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using The Cancer Genome Atlas, a cancer genetics registry with patient and tumour data

Aim: We sought to identify genetic differences between right-and left-sided colon cancers and using these differences explain lower survival in right-sided cancers.
Method: A retrospective review of patients diagnosed with colon cancer was performed
from 20 North American institutions. The primary outcome was 5-year overall survival.
Predictors for survival were identified using directed acyclic graphs and Cox proportional
hazards models.
Results: A total of 206 right- and 214 left-sided colon cancer patients with 84 recorded
deaths were identified. The frequency of mutated alleles differed significantly in 12 of
25 genes between right-and left-sided tumours. Right-sided tumours had worse survival
with a hazard ratio of 1.71 (95% confidence interval 1.10–2.64, P = 0.017). The total effect of the genetic loci on survival showed five genes had a sizeable effect on survival:
DNAH5, MUC16, NEB, SMAD4, and USH2A. Lasso-penalized Cox regression selected 13
variables for the highest-performing model, which included cancer stage, positive resection margin, and mutated alleles at nine genes: MUC16, USH2A, SMAD4, SYNE1, FLG,
NEB, TTN, OBSCN, and DNAH5. Post-selection inference demonstrated that mutations
in MUC16 (P = 0.01) and DNAH5 (P = 0.02) were particularly predictive of 5-year overall
survival.
Conclusions: Our study showed that genetic mutations may explain survival differences
between tumour sites. Further studies on larger patient populations may identify other
genes, which could form the foundation for more precise prognostication and treatment
decisions beyond current rudimentary TNM staging.
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I NTRO D U C TI O N

have long been reported, with the majority of studies, including
multiple meta-analyses, demonstrating worse survival with right-

Despite advances in screening and therapeutics, colorectal cancer

sided tumours [2–6]. Previous studies have hypothesized a variety of

remains the second leading cause of cancer mortality worldwide [1].

mechanisms through which tumour site could cause these survival

Differences in survival between cancers of the right and left colon

differences [7–10].
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These published hypotheses group into two over-arching causal
pathways through which tumour site affects survival: gene expression and lymphovascular supply. A recent study showed that right-
and left-sided tumours have site-specific gene expression [11]. This
differential gene expression may drive carcinogenesis and differences in tumour phenotypes; increase in methylation of mismatch
repair genes in the proximal colon is one known example of this
phenomenon [12]. Tumour site could also affect survival through
differences in lymphovascular supply, which would manifest as site-

What does this paper add to the literature?
The aetiology for lower survival in patients with right, as
compared to left, colon cancers is unclear, with little investigation if differences in genetic mutations could explain
this discrepancy. Our study identified genes that may explain these differences and were predictive of worse overall survival

preference towards nodal, peritoneal, and distant metastases [4].
We hypothesized that genetic signatures accounted for much of
the survival differences across tumour sites. To study these differ-

proximal and distal transverse colon, as TCGA did not distinguish

ences, we used causal and predictive analyses to identify genetic loci

between proximal and distal transverse tumour location [2]. Vital

that impact survival. Our analysis harnessed publicly available data

status was right censored for a 5-year follow-up. Beyond mismatch

from the Cancer Genome Atlas (TCGA).

repair gene expression data, TCGA included sequencing information
for a large number of genes. TCGA identified 25 of these genes as

M E TH O D
Study design

being somatic recurrently mutated genes in colon cancer, which was
determined through manual curation and MutSig, a technique that
accounts for tumour specific background mutation rates [13,16].
Somatic recurrently mutated genes are those that are consistently
mutated across different patients with the same cancer, rather than

We conducted a retrospective study of patients with colon cancer

being bystander genes that happened to mutate due to the inher-

present in TCGA to evaluate the relationship between tumour site

ent aberrant gene expression regulation in cancer. We only included

and genetics on survival. TCGA, a cancer genomics program founded

these loci in our analyses to avoid falsely attributing survival dif-

in 2006 as a joint effort between the National Cancer Institute and

ferences to bystander genes. We classified a loci's status as being

the National Human Genome Research Institute, collects clinical and

either wild-t ype or mutated. We chose this binary classification as

genomic tumour data from 20 contributing North American insti-

exact mutation-t ypes were already grouped in TCGA (e.g., missense,

tutions on 33 different cancers [13]. We abstracted clinical, patho-

stop gained, splice donor variant). We also wanted our analyses to

logical, treatment, survival, and genetic information for all patients

provide guidance to clinicians and researchers, irrespective of the

with colon cancer from TCGA for years 2009–2020. As per Mass

diagnostic assay used to detect mutations, as many assays can only

General Brigham guidelines, submission to the Institutional Review

distinguish between mutated and wild-t ype alleles of genes without

Board was not required to analyse this data as the project did not

identifying specific mutations [17].

include any interaction or intervention with human subjects, nor did
it include any access to identifiable private information.

Variable definitions

Statistical analysis
All statistical analyses were performed using R version 4.0.3 [18].
First, differences in genetic signatures across tumour sites was com-

Tumour pathological and genetic characteristics were abstracted

pared using the Pearson's Chi-squared test with P-values computed by

from TCGA, including American Joint Commission on Cancer stag-

Monte Carlo simulation of one million replicates, correcting for multi-

ing, surgical resection margin status, presence of lymphovascular

ple comparisons using the Holm method. All survival analyses consid-

invasion, and wild-t ype or mutated allele status of genes. The TNM

ered 5-year overall survival (OS). Bagged tree models, which have been

status was grouped as T0-4, N0-2, and M0-1 [14]. Tumours were

shown to be one of the highest performing data imputation methods,

classified as having microsatellite instability (MSI) if their tumours

were constructed from all input variables and used to impute miss-

had lost expression in DNA mismatch repair genes (PMS2, MLH1,

ing input data, which was considered missing at random [19,20]. We

MSH2, MSH6), as determined by immunohistochemistry [15].

investigated the total effect of tumour site and genetics on survival

Patients were classified as having a positive resection margin if they

using Cox proportional hazards models made with the survival package

had either a micro (R1) or macroscopic (R2) positive pathological

[21]. We used a directed acyclic graph (DAG) to design and interpret

margin. Tumour location was classified as either right-sided (cae-

our regression models for causal inference [22]. DAGs work by design-

cum to hepatic flexure) or left-sided (splenic flexure to rectosigmoid

ing a graphical model to represent a researcher's hypothesis on how

junction). Tumours of the transverse colon were excluded to avoid

different factors influence an outcome, in our case, patient survival.

any inconsistency in classification with splenic flexure tumours and

These hypothesis assumptions, often implicit and not stated when de-

to minimize any effect of the different embryological origin of the

signing and publishing regression models, are then made explicit for

|
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both researchers and those who read their works. Following the structure of the DAG, a researcher can minimize spurious associations in a

3

Colorectal cancers (n = 637)

statistical model by including the variables in the model necessary to
prevent confounding associations, while not including extra variables,

Excluded (n = 56)
• Non-primary tumors (n = 7)
• Missing genomics (n = 49)

which could lead to introduction of colliders [23]. A collider is a variable that is causally influenced by two other predictor variables that
do not necessarily have a causal link. For example, age and hand-eye
coordination influence one's ability to play sports. Age also influences
one's education, while hand-eye coordination, does not. If a statistician included sports ability (a collider), age, and hand-eye coordination,

Primary cancerswith genomic
data (n = 581)

as variables in a model to predict education, a false association with
hand-eye coordination would be found when one never existed. DAGs

Excluded other cancer sites (n = 143)
• Rectal (n = 85)
• Transverse (n = 37)
• Missing (n = 21)

allow a modeller to avoid introducing these extra variables and minimize false associations.
Models with a large number of input variables relative to the outcome were first fit with all input variables. Variables were selected
from this full fit in one step for the model's final fit if they were either
part of the minimal adjustment set necessary to assess for causal
effect identification or, to minimize bias, had a P-value under 0.50

Right and left-sided cancers
(n = 438)

in the full model [24]. Schoenfeld residuals were checked to confirm
that the proportional hazards assumptions held for all covariables.

Excluded missing survival data
(n = 18)

We also analysed the effect of tumour site on survival by plotting a
Kaplan-Meier curve and performing the log-rank test with the survminer package [25].
Lastly, we developed a model to identify predictive factors for

Analyses cohort (n = 420)
• Lymphovascular invasion (n = 44)
• M stage (n = 51)
• Surgical margin (n = 89)

survival. Due to the large number of predictors when incorporating
mutated allele status for each gene, we used a lasso-penalized Cox regression. Lasso-penalized Cox regression works like classical Cox regression, except it selects, from a large number of predictor variables,
the fewest number of variables needed to still explain the greatest
amount of variability in the outcome, in this case, survival. This selection process eliminates variables from the model that minimally help

Analyses cohort (n = 420)
• Right (n = 206)
• Left (n = 214)

with outcome prediction, which creates a parsimonious model and
minimizes dataset overfitting. This process leaves only those variables
that best predict the outcome in the model. We used the lasso penalty that minimized mean error on 10-fold cross-validation [26]. Post-

F I G U R E 1 Flow diagram showing patient selection and handling
of missing data for right-and left-sided colon cancers found in the
Cancer Genome Atlas (as of 2020)

selection inference to derive p-values and confidence intervals on the
lasso-selected variables was performed using the selectiveInference
package [27,28]. All data and code for analyses is available online [29].

age of 68 (58–77) years at time of diagnosis. Most tumours were T3
(69%), N0 (56%), and M0 (83%). There were 51 and 33 deaths in the

R E S U LT S
Cohort data

right-and left-sided colon cancer groups, respectively. The median
(IQR) follow-up was 23 months (13–37; Table 1).

Causal inference

The Cancer Genome Atlas contained data on 637 patients with
colorectal cancer. After excluding patients who had nonprimary tu-

The DAG we constructed to design and interpret regression mod-

mours, missing genetic data, missing survival data, or who had tu-

els for causal inference on tumour site and survival was predicated

mours at sites other than the right or left colon, we had a final study

upon hypothesized aetiologies for right-and left-sided colon cancer

cohort of 206 right and 214 left-sided colon cancer patients. Missing

survival differences. In particular, tumour site could affect survival

data for lymphovascular invasion (n = 44), M stage (n = 51), and sur-

through three pathways: TNM stage (e.g., differing embryology and

gical margin (n = 89) was imputed with bagged trees (Figure 1). The

therefore vascular supply leading to differences in systemic tumour

cohort was 47% female, with a median (interquartile range (IQR))

spread), MSI (given right-sided gene expression differences causing
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likelihood of MSI), and other genetic drivers (possibly created through

likelihood of a positive surgical margin and lower a patient's survival.

differing tumour environments between sites; Figure 2) [10,13,30].

By excluding patients with a positive resection margin, we would fail

We would like to emphasize the importance the DAG had in direct-

to capture the negative survival effect a gene could exert through

ing our analyses. For example, one may be tempted to exclude pa-

this causal pathway.

tients with a positive resection margin (R1, R2) from the analyses.

The DAG also accounted for other factors, unobserved in

However, based on the DAG, tumour genetics could affect tumour

TCGA, that influence survival, including predisposing patient

stage, including depth of invasion, which could then increase the

factors (e.g., environmental exposures, heritable traits) and post-
diagnosis survival factors (e.g., patient frailty, chemotherapy).
These factors, while affecting survival, do not directly influence

TA B L E 1 Patient demographic, pathological, and survival
characteristics

the tumour site nor its causal effect on survival. While these
factors, such as chemotherapeutic regimen, would be useful in

Tumour site

increasing precision of modeling outputs of a predictive model,
Left,
N = 214a

a

they were not needed for our analyses to fully determine the
true effect of the genetics on survival, based on the information

Variable

Right, N = 206

Age

71 (60–79)

65 (56–74)

Male

113 (55)

111 (52)

Female

93 (45)

103 (48)

0

1 (0.5)

0 (0)

1

4 (1.9)

6 (2.8)

2

36 (17)

41 (19)

frequency differed significantly (Holm corrected q-value < 0.05)

3

140 (68)

149 (70)

from expected in 12 of 25 genes. These genes included CSMD3

4

25 (12)

18 (8.4)

(P = 0.001), FAT3 (P = 0.002), FAT4 (P = 0.002), MUC16 (P < 0.001),

0

128 (62)

108 (50)

(P < 0.001), SYNE1 (P = 0.002), TP53 (P < 0.001), USH2A (P < 0.001),

1

36 (17)

67 (31)

and ZFH (P < 0.001; Table 2).

2

42 (20)

39 (18)

M1 status

32 (16)

41 (19)

R1/R2 margin

12 (5.8)

17 (7.9)

Lymphovascular invasion

65 (32)

89 (42)

Microsatellite instability

36 (17)

9 (4.2)

Follow-up time

22 (12–36)

24 (14–37)

Deaths (within 5 years)

51 (25)

33 (15)

found in TCGA.

Sex

Genetics

T stage

Based on the DAG, no adjustment was necessary to estimate the
total effect of tumour site on the frequency of mutated alleles,
therefore we performed a Chi-squared test, which showed that the

NEB (P = 0.001), OBSCN (P = 0.001), PCLO (P < 0.001), PI3K

N stage

a

Overall five-year survival
Investigation of the total effect of tumour site on survival, through
the previously described three pathways, was, following the DAG,
possible through a univariable approach. 1-, 3-, and 5-year estimated
overall survival (95% CI) was 93% (90%–97%), 83% (76%–90%), and
65% (53%–79%) for left-sided tumours and 88% (83%–92%), 73%

Statistics presented: Median (IQR); n (%).

RL

TNM

SM

Survival
PF

G

MSI

NPGSF

F I G U R E 2 Directed acyclic graph that guided model adjustments necessary to estimate causal effects on the outcome, 5-year overall
survival (survival). G, tumour genetics; MSI, microsatellite instability; NPGSF, nonpathological/genetic survival factors (e.g., frailty); PF,
patient factors (e.g., exposures, inherited traits); RL, tumour site (right or left); SM, surgical margin; TNM, tumour stage. White colour,
unobserved variable; blue colour, ancestor of outcome; maroon, outcome
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TA B L E 2 Mutations at genetic loci across right-and left-sided colon tumours
Tumour site
Gene

Right, N = 206a

Left, N = 214a

P-valueb

q-valuec

0.011

0.11

0.004

0.055

0.001

0.022

0.027

0.20

0.027

0.20

0.002

0.030

0.002

0.029

0.16

0.31

0.082

0.25

0.005

0.055

0.014

0.13

<0.001

0.006

0.001

0.024

0.001

0.025

APC
Wild-t ype

110 (53)

87 (41)

Mutated

96 (47)

127 (59)

Wild-t ype

160 (78)

189 (88)

Mutated

46 (22)

25 (12)

CSMD1

CSMD3
Wild-t ype

162 (79)

193 (90)

Mutated

44 (21)

21 (9.8)

Wild-t ype

168 (82)

191 (89)

Mutated

38 (18)

23 (11)

DNAH11

DNAH5
Wild-t ype

168 (82)

191 (89)

Mutated

38 (18)

23 (11)

Wild-t ype

157 (76)

188 (88)

Mutated

49 (24)

26 (12)

Wild-t ype

149 (72)

182 (85)

Mutated

57 (28)

32 (15)

Wild-t ype

179 (87)

196 (92)

Mutated

27 (13)

18 (8.4)

Wild-t ype

167 (81)

187 (87)

Mutated

39 (19)

27 (13)

Wild-t ype

116 (56)

150 (70)

Mutated

90 (44)

64 (30)

FAT3

FAT4

FBXW7

FLG

KRAS

LRP
Wild-t ype

166 (81)

191 (89)

Mutated

40 (19)

23 (11)

Wild-t ype

158 (77)

193 (90)

Mutated

48 (23)

21 (9.8)

MUC16

NEB
Wild-t ype

165 (80)

195 (91)

Mutated

41 (20)

19 (8.9)

Wild-t ype

151 (73)

184 (86)

Mutated

55 (27)

30 (14)

OBSCN

PCLO

(Continues)
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TA B L E 2 (Continued)
Tumour site
Right, N = 206a

Left, N = 214a

P-valueb

q-valuec

Wild-t ype

164 (80)

197 (92)

<0.001

0.007

Mutated

42 (20)

17 (7.9)

Wild-t ype

149 (72)

186 (87)

<0.001

0.007

Mutated

57 (28)

28 (13)

Wild-t ype

158 (77)

183 (86)

0.025

0.20

Mutated

48 (23)

31 (14)

Wild-t ype

181 (88)

202 (94)

0.025

0.20

Mutated

25 (12)

12 (5.6)

Wild-t ype

175 (85)

197 (92)

0.031

0.20

Mutated

31 (15)

17 (7.9)

Wild-t ype

143 (69)

177 (83)

0.002

0.029

Mutated

63 (31)

37 (17)

Wild-t ype

129 (63)

96 (45)

<0.001

0.007

Mutated

77 (37)

118 (55)

Wild-t ype

93 (45)

126 (59)

90.006

0.070

Mutated

113 (55)

88 (41)

Wild-t ype

183 (89)

195 (91)

0.52

0.52

Mutated

23 (11)

19 (8.9)

Wild-t ype

161 (78)

194 (91)

<0.001

0.010

Mutated

45 (22)

20 (9.3)

Wild-t ype

156 (76)

190 (89)

<0.001

0.011

Mutated

50 (24)

24 (11)

Gene

PI3K

RYR

SMAD4

SPTA1

SYNE1

TP53

TTN

UNC13C

USH2A

ZFH

a

Statistics presented: n (%).

b
c

Statistical tests performed: Pearson's Chi-squared test with simulated p-value (based on 1e+06 replicates).

Holm correction for multiple testing.

(66%–81%), and 59% (49%–72%) for right-sided tumours (Figure 3).

Prediction

Right-sided tumours had significantly worse survival on Cox proportional hazards analysis of 5-year OS, with a hazard ratio (HR) of 1.71

Lastly, lasso-penalized regression of 5-year OS was then performed

(95% confidence interval (CI) 1.10–2.64, P = 0.017).

to generate a predictive survival model that incorporated all patho-

We then looked at the total effect of the genetic loci measured in

logical and genomic information present in TCGA. This included

TCGA on survival, which, following the DAG, required adjusting for

TNM stage, surgical resection margin, presence of lymphovascular

MSI and tumour site. This model showed five genes had a sizeable

invasion, MSI, and wild-type or mutated allele status of 25 genes.

effect on survival (HR, 95% CI), including DNAH5 (0.39, 0.17–0.89),

The highest performing model on cross-validation selected for 13

MUC16 (1.60, 0.91–2.83), NEB (2.00, 1.07–3.76), SMAD4 (2.24,

variables, including TNM stage, R0 status, and nine genetic loci:

1.18–4.25), and USH2A (HR 1.65, 0.89–3.05) (Table 3).

MUC16 (HR 2.06), USH2A (HR 1.80), SMAD4 (HR 1.61), SYNE1 (HR

|
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Strata

Left

TA B L E 4 Post selection inference on the variables selected in
the highest-performing Lasso-penalized Cox regression of 5-year
overall survival

Right

Survival probability

1.0
0.9
0.8
0.7

Log−rank
p = 0.016

0.6
0.5
0

12

60

Strata

0

Strata

0
0
0

HR

95% CI

P-value

T stage

2.06

1.14, 3.27

0.027

N stage

1.75

1.27, 2.12

0.001

Metastases

1.77

1.15, 3.91

0.025

R1/R2 margin

1.74

0.74, 7.27

0.084

DNAH5 mutation

0.37

0.07, 0.67

0.024

FLG mutation

1.51

0.19, 5.42

0.34

MUC16 mutation

2.06

1.51, 8.14

0.011

NEB mutation

1.48

0.15, 4.78

0.32

OBSCN mutation

0.49

0.13, 2.39

0.20

48

175
161

109
91

32
29

22
20

SMAD4 mutation

1.61

0.58, 5.62

0.12

SYNE1 mutation

1.55

0.45, 5.62

0.20

12

24
36
Time (months)

48

60

TTN mutation

1.35

0.01, 2.14

0.68

USH2A mutation

1.80

0.80, 5.86

0.079

59
51

Cumulative number of events
Left
Right

Variable

24
36
Time (months)

Number at risk
Left 214
Right 206

14
24
12

18
25
40
44
24
36
Time (months)

7

33
51
60

30
49
48

F I G U R E 3 Kaplan Meier curves of overall survival in patients
with right-(red) and left-sided (lavender) colon tumours. P-value
calculated with the log-rank test

TA B L E 3 Total effect of the genetic loci on 5-year overall
survival

Note: Genes in bold type preferentially mutate at different tumour sites.
Abbreviations: CI, confidence interval; HR, hazard ratio.

significantly associated with five-year OS after adjustment with all
other covariables (Table 4).

D I S C U S S I O N A N D CO N C LU S I O N
This study demonstrated that the prevalence of mutations at loci

Variable

HR

95% CI

P-value

APC mutation

0.78

0.49, 1.24

0.30

cers and affects survival outcome. We confirmed that patients with

DNAH11 mutation

0.66

0.33, 1.30

0.23

right-sided colon cancers have worse survival than patients with

DNAH5 mutation

0.39

0.17, 0.89

0.026

left-sided cancers. We hypothesized three causal pathways through

FLG mutation

1.53

0.82, 2.87

0.18

which tumour site impacts observed survival differences, including

MUC16 mutation

1.60

0.91, 2.83

0.10

underlying genetic differences between the tumour sites. The use

NEB mutation

2.00

1.07, 3.76

0.031

of DAGs allowed us to minimize spurious associations and conclu-

OBSCN mutation

0.66

0.34, 1.27

0.22

PCLO mutation

0.73

0.35, 1.51

0.39

SMAD4 mutation

2.24

1.18, 4.25

0.014

SYNE1 mutation

1.19

0.69, 2.06

0.52

TP53 mutation

1.17

0.73, 1.86

0.51

TTN mutation

1.24

0.76, 2.03

0.40

USH2A mutation

1.65

0.89, 3.05

0.11

DNAH5, MUC16, NEB, SMAD4, and USH2A in the causal anal-

ZFH mutation

0.64

0.32, 1.26

0.19

yses for the total effect of genes on survival. These genes were

genotyped by TCGA varies across right- and left-sided colon can-

sions by only including variables in our model necessary to avoid
confounding pathways while not including excessive variables that
could introduce colliders. We revealed that there were differences
in mutation frequency in 12 out of 25 genes compared to expected
distributions for tumour sites. We then identified the presence of
five mutated genes which portended changes in survival.
Survival differences were seen in tumours with mutations in

Note: Genes in bold type preferentially mutate at different tumour sites.

also selected for by lasso regularization in the predictive model.

Abbreviations: CI, confidence interval; HR, hazard ratio.

DNAH5, which encodes for dynein, has previously been reported
to be commonly dysregulated in colon cancer, though little investigative work has investigated mechanisms on how it could affect

1.55), FLG (HR 1.51), NEB (HR 1.48), TTN (HR 1.35), OBSCN (HR

survival [31]. MUC16, produces the CA-125 serum tumour marker

0.49), and DNAH5 (HR 0.37). Post-selection inference demonstrated

for ovarian epithelial cancer. MUC16, unlike BRAF and MSI, has

that mutations in MUC16 (P = 0.01) and DNAH5 (P = 0.02) were

not previously been associated with mucinous status [32]. Prior
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works have shown that it protects tumours from the innate im-

know exerts a strong effect on survival in colorectal cancer [45].

mune system's anticancer response by inhibiting natural killer cell

As previously discussed, of the genes reported by TCGA, we only

recognition. Unfortunately, targeted MUC16 immunotherapy in

included the 25 genes TCGA denoted as somatic recurrently mu-

ovarian cancer patients has not been shown to affect overall sur-

tated genes in colon cancer, so other genetic drivers of patient

vival [33–35]. NEB, nebulin, is a protein that regulates actin fila-

survival may exist. Lastly, mutations at the 25 loci could just re-

ments, with members of its family being implicated in migration

flect higher patient-specific mutation rate. This is less of a concern

of cancer cells in breast, ovarian, and liver cancer [36]. SMAD4, a

since many of the genes we found have evidence for their direct

tumour suppressor gene, mediates the TGF-β signalling pathway

link with cancer, and, as previously mentioned, TCGA minimized

and is commonly mutated in advanced colon cancers [37]. The last

including bystander genes [13,16]. Given colon cancer's heteroge-

gene, USH2A, is likely involved in regulating the actin cytoskeleton

neous nature, it will be important to validate the study's findings

and has been found to be frequently mutated in triple-negative

as a foundation for future work on datasets with a more diverse

breast cancers [38].

and larger patient population.

MUC16, NEB, and USH2A, while often implicated in other

In conclusion, our study showed that genetic mutations, with

cancers, have not been described as drivers of colon cancer.

prevalence differences in right-and left-sided colon cancers, may

Interestingly, we showed that all three of these were mutated more

lead to differences in overall survival. Further studies on larger

frequently in the right colon. These genes could be potential targets

patient populations may identify other genes that impact survival

of basic science research to help explain the differences in tumour

differences, which could form the foundation for more precise prog-

biology that leads to worsened survival and to the investigate why

nostication and treatment decisions beyond current rudimentary

they are more commonly mutated on the right, be it differing base-

TNM staging.

line gene expression, exposure to bile acids, microbiome differences,
or embryological origins [7–9]. However, since TCGA only provided

F U N D I N G I N FO R M AT I O N

data on a limited number of genes, we do caution that these three

The authors have no relevant financial or non-financial interests to

genes being mutated may, rather than directly driving mortality,

disclose.

instead indicate a higher patient-specific mutation rate, with other
genes driving the tumour's aggressive nature [16].
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We also created a predictive model that could be used to help
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prognosticate colon cancer patients beyond current rudimentary
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TNM staging, which included mutations at nine genetic loci. Tumour
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genotypes may help clinicians with prognostication and treatment de-

to disclose.

cisions. We have already seen genome-informed treatment decisions
for some systemic therapeutics [39–41]. Other cases, such as the
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worse efficacy of cetuximab in right-sided cancers, leads one to ask if
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a more specific genetic marker exists that could help one discriminate

conception or design of the work; or the acquisition, analysis, or

between patients who will respond best to a certain systemic therapy

interpretation of data, drafted the work or revised it critically for im-

beyond tumour site [42]. For example, mutations in SMAD4, one of

portant intellectual content, approved the version to be published,

the selected loci, has been shown to increase 5-flurouracil resistance

agree to be accountable for all aspects of the work in ensuring that

of colon cancer cells [43]. An additional possible use of genetic mark-

questions related to the accuracy or integrity of any part of the work

ers would be to discriminate between those patients who would do

are appropriately investigated and resolved.

well with shorter courses of adjuvant chemotherapy [44].
This study has limitations related to the retrospective nature
of case selection. In addition, the tumour samples derive from
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TCGA's twenty contributing North American sites and thus may
not fully represent the general population. Limited information on
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the effect of mutations on survival. Additionally, the data is lim-
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ited, with 84 deaths in 420 patients. Beyond sample size alone,
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the power of our analyses, which examined 5-year OS, was limited
by the 2-year median follow-up. Despite the power limitations,
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fects for different genes on 5-year overall survival, rather than
needing to use less clinically useful metrics to increase our power
such as disease-free survival. Our analyses also only captured a
limited amount of epigenetic phenomenon, such as MSI, which we
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