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Abstract

Over the last 12 years, the Wales Cancer Biobank (WCB) has consented to
more than 2000 patients with colorectal cancer (CRC). From these patients,
clinical data has been collected and patients have been followed through their
cancer journey. Clinical data from these patients have been analyzed to iden-
tify any correlation between disease grade and outcome. In a small cohort,
consisting of 407 patients, WCB has performed genetic analysis on patient
primary tumor samples, identifying and characterizing mutations in the
KRAS, NRAS, BRAF, PIK3CA and TP53 genes. The majority of patients with
CRC who were consented to WCB were male with a mean age of 69 years and
received surgery as the primary treatment for their disease. Pathology and
disease-free survival data confirmed worse prognoses associated with more
advanced disease. Heterogeneity within the primary tumor was explored in a
subgroup of patients. Analysis of the KRAS and TP53 genes confirmed that
more than 40% of CRC patients who were tested, harbored a genetic muta-
tion within these genes in their primary tumor. Due to the limited sample size
tested, most mutations did not show significant differences in disease-free
survival, however, mutation of the BRAF gene did show a decrease in the
disease specific survival, in keeping with the published data. Analysis of the
patients diagnosed with CRC within the Biobank has provided us with valua-
ble information on the status of CRC disease and treatment within the Welsh
population. Over 12 years of consenting, we have witnessed significant
changes in the information that researchers are interested in when sourcing
samples for translational research. The development of new drugs that are tai-
lored to the genetics of a cancer is emerging and at WCB we are focusing our
collections on samples and data that meet the needs of this ever-evolving field.
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1. Introduction

Advances in molecular analysis have led to the development of patient-tailored
cancer treatments. In the majority of cancer patients, successful treatment is
achieved using conventional methods such as surgery, radiotherapy and/or
chemotherapy. However, for those patients who do not respond to conventional
treatments, the development of tailored treatments that target particular mole-
cular pathways involved in cancer development and progression is increasingly
emerging [1]. The promise of targeted therapy has been to be more specific, with
improved global cancer control in the individual, thus improving survival, whilst
having less impact in terms of toxicities and quality of life. Interestingly, oncolo-
gists have been learning to cope with a range of new toxicities which have not
been relevant with more traditional chemotherapy agents, with less risk of im-
munosuppression but higher chances of skin, eye or cardiac effects. To date, the
results of these target-specific treatments have been mixed. As single agents, re-
sults in some tumors have been disappointing, suggesting that too little is known
about the agents and the molecular pathways they are deemed to impact. A not-
able example is the targeting of the BRAF axis, in various tumor types. Tumors
that harbor a BRAF mutation in colorectal cancer commonly have a worse
prognosis in the metastatic setting. Agents such as Encorafenib (a BRAF inhibi-
tor), targeted at the altered BRAF protein arising from the mutated gene, appear
to have limited single agent effect in colorectal cancer, whilst single agent BRAF
inhibition in BRAF mutant metastatic melanoma often has a dramatic effect.
When Encorafenib is combined with Cetuximab (an EGFR inhibitor), it on its
own is deemed to be ineffective in BRAF mutant colorectal cancer, then we see a
positive effect from the dual blockade such that the combination of Cetuximab
and Encorafenib is now licensed and found in guidelines as a standard of care
second-line therapy treatment for patients with BRAF mutant metastatic colo-
rectal cancer.

In recent years, advances in molecular screening technologies have provided
evidence of the genomic alterations that can occur in cancers. These acquired
genetic mutations can result in changes in protein expression of the mutated
gene leading to abnormal expression levels that can influence the response of the
tumor to various treatments available [1]. Understanding these changes in the
genome and proteome has resulted in the development of tailored treatments for
multiple cancers including colorectal, lung and breast cancer [2] [3] [4].

Globally, CRC is the third most common cancer in males and the second in
females, with an estimated 1.4 million cases and 693,900 deaths occurring in
2012 [5]. Within Wales >2300 patients are diagnosed per year and it is the
second biggest cancer killer. Approximately, 90% of CRC cases are sporadic
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without a family history or genetic predisposition [6]. Extensive studies analyz-
ing the genetics of CRC have identified mutations in the DNA sequence in both
oncogenes and tumor-suppressor genes, predominantly the KRAS and p53 genes
[7].

One of the key pathways that have been identified in the progression of CRC
is the Mitogen Activated Phospho Kinase (MAPK) pathway [8]. The MAPK sig-
naling pathway controls cell proliferation, differentiation and apoptosis [8]. In
normal tissue, the activation of the MAPK pathway is controlled through the in-
teraction of an external growth factor such as epidermal growth factor (EGF),
with its receptor (EGFR). Mutations that occur within genes that regulate the
interaction can result in the inability of cells to switch this mechanism off re-
sulting in continual activation of the pathway.

In advanced colorectal cancer (CRC), one of the main treatments for patients
is anti-EGFR therapy (Cetuximab [9] or Panitumumab [2]). Anti-EGFR drugs
bind to the EGFR that is present on tumor cells and limits the growth of these
cells by inhibiting the RAS signaling pathway. The identification of mutations in
the RAS (KRAS or NRAS) gene has determined that patients harboring a mu-
tated RAS will unlikely benefit from anti-EGFR therapy [10] and as a result all
patients with advanced CRC are now routinely screened for RAS mutations. Al-
so, present in the MAPK pathway is the BRAF protein, a single point mutation
in the gene accounts for most of the cancer associated aberrations in this gene
resulting in a valine to glutamine change at residue 600 (V600E). As a conse-
quence of this mutation, the BRAF protein is constitutively activated and in ad-
vanced disease has a significant detrimental impact on survival. Whilst specific
BRAF inhibitors have been developed which are effective in other cancers, in
metastatic CRC the use of BRAF inhibitors has been ineffective with a response
rate of approximately 5% confirming that there is still plenty to learn about
BRAF mutation in mCRC [11] [12] [13].

Over the last 12 years, the Wales Cancer Biobank (WCB) has consented more
than 2000 patients with colorectal cancer [14]. From these patients, clinical data
has been collected and follow-up has been regularly performed during this pe-
riod. We have analyzed the data from these patients to identify any correlation
between disease grade and outcome. In a cohort of patients, WCB has performed
genetic analysis on patient primary tumor samples. Our aim at the WCB is to
identify the proportions of colorectal cancers that are currently banked within
the WCB that, contain the common mutations that have been identified as po-
tential drivers in CRC and are the targets for developing anti-cancer drugs. We
are also able to link the presence of these mutations with clinical parameters and
outcomes, identifying any variance in the Welsh cohort in comparison to inter-

nationally published data.

2. Materials and Methods

2.1. Patient Recruitment

The Wales Cancer Biobank (WCB) approaches patients in Wales with known or
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suspected cancer to ask them to consent to donate biosamples and data for use
in future cancer related research. Within WCB, 2217 colorectal cancer patients
were recruited between February 2005 and December 2016. All samples, includ-
ing a retrospective collection of patients’ clinical data, were obtained under in-
formed consent and with ethical approval from the Wales Research Ethics
Committee 3.

Each patient was followed up every 12 months with the cutoff date of 31* De-
cember 2016. Any patients who were listed as alive at this time, but had less than

12 months of follow-up, were excluded from this analysis.

2.2. Tissue Collection

Colorectal tissue samples from surgical specimens were collected and fixed in
formalin prior to embedding in paraffin wax. Formalin fixed paraffin embedded
(FFPE) tissue sections (4 um) were cut from each FFPE block and stained with
hematoxylin and eosin (H + E) using the Leica Autostainer XL and Leica
CU5030 automated coverslip machine. All samples were then verified for tumor

content by a certified histopathologist.

2.3. Macrodissection of FFPE Sections

FFPE tumor samples were sectioned and stained with hematoxylin and eosin to
determine the regions with the highest tumor nuclei content. Subsequent un-
stained 10 pm sections were then macrodissected using the annotated tissue sec-

tions for guidance prior to DNA extraction.

2.4. DNA Extraction

DNA was extracted using the QIAGEN EZ1 automated system utilizing the EZ1
DNA Tissue Kit and the EZ1 DNA Paraffin Section Card according to the man-
ufacturers’ guidelines. Briefly, tissue was incubated in 180 pl ATL buffer plus 20
ul proteinase K at 56°C for 1 hour, then 90°C for 1 hour, before DNA was ex-
tracted using the QIAGEN EZ1 BioRobot automated system utilizing the EZ1
DNA Tissue Kit and the EZ1 DNA Paraffin Section Card, according to the man-
ufacturer’s guidelines. DNA was eluted in 50 pl of EZ1 elution buffer. The quan-
tification and the purity of the extracted DNAs were measured using the Nano-
Drop 8000 spectrophotometer. Approximately 20 ng of DNA was required for

each PCR reaction.

2.5. PCR Amplification

Initial PCR amplification reactions were performed in 25 ul volumes in Mega-
mix Gold buffer, with 20 ng of DNA template. Primers were designed in-house
and were used at 10 pMol and 20 pMol per reaction for downstream pyrose-
quencing and Sanger sequencing respectively. Each PCR reaction was initially
denatured at 95°C for 10 min, followed by either 36 (7P53, NRAS and BRAF) or
38 (KRAS and PIK3CA) cycles of 95°C for 30 sec, 60°C for 30 sec (59°C for
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PIK3CA) and 72°C for 30 secs. The final extension step was 10min at 72°C.
Prior to Sanger sequencing, amplification products were checked by gel electro-
phoresis to confirm amplification and check for contamination of the non-template

control.

2.6. Pyrosequencing

Prior to the sequencing reaction, PCR products were cleaned using streptavidin
sepharose beads and denatured on the pyromark wash station according to the
manufacturer’s instructions. Results were analyzed using the Q96 Pyromark
software for sequence changes in specific gene regions. Analysis of the genes
KRAS, NRAS, PIK3CA and BRAF were performed by pyrosequencing using the
QIAGEN PyroMark Q96 ID according to the manufacturers’ guidelines. Se-
quencing primers were designed in-house. A wild-type, a mutation-positive and

a non-template control were included on each run.

2.7.Sanger Sequencing

Mutation analysis of the 7P53 gene was performed by Sanger sequencing using
ABT’s (Life Technologies) Big Dye Terminator v1.1 system. PCR products were
first cleaned using Agencourt’s paramagnetic bead technology (AMPure) then
1l was carried through to the sequencing reaction. The sequencing reaction
proceeded as follows; Initial denaturation at 94°C for 2 min, followed by 25
cycles of 94°C for 10 sec, 50°C for 5 sec and 60°C for 4 min. Sequencing prod-
ucts were cleaned using Agencourt’s paramagnetic bead technology (CleanSeq)
and run on the ABI 3730 automated DNA sequencer using POP-7 polymer.
Sanger sequence traces were manually analyzed against the reference sequence
(NM_000546.4) in Mutation Surveyor (SoftGenetics).

2.8. Outcomes

The primary outcomes for the entire colorectal cancer cohort were disease specific
survival and time to relapse. Disease specific survival was defined by either surviv-
al or by those that died without evidence of their colorectal disease. A relapse
was defined as a recurrence of colorectal disease after undergoing curative resec-
tion for colorectal cancer.

For the cohort that underwent genetic screening, the primary outcome was to
identify the proportions of colorectal cancers that contain the common muta-
tions that have been identified in CRC and link the presence of these mutations

with clinical presentation and outcome.

2.9. Statistics

Statistical analysis was performed on the entire colorectal cancer cohort. Kap-
lan-Meier analysis was used to describe time to event data (disease specific sur-
vival and time to relapse). Follow-up time was measured from the date of sur-

gery to the date of the last follow-up, or death/relapse. The Log-rank test was
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used to determine statistical significance between survival curves. The 2 and
5-year survival rates quoted are reported alongside a standard error (SE). The
level of significance for all tests was set to p < 0.05.

Factors which had a p value < 0.2 during univariate analysis were then entered
into multivariate analysis, conducted using Cox Regression, using a forward se-
quential approach. Hazard ratios (HR) resulting from Cox Regression are re-
ported alongside a 95% CI (confidence interval). If two or more variables dem-
onstrated multicollinearity, then the variable with the lowest p value, or the

higher clinical relevance, was included in the model.

3. Results

Between February 2005 and November 2016, 2217 patients with colorectal can-
cer were recruited to the WCB (~10% of the overall CRC population over 11
years). Of these, 97 patients (4%) were diagnosed post-procedure with a benign
tumor and 20 patients with a neuroendocrine tumor. One hundred and thir-
ty-nine (6%) patients had less than 12 months follow-up and were listed as alive
(Figure 1). These patients were excluded from the analysis (Figure 1). In addi-
tion, ten patients (<1%) were also excluded as they had been lost to follow-up
(Figure 1). The resulting 2005 patients with colorectal cancer that met all the
eligibility criteria were included in the final analysis (Figure 1). Median fol-
low-up was 36 months, ranging from 12 - 225 months. As of 31% December
2016, 1385 (69%) patients were listed as alive. These patients had a median fol-
low-up time of 41 months (range 12 - 225).

3.1. Patient Demographics

Baseline characteristics are shown in Table 1A. The majority of patients recruited
to the WCB were male (60%). The mean age was 69 years (range 23 - 96, standard
deviation [SD] = 11.1). Within the colorectal cohort, 99% of patients had a diagno-
sis of adenocarcinoma, with the remainder listed as “other cancer” (1%). At pres-
entation, 8% of patients had distant metastasis, compared to 15% of patients with
synchronous disease at presentation from Welsh Cancer Registry data 2011 [15].
Patients recruited to WCB showed a varied classification of disease. Based on
Dukes stage, where recorded (n = 1065 [53%]), the majority of patients (21%) were
classified with Stage II disease (n = 415, Table 1A), which is representative of the
national percentage 21% - 23% (15). Based on the TNM classification (available for
n = 1798 [90%]), 61% of patients (n = 1229) presented with T3 disease (Table 1A).

3.2. Treatment

Details of treatments received are presented in Table 1B. Within the WCB colo-
rectal cohort, 51% of patients (n = 1027) did not receive any form of chemothe-
rapy (CT) treatment (neoadjuvant CT or adjuvant CT) and 5% (n = 107) of pa-
tients were treated with both neoadjuvant CT and adjuvant CT (see supplemen-
tary Table S1).
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 Diagnosed post procedure with a benign
tumour (n=97)

 Carcinoid /neuroendocrine tumor (n=20)
" Less than 12 months follow up (n=139)
" Lost to follow up (n=10)

Total (n=266)

[ Recruited ] Recruited to WCB (n=2271)
v
[ Analysis ] For analysis

(n =2005)

Figure 1. Colorectal recruitment process for the Wales Cancer Bank (WCB). WCB has
been routinely consenting patients that have been diagnosed with colorectal cancer (CRC)

since 2005. Patients are consented by members of the clinical team and consent allows

access to surplus tissue from biopsy and resected tissues, blood samples and clinical data

that is recorded in the patients’ notes.

Table 1. (A) Baseline characteristics and treatment details; (B) Treatment details.

(A)
n (%)*
Demographics All patients Dise'ase-free at death  Disease related
(n =2005) /alive (n = 1499)**  death (n = 376)**
Gender
Female 805 (40) 621 (41) 137 (36)
Male 1200 (60) 878 (59) 239 (64)
Diagnosis
Adenocarcinoma 1977 (99) 1485 (99) 367 (98)
Other Cancer 28 (1) 14 (<1) 9(2)
Operation
Biopsy 108 (5) 36 (2) 50 (13)
Other 34 (2) 14 (<1) 19 (5)
Resection 1863 (93) 1449 (97) 307 (82)
Age
<70 1008 (50) 774 (52) 173 (46)
>70 997 (50) 725 (48) 203 (54)
wpesenaion 120 7409 517
Staging
Dukes stage
A 209 (10) 190 (13) 15 (4)
B 415 (21) 342 (23) 56 (15)
Cl1 358 (18) 236 (16) 96 (26)
Cc2 76 (4) 41 (3) 30 (8)
D 7 (<1) 2 (<1) 5(1)
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Continued
T stage
T1 106 (5) 93 (6) 7(2)
T2 341 (17) 300 (20) 28 (7)
T3 1229 (61) 919 (61) 242 (64)
T4 122 (6) 78 (5) 26 (7)
N stage
NO 952 (48) 823 (55) 87 (23)
N1 462 (23) 335 (22) 93 (25)
N2 289 (14) 158 (11) 104 (28)
M stage
Mo 284 (14) 197 (13) 63 (17)
M1 104 (5) 51 (3) 39 (10)
Treatment
S 1§
vreery oy 971 (48) 822 (55) 109 (29)
Surgery and CT
700 (35) 474 (32) 172 (46)
Surgery and RT
51 (3) 28 (2) 16 (4)
Surgery and RT and
226 (11) 149 (10) 59 (16)
CT
Follow up
Dead 620 (31) 114 (8) 0
Alive 1385 (69) 1385 (92) 376 (100)
Cause of death
Not cancer related 114 (6) 114 0
Cancer related 376 (19) 0 376
Alive 1385 (69) 1385 0
Relapse
1 relapse 477 (24) 183 (12) 243 (65)
3 relapses
Nodes examined
. 14 (0 - 66) 14 (0 - 56) 12 (0 - 66)
(median [range])
Positi d
osttive nodes 0(0-31) 0(0-27) 2(0-25)

(median [range])

* Where data # 100 data is missing. ** 130 patients were recorded as having an unknown
cause of death. Chemotherapy (CT). Radiotherapy (RT).

(B)
n (%)*
Treatment details All patients Disease-free at Disease related
(n = 2005) death/alive (n = 1499)** death (n = 376)**
Neoadjuvant CT 198 (10) 136 (9) 52 (14)
Neoadjuvant RT 219 (11) 157 (11) 50 (14)
Adjuvant CT 855 (43) 558 (38) 227 (62)
Adjuvant RT 67 (3) 23 (2) 28 (8)
Treatment for relapse
Surgery for relapse/ 136 (7) 89 (6) 36 (10)
CT for relapse” 247 (12) 77 (5) 133 (35)
RT for relapse/ 47 (2) 13 (<1) 30 (8)

* Where data # 100 data is missing. ** 130 patients were recorded as having an unknown
cause of death. A % of those who had a relapse. Chemotherapy (CT). Radiotherapy (RT).
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Radiotherapy (RT) treatment (neoadjuvant RT or adjuvant RT) was given to
16% of patients (n = 328) (see supplementary Table S2). Combination therapy
(neoadjuvant CT and neoadjuvant RT) was given to 8% (n = 166) of patients.
Whilst 2% (n = 48) of the cohort were treated with a combination of adjuvant
CT and adjuvant RT (see supplementary Table S3 and Table S4).

3.3. Disease Specific Survival

The disease specific survival was determined as the percentage of patients within
the WCB CRC cohort who have not died from colorectal cancer. All CRC pa-
tients consented to WCB between 2005 and 2016 that had at least 12 months of
follow-up were analyzed for disease specific survival. Of the 620 patients that
were recorded as having died, 114 (18%) were not cancer related and 376 (61%)
were colorectal cancer related. For the remaining 130 (21%) patients, the cause
of death was either unknown or not recorded. The two and five-year disease
specific survival rates were 87.4% (SE 0.8) and 75.3% (SE 1.3) respectively.

As expected, results confirm that a higher T stage correlates with a worse
prognosis (p < 0.001, Figure 2A). This was also true for the N stage (p = 0.001;
Figure 2B). Disease specific survival centered on the Dukes system, also con-
firms a worse prognosis with a higher Dukes score (p < 0.001; Figure 2C).

®
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o Tstage | No.events | 2years b5 years o | _Survival (SE)
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Figure 2. Disease specific survival for colorectal patients recruited to WCB. Disease spe-
cific survival times were determined by measuring the time from the date of first treatment
to either date of death (caused by their CRC) or the date of last follow-up within 2016. (A)
Patients were stratified based on the tumor score of their disease. (B) Patients were strati-
fied on the nodal score (N). Both tumor and nodal score was determined by the TNM
classification. (C) Patients were stratified based on Dukes score.
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Significant univariate predictors of disease specific survival are listed in Table
2. Multivariate analysis ranked the following variables as independent predictors
of an increased risk of cancer related death: >70 years (p = 0.004), cancer relapse
(p < 0.001) and an increased Dukes stage (Table 2).

3.4. Relapse

Within the WCB colorectal cohort, 477 (24%) of patients had a relapse, either a
recurrence or secondary metastases (Table 1A). The 2 and 5-year disease free
survival were 80.5% (SE 1.0) and 71.8% (SE 1.2) respectively (Figure 3). Univa-
riate predictors of time to relapse are presented in Table 2. After adjustment for
treatment type, the Dukes stage continued to have a significant effect on time to
relapse (Table 2 and Figure 3). Of those that had a relapse recorded, 63% of pa-
tients died compared to 19% of patients that didn’t have a relapse recorded (p <
0.001).

3.5. Genetic Screening Analysis

Of the 2217 patients with colorectal cancer that were recruited to WCB over the
11 years, tissue samples from 407 patients were selected for genetic testing, ana-
lyzing the following genes, BRAF, KRAS, NRAS, PI3KCA and TP53. Patients
were chosen based on diagnosis, pathology and length of follow-up available re-
garding their treatment pathway. Duplicate tumor tissue blocks, representing
different tumor regions from the same patient, were included from 11 patients to
look for tumor heterogeneity. Any samples that failed the sequencing were ex-
cluded from the statistical analysis for that gene. Disease specific survival of pa-
tients was analyzed with and without the presence of mutations. Patients that
had a cause of death that was not attributed to their CRC disease were excluded

from this analysis, along with patients where an unknown cause of death was

recorded.
100 - Dikes
W =
\ &
g‘; 80 A \'\\ —C2/D
2 \\ —
o 60 - N 1
© N
] s .
o \\ ——
e
g AN
Rl \_‘—\—y\.
o S~
& 20 ‘iﬁﬁ
0 4

0 20 40 60 80 100 120

Time (months)

Figure 3. The time taken for Colorectal cohort of patients to relapse.
Patient relapses were recorded as either a recurrence or progression
of disease or when metastatic lesions were diagnosed after a period
of inactive disease. Patients were stratified based on Dukes score.
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Table 2. Univariate predictors of disease specific survival and time to relapse.

Disease specific survival

Time to relapse

Survival % Univariate Multivariate Survival % Univariate Multivariate P value
n = 2005 pvalue P value (HR [95% CI]) n = 2005 pvalue (HR [95% CI])
Gender
Female 82.0 76.7
0.123 0.269
Male 78.6 74.4
Age
<70 81.7 0.004 (1.5 [1.1 - 1.9]) 70.6
0.001 <0.001
>70 78.1 80.3
Diagnosis
Adenocarcinoma 80.2 74.7
0.007 0.002
Other cancer 60.9 50.0
Metastasis at presentation
No 75.8
<0.001
Yes 56.7
Neo adjuvant CT
No 81.4 77.2
0.003 <0.001
Yes 72.3 60.9
Neo adjuvant RT
No 81.1 76.9
0.119 <0.001
Yes 75.8 63.5
Adjuvant CT
No 86.8 83.0
<0.001 <0.001
Yes 71.1 66.4
Adjuvant RT
No 81.8 76.2
<0.001 0.009
Yes 45.1 62.5
Relapse
No 91.6 <0.001 (12.6 [8.9 - 17.8])
<0.001 - -
Yes 43.0
T stage
T1 93.0 87.5
T2 91.5 88.1
T3 79.2 <0.001 77.4 <0.001
T4 75.0 58.9
N stage
NO 90.4 83.7
N1 78.3 72.9
<0.001 <0.001
N2 60.3 58.0
Dukes stage
AR 92.7 87.9
B 85.9 0.019 (1.9 [1.1 - 3.5]) 78.8 0.047 (1.6 [1.0 - 2.6])
C1 71.1 <0.001 <0.001 (4.2 [2.5 - 7.3]) 68.3 <0.001  0.009 (1.9 [1.2 - 3.2])
C2/D 55.1 <0..01 (9.1 [5.0 - 16.8]) 56.1 <0.001 (2.9 [1.6 - 5.2])
Treatment
Surgery only 88.3
Surgery + CT 73.4
Surgery + RT 63.6 <0.001
Surgery + RT + CT 71.6

R Reference category; HR—Hazard ratio; Chemotherapy (CT); Radiotherapy (RT).

DOI: 10.4236/jct.2023.147027

327

Journal of Cancer Therapy


https://doi.org/10.4236/jct.2023.147027

L. K. Spary et al.

3.6. Mutation Analysis

3.6.1. KRAS

Analysis of the KRAS gene in the WCB cohort sent for genetic testing (n = 393)
identified 163 patients that harbored a mutation (41.2%) (Figure 4Ai). Muta-
tions of the KRAS gene were identified in all Dukes scores with an increase in
the frequency of KRAS mutations being observed as the disease progressed,
however, this was not significant (Figure 4Aii). In the WCB cohort, mutations
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Figure 4. Mutational Analysis of the RAS family Members, KRas (A and B, n = 393) and NRas (C, n
= 338). (Ai) Number of patients that harbored a KRas single nucleotide variant (SNV). (Aii) Num-
ber of patients with a KRas SNV stratified by Dukes score. (Aiii) Number of patients with SNV stra-
tified on codon location of mutation versus Dukes score. (Bi) Disease specific survival of patients (n
= 301) with a KRas SNV versus the codon location. (Bii) Disease specific survival of patients that
had a KRas SNV versus patients with wildtype (wt) KRas. (Ci) Number of patients that harbored a
NRas SNV. (Cii) Disease specific survival of patients (n = 303) that had a NRas mutation versus pa-
tients with wildtype (wt) NRas.
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in codons 12, 13, 61 and 146 were identified, with the majority of the mutations
identified occurring within codon 12 (Figure 4Aiii). An increase in the number
of codon 146 mutations was observed in patients categorized with Dukes C2
disease, whilst higher numbers of codon 13 mutations were observed in the
Dukes C1 cohort (Figure 4Aiii). Results based on disease specific survival sug-
gest that having a codon 13 mutation is unfavorable, however, this was not sig-
nificant (p = 0.824) (Figure 4Bi). Comparisons made between disease specific
survival and the presence or absence of a mutation indicated no significant dif-
ferences (p = 0.241) (Figure 4Bii). Three out of the 11 patients that were ana-
lyzed for tumor heterogeneity contained a KRAS mutation there was no evi-

dence of mutational heterogeneity within these cases (data not shown).

3.6.2. NRAS

NRAS mutations were identified in 16 patients within the WCB cohort (n = 391;
4.7%) (Figure 4Ci). Of these mutations, 50% were located in codon 12, 35% in
codon 61 and 15% in codon 13 (data not shown). Interestingly codon 13 muta-
tions were only observed in C1 (only 2 patients) and C2 (only 1 patient) colo-
rectal cancers (data not shown). In the small percentage of the WCB cohort that
harbored an NRAS mutation, correlation with disease specific survival (n = 303)
did not identify any disadvantages when compared to those without an NRAS
mutation (Figure 4Cii). No mutations within the NRAS gene were identified in

the 11 patients that were analyzed for tumor heterogeneity (data not shown).

3.6.3. BRAF

Analysis of the BRAF gene in the WCB cohort (n = 393) identified 35 patients
that harbored the ¢.1799T > A p.(Val600Glu) mutation, commonly known as
V600E (8.9%; Figure 5Ai). An increase in the number of BRAF mutations in
Dukes B, C1 and C2 was observed when compared to Dukes A where no muta-
tions were detected (Figure 5Aii). In our cohort, patients harboring a V600E
mutation had a significantly worse prognosis (n = 302; p < 0.01; Figure 5B). Nota-
bly, 2/14 (14%) Dukes B, 4/11 (36%) Dukes C1, 1/4 (25%) Dukes C2 relapsed. On-
ly one patient that was tested for tumor heterogeneity contained a BRAF mutation.

Both areas of tumor harbored the same mutation (data not shown).

3.6.4. PIK3CA

Analysis of the PIK3CA gene in the WCB cohort (n = 359) identified 49 patients
that harbored a mutation (13.6%) (Figure 6Ai). The majority of PIK3CA muta-
tions were observed in Dukes A and B, however there was no significant differ-
ence when compared to Dukes C1 and C2 (Figure 6Aii). In the WCB popula-
tion, mutations in both exon 9 and exon 20 were identified (Figure 6Aiii). Inte-
restingly exon 20 mutations were not observed in Dukes A colorectal cancers
(Figure 6Aiii). The disease specific survival (n = 277) for patients with an exon
20 mutation suggested an unfavorable prognosis (Figure 6B), possibly due to the
lack of exon 20 mutations in the Dukes A patients. Results comparing PIK3CA
mutation versus wildtype (wt) PIK3CA, suggests that patients with a mutation
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Figure 5. Mutational Analysis of the BRAF (V600E) gene (n = 393). (Ai) Number of pa-

tients that harbored a BRAF V600E mutation. (Aii) Number of patients with a BRAF

V600E mutation stratified by Dukes score. (B) Disease specific survival of patients (n =
302) with a BRAFV600E mutation versus patients with wildtype (wt) BRAF.

have an unfavorable prognosis when compared to patients that exhibited no
mutation but this was not significant (p = 0.1609; Figure 6C). Interestingly, one
patient that was tested for tumor heterogeneity harbored a PIK3CA mutation in
exon 20 in one area of the tumor that was not detected in the other tissue block
that was examined (c.3140A > G p.(His1047Arg)).

3.6.5. TP53

A common single nucleotide polymorphism involving the substitution of an ar-
ginine for a proline at codon position 72 can be observed in approximately
76.7% of Caucasians. In the WCB cohort (n = 389), 87.40% of patients harbored
the common polymorphism ¢.215C > G p.(Pro72Arg) (data not shown). Many
studies have investigated a genetic link between this variation and cancer sus-
ceptibility however the results have been inconclusive. Analysis was performed
comparing disease specific survival (n = 268) with the presence or absence of the
215C > G SNP and results confirmed that there was no positive or negative effect

associated with the SNP (Figure 7A). Various 7P53 mutations were observed in
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Figure 6. Mutational Analysis of the PIK3CA gene (n = 359). (Ai) Number of patients that
harbored a PIK3CA mutation. (Aii) Number of patients with a PIK3CA mutation stratified by
Dukes score. (Aiii) Location of the SNV based on Exon versus the Dukes Score of the patient (B)
Disease specific survival of patients with either an exon 9 or exon 20 PIK3CA mutation versus
patients with wildtype (wt) PIK3CA. (C) Disease specific survival of patients with a PIK3CA
mutation versus patients with wildtype (wt) PIK3CA.

the WCB cohort (n = 389) with 62% of the patients harboring at least one muta-
tion (Figure 7B). Nine mutations were identified in more than 4 patients, the
most prevalent being the ¢.524G > A p.(Argl75His) mutation found in 16 pa-
tients (Figure 7Ci and Table 3). Mutations in these “hotspots” were found to be
more prevalent in advanced CRC with 54.5% of patients with Dukes C2 harbor-
ing at least one mutation at one of these residues when compared to the whole
WCB cohort (Figure 7Cii). Comparisons made between disease specific survival
(n = 268) and the presence or absence of a mutation within the WCB cohort
suggested patients had a worse prognosis if there was a p53 mutation (p = 0.04)
(Figure 7D). Interestingly, five patients out of the 11 tested for tumor hetero-
geneity harbored a 7P53 mutation in one area of the tumor that was not de-
tected in the other tissue block that was examined (data not shown) suggesting

significant multiclonal disease.

4. Discussion

The WCB colorectal cancer patient cohort is representative of the Welsh popula-
tion, accruing ~10% of patients diagnosed over an 11 years. This powerful data-
set including demographic, treatment and outcome data represents a unique re-
source linked to tissue samples, to support translational research in a disease that

has seen little progress in therapies over the last 15 years. Molecular analysis has
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Figure 7. Mutational Analysis of the 7P53 gene (n = 389). (A) Disease specific survival (n
= 268) of patients with the common SNP c. [215C > G (p.Pro72Arg)] versus patients
without the SNP. (Bi) Number of patients with a 7P53 mutation. (Bii) Number of pa-
tients with a 7P53 mutation stratified by Dukes score. (Ci) Number of patients with the
common mutation “hotspots” identified with pathogenicity and stratified by Dukes score.
(Cii) Percentage of patients within the total cohort that harbor a mutation in the common
mutation “hotspots” stratified by Dukes score. (D) Disease specific survival (n = 268) of
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patients with a 7253 mutation versus patients with wildtype (wt) 7P53.
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Table 3. List of the mutations commonly detected in CRC Patients within the WCB Cohort.

Sequence Descipton Descripion Ineon EE°nctycigy SNPID il Signifcnce
c.[108G > A] (p-Pro36Pro) 4 silent rs1800370 benign
c.[375G > A (p-Thr125Thr) 4 splice rs55863639 pathogenic
c.[396G > C] (p.Lys132Asn) 5 missense non-functional rs866775781 likely pathogenic
c.[404G > A] (p.Cys135Tyr) 5 missense non-functional rs587781991 likely pathogenic
c.[451C > T] (p.Pro151Ser) 5 missense non-functional rs28943874 likely pathogenic
c.[524G > A] (p-Argl75His) 5 missense non-functional 1rs28934578 pathogenic
c.[527G > T] (p-Cys176Phe) 5 missense  partially functional  rs786202962 likely pathogenic

c.[560-1G > A] 5-intron splice

c.[584T > C] (p-Ile195Thr) 6 missense non-functional rs587781525 pathogenic
c.[586C > T] (p-Argl196X) 6 nonsense rs397516435 pathogenic

c.[635_636delTT] (p-Phe212fs) 6 frameshift pathogenic
c.[637C > T] (p-Arg213X) 6 nonsense rs397516435 pathogenic
c.[638G > A] (p-Arg213Gln) 6 missense non-functional rs587778720 pathogenic
c.[639A > G] (p-Arg213Arg) 6 silent rs1800372 benign
c.[701A > G] (p.Tyr234Cys) 7 missense non-functional rs587780073 likely pathogenic
c.[733G > A] (p.Gly245Ser) 7 missense non-functional 1rs28934575 pathogenic
c.[734G > A] (p.Gly245Asp) 7 missense non-functional rs121912656 pathogenic
c.[734G > T] (p-Gly245Val) 7 missense non-functional rs121912656 pathogenic
c.[742C > T] (p-Arg248Trp) 7 missense non-functional rs121912651 pathogenic
c.[743G > A] (p-Arg248GlIn) 7 missense non-functional rs11540652 pathogenic
c.[811G > T] (p-Glu271X) 8 missense  partially functional ~ rs1060501191 uncertain significance
c.[817C > T] (p-Arg273Cys) 8 missense non-functional rs121913343 conflicting interRre.tations

of pathogenicity

c.[818G > A] (p.Arg273His) 8 missense non-functional rs28934576 likely pathogenic
¢.[820G > C] (p-Val274Leu) 8 missense non-functional rs1057520005 uncertain significance
c.[844C > T] (p-Arg281Trp) 8 missense non-functional 1528934574 conﬂi)cft;rf[}ilr;;ﬁzei:;ﬁons
c.[916C>T (p-Arg306X) 8 nonsense rs121913344 pathogenic

c.[919 + 13G > A] 8-intron splice

c.[993 + 12T > C] 9-intron  splice rs1800899 benign

*Mutations listed were found in more than 2 patients within the WCB cohort.

further indicated that on a national level mutation profiling is similar to data
provided from clinical trials datasets internationally. At the Wales Cancer Bio-
bank (WCB), the recruitment of patients with colorectal cancer has been un-
derway for more than 13 years. To date, tissue samples from 2217 colorectal pa-

tients have been collected along with clinical and follow-up data. Out of these,
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samples from 407 patients that had a minimum of 12 months follow-up data
were characterized for mutations in the key genes that are known to play a role
in cancer development. The analysis of these samples provides insight into the
biology of CRC at a national level.

As a cost recovery, not for profit organization, the Wales Cancer Biobank
along with other biobanks offers an unrivalled resource to further our under-
standing of cancer biology, its impact on patient outcomes and our ability to
identify targets for future therapeutic intervention. Since the inception of WCB,
19 research groups have applied to WCB for colorectal samples ranging from
fresh tumor tissue for the creation of 3D modeling systems for drug discovery,
whole blood samples for analyzing the immune cell signatures and plasma and
tumor DNA for analyzing temporal changes in circulating biomarkers during
treatment.

Statistical analysis of the patient demographics of the WCB colorectal cohort
determined that CRC is more prevalent in males within the Welsh population
(60% vs 40%) as confirmed using data derived from the Welsh Cancer Intelli-
gence and Surveillance Unit (WCISU) [16]. Compared to other UK countries,
the WCB cohort is slightly higher towards men, where the UK average is 55% of
newly diagnosed CRC occurring in men [17] [18]. This is also observed when
compared to other countries such as the US [19]. Interestingly, within the WCB
cohort, only 8% were diagnosed with metastatic colorectal cancer at presenta-
tion. This is considerably lower when compared to the UK average, where
23-26% of patients have metastases at diagnosis [20]. This almost certainly re-
lates to the impact of non-removal of the primary tumor in patients who have
synchronous metastatic disease, in the WCB cohort of patients, as we have
avoided analysis of biopsy only material. As expected, the higher the stage of
disease the worse the prognosis. The UK average for net survival for bowel can-
cer at two- and five-years are 67.9% and 58.7%, respectively [20]. This compares
to the disease specific survival rates at two- and five-years for the WCB cohort,
of 87.4% and 75.3% respectively. The Wales Cancer Registry WCISU indicates a
five-year survival rate of 58.2% [16]. Evidently, factors such as patient consent-
ing are impacted by emergency presentation and synchronous metastatic disease
in which no surgical removal of the tumor is planned and this inherently im-
pacts upon prognosis. WCB consented patients’ data is heavily reliant on the
data recorded in the Cancer Network Information System Cymru (CaNISC) and
the Office of National Statistics (ONS). If data was missing or not recorded, pa-
tients were excluded from the analysis.

During the lifetime of this research project and over the period these patients
have experienced their disease, there have been some significant adaptations in
the use of molecular evaluation of tumors to inform clinical practice. Notably, in
the adjuvant setting, it has become routine to perform an assessment of micro-
satellite instability (MSI) in patients with stage II disease. MSI-High tumors are
predominantly right sided and often poorly differentiated yet are of better
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prognosis and thus may not gain a significant advantage from adjuvant chemo-
therapy. Nationally MSI testing for all colorectal cancers commenced in June
2019. In the metastatic setting it has become a standard of care to evaluate RAS
and BRAF mutation status and to consider the use of cetuximab or panitumu-
mab in combination with chemotherapy in the first-line setting in those patients
with wild type tumors. Further advances have seen the introduction of adminis-
tering the immunotherapies, Nivolumab plus ipilimumab to patients with
MSI-high metastatic CRC. Studies have demonstrated high response rates with
increased OS in these patients [21]. The continued screening for genetic aberra-
tions and advances in immunotherapy, especially in metastatic patients, has
demonstrated a benefit to patients that in previous years may have had limited
treatment options available.

With regard to the mutational analysis, the WCB cohort was significant by its
similarities to published data. However, we must accept the limitations of the
molecular analysis performed. Analysis of the genes, KRAS and NRAS were suf-
ficient for the detection of known mutations, but analysis of BRAFand PIK3CA
were limited due to the region covered by the pyrosequencing. Analysis of 7P53
was also limited by the Limit of Detection (LoD) of Sanger sequencing. At the
time of analysis, molecular diagnostics was rapidly evolving, although compared
to current methods of molecular analysis the techniques utilized was limited, the
results are still comparable.

In the WCB cohort, there was a significant decrease in the disease specific
survival in patients that harbored a BRAF mutation than patients with the
wild-type gene. Previous studies have identified BRAF mutations in approx-
imately 8% - 15% of all colorectal cancers [22] and have been associated with
poor prognosis [12], indicating the importance of BRAF mutations in the de-
velopment and prognosis of CRC. The prominence of a BRAF mutation in CRC
has previously been shown to affect the response of patients with metastatic dis-
ease to targeted therapies such as the anti-EGFR treatments cetuximab or pani-
tumumab [2] [23]. Patients with a wild type KRAS gene but harboring a BRAF
mutation did not respond to the EGFR inhibitors confirming that the BRAF
mutation plays a critical role in the signaling pathway for EGF [13] [24]. The
clinical implications of these findings suggest the need for BRAF screening in
wild type KRAS CRC patients before EGFR inhibitors are administered. In addi-
tion, these results demonstrate the further need for research into the pathways
involved with the targeted drugs in order to improve the efficacy of these thera-
pies [25].

Mutations in RAS family members are frequently found in human cancers in-
cluding non-small cell lung cancer [26], pancreatic cancer [27] and colorectal
cancer [25]. Three RAS genes have been identified and although they are func-
tionally distinct they are highly homologous within their genetic sequence [28].
The function of these proteins has a critical role in cell proliferation, survival,

and differentiation [28]. The majority of the mutations for the RAS genes occur
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within codons 12, 13 or 61 and the activating mutations result in constitutive ac-
tivation leading to a sustained proliferation signal within the cell [28] [29].

Of the three RAS family members, studies have shown that mutations within
the KRAS gene are more frequent in solid tumors, mainly adenocarcinomas,
whilst NRAS mutations are more prevalent in leukemia [29] [30]. Studies have
shown that KRAS mutations occur within 40% of CRC whilst NRAS mutations
occur within 1% - 6% of CRC [31] [32]. Of the 407 CRC cases sent for mutation-
al analysis, 99% of patients had been diagnosed with adenocarcinoma and 41.2%
of patients that were tested for KRAS, harbored a mutation. In comparison, mu-
tations in NRAS were only detected in 4.7% of patients confirming that muta-
tions within the Welsh population are comparable to other populations. Al-
though NRAS mutations are rare in CRC, within the WCB CRC cohort the
presence of codon 13 mutations was found only in Dukes C1 and C2 but due to
low numbers further investigation to determine any correlation will be required.
Furthermore, little is known about NRAS mutations and their relationship to
clinical, pathologic, and molecular features remains uncertain.

As previously mentioned, KRAS mutations are more prevalent in codons 12,
13 and 61. In the WCB CRC cohort, the majority of mutations occurred within
these regions, however, 4% of the mutations were located with codon 146. In
these patients, a single nucleotide change from cytosine to thymine at cDNA po-
sition 437 resulted in a protein change from Alanine to Valine. The impact of
this mutation is currently unknown and to date, few reports have investigated
codon 146 mutations and the clinical relevance of this mutation [32] [33]. Inte-
restingly, when disease specific survival was compared against mutations based
on codon location, results suggested that both patients with codon 12 and 13
mutations had a worse prognosis when compared to wt KRAS, codon 61 and
codon 146 mutations. When disease specific survival was compared for wt KRAS
and mutated KRAS, patients harboring a mutation had an inferior survival but
this was not significant. Similar findings have been published by others and
therefore the effect of KRAS mutations appears to have a greater impact on res-
ponses to EGFR treatments than prognosis [25] [34] [35].

Mutations harbored in the PIK3CA gene have been implicated in the patho-
genesis of multiple cancers including CRC [36]. Somatic mutations in the phos-
phatidyl 3-kinases (PI3K) family member, PIK3CA, result in over activation of
the gene which has a role in various cellular processes that can regulate cell pro-
liferation and survival [36]. In CRC, PIK3CA mutations are thought to occur
within 10% - 30% of cancers with the mutations occurring usually within exon 9
and exon 20 of the gene [37]. In the WCB CRC cohort tested for PIK3CA muta-
tion, 13.2% of patients harbored a mutation within exon 9 and/or exon 20. Al-
though patients with a mutated form of PIK3CA had an unfavorable prognosis
for disease specific survival, this was not significantly different from patients
with wtPIK3CA. These findings are consistent with other studies that have ana-
lyzed PIK3CA mutations [38]. A number of studies have reported on the differ-
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ent functions of exon 9 and exon 20 of the PIK3CA gene and the effects of these
in cancer [39] [40] [41]. Analysis of the disease specific survival for PIK3CA
comparing wtPIK3CA with exon 9 and exon 20 mutations separately, suggested
that exon 20 mutations resulted in a worse prognosis. This has also been ob-
served in other studies for CRC and other cancers [39] [40] however, due to the
low frequency of these mutations the prognostic role of PIK3CA mutations, both
exon 9 and exon 20, in CRC remains uncertain.

One of the most commonly mutated genes in human cancers is the p53 gene
[42]. It has been reported that more than 50% of CRC will harbor a mutation
within the p53 gene [43]. These mutations are known to drive oncogenic events
in CRC, however the mechanisms that p53 mutations use to exert these events
are still unclear. In recent years the development of p53 targeting agents has
been explored but due to the complexity of the oncogenic and biological effects
that may occur, few have been translated out of the laboratories [44]. Within the
WCB cohort, 62% of patients harbored a p53 mutation, however most of the
mutations detected were present in only one patient confirming the complexity
of p53 mutations. Of the mutations identified, seven mutations were found to be
present in more than 3 patients. These mutations are distributed within exon 4-9
which encode the DNA-binding domain [45]. Within this domain, there are six
common mutational hotspots, residues R175, G245, R248, R249, R273 and R282
[46]. The most common mutation within the WCB cohort tested, residue R175
(c.524G > A p.(Argl75His)), was identified in 15 patients. Although little is
known about the effect this mutation has in CRC, it has been implicated in the
activation of c-Met receptor tyrosine kinase in Esophageal squamous cell carci-
noma (ESCC) mediating tumor cell invasion [47]. It has also been implicated in
endometrial cancers, increasing the invasive phenotypes through activation of
the EGFR/PI3K/AKT pathway [48]. All of the mutations observed within the
WCB cohort have been identified by various other cancer studies identifying
mutations of the p53 gene. Interestingly p53 mutations within the common
hotspots were identified in patients with more advanced disease (Dukes A 8.8%
vs Dukes C2 54.5%) suggesting that p53 aberrations occur late in tumorigenesis.
Studies comparing p53 mutations in colorectal healthy tissue, adenomas and
carcinomas suggest that p53 mutations develop at late stage adenoma and in-
crease with frequency as carcinomas progress [46]. This has also been docu-
mented in other cancers where p53 mutations have been studied [49] [50]. Stu-
dies such as these suggest that p53 aberrations may be used to determine prog-
nosis, however the clinical significance of p53 aberrations has long been debated
and remains one of the most controversial areas of p53 research. A review per-
formed in 2010 looking at p53 mutation and prognosis in multiple cancers sug-
gested that p53 aberrations within breast, head and neck, liver and haemopoietic
cancers were associated with a worse prognosis. This correlation was not con-
clusive for bladder, brain, lung or ovarian cancer [51].

In addition to the p53 mutational hotspots, studies have also focused on the
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haplotype of p53 searching for links with cancer prognosis however the results
are still inconclusive although most have described a weak association between
the SNP ¢.215C > G p.(Pro72Arg) and an increased risk of CRC [43]. In our co-
hort, 85.3% of the patients tested had the SNP ¢.215C > G. When disease-free
survival was compared between patients with and without the SNP, we found no
significant differences that would suggest that the SNP indicated a worse prog-
nosis.

In the light of precision medicine and improved genetic testing, screening of
cancers for gene aberrations has revolutionized the monitoring and treatment of
the disease. Our increased knowledge of the mechanisms that tumors use to en-
sure their progression has enhanced drug development. Genetic alterations in
CRC have been studied extensively and with increased sensitivity in screening
and detection methods, it continues to advance. Further research on this ev-
er-expanding repertoire of mutations will ensure that future drug development
can be tailored to the specifics of the disease rather than a one drug fits all ap-

proach.
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Supplementary Tables

Table S1. Chemotherapy.

Chemotherapy
Frequency Percent Valid  Cumulative
Percent Percent
0.00 Neither 1027 51.2 52.6 52.6
1.00 Both 107 5.3 5.5 58.1
Valid 2.00 Adjuvant only 733 36.6 37.6 95.7
3.00 Neo adjuvant only 84 4.2 4.3 100.0
Total 1951 97.3 100.0
Missing System 54 2.7
Total 2005 100.0
Table S2. Radiotherapy
Radiotherapy
Frequency Percent Valid Percent Cl;ttl:;ive
0.00 Neither 1677 83.6 86.1 86.1
1.00 Both 5 0.2 0.3 86.4
Valid 2.00 Adjuvant only 61 3.0 3.1 89.5
3.00 Neo adjuvant only 204 10.2 10.5 100.0
Total 1947 97.1 100.0
Missing —99.00 Missing 58 2.9
Total 2005 100.0
Table S3. Neo-adjuvant Radiotherapy plus Chemotherapy.
NEO_Both_RT_CT
Frequency Percent Valid Percent Cl;:il:ive
0.00 Neither 1713 85.4 91.2 91.2
Valid 1.00 both 166 8.3 8.8 100.0
Total 1879 93.7 100.0
—99.00 Missing 96 4.8
Missing System 30 1.5
Total 126 6.3
Total 2005 100.0
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Table S4. Adjuvant Radiotherapy plus Chemotherapy.

Adj_Both_RT_CT

Frequency Percent Valid Percent Cl;:i];:ive
0.00 Neither 1091 54.4 95.8 95.8
Valid 1.00 both 48 2.4 4.2 100.0
Total 1139 56.8 100.0
—99.00 Missing 78 3.9
Missing System 788 39.3
Total 866 43.2
Total 2005 100.0
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