where BRAF mutation status was known,
57 (11%) were BRAF mutant tumors. BRAF mutant tumors were significantly associated with
right-sided primary tumor, MSI and poorer survival (median 10.4mo v 34.7mo, p<0.001). A
distinct pattern of metastatic spread was observed in BRAF mutant tumors, namely higher rates of
peritoneal metastases (46% v 24%, p=0.001), distant lymph node metastases (53% v 38%,
p=0.008) and lower rates of lung metastases (35% v 49%, p=0.049). In additional survival
analyses, MSI tumors had significantly poorer survival compared to micro-satellite stable tumors
(22.1mo v 11.1 mo, p=0.017), but this difference was not evident in the BRAF mutant population.

Conclusions—The pattern of metastatic spread observed in this study further defines BRAF
mutant CRC as a discrete disease subset. We demonstrate that, unlikely early stage disease, MSI is
associated with poorer survival in metastatic CRC, although this is driven by its association with
BRAF mutation.
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Background

Colorectal cancer (CRC) is the third most common cancer and most frequent cause of cancer
death worldwide?. Over the past decade, there has been considerable progress in the
systemic treatment of CRC. Median survival for metastatic CRC has improved from 10
months to over 20 months with the development of new chemotherapeutic (oxaliplatin and
irinotecan) and molecularly targeted agents (bevacizumab, cetuximab and panitumumab)?.
Significant advances in molecular biology have driven rational development of molecularly
targeted therapies in CRC through an improved understanding of the genetic/epigenetic
changes and signal transduction pathways involved. This understanding together with
ongoing identification of predictive and prognostic factors is leading to an increasing
appreciation of the molecular diversity that exists in CRC.

BRAF is a protein kinase downstream of RAS in the RAS-RAF-MEK-ERK kinase pathway.
Mutations in BRAF are present in approximately 10% of patients with metastatic CRC3, and
may be a significant predictor of resistance to EGFR targeted treatments*’. BRAF mutant
CRC is reported to have associations with female gender, right-sided primary tumors, older
age and microsatellite instability (MSI)3. Metastatic BRAF mutant tumors also possess a
significantly poorer overall survival when compared to wild-type tumors38-2. Although
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resistance to EGFR targeted therapies may contribute to the poor outcomes observed in
BRAF mutant CRC, this would only explain a small portion of observed survival
differences. Several studies have suggested BRAF mutant tumors are resistant to standard
chemotherapy?, whilst others have suggested the association between BRAF mutant tumors
and treatment resistance is minimal and non significant?. It remains unclear why BRAF
mutant CRC has such a poor prognosis.

The association between BRAF mutant CRC and microsatellite Instability (MSI) is well
reported. MSI is related to a deficient mismatch repair system, due to either germline
mutations as part of Lynch syndrome (2-5% of CRC) or hypermethylation of the MLH1
promoter (12-15% of CRC)L. Tumors with MSI tend to be more proximal and are reported
to have significantly improved survival in early stage diseasel2, however, the prevalence of
MSI in metastatic CRC is low and there is limited data regarding its prognostic impact in
this setting.

Similar to her2/neu over-expression in metastatic breast cancer, BRAF mutant metastatic
CRC appears to be a discrete disease subtype with a distinct patient population and
significantly poorer survival. Her2/neu over-expressing breast cancer is further defined by
the availability of effective targeted treatments!3 and a distinct pattern of metastatic spread,
namely an increased incidence of CNS metastases!4. Agents targeting BRAF mutations in
CRC are currently in early development and differences in metastatic sites in this population
have not been previously reported. Our study investigates whether BRAF mutant CRC has a
distinct pattern of metastatic spread, further defining this discrete disease subtype. In
addition, we explore the impact of MSI in the metastatic setting, in particular the
relationship with BRAF and the effect on overall survival; although it is well reported that
MSI is a good prognostic factor in early stage CRC12, it is not clear whether this remains
true in metastatic disease. To date, our study is the largest series exploring the impact of
both BRAF mutation and MSI in metastatic CRC.

Patient Population

This study involved collaboration between two sites, The Royal Melbourne Hospital (RMH)
in Australia and The University of Texas M.D. Anderson Cancer Centre (MDACC) in the
United States. Patients with known BRAF mutation status from both sites were identified for
retrospective analysis in this study.

The RMH patients were identified using an Australian prospective multi-site, multi-
disciplinary comprehensive CRC database (BioGrid Australia), whilst the MDACC patients
were identified from a similar institutional database. 316 patients from RMH and 208
patients from MDACC with metastatic CRC and known BRAF mutation status were
identified and selected for analysis.

From the 316 RMH patients, 265 (84%) had BRAF mutation testing for the purposes of a
retrospective study that identified poorer survival in BRAF mutant metastatic CRC and an
association between BRAF mutation and older age, female gender and right sided
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primaries3. Patients selected for that study (n=600) were representative of the general
population, with a median age of 70, and included all stages of CRC. Two hundred and sixty
five of those patients had developed metastatic disease and were included in the current
analysis. The remaining 51 RMH patients and all 208 MDACC patients had BRAF mutation
testing for the purposes of enrollment onto clinical trials, including a phase | trial using a
BRAF targeting agent1®.

Data collection

The selected patients were analyzed for specific clinical and pathological characteristics,
including age, sex, primary site, metastatectomy, BRAF mutation status, MSI, survival and
sites of metastatic disease. Primary site was divided into right-sided and left-sided tumors
(right-sided defined as tumors arising anywhere from caecum to transverse colon and left-
sided defined as tumors arising anywhere from splenic flexure to anorectal junction). At
both hospitals BRAF mutation testing was performed using a mutation-specific real-time
polymerase chain reaction assay. MSI was identified by either DNA testing (using the
recommended National Cancer Institute panel of microsatellite markers, where high level
MSI was defined as the presence of two or more foci showing instability) or immuno-
histochemistry (defined as hMSH2, hMLH1, hMSH6, or PMS2 loss). Tumors with high
level MSI are referred to as MSI throughout this manuscript. Tumors with low level MSI or
micro-satellite stable tumors are grouped together and referred to as MSS, as extensive data
indicates the two molecular phenotypes are biologically similarl6. Recorded metastatic sites
are representative of metastases that have developed over the course of the patient's illness,
and include liver, lung, peritoneal, distant lymph nodes (LN) and brain. Metastatic sites were
identified by each site's database and confirmed by review of medical records and/or
imaging to improve accuracy.

Statistical Analysis

The selected patients were divided into a population-based cohort (consisting of 265 patients
from RMH tested for BRAF mutations for a population-based study) and trial-screened
cohort (consisting of 51 patients from RMH and 208 patients from MDACC tested for
BRAF for enrolment onto clinical trials) for comparison in the analyses. Associations
between BRAF mutant tumors and clinical characteristics (sex, primary site, MSI status,
metastatectomy) and sites of metastatic disease were analyzed using Fisher's exact test. The
same was performed for MSI tumors. Survival rates were estimated by the Kaplan-Meier
method and compared by log-rank test. All patients were included in the univariate survival
analysis. Multivariate survival analysis including all significant variables in the univariate
analsyis, used cox proportional hazard models to adjust for potential confounding factors.
Given a high number of incomplete data for MSI, the multivariate analysis was performed
on 350 patients where complete data (including MSI status) was available. All reported P
values are two sided and P values less than 0.05 are considered statistically significant. The
software program SAS/STAT® was used for the multivariate analysis, whilst GraphPad
Prism® was used for the univariate analysis.
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We identified 524 metastatic CRC patients with known BRAF mutation status. The
proportion of BRAF mutant tumors was consistent across the population-based and trial-
screened cohorts, approximately 11% of metastatic CRC. In total, 57 (11%) patients had
BRAF mutant tumors and 467 (89%) had BRAF wild-type tumors. Only two BRAF mutant
tumors had non-V600E mutations (one each of G593D and Q609X) both arising from the
population-based cohort at RMH and both were included as BRAF mutants in our analysis.
MSI status was available on 350 (67%) patients, of which 40 (11%) were MSI tumors.

BRAF mutant tumors

MSI tumors

Differences in clinical characteristics between BRAF mutant and BRAF wild-type tumors
are displayed in Table 1. Within the population-based cohort, BRAF mutant CRC was
significantly more likely to occur in females (76% v 44%, p=0.0001), however, this was not
observed in the trial-screened cohort (32% v 43%, p=0.314). Although the median age of the
population-based cohort was considerably older, there is no significant difference in age
between BRAF mutant and wild-type tumors in either cohort.

The association between BRAF mutant tumors and right-sided primary tumors was
statistically significant in each cohort. Overall, 68% of BRAF mutant tumors had right-sided
primaries compared to 35% for wild-type tumors (p<0.001). A higher proportion of
metastatectomy in the wild-type population was observed at both sites, although this was
only statistically significant in the trial-screened cohort. Micro-satellite instability was
significantly more common in BRAF mutant tumors (29% v 9%, p<0.001).

Differences in sites of metastatic disease between BRAF mutant and wild-type tumors are
displayed in Table 2. BRAF mutant tumors had significantly lower rates of lung metastases
(35% v 49%, p=0.049), higher rates of peritoneal metastases (46% v 24%, p=0.001) and
higher rates of distant LN metastases (53% v 38%, p=0.044). There were no significant
differences in the rates of liver metastases and CNS metastases in BRAF mutant tumors
compared to wild-type.

Differences in clinical characteristics between MSI and MSS tumors are displayed in Table
3. Overall, MSI tumors occurred in a significantly older population (median age 72 v 64,
p=0.022). A significantly increased proportion of right-sided primaries was also observed in
MSI tumors (68% v 37%, p<0.001). Additionally, in MSI tumors, BRAF mutations were
significantly more common (30% v 10%, p<0.001), whilst metastatectomy was significantly
less common (10% v 26%, p=0.02).

As displayed in Table 4, the only significant difference in metastatic spread between MSI
and MSS tumors, was a lower rate of liver metastases (50% v 71%, p=0.010) in MSI tumors.
There were no significant differences in rates of lung, peritoneal, distant LN and brain
metastases between MSI and MSS tumors.
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Although MSI data was incomplete and available in only 350 (67%) patients, the clinical
characteristics of the MSI tested population is representative of the overall study population,
as outlined in Table 5, albeit with a slight under representation of the trial-screened cohort
and subsequent poorer overall survival.

Survival analysis

Table 6 outlines the results of the univariate survival analysis. In our series, BRAF mutant
CRC was confirmed to have a poorer prognosis with median overall survival of 10.4 months
versus 34.7 months for BRAF wild-type tumors (p<0.001) (Figure 1). These results are
consistent across both cohorts (Figure 1b and c). The trial-screened cohort had a
significantly better overall survival compared to the population-based cohort (median
overall survival not reached versus 11.0 months, p<0.001). An analysis of the trial-screened
cohort demonstrates that BRAF mutation testing was performed at a median of 12.1 months
after diagnosis of metastatic disease. For BRAF mutant tumors, the median time to testing
was 4.7 months and for BRAF wild-type tumors, 13.4 months. A significant survival
difference was also seen between the MDACC population (all trial-screened) and the overall
RMH population (median overall survival not reached versus 17.9 months, p<0.001),
although there was no difference between the RMH trial-screened population and the
MDACC population (Figure 1d).

Other clinical factors significantly associated with poorer survival included female gender
(26.8 mo v 33.9 mo, p=0.041), right-sided primary tumors (17.3 mo v 39.5 mo, p<0.001)
and absence of lung metastases (22.1 mo v 40.2 mo, p<0.001).

MSI tumors were observed to have significantly poorer survival compared to MSS tumors
(11.1 months versus 22.1 months, p<0.001). In a bivariate analysis where MSI status was
stratified by BRAF status there was no significant survival differences between MSI and
MSS tumors in BRAF mutant tumors, however, in BRAF wild-type tumors, significantly
poorer survival for MSI remained (Figure 2b,2c). In the reverse analysis where BRAF
mutant and wild-type tumors are stratified by MSI status, we demonstrated poorer survival
for BRAF mutant tumors regardless of MSI status (Figure 2d,2e).

A multivariate survival analysis was performed on 350 patients with complete data
available. This demonstrated profoundly poorer survival for BRAF mutant tumors (HR
10.662, p<0.001). Table 7 outlines all significant hazard ratios from the multivariate
analysis. Poorer survival was also noted in right sided primary tumors (HR 1.359, p=0.042),
whilst better survival was noted in the metastatectomy population (HR 0.218, p<0.001).
Other significant prognostic factors in the univariate survival analysis — MSI, female gender,
absence of lung metastases — were not significant in the multivariate analysis.

Discussion

BRAF mutations are becoming increasingly relevant in the clinical setting. They are present
in approximately 10% of CRC, are a significant negative prognostic factor in advanced
disease and may predict resistance to EGFR inhibitors®17. BRAF mutation testing is
recommended for metastatic CRC in the latest National Comprehensive Cancer Network
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guidelines. BRAF mutant tumors are also associated with clinical characteristics such as
female gender, older age and right-sided primary tumors3:18. Given the recent development
of agents targeting BRAF in metastatic CRC, a greater understanding of the impact of
BRAF mutations in metastatic disease is increasingly relevant. Similarly, MSI has been
extensively studied in early stage CRC, but rarely analyzed in the metastatic setting. Prior
reports have demonstrated a strong association between BRAF mutant tumors and MSI19,
but few have analyzed the impact on survival. To date, our study of 524 patients with
metastatic CRC is the largest analysis of BRAF and MSI in the metastatic setting. We
analyzed the impact of MSI and BRAF on survival and pattern of metastatic spread. Whilst
our study confirms poorer survival in BRAF mutant tumors318.20 it also reports, for the
first time, a distinct pattern of metastatic spread in both BRAF mutant CRC and MSI
tumors?1:22  We also describe poorer survival in metastatic CRC exhibiting MSI and
demonstrate this is explained by a strong association between BRAF mutations and MSI.

Overall, several statistically significant differences in clinical characteristics and pattern of
metastatic spread were seen in BRAF mutant tumors. We observed significant associations
between BRAF mutant CRC and right-sided primaries, MSI and poorer overall survival, all
consistent with previous reports318:20, The significantly lower rate of metastatectomy in
BRAF mutant tumors is not unexpected, given the poorer survival observed in these patients
and the higher rates of metastatic disease to sites that are not typically amenable to resection,
such as the peritoneum and lymph nodes. Our study is the first to investigate and report a
distinct pattern of metastatic spread in BRAF mutant CRC, demonstrating a significantly
increased rate of peritoneal and distant LN metastases and a significantly decreased rate of
lung metastases in BRAF mutant tumors compared to BRAF wild-type tumors. It has long
been known that right-sided and left-sided tumors have different patterns of spread that have
been attributed to tumor biology23. Given the strong association between right sided tumors
and BRAF mutations, the results of this study suggest that BRAF mutations may be the
genetic alteration that is responsible for differences in metastatic spread previously observed
in right versus left tumors. Although our study does not confirm peritoneal metastases as a
poor prognostic factor, this may be due to small numbers and should not detract from
existing reports that identify peritoneal metastases as an independent and significant poor
prognostic factor?1:24, Subsequently, the strong association between BRAF mutant tumors
and peritoneal metastases observed in this study may partially explain the poorer outcomes
in these tumors.

In addition to our major findings, our study adds to the growing body of literature
confirming BRAF mutations as a significant poor prognostic factor in metastatic CRC. We
report a median overall survival of 10.4 months for BRAF mutant tumors compared to 34.7
months for BRAF wild-type tumors (p<0.001). Moreover, the multivariate analysis confirms
BRAF mutant tumors as an independent poor prognostic factor with a hazard ratio of 10.662
(p<0.001). Both univariate and multivariate analyses also confirmed that metastatectomy is
associated with significantly improved survival (HR 0.218, p<0.001). This is expected,
given that metastatectomy is often performed as a potentially curative procedure. The
multivariate analysis also demonstrates right-sided primary tumors to be an independent
poor prognostic factor (HR 1.359, p=0.042). This has previously been described in both
early stage and metastatic CRC2526, The significantly poorer survival observed in female
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gender and absence of lung metastases in the univariate analysis was not observed in the
multivariate survival analysis as it is likely these survival differences were confounded by
strong associations with BRAF mutant tumors.

Microsatellite instability is uncommon in metastatic CRC, with rates as low as 4%
reported!. Subsequently, few studies have analyzed its impact in metastatic disease.
Although only 67% (350) of patients had MSI status determined in our study, this subset
appears representative of the overall study population. Slightly poorer survival in the MSI-
tested population is explained by an under-representation of the better prognosis trial-
screened cohort. In addition, as seen in Table 5 overall survival of the MSI tested population
is similar to the overall study population when stratified by cohort (population-based and
trial-screened). Our study confirmed associations between MSI tumors and both right-sided
primary tumors and older age. We also report, for the first time, a significantly reduced rate
of liver metastases in MSI tumors compared to MSS tumors. A study of the impact of
mucinous histology on CRC survival reported a reduced rate of liver metastases in mucinous
histology metastatic CRC24. As MSI is known to be associated with mucinous histology, our
finding of a reduced rate of liver metastases in MSI tumors is not entirely unexpected.
However, it remains unclear whether this unique difference in metastatic spread is related to
mucinous histology, MSI or both. Our study also confirms the close relationship between
MSI and BRAF mutant CRC, further reflected in the significantly decreased proportion of
metastatectomy and poorer survival in MSI tumors. In early stage CRC, MSI is a good
prognostic factor, associated with significantly better survival than MSS tumors!2. Multiple
reports have also demonstrated it is predictive for non-response to 5FU chemotherapy in
stage B disease?. Previous studies of MSI in metastatic CRC have reported no significant
difference in survival or response to treatment11:26.27_ Qur study is the first to demonstrate a
significant survival advantage for MSS disease compared to MSI disease in the metastatic
setting. Microsatellite instability in early stage tumors is a mixture of germ line mutations
and epigenetic loss of mismatch repair genes. In the metastatic setting, the majority of
patients have epigenetic loss as the mechanism of MSI, which is associated with BRAF
mutations!®. Indeed, in our population, BRAF mutant tumors are more prevalent in the MSI
population (29%) than the MSS population (9%). Importantly, after stratifying for BRAF,
the survival difference between MSS and MSI is no longer evident in the BRAF mutant
population, and MSI is not a significant factor in the multivariate survival model that
includes BRAF. In the reverse analysis, significantly poorer survival is observed in BRAF
mutants in both the MSI and MSS population. Previously, this has only been observed in the
MSS population328 | although most of these studies only analyzed patients with early stage
disease. It is increasingly clear that in the metastatic setting, BRAF mutations are a very
strong negative prognostic indicator.

The major limitation of our study is patient selection. BRAF mutation testing is relatively
novel and not routine at either of the sites participating in this study. Subsequently, we
examined and reported on only patients that had been chosen for BRAF mutation testing.
Furthermore, the study is a combined analysis of patients from two different hospitals
(RMH, an Australian site, and MDACC, an American site) and two very different groups of
patients (population-based and trial-screened cohorts). A significant survival difference was
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noted between hospitals; however, this appears to be solely driven by the higher proportion
of clinical trial patients in the MDACC group. In fact, within the trial-screened cohort, there
is no difference in survival between MDACC and RMH. The trial-screened cohort consists
of patients where BRAF testing is performed for the sole purpose of enroliment onto clinical
trials1®. Consequently, given that these studies were for patients with refractory CRC, it is
likely that the excellent survival outcomes are a result of conditional survival, as only
patients that had progressed through multiple lines of treatment and yet still maintained a
very good performance status were considered for trial prescreening. Our findings are
consistent with these assumptions; the trial-screened cohort is younger and has significantly
better survival and had BRAF mutation testing at a median of 12.1 months after diagnosis of
metastatic disease. Furthermore, it would be intriguing to consider that the only modest
response rates seen in patients treated on the phase Ib trial of PLX4032 in metastatic CRC
could in part be explained by the heterogeneity we have observed in our trial-screened/
population-based populations. This needs to be explored further. For the most part, the
clinical characteristics and survival differences observed in both cohorts are consistent with
previous reports and subsequently, despite the potential problems with patient selection, we
believe the differences observed in BRAF mutants within our study population are
representative of real differences in BRAF mutant metastatic CRC.

Conclusions

To our knowledge, this study is the largest analysis of BRAF and MSI in metastatic CRC.
Reported for the first time, we demonstrate significantly poorer survival associated with
MSI in the metastatic setting, which is accounted for by the strong association between MSI
and BRAF mutation. In addition, a significantly lower proportion of liver metastases in MSI
tumors is observed, whilst BRAF mutant tumors are associated with a distinct pattern of
metastatic spread that includes frequent peritoneal and distant lymph node involvement.
This adds further strength to the hypothesis that BRAF mutant CRC is a unique subset of
CRC, defined by significantly poorer prognosis, strong association with MSI and, a distinct
pattern of metastatic spread. Further intervention studies specific to this unique subset of
patients are warranted.
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Condensed Abstract

A large retrospective study of patients from Royal Melbourne Hospital (Australia) and
M.D. Anderson Cancer Centre (USA) analyzed the impact of BRAF and MSI in
metastatic CRC. The major findings include a distinct pattern of metastatic spread in
BRAF mutant tumors (increased rates of peritoneal and distant lymph node metastases
and reduced rates of lung metastases) and significantly poorer survival observed in MSI
tumors, although this survival difference is not evident in the BRAF mutant population,
further confirming BRAF mutation as a significant poor prognostic factor in metastatic
CRC.
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Characteristics of MSI tested population

Table 5

MSI tested population (n=350)  Entire study population (n=524) P

Trial screened 100 (29%) 260 (50%) <0.001
Median Age 65 63 0.452
Female 164 (47%) 235 (45%) 0.579
Right Primary 141 (40%) 201 (38%) 0572
BRAF mutation 42 (12%) 57 (11%) 0.663
Metastatectomy 85 (24%) 142 (27%) 0.387
mOS (months)

Overall 20.6 29.1 <0.001

Population-based 14.7 14.7 0.945

Trial-screened NR NR 0.590

NR = Not Reached
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Univariate Survival Analysis (n=524)

mOS (months) P
Patient Cohort
Population based 14.7 <0.001
Trial screened NR
BRAF status
Mutant 10.4 <0.001
Wildtype 34.7
MSI status*
MSS 22.1 0.001
MSI 111
Sex
Male 33.9 0.041
Female 26.8
Primary Site
Right 17.3 <0.001
Left 39.5
Metastatectomy
Yes NR <0.001
No 19.3
Liver Metastases
Yes 30.6 0.195
No 28.8
Lung Metastases
Yes 40.2 <0.001
No 221
Peritoneal Metastases
Yes 20.7 0.575
No 33.0
Lymph Node Metastases
Yes 323 0.127
No 28.1
Brain Metastases
Yes 16.1 0.270
No 315

mOS = Median Overall Survival

*
MSI status available on 350 (67%) patients for survival analysis
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Table 7

Multivariate Survival Analysis

n=350 (67%)

HR P
BRAF Mutant 10.662 <0.001
Metastatectomy 0.218 <0.001

Right sided primary ~ 1.359 0.042

HR = Hazard Ratio
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