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Abstract

We investigated the intra-patient heterogeneity of driver gene mutations among colorectal liver metastases by
sequencing 479 tumor samples from 106 patients. A near-perfect intra-patient concordance was found in the
mutation status of the primary tumor and multiple metastatic lesions of KRAS/NRAS/BRAF and PIK3CA when
high-sensitivity methods were applied. Mutations in KRAS alone and KRAS/NRAS/BRAF combined had a
negative prognostic impact after liver resection.

Background: The prevalence and clinical implications of genetic heterogeneity in patients with multiple colorectal liver
metastases remain largely unknown. In a prospective series of patients undergoing resection of colorectal liver me-
tastases, the aim was to investigate the inter-metastatic and primary-to-metastatic heterogeneity of mutations in
KRAS, NRAS, BRAF, and PIK3CA and their prognostic impact. Patients and Methods: We analyzed the mutation
status among 372 liver metastases and 78 primary tumors from 106 patients by methods used in clinical routine
testing, by Sanger sequencing, by next-generation sequencing (NGS), and/or by droplet digital polymerase chain
reaction. The 3-year cancer-specific survival (CSS) was analyzed using the Kaplan-Meier method. Results: Although
Sanger sequencing indicated inter-metastatic mutation heterogeneity in 14 of 97 patients (14%), almost all cases were
refuted by high-sensitive NGS. Also, heterogeneity among metastatic deposits was concluded only for PIKSCA in 2
patients. Similarly, primary-to-metastatic heterogeneity was indicated in 8 of 78 patients (10%) using Sanger
sequencing but for only 2 patients after NGS, showing the emergence of 1 KRAS and 1 PIK3CA mutation in the
metastatic lesions. KRAS mutations were present in 53 of 106 patients (50%) and were associated with poorer 3-year
CSS after liver resection (37% vs. 61% for KRAS wild-type; P = .004). Poor prognostic associations were found also
for the combination of KRAS/NRAS/BRAF mutations compared with triple wild-type (P = .002). Conclusion: Intra-
patient mutation heterogeneity was virtually undetected, both between the primary tumor and the liver metastases and
among the metastatic deposits. KRAS mutations separately, and KRAS/NRAS/BRAF mutations combined, were
associated with poor patient survival after partial liver resection.
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Introduction

Resection is considered the only potentially curative treatment of
colorectal liver metastases (CRLMs).! To improve survival after
resection and increase the resection rates, perioperative chemo-
therapy has become the standard of care, often including the use of
monoclonal antibodies. Resistance to antibodies targeting the
epidermal growth factor receptor (EGFR) is conferred by activating
mutations in the downstream regulators KRAS and NRAS (RAS),
and possibly BRAF and PIK3CA.>> At present, only RAS mutations
are used as negative predictive biomarkers in clinical practice.” The
clinical importance of these mutations has been reinforced by the
increasing evidence of a poor prognostic impact of both RAS and
BRAF mutations after resection of CRLMs.””

Molecular profiling is routinely performed of the primary tu-
mor and in single metastatic lesions, without considering the
subclonal evolution, resulting in potential tumor heterogeneity."’
The discordance rates in KRAS mutations between paired pri-
mary and metastatic tumors have been reported to range from
6% to 8%.'"""® However, the variation among studies has been
high, and mutated subclones in the primary tumor could remain
undetected owing to the low-sensitivity mutation tests currently
used in the clinic. This could be an explanation for the resistance
to targeted drugs in the metastatic setting, underlining the
clinical importance of the identification of low-frequency mutant
alleles.' '

The genetic heterogeneity among metastases in the same patient
(intra-patient inter-metastatic heterogeneity) has remained mostly
unexplored in colorectal carcinoma (CRQ),Y although the hetero-
geneity of genomic aberrations and gene mutations has been sug-
gested to have prognostic value.'®'” The aim of the present study
was to evaluate the prevalence and prognostic impact of intra-pa-
tient, inter-tumor heterogeneity in KRAS, NRAS, BRAF, and
PIK3CA mutations using both conventional Sanger sequencing and
ultrasensitive methods in patients with multiple liver metastases
treated with resection.

Patients and Methods
Patients and Samples

All patients admitted for resection of CRLMs at Oslo University
Hospital after October 2013 have been asked to participate in the
ongoing SMART (screening, management, research, and trans-
lation) study, except for those patients already participating in a
randomized trial of open versus laparoscopic liver resection (Oslo
COMET study).”® The SMART study is a prospective research
project that includes tumor tissue biobanking of samples from all
included patients; hence, retrospective entry is not allowed. The
Oslo University Hospital is the largest hospital in Scandinavia, with
responsibility for the surgical treatment of CRLM:s in patients living
in the South Eastern Norway Health Region, a population of 2.9
million people.

The present study of inter-tumor heterogeneity included patients
participating in the SMART study from October 2013 to March
2016 and who had > 2 resected liver metastases available for bio-
banking or fresh-frozen primary tumor tissue and > 1 metastasis
available. Details of patient inclusion are shown in Figure 1.

Immediately after resection, tumor tissue from individual meta-
static lesions > 5 mm were sampled, frozen in liquid nitrogen, and
stored at —80°C. From 106 patients, a total of 394 fresh-frozen
tumor samples from 372 liver metastases were available for anal-
ysis. Multiple (> 2) metastatic lesions from the same resection were
sampled from 97 patients, with a median of 4 lesions (range, 2-9)
per patient.

A total of 17 patients had undergone surgery for the primary
tumor at Oslo University Hospital and had fresh-frozen tissue
samples available (1-3 per patient; total, 24 samples). Formalin-fixed
paraffin-embedded (FFPE) specimens from another 61 primary
tumors had been submitted for diagnostic mutation analysis of
KRAS, NRAS, and BRAF as a part of clinical practice. Accordingly,
the mutation status for the primary tumor was available for 78 of
106 patients.

The preoperative investigation included magnetic resonance im-
aging and/or computed tomography of the liver and the lungs,
which were repeated after neoadjuvant treatment if administered.
The cases of all the patients were discussed in multidisciplinary team
meetings, and most patients with primarily resectable metastases
received neoadjuvant and adjuvant oxaliplatin-based chemo-
therapy.”' Patients with potentially resectable metastases at diag-
nosis had received conversion treatment with irinotecan- or
oxaliplatin-based chemotherapy and targeted agents. Patients with
extrahepatic disease were included if all metastatic tissue was
considered resectable.

The follow-up protocol after surgery included computed to-
mography of the liver and lungs and carcinoembryonic antigen
measurement every 4 months for the first year and then every 6
months for a total of 5 years.

Ethics Approval and Consent to Participate

The Norwegian Data Protection Authority and the Regional
Committee for Medical and Health Research Ethics, South-Eastern
Norway (REC numbers: 1.2005.1629; 2010/1805) approved the
present study, and all the patients provided written informed
consent.

Mutation Analyses

All mutation analyses are described in detail in the Supplemental
Appendix (available in the online version) and Supplemental
Tables 1 and 2 (available in the online version). In brief, all 418
fresh-frozen tumor samples (394 metastatic and 24 primary) were
analyzed using Sanger sequencing of BRAF exon 15, KRAS and
NRAS exon 2-4, and PIK3CA exon 9 and 20. In addition, FFPE
tissue from the primary tumor had been analyzed in the pathology
laboratories for KRAS (n = 69, including 8 tumors also with fresh
frozen samples), NRAS (n = 41), and BRAF (n = 51), with a
detection limit of 1% to 10% mutant allele frequency, using
different polymerase chain reaction (PCR)-based methods. Seven
tumor samples were excluded because of a low tumor cell
percentage.

Primary-to-metastatic mutation heterogeneity was defined as a
mutation detected in > 1 of the liver metastatic samples and not in
the primary tumor samples, or vice versa. Inter-metastatic
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Figure 1 (A) Inclusion of Patients Admitted to Oslo University

Hospital for Resection of Colorectal Liver Metastases.

(B) Number of Biobanked Liver Metastases per
Patient. *Data from Fretland et al.
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Abbreviation: CRLM = colorectal liver metastasis.

heterogeneity was defined as a mutation detected in < 100% of all
tumor samples from the liver metastases of that patient. Samples
from all patients found to have either primary-to-metastatic or inter-
metastatic mutation heterogeneity using Sanger sequencing (47
samples from 19 patients) were also submitted to ultra-deep targeted
sequencing (Illumina TruSight Tumor 15 gene panel; lllumina, San

Diego, CA) or exome sequencing. The mutation status was resolved
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using these data, with a cutoff for mutations of > 0.2% mutant
allele frequency for targeted sequencing and 4% for exome
sequencing, with at least twice the number of reads at the mutant
base compared with the other bases (noise) at the same position.
Additionally, predesigned droplet digital PCR (ddPCR) assays were
available for 6 of the mutations that were heterogeneous according
to Sanger sequencing, and mutation tests were performed using the
BioRad ddPCR Assays (BioRad, Hercules, CA) in 36 samples from
9 patients.

Microsatellite instability status was determined in all tumor
samples from both the primary tumors and the liver metastases
using PCR analysis of the BAT25 and BAT26 markers, as previ-

ously described.””*’

Survival Analyses

The overall survival, 3-year cancer-specific survival (CSS), and 3-
year time to recurrence (T'TR) in the liver was calculated using the
Kaplan-Meier method. The time to event or censoring was calcu-
lated from the start of treatment for liver metastases, which was
cither the date of surgical resection or the start of neoadjuvant
treatment. In the CSS analyses, death from CRC was defined as an
event, and patients were censored at 3 years after the start of
treatment or if they had died of other causes.”” In the analyses of the
TTR in liver, the recurrence of liver metastasis or death from CRC
were registered as events, and patients were censored after 3 years, at
the last determination of their disease status, or at death from
another cause.

Statistical Analyses

All statistical analyses were performed using IBM SPSS software,
version 24.0 (IBM Corp, Armonk, NY) and included a comparison
of the survival distributions using the log-rank test, multivariate Cox
proportional hazards method, and Fisher exact test. Two-sided P
values of < .05 were considered statistically significant. Owing to
the low number of patients, the determination of survival according
to commonly used clinical scoring systems was not performed.

Results
Clinical Patient Characteristics

A total of 106 patients, 69 men (64%) and 37 women (36%),
with a median age of 67 years (range, 21-85 years) were included.
Of the 106 patients, 75 (71%) had synchronous metastases
discovered at or within 6 months after the diagnosis. In 18 of these
patients, liver resection had been performed before resection of the
primary tumor.”” The median number of metastases seen on the
preoperative imaging scans was 6 (range, 1-20), and the median size
of the largest lesion was 3.1 cm (range, 1-16 cm).

The clinicopathologic features and treatment of the primary tumor
and liver metastases are presented in Table 1. Open procedures were
performed in 91 patients (86%) and laparoscopic in only 15 patients
(14%), because most patients suitable for laparoscopic resection were
not eligible for the present study owing to participation in another
study (COMET). Two-stage procedures (ie, portal vein embolization
or associating liver partition and portal vein ligation for staged hep-
atectomy) were performed in 29 patients (27%), and concomitant
radiofrequency ablation was applied in 12 patients. Only 2 patients

had been chemotherapy naive at liver resection.
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Table 1 Clinicopathologic Characteristics of Included Pa- Table 1 | Continued

tients (n = 106)

Characteristic n (%)
‘s o
Characteristic n (%) R1 resection of liver (< 1 mm)
Primary tumor location No extrahepatic disease 38 (36)
Colon 58 (59) Extrahepatic disease (R2) 8 (8)
Rectum 48 (49) R2 resection of liver 4 (4
T stage of primary tumor
pT2 76.5) Abbreviations: CRLMs = colorectal liver metastases; EGFR = epidermal growth factor receptor;
: RECIST 1.1 = Response Evaluation Criteria in Solid Tumors, version 1.1; VEGF = vascular
pT3 74 (70) endothelial growth factor.
T4 20 (19 Within 6 months after the diagnosis of colorectal cancer.
p (19 PAll except for 2 who later underwent resection (1 with a complete response to chemo-
Unknown 5 (4.5) radiotherapy and 1 with progression).
. “Resected simultaneously as liver metastases in 1 patient.
N stage of primary tumor “R status for all locations.
pNO 33 (31)
N 69 (65 .
E :- A (4 ) Mutation Prevalence
. n n(?w'n ' @ Mutation analysis of the liver metastasis samples from the 106 pa-
DS ETENE GG ST tients (with multiple metastases sampled from 97 patients) using Sanger
Well 18 (17) sequencing, ultra-deep sequencing, and ddPCR analysis detected KRAS
Moderate 65 (61) mutations in 53 (50%), NRAS mutations in 7 (6.6%), and BRAF
Poor 89 mutations in 4 patients (3.8%). All these mutations were mutually
Unknown 15 (14) exclusive, while 15 of the patients with KRAS exon 2-mutated tumors
Disease stage at diagnosis® also had a PIK3CA mutation (14%). Most of the KRAS mutations (47 of
I-ll 15 (14) 53; 89%) were located in exon 2. No correlation was found between
v 91 (86) these driver mutations and the number of liver lesions or the presence of
Previous treatment extrahepatic disease. Patients with right-sided colon cancer (including
Surgery of primary tumor” 87 (82) the transverse colon) had more mutations in these genes than did the
Neoadjuvant chemoradiotherapy 26 (25) patients with left-sided cancer (including the rectum). Mutations were
Chemotherapy 24 (23) detected in 21 of 26 right-sided (81%) and 40 of 80 of left-sided (50%)
o cancer (P = .006). All tumors were microsatellite stable. Details of the
Surgery of metastatic disease 24 (23) . o
Liver 20 (19 samples and mutations are presented in Supplemental Tables 3 and 4
L 2 2 (available in the online version).
unt . .
gl . X ) Of the 4 BRAF mutations, 2 were located in codon 594
Carcinomatosis 2°(2)

(D594G), a likely oncogenic mutation with possible distinct clinical

Preoperative treatment of current 26-28

associations from the more common codon 600 mutations.

CRLMs
Chemotherapy 87 82) One patien't had a muFatio.n.in KRAS codon 33,2:Vhich has been
o shown to display tumorigenicity in in vivo models.”” However, that
Oxaliplatin-based 41 (39) . . . .. .
: patient was not included as having a KRAS mutation in the survival
Irinotecan-based 34 (32) . . ..
analyses because of insufficient clinical data.
Both 12 (1)
Targeted treatment 36 (39) Primary-to-metastatic and Inter-metastatic Mutation
EGFR inhibitor 12 (1) Heterogeneity
VEGF inhibitor 21 (20) The analysis of 362 metastatic lesions from the 97 patients with
Both 3 multiple (> 2) lesions sampled (Figures 2 and 3) showed that intra-
Response (RECIST 1.1) patient inter-metastatic mutation heterogeneity was found in any of
Partial 30 (34) the 4 genes in 14 of the 97 patients (14%) using Sanger sequencing,.
Stable disease 38 (44) However, ultra-deep next-generation sequencing (NGS; average
Progression 79 coverage, 6446X for targeted and 195X for exome sequencing) and
Unknown 12 (14) droplet digital PCR analysis identified the corresponding mutations
Residual disease at a low allele frequency (median, 5%; range, 0.43%-18% for NGS)
RO resection o liver %n :;ll renlminin% tumors. fromhIZ .of these patie.nts (86%). 11ccord—
No extrahepatic disease 45 (42) 108 y.’ OIT yb2 (;1 77 pg.mir)l]t;a éj 1(nctie;- r'netals :mc.lmumnon .detzr?_
Extrahepatic discase (R2)" 100 geneity, in both cases in additional details are provided in

Supplemental Tables 3 and 4; available in the online version).
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We also compared the mutation status of the primary tumor
with that of the metastatic liver lesions in 78 patients (fresh-
frozen primary tumor tissue available from 17 patients and the
results of diagnostic testing of the primary tumor available for 61
patients). Using Sanger sequencing (Figures 2 and 3), primary-to-
metastatic mutation heterogeneity in any of the 4 genes was
identified in 8 of the 78 patients (10%) patients. It was found in
2 of the 17 fresh-frozen samples and 6 of the 61 FFPE samples
tested in a diagnostic setting. Three of the diagnostically tested
primary tumors were wild-type KRAS but with mutations
detected in the liver metastases, resulting in a potentally false-
negative predictive biomarker test result for 3 of the 61 FFPE
samples (5%). The lack of available tumor tissue prevented
further testing of these primary tumors. Using high-sensitivity
methods on the available fresh-frozen tumor samples from the
remaining patients with primary-to-metastatic mutation hetero-

geneity reduced the heterogeneity to 2 of 75 (3%). In both cases,

the results from the primary tumor were negative but multiple
metastatic samples were positive for either a KRAS or PIK3CA
mutation (Supplemental Tables 3 and 4; available in the online
version). The range of mutated allele frequencies for mutations in
the liver metastases not detected by Sanger sequencing was

0.20% to 1.4% (median, 0.49%) for NGS.

Disease Recurrence and Survival

Of the 106 patients, 56 (53%) had no residual disease in the liver
after resection (R0), 46 (43%) had a resection margin of < 1 mm
(R1), and 4 had had residual macroscopic tumor in the liver after
resection (R2). Of the patients with RO/RI liver resection, 19 had
synchronous lung or peritoneal metastases. Of these 19 patients, 4
had undergone later resection during the study period (Table 1). In
the 102 patients with RO/R1 resection, recurrence in the liver was
detected in 68 (67%) after a median of 11 months (range, 1-36
months). Of these 68 patients, 24 (36%) had later undergone

Figure 2 Primary-to-metastatic and Inter-metastatic Mutation Heterogeneity of RAS, BRAF, and PIK3CA. *Eight Primary Tumors Also
Underwent Diagnostic Testing of FFPE With Full Overlap in Mutation Status. {Two Overlapping Patients With Both Primary-

to-metastatic and Intermetastatic Heterogeneity. iMicroscopically Evaluated to Contain > 40% Tumor Cells. Five Tumors
From 3 Patients Were Excluded Because of an Assumed Low Tumor Cell Count. §Analyzed as a Part of Routine Clinical

Testing

All patients (n=106)

Materials

-

[ ermeat gy

Mutation status —> 70 patients 82 patients | «—
Sanger Concordance with Concordance in all
X / \ liver metastases metastases
sequencing
Zﬁﬁ e i’_: 3 patients 3 patients 2 patientst 14 patientst
BRAF exon 15 Primary tumor MUT | Primary tumor WT Primary tumor WT Metastases both
PIK3CA exon 9 and 20 Metastases WT Metastases MUT Metastases MUT MUT and WT
NGS
KRAS exon 2-4
NRAS exon 2-4
BRAF exon 15 Mutation No primary . Mutation
PIK3CA exon 9 and 20 detected in tumour tissue o muta.t|on detected in all
ddPCR metastases from available for d.etected ot liver metastases
3 X primary tumors .
KRAS codon G12D, 3/3 patients further testing of 12/14 patients §
G13C, A146T
NRAS codon G12D
BRAF codon V600E
PIK3CA codon E545K l l l l

*8 primary tumors also underwent diagnostic testing of FFPE with full overlap in mutation status
12 overlapping patients with both longitudinal and inter-metastatic heterogeneity
Fmicroscopically evaluated to contain >40% tumor cells

§5 tumors from 3 patients excluded due to assumed low tumor cell count

9Analyzed as part of routine clinical testing

FFPE: formalin-fixed paraffin-embedded tissue

MUT: mutation

WT: wild type

NGS: Exome sequencing (200X) or Targeted Sequencing (5000X)
ddPCR: droplet digital PCR

Abbreviations: ddPCR = droplet digital polymerase chain reaction; FFPE = formalin-fixed paraffin-embedded; MUT = mutation; NGS = exome sequencing (200 x) or targeted sequencing (5000 x);
WT = wild-type.
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Figure 3 Number of Metastatic Lesions per Patient With Mutations in Cancer Driver Genes. Mutations (mut) Were Detected Using (A)
Sanger Sequencing and (B) Exome/Targeted Next-generation Sequencing (NGS), With Excluded Samples With an Assumed

Low Tumor Cell Count Shown. The Mutation Status of the Primary Tumor According to the Diagnostic Test Results Is Shown.
BRAF Mutations Were V600E, Except for 2 D594G Mutations, Marked With an Asterisk
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resection of the recurrent liver metastases. A total of 34 patients
were observed for a median of 22 months (range, 6-36 months)
without evidence of metastatic liver recurrence. A total of 46 pa-
tients (43%) had developed extrahepatic recurrence, most (34 of 46;
74%) to the lungs. Only 14 patients (13% of all 106 patients) were
disease-free (without hepatic or extrahepatic recurrence) throughout
the study period. Four of these patients had died of other causes (ie,
liver failure, sepsis, comorbidity).

The median overall survival was 36 months, with a median
follow-up time of 35 months. The estimated 3-year CSS was 49%
overall and was 71% after RO resection in liver and no evidence of
extrahepatic disease, 35% after R1 resection (P = .007), and 31%
after R2 resection (ie, macroscopic intra- and/or extrahepatic re-
sidual disease). The median interval to recurrence in the liver was 15
months (95% confidence interval, 12-18), with an estimated 3-year
TTR in the liver of 16%.
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Mutation Status and Survival

Patients with metastases harboring a KRAS mutation (n = 53;
50%) had significantly poorer survival compared with that of pa-
tients with KRAS wild-type tumors, with a 3-year CSS of 37% and
61%, respectively (P = .004; Figure 4A). The 6 patients with KRAS
codon 13 mutations had a 3-year CSS of 22%. For the multivariable
analyses, age and potentially prognostic factors with P < .10 on
univariate analyses were included. The final model include age, R
status, and number of liver metastases and showed that the presence
of a KRAS mutation was a significant, independent, and negative
prognostic factor for 3-year CSS (hazard ratio, 3.3; 95% confidence
interval, 1.6-6.5; P = .001).

The low prevalence of BRAF and NRAS mutations precluded
meaningful analyses of the prognostic impact of these factors alone.
Nevertheless, mutated KRAS, NRAS, and BRAF were mutually
exclusive and regulate the same signaling pathway. Therefore, we
tested the prognostic impact of a KRAS, NRAS, or BRAF mutation
versus all wild-type samples. We again found a strong prognostic
impact of mutation for each gene, with a 3-year CSS of 38% versus
66% (P = .002; Figure 4B).

PIK3CA mutations, which had affected fewer than one third
of the patients with KRAS mutations, were associated with
reduced survival (3-year CSS, 28% vs. 52% for wild-type
PIK3CA; P = .037). However, the survival difference was
not significant when comparing those with KRAS and PIK3CA
mutations to patients with mutations in KRAS/NRAS/BRAF
and wild-type PIK3CA (3-year CSS, 28% vs. 40%; P = .37;
Figure 4C).

Discussion

In a series of patients who had undergone surgical resection for
liver metastases from CRC, we conducted a detailed examination
of the intra-patient and inter-metastatic heterogeneity of the

driver gene mutations. We found no inter-metastatic

heterogeneity for KRAS, NRAS, or BRAF mutations. However, we
have also confirmed that heterogeneity scoring is highly depen-
dent on the depth of the mutation analyses. The 14% heteroge-
neity level detected using Sanger sequencing is in concordance
with the findings from the only comparable study of inter-meta-
static heterogeneity of these mutations.'” However, highly sensi-
tive mutation analyses reduced the heterogeneity rate to only 2%
of our patients.

Thus, the RAS and BRAF mutations were homogeneous with
respect to the presence or absence of mutations in all liver me-
tastases but heterogeneous with respect to their allelic fractions
among the metastatic deposits from the individual patients. This
might explain the previously reported greater prevalence of het-
erogeneity among metastatic tumor samples,w owing to the use of
low-sensitivity methods. Low-sensitivity methods have been
demonstrated to detect < 50% of the mutations that can be
detected with high-sensitivity methods.” In the present study, the
median of the mutated allele frequencies found was < 5% for the
mutations detected using ultra-deep NGS but not using Sanger
sequencing. The heterogeneity of the mutated allele fractions
could also explain why 5% of the patients considered to have
wild-type KRAS for the primary tumor in a clinical routine setting
were found to have KRAS-mutated metastases. In the clinical
setting, 1 sample from the primary tumor will usually be tested to
predict the effect of anti-EGFR therapy on metastases. Pooled
analyses from several studies comparing KRAS mutation status in
the primary tumor and distant metastases have demonstrated
false-positive and false-negative results, with a concordance rate
from 81% to 97%, depending on the mutation test method
used.'" Routine diagnostic testing can fail to detect clinically
relevant  subclones in patients in whom resistance s
developing.”'™® A subclone fraction as low as 1% for RAS
pathway genes has been suggested to result in resistance to anti-
EGFR therapy in CRC, with an inverse correlation between the

Figure 4 Three-year Cancer-specific Survival Stratified by (A) KRAS, (B) KRAS, NRAS, and BRAF, and (C) KRAS, NRAS, BRAF, and

PIK3CA Mutation (mut) Status. P Values of KRAS/NRAS/BRAF Mutation With Wild-type (wt) PIK3CA Versus KRAS and PIK3CA
Mutation Indicated
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KRASwWt 53 52 52 48 42 25 14 RAS/BRAFwt 42 42 42 40 34 20 12 Allwt 42 42 42 4 33 20 12
KRASmut 53 52 48 38 26 20 9 RAS/BRAFmut 64 62 58 46 34 25 11  RAS/BRAFmut 4 47 45 36 27 2 9

KRAS+PIK3CAmut 15 15 13 10 7 4 2
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mutated subclone fraction and the response.‘w‘% Accordingly, the
mutation detection threshold for the prediction of efficacy of anti-
EGFR therapy should be prospectively investigated.

The heterogeneity of mutated allele fractions among tumor le-
sions might result from subclonal expansion during metastatic
progression, possibly affected by systemic treatment. Resistance to
targeted treatment has been shown to emerge when the mutant
subclone has expanded, which commonly occurs within the first

. . . 32.37
months and is almost inevitable.”>*’

In the present study, anti-
EGFR therapy had been administered to only 1 of the patients
with wild-type primary tumor and RAS-mutated liver metastases.
Thus, the treatment might explain the mutation detected in the
liver metastases, which had resulted from clonal expansion and ac-
quired resistance. Heterogeneous allele fractions might also reflect
sampling bias and variation in the tumor cell percentage in the
samples. Anyway, these findings suggest that the use of sensitive
mutation detection methods might improve the accuracy and
interpretation of clinical biomarkers. The results from several studies
support our findings that RAS and BRAF mutations are homoge-
neous among metastases, provided that high-sensitivity methods

have been used,”®*°

which has also been the case for other cancer
types.* Studies with conflicting results have used low-sensitivity
analyses'” or have included very few tumor samples.”!

However, the “true” inter-metastatic heterogeneity of PIK3CA
mutations in 2 of our patients (2%) highlight the potential for
mutation heterogeneity of other driver genes, which was also shown
in a recent study.*” Patients with inter-metastatic mutation het-
erogeneity using Sanger sequencing did not have poorer survival
compared with those patients with homogeneous mutations (data
not shown). Although in contrast to a previous study,]‘) this sup-
ports our conclusion that the results from Sanger sequencing will
not reflect the “true” mutation heterogeneity. The cases with mu-
tation heterogeneity detected using high-sensitivity methods seemed
to identify a poor prognostic subgroup. However, no conclusions
could be drawn owing to the low number of patients. No significant
differences in survival were found between patients with synchro-
nous and metachronous disease (data not shown). Also, among the
few patients with mutation heterogeneity, the temporal nature of
the disease had no effect, in line with the findings from previous
studies. ™

Nevertheless, heterogeneity in CRC beyond driver gene muta-
tions has been demonstrated and is likely to affect tumor progres-
sion and the response to treatment. A large number of subclones in
the primary tumor, which correlated with a high degree of hetero-
geneity,”® and the heterogeneity of genome-wide copy number
aberrations'® have both been associated with a poor prognosis. We
have also demonstrated that intermetastatic heterogeneity in
response to neoadjuvant treatment will be associated with poor
survival after resection of CRLMs.”” This response heterogeneity
was not explained by the heterogeneity in these driver genes, indi-
cating that several aspects of heterogeneity can be associated with
disease behavior and prognosis.

The presence of a KRAS mutation in liver metastases had a
negative prognostic impact in patients who had undergone
resection for CRLMs, in accordance with the findings from several
other studies.”” Most previous studies of KRAS mutations and

Tuva Hopst Brunsell et al

prognosis after resection have reported on retrospective cohorts,
often selecting patients who had undergone mutation testing in
the clinical setting. Additionally, mutation status has usually been
analyzed in the primary tumor only and/or using low-sensitivity
methods, resulting in a lower KRAS mutation prevalence than
detected in the present cohort. To the best of our knowledge, the
present study is the first to show the prognostic significance of
KRAS mutations in multiple resected CRLMs analyzed using
high-sensitivity methods. In patients with primarily resectable
liver metastases, EGFR blockade has no known clinical benefit
and is administered only to patients with potentially resectable or
unresectable metastases.*® Thus, KRAS, in addition to being a
predictive marker, is a prognostic biomarker for patients under-
going resection of CRLMs, irrespective of the use of systemic
treatment.

The present study included patients with multiple liver metas-
tases that were large enough for biobanking and molecular analyses
and excluded most patients who had undergone laparoscopic
resection of metastases. Accordingly, our patients had a tumor load
that was greater than the average, which might explain the greater
rate of positive resection margins and inferior survival compared
with other unselected patient series.

Conclusion

The intra-patient concordance in mutation status of the cancer
genes KRAS, NRAS, BRAF, and PIK3CA was proved to be very high
in CRLMs when using high-sensitivity methods, both between the
primary tumor and the liver metastases and among multiple liver
metastases. Homogeneous KRAS mutation of liver metastases has
been shown to have a negative prognostic impact after resection of

CRLMs.

Clinical Practice Points
e Mutations in KRAS, NRAS, and, possibly, BRAF have been
shown to confer resistance to EGFR inhibitors in CRC liver

metastases.

Previous studies, using methods with varying sensitivity, have
reported discordance in mutation status among multiple liver
metastases in 14% and between the primary tumor and liver
metastases in 6% to 8% of patients.

e We found that the murtation status of the mutually exclusive
KRAS, NRAS, and BRAF genes is not dependent on the lesion
profiled in resectable CRLMs, owing to the near-perfect intra-
patient concordance in mutation status of the primary tumor and
multiple metastatic lesions, provided that highly sensitive
methods are used (NGS and digital droplet PCR).

Comparing the corresponding diagnostic data using less-sensitive

methods with those using high-sensitivity methods has revealed
false results, with obvious clinical relevance for prediction and
prognosis; hence, only high-sensitivity methods should be
applied in the clinical setting.

e We have also confirmed the negative prognostic value of KRAS
after resection of CRLMs, alone or combined with NRAS and
BRAF, in line with previous findings.
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Appendix A
Muration DeTeCTION USING SANGER SEQUENCING

The tissue samples (15-30 mg) were homogenized in liquid ni-
trogen before DNA extraction. DNA was extracted using the Qia-
gen AllPrep DNA/RNA/miRNA Universal Kit (catalog no. 80224;
Qiagen, Hilden, Germany) standard manual protocol, with the
addition of 2 washing steps. The DNA concentration was deter-
mined using the NanoDrop 1000 spectrophotometer, version 3.7.1
(Thermo Fisher Scientific, Waltham, MA).

All tumor samples (n = 418) were analyzed using Sanger
sequencing of BRAF exon 15, KRAS, and NRAS exon 2-4 and
PIK3CA exons 9 and 20. Singleplex polymerase chain reaction
(PCR) reactions were used to amplify PIK3CA and KRAS exon 2 in
a 25-pL reaction mix containing 10x HotStar-buffer, dNTP
(deoxynucleoside triphosphate), and HotStar Taq polymerase, in
addition to 50 ng of DNA and primers, as described in
Supplemental Table 1 (available in the online version). NRAS,
BRAF exon 15, and KRAS exons 3 and 4 were amplified in
multiplex PCR reactions with the Qiagen 2x Multiplex PCR kit.
The PCR products were purified using ExoStar 1-step before Big-
Dye Terminator, version 1.1. The Cycle Sequencing Kit and 3730
DNA Analyzer were used for sequencing (Applied Biosystems,
Waltham, MA); premix (Big Dye Terminator, version 1.1) buffers
(5x BDT sequencing buffer) and primers were added. DNA from
blood samples from 2 healthy donors was used as controls. The
results were analyzed using the Sequencing Analysis software,
version 5.3.1, and SeqScape software, version 2.5 (Applied Bio-
systems). The results were scored independently by 2 observers. All
mutations were validated using an independent PCR and forward
and reverse sequencing. When discordant results were found be-
tween lesions from the same patient (inter-tumor heterogeneity), all
results, including the wild-type results, were verified with a second
run. If discordance was still present in the mutation profile, the
samples were analyzed using next-generation sequencing and

droplet digital PCR (ddPCR).

Muration Detection by Targeted Sequencing

A total of 47 samples were submitted to ultra-deep targeted
sequencing of KRAS, NRAS, BRAF, and PIK3CA included in the
Hlumina TruSight Tumor 15 gene panel (Illumina, San Diego,
CA).

Sample preparation was performed in accordance with the pro-
tocol. In brief, by amplifying and tagging 25 ng of gDNA for library
A and library B per sample, before indexing, purification, and
quality controls. All libraries had size distributions in line with the
recommendations, with concentrations much greater than 20 ng/uL
and a size distribution peak of ~300 bp. The libraries were
normalized, pooled, denatured, and diluted in accordance with the
protocol, except for the pooling of 16 samples, rather than 8 as
suggested by the vendor. The 16-sample library pools were
sequenced on an Illumina MiniSeq using a high-throughput pro-
tocol, with 300 cycles per kit and an average of 89.1% reads per
passing filter. Raw fastq files were aligned to the human genome
reference (hgl9) using the Burrows-Wheeler aligner, version 0.7.5a,
in maximum exact matches mode. Sequence alignment map files
wete sorted and converted to binary alignment map files using the
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Picard software package, version 1.102, and variants were called
using the SAMtools, version 1.1, mpileup function.

Mutation Detection Using Exome Sequencing

From the 17 patients with biobanked primary tumor and liver
metastasis samples, the data regarding KRAS, NRAS, BRAF, and
PIK3CA mutations were extracted from the existing exome
sequencing data (24 primary tumor samples; 89 liver metastasis
samples). Matched normal colonic mucosa was used as a normal
control. The exome sequencing data have not been reported but
were performed as previously described.’

Mutation Detection Using ddPCR

Mutation detection using ddPCR was performed in 36 samples
with BioRad ddPCR Assays (BioRad, Hercules, CA; mutation as-
says are presented in Supplemental Table 2; available in the online
version). A total of 50 ng of DNA from tumor samples was used as
the input per well. DNA from the SW48 colon cancer cell line was
used as a negative control (wild-type positive). For a positive con-
trol, DNA from mutation-positive lesions as detected by Sanger
sequencing from the corresponding patients was used (mutation-
positive). Finally, water was used as a nontemplate control. The
PCR reaction mix and PCR program were set up as recommended
by the vendor, including ddPCR Supermix (without UTP) for
probes and primer/probe mix labeled with fluorescein (FAM) and
hexachlorofluorescein (HEX) fluorophores for target and reference
sequences, respectively. The experiments were performed using a
QX200 Droplet Digital PCR system (BioRad), consisting of a T100
Thermal cycler for PCR, a QX200 Droplet Generator, and a
QX200 Droplet Reader. The results were analyzed and visualized
using QuantaSoft, version 1.7.4, software (BioRad). Two replicates
per tumor sample were analyzed and merged. Calculation of the
absolute number of positive events for a given channel (FAM or
HEX) and the fractional abundance of mutation for each sample
were performed using the QuantaSoft software. The fractional
abundance of the mutant allele was obtained by dividing the
number of copies per microliter of mutant allele (FAM channel) by
the total copies per microliter of wild-type allele (HEX) plus mutant
allele (FAM): [A/(A + B)]. A total of 50 ng of DNA contains
~15,000 haploid genomes, resulting in a detection sensitivity down
to 2 0.02% allele frequency of mutations in optimal conditions. The
software provides mutation scoring using the comparison of the
merged results of 2 replicates with fractional abundance of positive
droplets in the negative control. The average number of accepted
droplets was 20,109 per well.

Diagnostic Sequencing in Formalin-fixed Tissue

For EGFR antibody treatment guidance for metastatic CRC, a
total of 69 primary tumors had been analyzed in the diagnostic
laboratory of our pathology department for the detection of KRAS,
NRAS, and BRAF mutations, with a detection limit of 1% to 10%
of mutant allele frequency. The methods used included allele-
specific real-time PCR (BRAF VGOOE/K; KRAS codons 12, 13,
61, 117, and 146), pyrosequencing (NRAS codons 12, 13, and 61;



BRAF codon 464-469 and 600; Therascreen Pyro Kit; Qiagen) and
melting curve analysis (KRAS codons 12, 13, and 61; Cobas test,
Roche Diagnostics).

Microsatellite Instability Testing

Microsatellite instability (MSI) status was determined in all tu-
mor samples from both primary tumors and liver metastases from
the 106 patients (n = 418) by analyzing the mononucleotide re-
peats BAT-25 and BAT-26, as previously described.”” These 2
markers have the capability of identifying 97% of MSI cases.” If the
results were inconclusive, the samples were analyzed for 5 markers
(BAT-25, BAT-26, NR-21, NR-24, MONO-27) with the MSI
Analysis System, version 1.2 (Promega), in accordance with the

manufacturer’s instructions.

Tuva Hopst Brunsell et al

Excluded Samples

In 7 tumor samples from 5 patients with mutations detected
in other samples, no mutations were detected using Sanger
sequencing or the targeted next-generation sequencing panel
analyzing 15 cancer-related genes. These samples were also
analyzed using ddPCR without detecting the same mutations
detected in the corresponding liver metastases. High-resolution
allele-specific DNA copy number data (Affymetrix CytoScan
HD SNP Array) was available for all but 1 sample and showed a
diploid profile clearly different from that of the other metastases
from the same patients. Thus, it is likely that the sample had
been taken from an area without viable tumor tissue and that the
absence of mutations reflected a low tumor cell count; hence,

these samples were excluded.
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Supplemental Table 1 | Primers Used for Sanger Sequencing

Gene Exons | Product Size
BRAF 15 224
KRAS 2 256
3 244
4 390
NRAS 2 227
3 300
4 238
PIK3CA 9 487
20 805

Forward Primer (5'-3')

fcataatgcttgetctgatagga
actggtggagtatttgatag
ccagactgtgtttctcecttc

tgacaaaagttgtggacaggt
tactgtagatgtggctcgee
attgaacttcecteecteee

gcctaatcttgtttttcttatgttctg
gattggttctitcctgtctctg
aagcctetctaattttgtgac

Reverse Primer (5'-3')

ggccaaaaatttaatcagtgga
gtatcaaagaatggtcct
actccttaatgtcagcttattatattc
aagaagcaatgccectetcaa
ccgacaagtgagagacagga
tgtggtaacctcatttcceca
cttgcacaaatgctgaaage
ccacaaatatcaatttacaaccattg
aaactccagtttacttacacc

Annealing
Temperature
59°C
50°C
59°C
59°C
59°C
59°C
59°C
58°C
54°C

Cycles, n

35
35
35
35
35
35
35
35
35

Supplemental Table 2 | Mutation Assays Used for Droplet Digital PCR

Mutation Assay

KRAS p.G12D

KRAS WT for p.G12D
KRAS p.G13C

KRAS WT for p.G13C
KRAS p.A146T

KRAS WT for p.A146T
NRAS p.G12D

NRAS WT for p.G12D
PIK3CA p.E545K
PIK3CA WT for p.E545K
BRAF p.V600E

BRAF WT for p.V600E

Assay ID
dHsaCP2000001
dHsaCP2000002
dHsaCP2500594
dHsaCP2500595
dHsaCP2000079
dHsaCP2000080
dHsaCP2000095
dHsaCP2000096
dHsaCP2000075
dHsaCP2000076
dHsaCP2000027
dHsaCP2000028

Fluorophore
FAM
HEX
FAM
HEX
FAM
HEX
FAM
HEX
FAM
HEX
FAM
HEX

Abbreviations: FAM = fluorescein; HEX = hexachlorofluorescein; ID = identification; PCR = polymerase chain reaction; WT = wild-type.
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Supplemental Table 3 Data From All Patients With Number of Biobanked Samples and Mutation Status According to Sanger Sequencing and Diagnostic Sequencing

10

1

12

13

14

15

16

17
18

Sanger Sequencing

Diagnostic Sequencing

Biobanked
Metastasis
Samples, n

2+ PT

Total Samples, n
3

KRAS, NRAS, BRAF, PIK3CA
Mutation
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
PIK3CA
KRAS
KRAS
KRAS

Mutation Type
G12D
E545K
G12D
E545K
G12D
E545K
G12D
E545K
G12D
Q546E
G12D
H1047R
G12S
H1047R
G12V
E545K
G12V
E545K
G12v
E545K
G12v
E545K
G12C
E545K
G12C
0546R
G13D
E542K
G13D
E545A
G12D
G12D
G12D

Mutation
Fraction®
0.67
0.33
0.75
0.75

"
0.14
"

o O

—_a4 a4 a4 0O 4 4 4 0O 4 4 4 4 4 a4 a0 0O - -4 4 o

o
~
o

0.25

KRAS Diagnostic
Mutation (liver)

Mutation

Mutation
Mutation
Mutation
Mutation

Mutation (lung)

Mutation

Mutation
Mutation

Mutation
Mutation

NRAS
Diagnostic

BRAF Diagnostic
WT

WT
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Supplemental Table 3 | Continued

Pt. No.

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Sanger Sequencing

Diagnostic Sequencing

Biobanked
Metastasis
Samples, n

Total Samples, n
6

—_

AN W WW o oW OoOINNN O WO R 0NN ONWOoW o N oD NN o ©

KRAS, NRAS, BRAF, PIK3CA
Mutation
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS
KRAS

Mutation Type
G12D
G12D
G12D
G12D
G12D
G12D
G12v
G12v
G12v
G12v
G12v
G12V
G12v
G12v
G12C
G12C
G12C
G12C
G12C
G12A
G12A
G12A
G12S
G12S
G13C
G13C
G13D
G13D
A146T
Q61H
Q61R
Q61R
K117N
A146T

Mutation
Fraction®

KRAS Diagnostic
Mutation
Mutation (liver)
Mutation

Mutation
Mutation
Mutation

Mutation
Mutation
Mutation
Mutation
Mutation
Mutation
Mutation
Mutation
Mutation
Mutation
Mutation
Mutation

VVTC
Mutation
Mutation

WT (liver)?
Mutation

Mutation
WTC
\NTC

NRAS
Diagnostic

WT
WT

55

55

BRAF Diagnostic
wT
wT
wT

WT

WT

WT
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Supplemental Table 3 ' Continued

Diagnostic Sequencing

Pt. No.

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
n
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

Sanger Sequencing

Biobanked
Metastasis
Samples, n
1+ PT + Rec
1+ PT
4
3+ PT
5
5
4
2+ PT

w

O o1 O O o1 O O BB R DR DWW LWNDNDNDNDNDDND RN DN W

Total Samples, n
3

O o1 O OOl O O DR DS DWW LWNDNDNDNNDNDNDBARENDDNDWWWS oo 0O

KRAS, NRAS, BRAF, PIK3CA
Mutation
(KRAS)
NRAS
NRAS
NRAS
NRAS
NRAS
NRAS
BRAF
BRAF
BRAF

Mutation Type
(D33F)
G12D
G12D
G12v
Q61K
Q61K
Q61R
D594G
D594G
V600E

SE5555355555355555555555355§3

Mutation
Fraction®

KRAS Diagnostic
wT

WT
WT

WT (liver)®
WT

Mutation

S5S55555555555555

NRAS
Diagnostic
WT

Mutation
Mutation

WT
WT

Mutation

S5S5S5555555555555555555

BRAF Diagnostic
wT

WT
WT

55

5

Mutation

SE5S55555555555555555°5%
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Supplemental Table 3 | Continued

Sanger Sequencing Diagnostic Sequencing
Biobanked
Metastasis KRAS, NRAS, BRAF, PIK3CA Mutation NRAS

Pt. No. Samples, n Total Samples, n Mutation Mutation Type Fraction® KRAS Diagnostic Diagnostic BRAF Diagnostic
87 5 5 WT WT WT WT
88 5 5 WT WT WT WT
89 5 + PT + Rec 7 WT WT (liver) WT WT
90 5 + PT + Rec 12 WT WT WT WT
91 3 3 WT WT WT WT
92 2 2 WT WT WT
93 5 5 WT WT WT
94 5 + Rec 6 WT WT WT
95 6 6 WT WT WT
96 1+PT 2 WT

97 24+ PT 5 WT

98 3 + Rec 4 WT

99 2 + Rec 3 WT

100 2 2 WT

101 2 2 WT

102 2 2 WT

103 3 3 WT

104 4 4 WT

105 4 4 WT

106 5 8 WT

Empty cells mean that patient tumor samples have not been tested in the diagnostic setting.

Abbreviations: PT = primary tumor; Pt. No. = patient number; Rec = recurrence of liver metastases; WT = wild-type.

8For 7 patients, diagnostic formalin-fixed paraffin-embedded testing was performed using metastatic tissue (6 liver samples and 1 lung sample).
PMutation fraction reflects the intrapatient mutation frequency of tumor samples using Sanger sequencing.

“Discordance between diagnostic testing and Sanger sequencing.

dAnalyzed using a mutation assay that did not include this specific mutation.

SINTID DM ut suones pDEId/AVIL/SVY



cpo ‘ 0207 Yoy Jeoun) [ppatojo) [oaiul)

Supplemental Table 4 Overview of Results of Sensitive Mutation Detection (Targeted/Exome Next-generation Sequencing) for All Patients With Heterogeneous Mutations Detected Using

Sanger Sequencing

NGS ddPCR
Sanger
Variable Score % | T | (H | G | A % Score Alt Ref Alt Ref [Final Score
Intra-patient heterogeneity Exome sequencing
Pt 47 KRAS Primary WT? 0 0 74 0 0 0.02 WT 3 10,309 3 6437 Wt
Ala146Thr
T1-1 Mut 23 12° 40 0 0 30 Mut 2098 5201 Mut
T1-2 Mut 31 15 33 0 0 40 Mut 3500 6251 Mut
Pt 1 PIK3CA Primary WT? 0 0 0 107 0° 0.06 WT 6 10,568 12 8325 WT?
Glu545Lys
T Mut 13 0 0 53 8 30 Mut 3676 5371 Mut
T2 WT? 6.1 0 0 107 7° 4.8 Mut 505 7304 Mut®
KRAS Primary Mut 44 57" 73 0 0 Mut
Gly12Asp
T Mut 49 50" 53 0 0 Mut
T WT? 4.1 7° 162 0 0 Mut®
Pt 56 NRAS Primary Mut 19 0 80 0 19° Mut
Gly12val
T1-1 WT? 48 0 79 0 4 Mut®
T1-2 WT? 4.2 0 91 0 4 Mut®
T Mut 34 0 42 0 20" Mut
T4-1 Mut 8.1 0 124 0 11° Mut
T4-2 Mut 73 0 102 0 8" Mut
Primary-to-metastatic
heterogeneity” Targeted sequencing
Pt 65 BRAF VB00E T WT? 0.26 97° 11 15 37,805 0.08 Mut 13 8422 4 7265 Mut®
T2 WT? 1.2 467" 13 23 37,244 0.9 Mut 84 6807 88 7309 Mut®
T3 WT? 0.20 67" 6 13 32,858 0.3 Mut 30 5150 52 12,285 Mut®
T4-1 WT? 0.10 29" 8 28 29,900 0.01 Mut 1 11,621 4 9256 WT°
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Supplemental Table 4 ' Continued

Primary-to-metastatic

heterogeneity”

Pt 63 KRAS
Gly12Asp

Pt 64 NRAS
Gly12Cys

T2-1

T4
T1-1

T2

Inter-metastatic heterogeneity

Pt2

Pt7

Pt 13

KRAS
Gly12Asp

PIK3CA
Glub45Lys

KRAS
Gly12Ser

PIK3CA
His1047Arg

KRAS
Gly12Cys

PIK3CA
GIn546Arg

T1-1

T2
T3
T4

T1-1

T2
T3
T4
T

T2
T3-1
T4
15
T

T2
T3-1
T4
5
Tl

T2-1
Ti-1

T2-1

WTH

WTH
VVTa

W'I'a

Mut

Mut
Mut
W-I—a
Mut

Mut
Mut
WTa
Mut

W-I—a
Mut
Mut
Mut
WTa

WTa
Mut
Mut
Mut
Mut

Mut
Mut

WTa

0.60

0.15
0.37

1.4

42

0.16
47

0.04
16

0.66
36

9.6

0.43
19

42

19
36

54

Targeted sequencing

50"

11°
2

Targ
4709"

16"
35

38
967"

56°
3498"

30

31
50

8278

7392
16,315

17,884

6536

10,051
10

30
5137

7916
6895

12
32

2194

3610

4

12
19

22

eted sequencing

9

12
7855

14,460
4

17

3180°

277"
11,067°

1704°

318"

18
60°

259°

15
6943"

6b
14

20
16

29,259

45,262
42,509

1604°

829"
3073

5545

1.4

0.07

42

21

28
0.13

44

22
29
0.12

Mut

Mut

Mut
Mut
Mut
Mut

Mut
Mut

3

5646

1019
1944

17
6188

1349
1750
"

5238

6523

7531

4156
5438
9433
7715

4887
4453
6468

109

32

5503

6033

13,073

7619

Mut®

Vv-l—f
Mut®

Mut®

Mut

Mut
Mut
WTe
Mut

Mut
Mut

Mut

Mut®
Mut
Mut
Mut
Mut®

Mut®
Mut
Mut
Mut
Mut

Mut
Mut

Mut®
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Supplemental Table 4 | Continued

Inter-metastatic heterogeneity

Pt 50 KRAS T1-1
Glu61Arg

T2

Pt 44 KRAS T1-1
Gly13Cys

T2-1
T3

Pt 3 KRAS T1-1
Gly12Asp

T2
T3-1
T4-1
T5-1
171
T9-1

PIK3CA T1-1
Glu545Lys

T2
T3-1
T4
T5-1
171
T9-1
Pt15 KRAS T1-1
Gly13Asp
T2-1
T3-1

T4

15

PIK3CA -1
Glu545Ala

T2-1

T3-1
T4
T5

W-l-a

Mut
Mut

Mut
W‘l’a
Mut

Mut
Mut
Mut
Mut
Mut
Mut
W-l—a

W-l—a
W-l-a
Mut
W-l—a
W-l—a
W-l—a
Mut

Mut
Mut
Mut
Mut
W-l—a

Mut
Mut
W-l—a
W-l—a

18

29
15

9.4
8.9
75

72
65
56
75
65
73
0.03

0.03
45
0.01
0.04

18

39

16

17
0.09

50
0.1
0.08

Targeted sequencing

6531

5660
0

5953"

5767"
4945°
2389"
6012°
5229°
5855"
19

36
27
19
43
27
22

889"

21410

820°

878"
27

25
16
21

1467

2351
3658

3148
3938
2035

2240
2706
1887
1989
2769
2151
19

36
29
17
25
10
28
3986

3348

4375

4324
14P

6761°
17°
13"

2

N W = N

4
11,123

17,487
11,910
4196
15,715
13,072
14,501
1

N — —

3477°
2b
5b
Ob

1A
15,134

6782
15,993
16,225

0.02

0.01
0.05
24
0.02
0.01
0.02

ES53 3

553

6683

5736
6237
7424
6454
6600
4537

6491

6713
6760
6955
7126
6395
5211

Mut®

Mut
Mut

Mut
Mut®
Mut

Mut
Mut
Mut
Mut
Mut
Mut
WTH

W-l—a
WTa
Mut
W-l—a
W]'a
WTH
Mut

Mut
Mut
Mut
Mut
WTH

Mut
Mut
W-l—a
WTa
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SINTID DM ut suones pDEId/AVIL/SVY

Inter-metastatic heterogeneity

Pt 11 KRAS Gly12Va T1-1
T3-1
T4-1
T5-1
T6

PIK3CA T1-1
Glu545Lys

T3-1
T4-1
T5-1

T6

Pt 55 NRAS T1-1
Gly12Asp

T2
T3
T4

Pt 43 KRAS T
Gly13Cys

T2
T3
T4
T5

Pt 16 KRAS T1-1
Gly12Asp

T2-1
T3
T4

Pt 45 KRAS T1-1
Gly13Asp

T2-1
T4-1
T6-1

17

Mut
Mut
Mut
Mut
Mut

Mut
Mut
Mut
Mut
Mut

Mut

Mut
Mut
Mut

Mut
Mut
Mut
Mut

19

0.04
0.08
0.3

0.2

8.4

2.7
44
0.7
4.8

Targeted sequencing

4 3586 0
5 3260 4
3 8 5351
0 3 2937
17,113° 2636 17
10° 22,693 45
11° 14,422 31
4 7834 7
2 7417 8
1 2110 6
614° 6684 6
192° 6825 12
275" 5957 8
45" 6303 1
218° 4365 0
3718° 1638 1

815"
2837°

982"

4516"

42
24
25"

15
6026°

10
1
15

86

17
0.04
0.03

72

41

27
6.7

2.6
3.9
0.5

Mut
Mut
Mut

4959

1304

4224
2712
1903

292

236
1007
39

5273

5701
6714
9422
7050

7673
5114
5148
5394
3698

6362
12,170
5961

201
981

6426
9230
7667

6987

6340
12,617
6774

Mut
Mut
Mut
Mut
Mut
Mut”

Mut
Mut
Mut
Mut
Mut

Mut®
Mut®
Mut®
Mut®

Mut
Mut
Mut
Mut

Abbreviations: A = adenine; Alt = alternative; C = cytosine; ddPCR = droplet digital polymerase chain reaction; G = guanine; NGS = next-generation sequencing; Mut = mutation; Pt = patient; Ref = reference; T = thymine; WT = wild-type.
aDiscordance in mutation status compared with other tumor samples from the same patient.

"Read count of mutated base; read count of normal base and noise also shown.

“Concordance in mutation status compared with other tumor samples from the same patient.

9Mutations detected in the primary tumor by mutation testing in the diagnostic setting; primary tumor samples microscopically evaluated to contain > 40% tumor cells.
®No copy number aberrations, excluded because of assumed low tumor cell count.

"Excluded because of assumed low tumor cell count.
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