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Introduction: Receptor tyrosine kinase (RTK) fusions in colorectal cancers (CRC) are rare but
potentially therapeutically relevant. We describe clinical, molecular and pathologic attributes of
RTK fusion-associated CRC.

Methods: We identified all cases with RTK fusions in colorectal cancer patients seen at
Dana-Farber Cancer Institute who underwent OncoPanel testing between 2013-2018. Clinical,
histological and molecular features were extracted from the patient charts and molecular testing
results.

Results: We identified 12 driver oncogenic fusions in various RTKs. These fusions occurred
exclusively in BRAFand RAS wild-type tumors and were enriched in right-sided and mismatch
repair-deficient (MMR-D) CRC. All of the MMR-D CRCs with RTK fusions were found in
tumors with acquired MMR-D due to MLH1 promoter hypermethylation and one was associated
with a sessile serrated polyp. Molecular profiles of MMR-D CRC with RTK fusions largely
resembled BRAFV600E-mutated MMR-D CRC rather than those secondary to Lynch syndrome.
We describe two patients with fusion-associated microsatellite stable (MSS) CRC patients who
derived clinical benefit from therapeautic targeting of their translocation. The first harbored an
ALK-CAD fusion and received sequential crizotinib and alectinib therapy for a total of 7.5
months until developing an ALK L1196Q gatekeeper mutation. The second patient, whose tumor
contained a ROSI-GOPC fusion, continues to benefit from entrectinib after 9 months of therapy.

Conclusions: RTK fusions in CRC are a rare but important disease subgroup that occur in RAS
and BRAF wild-type tumors. Despite enrichment in acquired MMR-D tumors, RTK fusions also
occur in microsatellite-stable CRC and provide an important therapeutic target.

Keywords
colorectal cancer; translocation; fusion; targeted therapy

Introduction

In recent years, there has been an expanding list of molecularly targeted treatment options
for patients with metastatic colorectal cancer (CRC). These options target EGFR (1), BRAF
V600E mutation (2) and ERBBZ (HERZ) amplification (3). In addition, CRC patients

with mismatch repair-deficient (MMR-D) tumors can have a prolonged response to PD1-
directed immunotherapy (4). Although these targeted therapies constitute a major advance,
limited options are available for patients with metastatic CRC, particularly mismatch repair
proficient tumors that are resistant to PD-1 directed immunotherapy.

Chromosomal translocations are powerful oncogenic drivers, and inhibitors of ALK, ROS1,
ABL, NTRK1, FGFR2, FGFR3 and RET are currently FDA approved (5-7). In addition to
these FDA-approved therapies, there are additional promising fusion-targeting agents in the
experimental phases of development. For example, Schram et al. have reported two patients
with tumors bearing a Neuregulin 1 (NVRGI) fusion who achieved a partial response to the
MCLA-128 bispecific antibody directed against HER2 and HER3 (8).

Oncogenic gene fusions have been reported to occur in approximately 0.9-1.8% of CRCs
(9-14). Most targetable fusions involve receptor tyrosine kinases (RTKSs), which lead to the
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constitutive activation of MAP kinase and related mitogenic pathways (7). Recent reports
have suggested that these fusions occur more often in right-sided colon adenocarcinomas
and are particularly abundant in MMR-D cancers (9,10,15).

Our objective in the current study was to assess the molecular landscape of CRCs harboring
RTK fusions. Our data confirm the enrichment of RTK fusions in right-sided MMR-D CRCs
and demonstrate that these cases exhibit molecular features that are largely similar to those
of MMR-D CRC with BRAFV600E mutations. The similarity of fusion-associated MMR-D
CRC cases to BRAFV600E MMR-D related cases might reflect common pathways of
development with origins in sessile serrated polyps and/or the acquisition of microsatellite
instability via MLHI hypermethylation in both groups (16). Since MSS colorectal cancers
have more limited therapeutic options than MMR-D CRCs, we also investigated the clinical
importance of RTK fusions in these tumors and observed two patients with MSS CRC who
benefited from therapeutic targeting of their RTK translocations.

Materials and Methods

Clinical data review:

Patient epidemiologic and clinical information was abstracted by chart review as part of an
institutional review board (IRB) approved protocol.

OncoPanel testing and computational analysis:

Targeted next-generation sequencing was performed with the OncoPanel assay (17) in

a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory. OncoPanel
testing was part of an IRB approved protocol; patients provided informed written consent
before molecular testing.

In this study, two versions of OncoPanel were used:

POPvV2 (302 genes) and POPv3 (447 genes) (17,18). Briefly, between 50 and 200 ng of
tumor DNA was prepared, hybridized to custom RNA bait sets (Agilent SureSelect™, San
Diego, CA) and sequenced on the Illumina HiSeq 2500 platform with 2x100 paired-end
reads. Sequence reads were aligned to the reference sequence b37 edition from the Human
Genome Reference Consortium by using bwa and further processed with Picard (version
1.90, http://broadinstitute.github.io/picard/) to remove duplicates and with Genome Analysis
Toolkit (GATK, version 1.6-5-g557da77) to perform localized realignment around indel
sites (19). Single nucleotide variants were called with MuTect v1.1.4 (20), insertions and
deletions were called with GATK Indelocator, and variants were annotated with Oncotator
(21). Copy number variants and structural variants, including possible gene fusions, were
called with the internally developed algorithms RobustCNV and BreaKmer (22), followed
by manual review by a molecular pathologist. To filter out potential germline variants, the
standard pipeline removed SNPs present at >0.1% in Exome Variant Server, NHLBI GO
Exome Sequencing Project (ESP), Seattle, WA (URL.: http://evs.gs.washington.edu/EVS/,
accessed May 30, 2013), present in either dbSNP or in an in-house panel of normals,

but rescued those present two or more times in the COSMIC database (23). For this

study, variants were further filtered by removing those present at >0.1% in the gnomAD
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v.2.1.1 database or annotated as benign or likely benign in the ClinVar database (24). The
following alterations were considered likely to be oncogenic: 1) missense variants annotated
as oncogenic or likely to be oncogenic in OncoKB (25) and 2) loss-of-function mutations in
genes classified by OncoKB as tumor suppressor genes.

Cases were defined as MSS or MMR-D, on the basis of results of either
immunohistochemistry (IHC) for mismatch repair proteins or microsatellite repeat
expansion by PCR or by OncoPanel(26). Cases were identified to be MMR-D through
OncoPanel as recently described (27).

Comparative analysis of various types of mutational signatures was performed using a
two-step approach as previously described (28). First, de novo signature extraction was
performed across the entire cohort with the SomaticSignatures package in R (29). To
account for the inherent heuristic quality of this non-negative matrix factorization approach,
we repeated this analysis 100 times and identified signatures with a Pearson correlation
coefficient >0.6, as compared with the 30 established COSMIC signatures v2 (https://
cancer.sanger.ac.uk/cosmic/signatures_v2) (30). We then used the DeconstructSigs package
in R to estimate the contribution of identified signatures by using a regression model (31).
Signature contributions were compared among the three groups with a Kruskal-Wallis test.

Statistical analysis:

Enrichment of genomic alterations was assessed with the Fisher’s exact test, and two-
tailed p-values are reported. The Benjamini-Hochberg procedure was applied to correct
for multiple comparisons. The medians of continuous variables were compared with the
Mann-Whitney rank-sum test, for which two-tailed p-values are reported. Multiple testing
correction was performed with the Bonferroni method.

RNA-based next generation sequencing assay for fusion confirmation:

The Solid Tumor FusionPlex (Archer) assay uses target enrichment followed by paired-

end RNA-sequencing on tumor-derived RNA for the identification of fusion transcripts

in 53 genes (32). All genes identified as putative fusions with OncoPanel analysis were
included in this gene panel. RNA was isolated from macro-dissected formalin-fixed paraffin-
embedded tumor tissue slides with the Maxwell RSC RNA FFPE Kit (Promega, USA). Data
from this assay were analyzed with proprietary software from Archer Dx.

Pan-TRK IHC for NTRK fusion confirmation:

IHC was performed on 4-um-thick formalin-fixed paraffin-embedded whole-tissue sections
after antigen retrieval with 1 mM EDTA (pH 8.0; Thermo Fisher Scientific, Cheshire, UK)
in a pressure cooker, by using a rabbit anti-pan-TRK monoclonal antibody (1:100 dilution;
clone EPR17341; Abcam, Cambridge, MA) and the Novolink Polymer Detection System
(Leica, Buffalo Grove, IL). The intensity of immunoreactivity (weak, moderate or strong)
and the pattern of staining (cytoplasmic, nuclear or both) were recorded.
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Targeting ALK-CAD and ROS1-GOPC fusion:

The patients with CRC bearing ALK-CAD and ROS1-GOPC fusions were treated

with crizotinib and entrectinib, respectively, as part of clinical trials (crizotinib:
ClinicalTrials.gov number, NCT00585195; entrectinib: ClinicalTrials.gov number,
NCT02568267). Radiological assessment of the responses in both clinical trials, as well as
that of the patient treated with off-label alectinib, was reviewed by an attending radiologist
according to RECISTv1.1. The clinical trials were conducted according to the principles
of the Declaration of Helsinki and the International Conference on Harmonization of Good
Clinical Practice guidelines. Both patients provided signed IRB-approved consent forms
before enrollment.

Pathologic analysis of RTK fusion-associated colorectal carcinomas:

Hematoxylin and eosin staining was performed on formalin-fixed paraffin-embedded tissue
sections. Adenocarcinomas were classified according to the 2019 (5™ edition) WHO
Classification of Digestive System Tumors as adenocarcinoma not otherwise specified
(NOS), mucinous adenocarcinoma (>50% of the lesion with pools of extracellular mucin
containing tumor cells), signet-ring-cell adenocarcinoma (>50% of the tumor cells with
prominent intracytoplasmic mucin, typically with displacement of the nucleus) or medullary
carcinoma (sheets of tumor cells with vesicular nuclei, prominent nucleoli and abundant
eosinophilic cytoplasm, with prominent infiltration by lymphocytes and neutrophils) (33).
Adenocarcinomas were designated as having mucinous, signet-ring-cell and/or medullary
“features” when such patterns were identified but amounted to <50% of the lesions.

Results:

Identification of RTK fusions in colorectal cancer using a targeted next generation
sequencing assay

We analyzed patients with CRC seen at the Dana-Farber Cancer Institute who underwent
OncoPanel testing between the years 2013 and 2018 for the presence of RTK translocations
(18). We screened 1559 patients with CRC and identified 22 patients with RTK fusions.

We considered fusions observed in OncoPanel to represent true positives if: (1) if they were
detected by an orthogonal method such as IHC or fluorescence in situ hybridization (FISH)
or an RNA-based fusion detection assay (Archer Dx) (32) or (2) if the translocation had a
previously described fusion partner and breakpoint. Using these predefined criteria to reduce
false positives, we selected 12 of the 22 patients with an RTK fusion for further analysis. All
four NTRK1 fusions were validated for the presence of the TRK protein by IHC (Suppl. Fig.
1) (34). The CAD-ALK fusion was confirmed by using a breakapart FISH assay (Fig. 3B).
RNA-based next generation sequencing was used to confirm the presence of an RTK fusion
in six separate tumors (Table 1). The results of this assay confirmed RNA expression of the
fusion protein in four of the six fusions identified in OncoPanel analysis. The only two cases
not validated by the RNA-based assay were NTRK-LMNA fusions. However, these cases
were both confirmed orthogonally by IHC (Suppl. Fig. 1).

In addition to identifying fusions involving RTKs (n = 12/1559, 0.7%), we found seven
patients (n = 7/1559, 0.4%) with PTPRK-RSPO3fusions, which are known to activate
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the Wnt pathway. General epidemiological details are listed in Table 2. Similar to the
results in prior studies, RSPO3fusions occurred in MSS CRCs that did not bear other
genomic alterations known to cause aberrant Wnt activation, such as APC loss, inactivating
RNF43alterations or CTNNBI activating mutations (Fig. 1) (35,36). No patient with a
Whnt-fusion had an RTK rearrangement. Given the immediate therapeutic relevance and
higher prevalence of RTK fusions, we focus on these alterations for the remainder of the
article.

Molecular landscape of RTK fusions:

All CRC cases with RTK fusions were KRAS and NRAS wild-type. In addition, tumors
bearing these RTK fusions did not have co-occurring BRAF p.\V600E mutations or ERBB2
amplification or activating mutation (Fig. 1). Two patients with N7TRKZ fusions had a BRAF
missense mutation (p.S333G, exon 8) and a BRAF frameshift (fs) mutation (p.P403Lfs*8,
exon 10). Neither of these BRAF mutations has been previously reported in the COSMIC
database (23); they are likely to be passenger mutations that arose because of a high tumor
mutational burden, given that both tumors were MMR-D (described further below).

Most (8 of 12; 67%) of the CRC tumors with RTK fusions were also MMR-D. In addition,
8 of the 12 patients (67%) whose tumors contained RTK fusions had a right-sided CRC,
and seven of the eight right-sided tumors (88%) were MMR-D (Fig. 1). This high frequency
of MMR-D tumors contrasts with the findings for the entire CRC patient cohort, in which
MMR-D CRC cases were observed in only 8.8% of patients. This enrichment in MMR-D
tumors in the RTK fusion population compared with the entire CRC cohort was statistically
significant (67% vs. 8.8%, chi-square statistic 46, p < 0.0001). Importantly, all patients with
MMR-D tumors were found to have MLHI promoter hypermethylation, thus indicating an
acquired rather than an inherited deficit in mismatch repair. The remaining 4 of 12 (33%)
RTK fusions were detected in MSS CRCs. We detected one fusion each in ALK, ROS1,
FGFR2Zand NRG1 in this cohort of patients (MSS CRC with RTK fusion). Two of four MSS
tumors with RTK fusions originated from left-sided CRC, whereas the one case with NRG1
fusion had metastatic disease and an indeterminate primary tumor location (Fig. 1, Table 1).

All patients with NTRK1 fusions (n = 4) and RET fusions (n = 2) had MMR-D tumors.
Interestingly, two patients in our cohort had an ALK rearrangement: one with MSS CRC
and the other with a MMR-D ALK-translocated tumor. Both ALK-rearranged tumors

were right-sided primary and bore no inactivating alterations of APC. Instead, both ALK-
translocated tumors bore biallelic RAN/F43 inactivating mutations (Suppl. Fig. 2A); however,
they significantly differed in their copy number profiles. The MSS ALK-translocated CRC
contained extensive copy number changes, whereas the MMR-D ALK-translocated case had
a relatively silent copy number profile; both findings were consistent with the classic copy
number profiles associated with these microsatellite subtypes (Suppl. Fig. 2B) (37).

Next we examined the stage distribution of RTK fusions on the basis of the tumor
microsatellite status. Whereas there was a trend toward MMR-D patients presenting with
early stage disease, this finding was not statistically significant. Two of eight patients with
MMR-D CRC had stage 1V disease (one NTRK1 fusion and one ALK fusion), compared
with three of four patients with MSS CRC (chi-square statistic 2.74, p = 0.09). However, a
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significant difference was observed in the number of patients who had stage IV disease at
any time point during their disease course. The one patient with an RTK fusion-associated,
localized MSS CRC developed metastatic disease shortly after finishing adjuvant treatment.
None of the six MMR-D patients with localized disease developed metastatic lesions.
Hence, four of four patients (100%) with RTK fusion-associated MSS CRC developed or
were initially diagnosed with metastatic cancer, as compared with only two of eight patients
(25%) with RTK fusion-associated MMR-D CRC (chi-square statistic 6, p = 0.014; Suppl.
Table 1). This finding is particularly relevant when considering the therapeautic relevance of
these fusions (4). In our cohort, none of MMR-D CRC patients with RTK fusion underwent
therapeautic targeting of their translocation. Instead, both patients with stage IV MMR-D
CRC were treated with anti-PD-1 monotherapy and were having ongoing responses at the
time of their last clinic visits. In contrast to this, two patients (ALK-CAD and ROS1-GOPC)
with MSS CRC received agents targeting their respective fusions (described in detail below).
The remaining two patients with MSS CRC (FGFR2-TACC and NRG1-K/F13B) visited
only to obtain a second opinion at our institution and did not have further follow up.

Comparative molecular analysis of RTK fusion+ MMR-D CRC with BRAF V600E+ MMR-D
and Lynch syndrome+ CRC

We were struck by the finding that all of the MMR-D CRCs with RTK fusions were found in
tumors with acquired MMR-D due to MLH1 promoter hypermethylation. Typically, MLH1
promoter hypermethylation is associated with BRAFV600E mutations (38,39). Therefore,
we hypothesized that the RTK fusion MMR-D tumors might represent a unique biologic
subtype of acquired MMR-D CRC. To examine this hypothesis, we performed a comparative
analysis of the molecular features of these RTK fusion MMR-D tumors to better understand
their pathogenesis.

To identify appropriate controls for this comparison, we queried 124 MMR-D CRC cases
with available OncoPanel testing in our institutional database and categorized the instances
into groups, as described below, according to the likely etiology of the MMR-D, by using
available germline genetic testing, somatic mutation data from OncoPanel and MLH1
promoter hypermethylation analysis. MMR-D CRC was divided into three categories with
the above approach: MLH1 promoter hypermethylated (n = 42), Lynch syndrome (n = 29)
and somatic mismatch repair gene mutations (n = 9) (Suppl. Table 2). Cases with MLH1
hypermethylation were further divided on the basis of their oncogenic drivers: (1) BRAF
V600E mutation, (2) fusion associated or (3) Not otherwise specificied (NOS) for cases in
which no clear oncogenic driver was identified. We chose the BRAFV600E mutation (n =
41) and Lynch syndrome (n = 26), for which raw mutation data calls were available, as the
most common forms of MMR-D CRC, then proceeded with comparative molecular analysis
of fusion-associated MMR-D cancers. For MSS CRC comparators, we used four cases
with RTK-fusion+MSS CRC and seven cases with RSPO3-fusion+MSS CRC. Compared
with MSS CRCs, the three subtypes of MMR-D CRCs showed characteristics known to be
associated with MMR-D cancers, such as genomes with few copy number changes (Suppl.
Fig. 3A) and significantly elevated tumor mutational burden (TMB) and homopolymer
indels (HPIs) (Fig. 2A and Suppl. Fig. 3B) (37,40).
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After determining that the RTK fusion-associated MMR-D CRCs displayed the common
molecular features of MMR-D tumors, we performed a detailed comparison of the three
subtypes of MMR-D tumors. Interestingly, MMR-D tumors from patients with Lynch
syndrome had a significantly higher TMB and HPI rate than did MMR-D tumors with

the BRAFV600E mutation (Fig. 2B) (Lynch syndrome vs. MMR-d BRAFV600E median
TMB 69.6 vs. 56.3, p = 1.2e-11 by Kruskal-Wallis test), a result possibly reflecting a longer
duration of microsatellite instability. The TMB of the RTK fusion group (median TMB 55.6)
was numerically similar to that observed in the BRAFV600E mutation cohort (median
TMB 56.3), although the difference between the RTK fusion cohort and Lynch cohort was
not statistically significant, probably because of the low sample numbers in the former
cohort.

Next, we compared the rates of various oncogenic mutations among the three MMR-D
cohorts (Fig. 2C-D). Tumors from patients with Lynch syndrome were significantly
enriched in activating KRAS (q = 1.86e-04, p = 3.21e-05) mutations, and a trend toward
enrichment in ERBBZ activating mutations was seen (q = 0.43, p = 0.014). When evaluating
mutational changes in the Wnt pathway, we observed that all three groups collectively had
mutations in APC (BRAFV600E cohort 17% vs. Lynch syndrome cohort 46% vs. RTK
fusion cohort 37%) and RNF43 (BRAFV600E cohort 90% vs. Lynch syndrome cohort 62%
vs. RTK fusion cohort 75%). We observed activating beta-catenin (CTNNBI) mutations
only in patients with Lynch syndrome but not in other cohorts; however, the case numbers
were too low to allow us to draw any definitive conclusions.

In further analysis, we compared the DNA mutational signatures among the groups. All
three groups displayed enrichment in signatures 6, 15 and 26, which are characteristic of
MMR-deficiency (Fig. 2E) (30). Our analysis showed that patients with Lynch syndrome
had lower mutational signature contributions of signature 15 than patients with BRAF
V600E- and RTK fusion-positive cases (Kruskal-Wallis, p = 0.02; Fig. 2E). None of the
other identified signatures were statistically significantly different in any of the three groups.

Pathology of RTK fusions

Pathologic analysis of the available cases of RTK fusion-associated CRC showed varied
histologies including mucinous, medullary and signet-ring-cell features (Suppl. Fig. 4A,
4B). In agreement with the known pathological features of MMR-D CRC, none of the
cancers had conventional moderately differentiated morphology (41).

Colon cancer develops via two predominant pathways: the more common adenoma-
carcinoma sequence and the sessile serrated polyp pathway (16,42). Most right-sided BRAF
V600E mutated CRCs emerge from the sessile serrated polyp pathway. Given the observed
molecular similarities between RTK fusion-associated and BRAF V600E-associated MMR-
D CRC, we wondered whether this finding might reflect a shared origin from sessile serrated
polyps. Ascertaining this uniformly is technically challenging because most colectomy
resections do not show evidence of precursor lesions, probably because of overgrowth of the
primary tumor. However, in one case with a RET-NCOA4 fusion, we were able to identify a
tumor-adjacent 1.5-cm sessile serrated polyp with dysplasia.

Clin Cancer Res. Author manuscript; available in PMC 2022 May 03.
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Therapeutic targeting of MSS CRC with RTK fusions:

Case 1: A 53-year-old woman with metastatic right-sided colon cancer presented for
evaluation after experiencing progression on FLOX (bolus 5-fluorouracil, leucovorin, and
oxaliplatin)/bevacizumab and irinotecan/bevacizumab. OncoPanel testing performed on her
diagnostic colonoscopic biopsy detected an ALK-CAD fusion (Suppl. Fig. 2B). No co-
occurring KRAS, BRAFor ERBBZ alterations were identified. On the basis of this finding,
the patient was enrolled in a clinical trial with single agent crizotinib at a dosage of 250

mg twice daily (ClinicalTrials.gov number, NCT00585195). During the crizotinib trial,

her abdominal pain resolved, and her CEA decreased from 9.5 to 4.8. Radiologically,

her CT scan after two cycles showed stable disease. She remained on crizotinib for 16
weeks, after which her disease progressed radiographically. She subsequently progressed
rapidly through irinotecan/cetuximab over the next 6 weeks (Fig. 3A). After the irinotecan/
cetuximab, she began to deteriorate rapidly (Eastern Cooperative Oncology Group (ECOG)
performance status 3) and was started on off-label alectinib 600 mg twice daily (a highly
potent and selective second generation oral ALK inhibitor) (43). Within days after initiation
of alectinib, her abdominal pain and large volume ascites both resolved. In agreement with
the significant improvement in her performance status, CT scans after 8 weeks of therapy
revealed a 36% decrease, according to RECIST 1.1 criteria, in her tumor burden (Fig. 3A).

Unfortunately, this response was short lived, and she experienced dramatic radiological
progression after 15 weeks on alectinib (Fig. 3A). Alectinib was discontinued, and she
underwent a large volume paracentesis for symptom management. A portion of the
malignant ascites was collected as part of an institutional research protocol and was used to
derive a mouse patient-derived xenograft line (PDX). She ultimately died 1 week after the
cessation of alectinib.

The patient’s short-lived responses to both crizotinib and alectinib raised questions regarding
the potential mechanisms of resistance to ALK-directed therapy. Using FISH, we confirmed
the presence of ALK fusion in the PDX line derived from the malignant ascites at the time of
alectinib resistance (Fig. 3B). OncoPanel testing on the resistant PDX again confirmed the
presence of ALK-CAD fusion and a prior 7P53 mutation (Fig. 3C), as well as acquisition

of the ALK p.L1196Q gatekeeper mutation in the kinase domain of the ALK gene. A repeat
query of the raw data from the original OncoPanel showed ~300x coverage of this region

in ALK with no evidence of the ALK p.L1196Q mutation in the diagnostic sample. The
ALK p.L1196Q gatekeeper mutation has been described as a resistance mutation to both
crizotinib and alectinib (44). We also noted multiple other mutations (Fig. 3C; Suppl. Table
3) at varying but mostly low allelic frequencies, which were not detected in the original
OncoPanel test results, thus suggesting sub-clonal divergence of her tumor over time.

Case 2: A 48-year-old man who presented with severe anemia was found to have a
mismatch repair proficient, locally advanced rectosigmoid adenocarcinoma. He underwent
a low anterior resection of his cancer, and pathological evaluation revealed a T4aN2bMO
rectosigmoid adenocarcinoma. After the low anterior resection, he was treated with
adjuvant FOLFOX (bolus and infusional 5-fluorouracil, leucovorin and oxaliplatin) and
5-FU chemoradiation. Two and half years after chemoradiation, imaging studies showed
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enlarging retroperitoneal nodes, and these lymph nodes were surgically removed. Pathology
confirmed recurrent colorectal adenocarcinoma. One year after the surgical removal of the
retroperitoneal lymph nodes, the patient was again found to have enlarging, FDG avid
retroperitoneal lymph nodes. In considering his therapeutic options, we noted that molecular
analysis of both his primary rectal cancer and recurrent retroperitoneal lymph node revealed
that the cancer was KRAS/NRAS/BRAF wild-type and bore a ROS1-GOPC fusion. He

was enrolled in a phase 2 clinical trial of entrectinib (NCT02568267). He has tolerated
entrectinib well and has had a 16% reduction in his tumor burden (Fig. 4). He continues on
entrectinib after 9 months of therapy.

Discussion:

There is an urgent clinical need to identify new targets and therapies for patients with
CRC. In this study, we describe clinical, molecular and pathological features of patients
with RTK fusion-associated CRC. Although RTK fusion-associated CRCs are uncommon,
this population of patients nonetheless has additional potential therapeutic options beyond
those of most CRC patients. We collated the molecular features of patients with RTK
fusion-associated CRC, as detected with a targeted DNA sequencing panel (17,18).

We observed a striking enrichment in RTK fusions in MMR-D and right-sided CRC.
Interestingly, the fusions involving MMR-D cancers in our cohort occurred only in

cases of acquired MMR-D CRCs, as evidenced by the presence of MLHI promoter
hypermethylation. Our finding that fusions were restricted to sporadic MMR-D tumors is
in agreement with the results of recent studies (9,10,15); however, the exact reasons leading
to this condition remain unclear and prompt important biologic questions regarding the
oncogenesis of these tumors. A detailed molecular analysis of various subtypes of MMR-D
CRC (Lynch vs. BRAFV600E+ vs. RTK) revealed several molecular features unique to
Lynch syndrome, including enrichment in specific oncogenic mutations such as KRASand
ERRBZand an overall lower contribution of mutational signature 15. The Lynch syndrome
cohort also had a significantly higher mutational burden and HPI rates than the BRAF
V600E mutation cohort. Data from multiple groups have shown that signatures 6, 15 and
26 are all characteristic of microsatellite instability (30). In our dataset, signature 15 had

a lower relative contribution in Lynch syndrome CRC patients compared to CRC patients
whose tumor harbored a BRAFV600E mutation or RTK fusion. Given the small samples
size of our dataset, this observation will need validation in larger cohorts. There is no clear
mechanistic data to explain the lower signature 15 contribution in Lynch syndrome CRC.
Both signatures 6 and 15 are driven by large numbers of substitutions and short indels

at nucleotide repeats. However, signature 15 favors C>T at GpCpN trinucleotides whereas
signature 6 occurs at NpCpG (30). The hypermethylation that occurs in acquired MMR-D
tumors is one possible explanation for what drives the phenotypic difference in signature
15. Another possibility is that CRCs arising in patients with Lynch syndrome, by virtue

of its inherited nature, have a much longer duration of microsatellite instability driving

the difference in mutational signature. The latter might also explain the higher mutational
burden seen in Lynch syndrome compared to those with acquired MMR-D CRC.
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Although our series included small patient numbers, thus preventing rigorous statistical
comparisons between subtypes, MMR-D RTK fusion CRC cases appear to be molecularly
more similar to BRAFV600E-mutated MMR-D cases than Lynch syndrome cases.
Interestingly, both these groups show MLH1 hypermethylation, thus suggesting the
possibility of shared pathways of tumorigenesis. Comparison of global methylation profiles
of MMR-D RTK fusion CRC with BRAF V600E-mutated MMR-D CRC cases will be
useful to understand important shared and divergent methylation patterns between these
two disease subgroups. BRAFV600E mutation-associated tumors arise in sessile serrated
polyps, and the BRAFV600E mutation is thought to be an important initial oncogenic
event in these polyps (16,45). Although assessing all colectomy specimens in our cohort
for evidence of precursor lesions was technically challenging, we nonetheless were able

to demonstrate that one case with a RET fusion arose from a sessile serrated polyp.

We hypothesize that most RTK fusion-associated tumors, like CRC with BRAFV600E
mutation, also originate in sessile serrated polyps and RTK fusions might represent an early
oncogenic driver event. In support of this model, recent work in lung cancer has shown

that common oncogenic fusions such as EML4-ALK occur very early in oncogenesis (46).
Further investigation of fusion associated CRCs using whole genome sequencing on early
precursor sessile serrated polyps, dysplastic polyps and associated tumors will shed light on
the sequence of oncogenic hits and underlying mechanisms involved in the genesis of these
tumors.

Approximately one-third of RTK fusions occurred in MSS CRC in our patient cohort.
Because MMR-D early stage CRCs have a significantly better prognosis than MSS CRC
tumors, we were not surprised to observe an increased prevalence of metastatic disease

in patients with MSS CRC harboring RTK fusions compared to patients with MMR-D
harboring RTK fusions. However, this finding is therapeautically important because the
need for novel therapies is arguably more urgent in MSS CRC considering that they are

not candidates for immune checkpoint inhibition. Both these factors are exemplified in our
RTK fusion cohort, in which only two of eight patients with MMR-D CRC had stage 1V
disease, as compared with all four patients with MSS CRC. Furthermore, both patients with
MMR-D stage IV CRC (one NTRK1 fusion and one ALK fusion) are benefiting from an
ongoing response to PD-1 blockade. In contrast, since MSS CRC patients do not benefit
from PD1-directed immunotherapy, the two patients with MSS CRC with RTK fusions were
treated with targeted therapy directed against their RTK translocation.

One patient with MSS CRC bearing a ROSI-GOPC fusion continues to benefit on
entrectinib after 9 months of therapy. To our knowledge, this is the first reported case of

a ROS1 fusion being targeted in CRC. The second patient with MSS CRC, whose tumor
contained an ALK-CAD fusion, clinically benefited from sequential use of crizotinib and
alectinib, which are potent inhibitors of ALK (43,47). Interestingly, we identified a well-
characterized gatekeeper mutation in the ALK kinase domain at the time of resistance to
alectinib. Gainor et al. have described similar gatekeeper mutations in lung adenocarcinoma
biopsy specimens from two patients who progressed on alectinib (48). Yakirevich et al.
have described a case of STRN-ALK translocated colon cancer that responded to ceritinib,
another oral ALK inhibitor, for 9 months and then developed a KRAS mutation at the
time of clinical resistance (14). In addition, Siravegna et al. have described a case of CRC
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with CAD-ALK fusion that responded to entrectinib for 5 months before relapsing with
multiple ALK kinase domain mutations (13). Therefore, multiple paths to resistance to ALK
inhibition in CRCs are likely to exist, a phenomenon that has also been noted in patients
with ALK+ lung adenocarcinomas (48).

As a group, RTK fusions are found exclusively in KRAS, NRAS and BRAF wild-type
CRCs, thus highlighting that these genomic events play critical roles in the oncogenesis

of these tumors. EGFR-directed therapy was not effective in the one patient in our cohort
treated with this strategy. These findings, together with others in the literature, support the
hypothesis that RTK fusions may predict primary resistance to EGFR-directed therapy (49—
51). Multi-institutional analysis of a larger RTK fusion cohort is necessary to confirm this
hypothesis.

The molecular complexity of translocation events makes their reliable identification difficult
through next generation sequencing assays. Given this technological limitation, additional
assays are needed to complement the ability of next generation sequencing to identify
fusions. One approach is using CLIA approved RNA based assays, which more readily
identify the fusion transcripts. However, a limitation of a RNA based sequencing is the
extraction of high quality RNA from formalin-fixed archival tissue. Consequently, RNA
based approaches can fail to detect fusion events, particularly in older biopsy samples.

For example, two NTRK-LMNA fusions that were detected by next generation sequencing
failed to be identified with RNA based sequencing but were confirmed by TRK IHC.

These findings illustrate the utility of using multiple modalities, including FISH and IHC,
to detect the presence of fusions. Using this multi-pronged fusion detection approach in

the right genetic subpopulation, such as RAS/RAF wild type CRC, can help identify the
small number of patients whose tumor harbors an RTK translocation and might benefit from
targeted therapies.

In summary, we provide a comprehensive molecular overview of RTK fusion-associated
CRC. The enrichment of RTK fusions in acquired MMR-D cancers is consistent with
findings from other reports, and deeper genomic analyses may help elucidate the
fundamental mechanisms of oncogenesis in this disease subset. However, our study
underscores the need to evaluate all RAS/RAF wild type patients with CRC for targetable
RTK fusions. Compared with MMR-D CRCs, RTK fusions are more common in patients
with MSS CRC who develop metastatic disease at some point in their disease course.
These findings have important therapeutic implications, because these RTK fusions can
be therapeutically targeted and also likely predict resistance to EGFR-directed therapies.
Our results support the use of a multi-institutional prospective basket trial-like approach to
comprehensively establish the role of targeted therapy in this genomically defined patient
population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance:

Colorectal cancer (CRC) is the second most frequent cancer-related cause of death in the
US. We characterize a rare subset of CRCs bearing driver oncogenic fusions in receptor
tyrosine kinases (RTKs). RTK fusions were enriched in CRCs with acquired mismatch
repair deficiency. However, in our series, 33% of the CRCs with RTK fusions were
microsatellite stable (MSS). We present two cases of patients with MSS CRC, whose
tumors bore RTK fusions and derived clinical benefit from targeted therapy. One patient
with an ALK fusion was treated with two sequential ALK targeted agents, crizotinib and
alectinib, whereas the second patient with a ROSZ fusion has received entrectinib for

10 months, with treatment ongoing. RTK fusions are targetable, and clinicians should
have a high index of suspicion in CRCs that are BRAFand RAS wild-type, particularly
those with MSS disease where molecular therapeutic options for patients with metastatic
disease are limited.
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Figurel.

Co-mutation plot for RTK and Wnt fusions identified in our study. All cases of RTK
fusions are BRAFand KRAS wild-type, whereas all cases of Wnt fusions are wild-type for
mutations in canonical Wnt pathway genes including APC, CTNNBI and RNF43.
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A. Tumor mutational burden (TMB), homopolymer indel (HPI) frequency and base change
spectrum in our identified groups: MMR-D: BRAFV600E mutated, Lynch syndrome and
RTK fusions. MSS: RTK fusions and RSPO fusion. All three MMR-D subgroups have a
higher TMB and HPI than MSS tumors with RTK or RSPO fusions. B. Lynch syndrome
tumors demonstrate a higher TMB and HPI than MMR-D BRAFV600E tumors. Median
TMB and HPI levels of MMR-D RTK fusion tumors are closer to MMR-D BRAFV600E
tumors (text) but not significantly (ns) different from Lynch syndrome tumors, probably
because of low case numbers. C. Co-mutation plot for the pre-defined groups. D. Varying
frequencies of various oncogenes among the three MMR-D cancer subgroups. Q values

for each oncogene are listed beneath their identifiers. Oncogenic mutations in KRAS,
ERBBZ2and CTNNBI show relative predominance in Lynch syndrome. E. Lynch syndrome-
associated MMR-D cancers demonstrate a lower median contribution from signature 15 than
do BRAFV600E and RTK fusion-associated MMR-D cancers.
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Figure 3.
A. Clinical and radiographic correlates of patient treatment history and response. The patient

experienced a dramatic albeit short-lived response on alectinib. B. Break-apart FISH probes
demonstrated the continued presence of ALK fusion in the alectinib-resistant tumor-derived
xenograft. Red and green signals hybridize to the 5’ and 3’ ends of the ALK gene. In

the case of an intact ALK gene the two signals map close together, often appearing as a
yellow, or fused, signal. Rearranged alleles are scored when at least a two-signal diameter
spacing is observed between the red and green ALK signals (Red arrow). In addition to
ALK rearrangement the FISH assay shows evidence of ALK gene polysomy as evidenced
by 5 copies of ALK gene in the representative image. C. Comparison of SNVs detected

in diagnostic and alectinib-resistant samples for this index case. Genetic testing showed

a shared 7P53 mutation and the continued detection of ALK-CAD fusion. An acquired
ALK L1196Q gatekeeper mutation was detected in the alectinib-resistant sample along with
several other mutations at low allelic frequency (Suppl. Table 3). RNF43 frameshift (fs)
mutation was detected in the alectinib-resistant sample. This gene was not part of the earlier
version of the assay performed on the diagnostic sample.
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Figure 4.
A. Radiographic trajectory of patient with ROSI-GOPC fusion showing consistent growth

in retrocrural (A) and left internal iliac lymph nodes (B) between April and December 2019
whilst the patient was being closely observed. Entrectinib was initiated in early January
2020. Scans 8 months into therapy in August 2020 show stable disease with slight reduction
in size of adenopathy. Measurements of index retrocrural nodes used for RECIST1.1
measurements are noted. The left internal iliac node is too small for measurements but

was FDG avid on a prior PET CT.
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Table 1.
RTK fusions: Fusion partners and additional details for each of the 12 RTK fusion cases identified in our
cohort
Fusion Fusion Known | Validation | Validation | Mismatch Method MLH1 promoter Site of Stage at Histology
oncogene | partner fusion method result Repair of hyper methylation primary diagnosis
partner Status detection (YIN) tumor
MSSIMS
| status
RET NCOA4 Yes - - Deficient IHC and Yes Ascending | Signet-ring-
PCR cell
RET NCOA4 Yes - - Deficient IHC and Yes Descending 1l NA
PCR
NTRK1 TPR Yes IHC and Confirm Deficient IHC Yes Ascending \Y Mucinous
Archer Dx features
NTRK1 LMNA Yes IHC Confirm Deficient IHC Yes Ascending 1l Mucinous
NTRK1 LMNA Yes IHC and Confirm Deficient IHC Yes Ascending 1 Medullary
Archer Dx
NTRK1 LMNA Yes IHC Confirm Deficient IHC and Yes Cecum 11 Medullary
PCR features
ALK CAD Yes FISH Confirm Proficient IHC and NA Cecum \Y Poorly
PCR differentiated
ALK EML4 Yes - - Deficient IHC Yes Ascending v Medullary
and signet-
ring-cell
features
BRAF ARMC10 Yes - - Deficient IHC Yes Ascending 1 Poorly
differentiated
FGFR2 TACC2 Yes Archer Dx Confirm Proficient IHC and NA Rectosigmoid v NA
PCR
ROS1 GOPC Yes - - Proficient IHC and NA Rectosigmoid \Y Mucinous
PCR features
NRG1 KIF13B Yes Archer Dx Confirm Proficient IHC NA Unknown v NA

FISH: Fluorescence in situ hybridization. IHC: Immunohistochemistry. - : Tissue not available for further testing.
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Epidemiologic details of the fusion-associated CRC cases identified in our cohort.

Table 2.

Characteristic RTK fusions(n=12) | Wnt fusions(n =7)
Median age, yr (range) 63.5 (50-76) 51 (28-68)
Sex

Female 9 (75%) 2 (29%)
Male 3 (25%) 7 (71%)
Smoking history

Current or former smoking 6 (50%) 4 (57%)
Tumor stage

-1l 4 (33%) 0

1 2 (17%) 5 (71%)
\Y} 6 (50%) 2 (29%)
Side of primary

Right colon 8 (67%) 4 (57%)
Left colon and rectum 3 (25%) 3 (43%)
Microsatellite status

High 8 (67%) 0 (0%)
Stable 4 (33%) 7 (100%)
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