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abstract

PURPOSE Colorectal carcinomas (CRCs) with microsatellite-instability (MSI) are enriched for oncogenic kinase
fusions (KFs), including NTRK1, RET, and BRAF, but the mechanism underlying this finding is unclear.

METHODS The genomic profiles of 32,218 advanced CRC tumor specimens were analyzed to assess the fusion
breakpoints of oncogenic alterations including KFs in microsatellite-stable and microsatellite-unstable CRC.
Genomic contexts of such alterations were analyzed to obtain mechanistic insights.

RESULTS Genomic analysis demonstrated that oncogenic fusion breakpoints in MSI tumors do not preferentially
involve repetitive or low-complexity sequences. Instead, their junction regions showed pronounced guanine and
cytosine bias and elevated mutation frequency at G:C contexts. Elevated mutation frequency at G:C bases in
relevant introns predicted prevalence of associated oncogenic fusions in MSI CRCs. CRCs harboring mismatch
repair signatures had enrichment of butyrate-producing microbial species, reported to be associated with
induction of 8-oxoguanine lesions in the intestine.

CONCLUSION Detailed analysis of breakpoints in MSI-associated KFs support a model in which inefficient repair
and/or processing of microbiome-induced clustered 8-oxoguanine damage in MSI CRC contributes to the
increased incidence of specific oncogenic fusions.

JCO Precis Oncol 6:e2100477. © 2022 by American Society of Clinical Oncology

Creative Commons Attribution Non-Commercial No Derivatives 4.0 License

INTRODUCTION

A subset of colorectal carcinoma (CRC) arises in the
setting of an underlying defect in mismatch repair
(dMMR) leading to microsatellite instability (MSI), a
phenotype defined by variation in the length of
microsatellite repeats. Such MSI cancers, of colonic
origin or otherwise, may arise in patients with germline
mutations in mismatch repair (MMR) genes (eg, Lynch
syndrome) or by acquired somatic mutations or epi-
genetic silencing of MMR genes in sporadic cancers.
Although dMMR tumors are often characterized by the
MSI phenotype, these cancers are also characterized by
a high tumor mutational burden (TMB), enrichment for
specific mutational signatures when compared with
microsatellite-stable (MSS) colon cancers.1,2 Metastatic
MSI colon cancers are very responsive to immune
checkpoint blockade. Unfortunately, only about half of
MSI CRC benefit from these agents, creating an unmet
need for other treatment approaches for these cancers.2

MSI CRC is enriched for specific druggable oncogenic
kinase fusions (KFs), particularly NTRK fusions,3 presenting
potential therapeutic opportunities. However, the mecha-
nism of selective enrichment of these fusions in MSI CRCs

but not other MSI cancers of noncolonic origin remains
obscure—which motivated our investigation.

METHODS

Approval for this study, including a waiver of informed
consent and a Health Insurance Portability and Ac-
countability Act waiver of authorization, was obtained
from the Western Institutional Review Board (Protocol
No. 20152817).

Junction Sequence Determination

Comprehensive genomic profiling was performed
using FoundationOne or FoundationOneCDx assays as
previously described (see Appendix 1 for details).
Sequences from breakpoint spanning reads were
mapped to the partner gene DNA sequence to gen-
erate junction sequences. A minimum of five reads
and consensus sequence length of at least 10 base
pairs (bp) were used to identify the partner breakpoint.
Junction sequences consisted of 50 bp from the ki-
nase gene of interest and 50 from the partner gene and
were aligned such to read in the positive direction of
the kinase reference sequence. The target regions in
the oncogenic introns were sufficiently large, and
within these targeted regions, identified junction points
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did not systematically segregate on the basis of their MSI
status.

Genomic and Microbial Profiling of the TCGA Cohorts

We obtained somatic mutation calls for 63 The Cancer
Genome Atlas–colon adenocarcinoma (TCGA-COAD)
samples with whole genome sequencing data from Yang
et al4 MMR gene (MSH2, MSH6, MLH1, and PMS2)
mutation and hypermethylation status were reported in this
study. We obtained the data on transcribed fusions from the
major TCGA cancer cohorts and analyzed those attributed
toMSI andMSS colon cancer samples.5 We determined the
extent of microbial abundance for the TCGA samples from
Poore et al.6 We analyzed microbial abundance at the level
of order, except for cyanobacteria, which was reported at
the level of order and family.

Sequence Context Analysis

Annotation of known Gencode genes and repeat elements
was obtained from the University of California Santa Cruz
genome browser (hg19). Sequence complexity measures
including entropy, Wootton & Federhen complexity (CWF)
and Markov model sequence complexity (size N = 3, 4, 5,
6), guanine and cytosine (GC) content, GC skew, and CpG
content were computed using SeqComplex.7

Mutation Signature Analysis

We analyzed the weights of the COSMIC v3 mutation sig-
natures from frequency of the somatic mutations in the
trinucleotide contexts in the CRC samples using
deconstructSigs.8 We used the mutation signature attri-
bution method9,10 to probabilistically infer the most likely
signature associated with individual mutations.

Statistical Analysis

We used R version 3.5.2 and python to perform data in-
tegration and statistical analyses. For meaningful com-
parisons, statistical tests and P values are reported in the
main text. P values are based on two-tailed tests, unless

specified. False discovery rate correction for multiple
testing was applied where necessary.

RESULTS

MSI Colon Cancers Are Enriched for Specific

Oncogenic Fusions

The genomic profiles of 32,218 advanced CRC tumor
specimens were reviewed to assess the genomic landscape
of oncogenic alterations including KFs in MSI and MSS
CRCs (Fig 1A). The available clinical and genomic features
were consistent with previous studies (Fig 1B, Appendix
Table A1, and Appendix Fig A1). Patients with KF-positive
MSI CRC and KF-positive MSS CRC had higher median age
compared with their KF-negative counterparts (MSI: 69.5 v
65 years, P = 2.0E-04; MSS: 62 v 59 years, P = 1.0E-02),
and their tumors were less frequently RAS-mutated (MSI:
4% v 33%, P = 9.1E-12; MSS: 10% v 56%, P = 4.5E-35),
supporting KFs as the primary oncogenic driver of these
tumors. For KF-positive specimens, all MSI cases (100%,
n = 98) had TMB . 10 mut/mb (range 18-128 mut/mb)
while TMB . 10 mut/mb was rare in the MSS subset (9 of
167, 5%). Alterations in MMR genes were only seen in the
KF-positive MSI cohort (KF-positive MSI: 43% v KF-positive
MSS: 0%), and inactivating mutations in RNF43 were
enriched in MSI, whereas APC mutations were more fre-
quent in MSS tumors (Fig 1A).

For a subset of evaluable MSI CRC (39 KF-positive and
477 KF-negative), allelic status of MMR alterations was
assessed. Alterations in MMR genes were less frequent in
KF-positive MSI tumors compared with the MSI KF-
negative cohort (43% v 67%), and the frequency of bial-
lelic MMR inactivation was also lower in KF-positive MSI
cases (8% v 34%; Fig 1C). Among 311 KF-negative cases,
germline mutations were detected in 15% (48 of 311) of
cases while no germline mutations were seen in the KF-
positive cases. These observations indirectly suggest that
MMR defect in the KF-positive MSI cohort may be due to

CONTEXT

Key Objective
A subset of colorectal carcinoma (CRC) shows a phenotype characterized by variation in the length of microsatellite repeats

because of defects in mismatch repair pathways leading to microsatellite instability (MSI). Only about half of MSI CRCs
benefit from immune checkpoint blockade, creating an unmet need for other treatment approaches for these cancers.
Interestingly, MSI CRC is enriched for specific druggable oncogenic kinase fusions (KFs), particularly NTRK fusions, but
underlying mechanisms are poorly understood.

Knowledge Generated
A comprehensive analysis of breakpoints in MSI-associated KFs in CRCs suggests that inefficient repair and/or processing of

clustered 8-oxoguanine damage contributes to the increased prevalence of specific oncogenic fusions in MSI CRCs.
Relevance
Anecdotal evidence suggests that patients with MSI CRC harboring KFs may respond to targeted agents. It is possible that

combination therapy targeting oncogenic fusions and immune checkpoint blockade may improve long-term outcome in
KF-positive MSI CRC.
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MSI

Fusion-Positive

(n = 98)

MSS

Fusion-Positive

(n = 167)

MSI

Fusion-Positive

(n = 1,403)

MSS

Fusion-Positive

(n = 30,392)

Female, No. (%) 59 (60) 90 (54) 709 (51) 13,546 (45)

Age, median (IQR) 69.5 (62.25-77) 62 (52.5-70) 65 (51-75) 59 (50-68)

TMB, median (IQR) 39.1 (31.5-49.4) 4.4 (2.5-6.3) 46.3 (33.1-60.0) 3.5 (2.5-5.2)

RAS-mutant, No. (%) 4 (4) 17 (10) 468 (33) 16,948 (56)
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FIG 1. Select KFs are enriched in MSI CRC. (A) Patterns of oncogenic alterations including KFs and somatic mutation burden in MSI andMSS CRCs.
Neither MMR alterations nor elevated tumor mutational burden was seen in KF-positive MSS tumors. Co-occurring oncogenic alterations were rare in
KF-positive tumors. (B) Demographic and genomic features of the patients in this data set are consistent with previous studies. (C) Biallelic in-
activation of the MMR pathway was less common in KF-positive MSI tumors (top) compared with KF-negative MSI tumors (bottom), consistent with
the findings of Cocco et al that MLH1 methylation is enriched in this subset. Cases with two mutations in the same gene (2 plus mutations) were
assumed to be biallelic. (D) Frequency of specific KFs in all MSI andMSS CRCs (top) and frequency of specific fusions with in KF-positiveMSI and KF-
positive MSS CRCs (bottom). CRC, colorectal carcinoma; IQR, interquartile range; KF, kinase fusion; MMR, mismatch repair; MSI-H, microsatellite
instability high; MSS, microsatellite stable; TMB, tumor mutational burden; WT, wild type.
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MLH1 promoter methylation and rather than biallelic
mutations in MMR genes, consistent with previous findings
from Cocco et al.3

KFs were detected in 267 CRCs (0.83%) and involved 13
distinct kinase genes (Appendix Table A2). KFs were sig-
nificantly more frequent in MSI tumors compared with MSS
cases (6.5% v 0.5%, P = 4.6E-61); moreover, specific KFs
were differentially enriched. ALK (P = 7.1E-04), BRAF (P =
7.2E-08), FGFR2 (P = 1.2E-3), NTRK1 (P = 2.7E-50),
NTRK3 (P = 4.9E-10), and RET (P = 2.4E-16) fusions were
enriched in MSI tumors relative to MSS tumors (Fig 1D)
while ROS1, RAF1, MET, FGFR3, FGFR1, NTRK2, and
EGFR fusions occurred exclusively in MSS tumors. No
notable differences between fusion partners were observed
in MSI versus MSS cases (Apppendix Table A2).

Three thousand ninety-four (1.3%) non-CRC cases were
MSI with 62 of these harboring fusions (2.0%) compared
with 9,849 (4.5%)MSS non-CRC cases. Themost common
fusions in non-CRC MSI cases were in prostate acinar
carcinoma and involved nonkinase TMPRSS2, and these
fusions were enriched in MSS (P = 3.5E-08). Only four KFs
(three RAF1 and one BRAF) were detected in MSI prostate
cases and were not enriched when compared with MSS
cases. Oncogenic fusions in endometrial adenocarcinoma
were identified in three unique kinases, none of which were
enriched in MSI versus MSS tumors (Appendix Figure A2).

We surveyed KF-negative versus KF-positive MSI CRC
cohorts for other oncogene mutations. BRAF-activating
mutations, which are known to be associated with MSI
CRC, were enriched in the KF-negative cohort (17% v 43%,
P = 2.1E-06). Alterations in other oncogenes such as
PIK3CA (P = 1.1E-06) and CTNNB1 (P = 2.3E-06) were
more frequent in KF-negative cases. Alterations in wing-
less-related integration site pathway regulator RNF43 were
more frequent in KF-positive cases while KF-negative cases
had more frequent APC alterations (Appendix Fig A3).

Characteristics of Sequence Context of Fusion

Junction Sequences

Fusion junctions were clustered in certain intronic hotspots
within the capture regions, as shown for NTRK1 (Fig 2A),
which are enriched in MSI CRCs but also detected in MSS
CRCs (Figs 1A and 1D). For a given oncogene and its
partner gene, the fusion breakpoints were not recurrent at
the bp resolution within or between the MSI and MSS
groups. For instance, fusion junction points in the NTRK1
gene in MSI and MSS tumors from both CRC and non-CRC
were mostly distributed within intronic regions between the
8th to the 12th exons and generally overlapped at kb-scale
resolution. Fusion junction points or adjoining regions did
not show over-representation of any specific polynucleotide
motif (kmer size. 5). We observed similar results for other
fusions in MSI and MSS CRCs (data not shown).

In both MSI and MSS CRCs, a majority of the fusions
showed limited homology in the junction points between

the oncogene and corresponding partner gene regions.
Surprisingly, only 11.9% of the junction regions of fusions in
MSI tumors overlapped with known repeat classes (simple
repeats, Alu, L1, L2, satellite etc), which was lower than that
observed in the MSS tumors (25.8%; P, 9.0E-03; Fig 2B).
We performed a similar comparison for the junction regions
of the partner genes, and no significant difference was
observed (MSI: 53.2%, MSS: 54.9%; Fisher’s exact test;
Fig 2B).

Next, for each fusion, we extracted 101 bp genomic se-
quences centered at the junction point for the corre-
sponding cancer gene and calculated entropy, CWF, and
Markov model sequence complexity (size N = 3, 4, 5, 6)
and also GC content, GC skew, and CpG content using
SeqComplex.7 We observed no significant difference be-
tween the MSI and MSS tumors in terms of sequence
complexity for the junction region of the cancer gene in-
volved (Wilcoxon test; Fig 2C). We repeated the analyses for
the partner genes involved in fusions and found that CWF
content was higher in MSS tumors (P , 1.5E-02). These
results suggest that DNA breaks in low-complexity or repeat
regions are unlikely to be a key driver underlying the en-
richment of observed fusions in MSI CRCs (Fig 2C).

Fusion Junction Regions Show GC Bias

GC bias of the junction regions of the fusion-associated
cancer genes was significantly higher in MSI compared
with MSS tumors (Fig 3A, P , 5.0E-03). We observed
similar, although more modest, results for the partner gene
(Wilcoxon test; P , 5.0E-03). There was no significant
difference in CpG dinucleotide content between the
groups. Rather, most cytosine-containing non-CpG dinu-
cleotide contexts (AG+CT, CA+TG, CC+GG, and GpC)
showed preferential enrichment in the MSI tumors. Next,
we computed cumulative GC content of local sequence
context at different distances from the fusion junction
points (Fig 3B). We observed that the fusion junction point
and its immediate proximal nucleotide positions had a
pronounced GC bias in MSI tumors compared with theMSS
tumors. The fusion partner genes also showed broadly
similar differences between MSI and MSS groups, but with
relatively modest effect sizes. Thus, fusions in MSI tumors
are more likely to be associated with higher non–CpG-
based GC content in their junction regions, and the ef-
fect is pronounced for the participating oncogene.

Analyzing mutational signatures associated with all somatic
point mutations within the capture regions (Fig 3C), we
found that the mutational landscapes of the MSS CRCs
were dominated by CpG.TpG substitutions, which is at-
tributed to deamination of 5-methylcytosine, a common
mutational process in all somatic tissues; in contrast, the
mutational landscapes of MSI CRCs were dominated by
T.N substitutions, especially at TTT context, a classic MSI
signature.1 In addition, these samples also had an increase
in C.T (also C.G and C.A) at non-CpG context, which are

Madison et al
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similar to the MMR defect signatures SBS6 and SBS15
(cosine similarity: 0.70 and 0.62, respectively), which are
particularly prevalent in CRC.1 SBS12, a mutational sig-
nature of unknown etiology, was also present in both fusion-
positive and -negative MSI CRCs, but not in the MSS tu-
mors. We further observed somatic mutations with GC bias
in the junction proximal regions of the candidate fusions in
MSI CRCs.

Context-Dependent Mutagenesis and DNA Breaks in

MSI CRCs

Since the rearrangement events leading to oncogenic fu-
sions do not necessarily preserve the original lesions, we
analyzed the frequency of somatic mutations involving GC
bases at junction proximal regions. The junction proximal
capture region in our cohort did not cover the entire intron;
thus, to avoid bias, we analyzed 63 TCGA-COAD samples
with whole genome sequencing data.4 In this cohort, there
were 10 MSI and seven POLE-mutant tumors, and the
remaining were MSS. A substantial proportion of the mu-
tations in the 10 kb windows in the MSI tumors had sig-
natures of dMMR. In general, mutations involving G:C
bases were . 50% for both MSI and MSS tumors, and

preference for mutation at G:C context was more prominent
for genes that are more commonly involved in fusions in
MSI tumors. For instance, in NTRK family genes, the
preference was marginally stronger (MSI: 63%; MSS: 61%)
than for other kinases (Fig 3D). Thus, higher GC content
contributes to a higher frequency of somatic mutations
involving G:C context in these regions, especially in the MSI
tumors.

Interestingly, the frequency of somatic mutations was more
pronounced in some genes that frequently undergo fusion
in MSI tumors. For instance, 10 kb windows corresponding
to junction regions of NTRK1 had an excess of somatic
mutations while corresponding regions of ALK had sub-
stantially fewer mutations. The frequency of somatic mu-
tations at G:C content in the junction window in MSI tumors
significantly correlated with the frequency of fusions
(correlation: 0.63; P , 1.3E-02, Fig 3D); no equivalent
correlation was observed for mutations involving non-GC
bases or those in MSS tumors. This suggests that local
mutation frequency at GC contexts in MSI tumors can
predict the frequency of corresponding fusions. Although
the genes enriched for fusions had high local somatic
mutation frequency in the junction regions, the converse
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was not necessarily true; some cancer genes had high local
mutation frequency but low frequency of fusions in the
cohort, which might be due to selection on fusions during
tumorigenesis.

MMR-Mediated Repair of 8-Oxoguanine and DNA Breaks

A major source of mutations at the G:C context in CRC is
oxidative DNA damage, particularly the formation of 8-
oxoguanine (8-oxo-G). 8-oxo-G is repaired by the MMR
system or OGG1-dependent base excision repair (BER)
under physiologic conditions, but this repair is significantly
impaired in the dMMR colon leading to elevation of 8-oxo-G
level in dMMR CRC.11,12 Error-prone repair of 8-oxo-G

lesions can result in mutagenesis at GC-rich contexts, with
a clustering of such mutations possibly leading to DNA
breaks, which can be substrates for chromosomal rear-
rangements. If a DNA break is induced by clustered DNA
damage and/or requires end processing, the two junctions
may not be identical and can be separated by some dis-
tance (approximately 101-103 bp). This contrasts with a
balanced translocation event that results in two fusion
products, such that the secondary one represents a re-
ciprocal nononcogenic fusion event (Fig 3E). Consistent
with an excess of 8-oxo-G leading to DNA breaks induced
by clustered DNA damage, we found that MSI tumors had
more separated junction points relative to MSS tumors

FIG 3. (continued). at TTT context, which is typically observed in microsatellite and other low-complexity sequence contexts, but also C.T and C.A
substitutions in GC-rich contexts that are consistent with COSMIC mutational signatures of MMR defects (eg, SBS6 and SBS15). (D) Scatterplot showing
association between the frequency of oncogenic fusion events inMSI CRCwithmutation frequency at G:C sites in 10 kb junction-proximal regions. (E) Although
in a classic case of balanced translocation withminimal end processing the junction points are equivalent, in case of DNA breaks arising from clusters of lesions
(eg, 8-oxoguanine), there could be potentially two distinct junction points. (F) Oncogenic fusions inMSI are significantlymore likely thanMSS tumors to have two
detectable translocation junction points between the oncogene partner gene pair (Fisher test;P, .005). *P, .005. A, adenosine; C, cytosine; CRC, colorectal
carcinoma; G, guanine; GC, guanine and cytosine; MMR, mismatch repair; MSI-H, microsatellite instability high; MSS, microsatellite stable; T, thymine.
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(MSI: 51.1%, MSS: 29.8%; Fisher’s exact test; P , 1.1E-
03, Fig 3F), corresponding to the fusion and its reciprocal
nononcogenic fusion products.

Colon-Specific DNA Damage and KF Preference

The fusion events associated with MSI CRC were much less
frequent in other MSI non-CRCs, raising a possibility that
mutagenic processes underlying fusions are tissue context
specific.13,14 Gutmicrobiota–related sustained inflammation,
in part through production of butyrate and other metabolic
products, triggers 8-oxo-G DNA lesions in colon epithelium,
which is repaired via BER and MMR (Fig 4A).11,12

Our cohort did not have microbiome data, but we jointly
analyzed microbiome data6 and estimated proportional
weights of themutational signatures for TCGACRC samples15

and found that several microbial taxa, especially certain or-
ders of firmicutes, beta-proteobacteria, cyanobacteria, are
enriched in the tumors with dMMR signatures (Figs 4B and
4C; Spearman correlation . 0.3; P , 5.0E-02). Firmicutes
produce butyrate, which has been shown to induce ROS and
8-oxo-G lesions in MMR-mutant mouse models.12

DISCUSSION

We confirmed prior observations that MSI CRCs are
enriched for fusions, specifically those involving NTRK1
and NTRK3, as well as RET, ALK, and BRAF. Interestingly,
this enrichment of fusions in MSI cancer seems to be
limited to CRC, suggesting that the enrichment of specific
fusions in MSI CRC may be both due to the MSI phenotype
and a tissue of origin specific effect.

Our results suggest that lesions in GC-rich context in dMMR
CRCs may contribute to mutagenesis and DNA double-
strand breaks and subsequent fusion events. 8-oxo-G is a
major source of mutagenesis in GC-rich context in CRCs,
which require BER and MMR for repair.11 The GC en-
richment was predominantly in the oncogene while the
diverse set of fusion partner genes suggests that staggered
breaks in the GC-rich intron of the oncogene might be the
initiating event of the rearrangement.

We propose a model (Fig 4A) in which environmental-
induced 8-oxo-G lesions are an important source of

genomic mutations and preference for specific oncogenic
fusions in the intestinal cell of origin of CRC. In setting of
dMMR, clustered 8-oxo-G lesionsmay accumulate in GC-rich
regions, such as key introns ofNTRK1, and lead to staggered
DNA double-strand breaks that increase the chance of
generating genomic rearrangements and oncogenic fusions.
Microbial-derived butyrate can induce 8-oxo-G lesions in
intestinal epithelium, suggesting that the composition of the
gut microbiome may play an important role in the patho-
genesis of dMMR CRCs.12 Consistent with this hypothesis,
there is evidence that 8-oxo-G mutations occur more fre-
quently in intestinal epithelium due to microbiome-derived
reactive oxygen species and thatMMRmay play an important
role in proper repair of these lesions.11,12 It is possible that
dMMR may impede end processing of the DNA breaks
engendered by clustered 8-oxo-G lesions, further contrib-
uting to formation of genomic rearrangements. Fusion-
generating rearrangements remain rare but are strongly se-
lected for during tumorigenesis in MSI CRC.

MSI CRCs associated with epigenetic silencing ofMLH1 are
more likely to harbor oncogenic fusions, which suggests a
role of MLH1 in repair of 8-oxo-G lesions and/or preventing
rearrangements associated with clustered 8-oxo-G lesions.
However, since MLH1 methylation data were not available
for this study, further studies are needed.

The presence of oncogenic fusions in a subset of MSI
cancers has important therapeutic implications. Although
immune checkpoint blockade has great activity in MSI
cancers, only approximately 50% have initial response
highlighting a need for additional therapies in MSI cancers.16

TRK inhibitors have shown efficacy in CRC, but the MSI
status for the tumors was not reported.17,18 Anecdotal evi-
dence suggests that patients with MSI CRC harboring KFs
may respond to targeted agents, and combinations of tar-
geted therapy and immune checkpoint therapy are showing
impressive activity in several cancer types.19,20 It is possible
that combined therapy targeting oncogenic fusion genes and
immune checkpoint blockade may lead to improved long-
term outcome in KF-positive MSI CRC.
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APPENDIX

APPENDIX 1. SUPPLEMENTARY METHODS

Sequencing and Fusion Calling

Clinical genomic profiling was performed in a Clinical Laboratory
Improvement Amendments–certified, New York State and College of
American Pathologists–accredited laboratory (Foundation Medicine
Inc, Cambridge, MA). Approval for this study, including a waiver of
informed consent and a Health Insurance Portability and Account-
ability Act waiver of authorization, was obtained from the Western
Institutional Review Board (Protocol No. 20152817). In brief, ≥ 50 ng
of DNA was extracted from 40 microns of formalin-fixed, paraffin-
embedded tissue blocks from 33,360 colorectal carcinoma specimens
and 238,891 specimens from other solid tumors. The samples were
assayed by clinical genomic profiling using adapter ligation, and hybrid
capture was performed for all coding exons of 310 or 385 cancer-
related genes plus select introns from 31 or 34 genes frequently
rearranged in cancer. Sequencing of captured libraries was performed
to a mean exon coverage depth of . 500×, and resultant sequences
were analyzed for genomic alterations including short variants (base
substitutions, insertions, and deletions), copy number alterations (focal
amplifications and homozygous deletions), and select gene fusions or
rearrangements, as previously described.21

Tumor mutational burden was determined on 1.14 or 0.83 Mb of se-
quenced DNA using amutation burden estimation algorithm that, on the

basis of the genomic alterations detected, extrapolates to the exome or
the genome as a whole. For purposes of mutation burden estimation, all
base substitutions and indels, including synonymous alterations, are
counted. Subtracted from this number are functionally oncogenic or
germline alterations, as defined below. Germline alterations are those
listed in the dbSNP database,22 those with two or more counts in the
ExAC database,23 or those predicted by a somatic germline zygosity
algorithm to be germline in the specimen being assessed. Tumor
mutational burden is reported asmutations permegabase (mut/Mb).24,25

Microsatellite instability (MSI) was measured by evaluating the
changes to 114 loci selected from a total set of 1,897 that have ad-
equate coverage. In a large training set of data from clinical specimens,
we then used principal components analysis to project the 228-di-
mension data onto a single-dimension (the first principal component)
that maximizes the data separation, producing an next generation
sequencing-based MSI score.26

Allelic status for mutations was computationally predicted without
matched normal tissue; in validation testing of 480 tumor-only pre-
dictions against matched normal specimens, accuracy was 95% for
somatic and 99% for germline predictions. For specimens with suf-
ficient tumor purity, no single nucleotide polymorphism contamination,
and copy number modeling not skewed by GC bias, mismatch repair
(MMR) alteration allelic status was categorized as biallelic, monoallelic,
or unknown. Biallelic/monoallelic predictions were attempted for all
MMR short variants; for large (full gene or multi-exon) deletions in
MMR genes, only homozygous events were included; and for genomic
rearrangements, neither allelic status was not predicted.25

TABLE A1. Genomic and Demographic Characteristics of Full-CRC Cohort

Characteristic All CRC (N = 32,218)
Colon

Adeno (n = 26,945)
Rectum

Adeno (n = 5,273)

Female, No. (%) 14,485 (45) 12,521 (46) 1,964 (37)

Age, median (IQR) 59 (50-68) 60 (50-68) 57 (49-66)

TMB, median (IQR) 3.75 (2.50-6.09) 3.75 (2.50-6.09) 3.47 (1.74-5.00)

MSI, No. (%) 1,501 (4.7) 1,432 (5.3) 69 (1.3)

RAS-mutant, No. (%) 17,522 (54) 14,630 (54) 2,892 (55)

Abbreviations: CRC, colorectal carcinoma; IQR, interquartile range; MSI, microsatellite instability; TMB, tumor mutational burden.
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TABLE A2. Specific Oncogenes Involved in Kinases Fusions Within Colorectal
Carcinoma
Kinase MSI Status Count, No. (%) Partner Genes (No.)

ALK MSI 7 (0.47) STRN (3), EML4 (2), DIAPH2
(1), SLMAP (1)

MSS 26 (0.09) EML4 (8), STRN (8), CAD
(3), ATIC (1), DIAPH2 (1),
GPHN (1), MAPRE3 (1)

BRAF MSI 16 (1.07) TRIM24 (6), AGAP3 (3),
CUL1 (3), AKAP9 (2),
GKAP1 (1), TARDBP (1)

MSS 52 (0.17) TRIM24 (19), AGAP3 (7),
SND1 (3), CUX1 (2),
MKRN1 (2), AGAP1 (1),
AKAP9 (1), ANO10 (1),
ARGLU1 (1), ARMC10 (1),
CSNK1A1 (1), CUL1 (1),
DAAM1 (1), DENND2A
(1), DLG1 (1), GTF2IRD1
(1), JHDM1D (1), LMTK2
(1), MAP3K9 (1), NFIA (1),
RHEB (1), TAX1BP1 (1),
TMEM44 (1), TRAK1 (1)

MSI ambiguous 1 (0.63) AGAP3 (1)

EGFR MSS 15 (0.05) SEPT14 (13), COBL (1),
FLJ45974 (1)

FGFR1 MSS 7 (0.02) TACC1 (3), BAG4 (1),
DDHD2 (1), HOOK3 (1),
PLXDC1 (1)

FGFR2 MSI 4 (0.27) POF1B (2), CIT (1), ZNF608
(1)

MSS 7 (0.02) BICC1 (2), DDX21 (1), ERC1
(1), NRBF2 (1), PAWR (1),
TACC2 (1)

FGFR3 MSS 7 (0.02) TACC3 (7)

MET MSS 1 (0.003) DIAPH2 (1)

NTRK1 MSI 43 (2.86) TPM3 (22), LMNA (12), TPR
(4), PLEKHA6 (2),
CCDC88C (1), IRF2BP2
(1), TPM1 (1)

MSS 7 (0.02) TPM3 (3), LMNA (2),
PLEKHA6 (1), TPR (1)

NTRK2 MSS 1 (0.003) ACO1 (1)

NTRK3 MSI 7 (0.47) ETV6 (7)

RAF1 MSS 6 (0.02) ATG7 (2), ANO10 (1),
CAPN7 (1), DENND5A
(1), PDZRN3 (1)

RET MSI 21 (1.40) NCOA4 (12), CCDC6 (4),
TRIM24 (3), SNRNP70
(1), TNIP2 (1)

MSS 25 (0.08) NCOA4 (19), CCDC6 (5),
TNIP1 (1)

MSI ambiguous 1 (0.63) NCOA4 (1)

ROS1 MSS 13 (100) GOPC (9), TTC28 (2), MCM9
(1), SRPK1 (1)

Abbreviations: MSI, microsatellite instability; MSS, microsatellite stable.
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