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We conducted next generation DNA sequencing on 335 biliary tract cancers and characterized the
genomic landscape by anatomic site within the biliary tree. In addition to frequent FGFRZ2 fusions
among patients with intrahepatic cholangiocarcinoma (IHCC), we identified FGFRZ2 extracellular
domain in-frame deletions (EIDs) in 5 of 178 (2.8%) patients with IHCC, including two patients
with FGFR2p.H167_N173del. Expression of this FGFRZEID in NIH3T3 cells resulted in
constitutive FGFR2 activation, oncogenic transformation, and sensitivity to FGFR inhibitors.
Three patients with FGFRZEIDs were treated with Debio 1347, an oral FGFR-1/2/3 inhibitor,
and all showed partial responses. One patient developed an acquired L618F FGFRZ2kinase domain
mutation at disease progression and experienced a further partial response for 17 months to

an irreversible FGFR2 inhibitor, futibatinib. Together, these findings reveal FGFR2EIDs as an
alternative mechanism of FGFR2 activation in IHCC that predict sensitivity to FGFR inhibitors in
the clinic.
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INTRODUCTION

Biliary tract cancers are a heterogeneous group of malignancies originating from the
intrahepatic bile ducts (intrahepatic cholangiocarcinoma, IHCC), extrahepatic bile ducts
(extrahepatic cholangiocarcinoma, EHCC), gallbladder (GBC), and ampulla of Vater
(AMP). Recent genomic studies have revealed multiple targetable alterations in biliary
cancers (1,2), and promising data have emerged from clinical trials in genetically defined
patient subsets, including those with FGFRZ2fusions (3-5), /DHI mutations (6), BRAF
mutations (7), mismatch repair deficiency, HERZ (ERBBZ) amplification/mutation and
ALK, ROS1, or NTRK translocations (1,2).

FGFRZ2activating fusions (~15%) and point mutations (3-5%) are particularly common in
IHCC, where they are present at higher frequencies than in any other major cancer type
(1,2,4,8-13). Recently, an ATP-competitive FGFR kinase inhibitor, pemigatinib, became the
first FDA-approved targeted therapy for cholangiocarcinoma, specifically among patients
with an FGFRZ2fusion (3). In addition to pemigatinib, other FGFR kinase inhibitors,
including Debio 1347, erdafitinib, infigratinib (BGJ398), derazantinib (ARQ 087), and

a covalent inhibitor, futibatinib (TAS-120), have demonstrated clinical activity in early
trials, with median progression-free survival of approximately 6 months in patients with
FGFRZ2fusions (3,5,14-17). IHCCs with FGFRZ point mutations or amplifications appear
to be less sensitive to FGFR inhibitors, highlighting the importance of additional genotype-
phenotype analysis of FGFRZ2 variants (18). Studies dissecting the molecular mechanisms
of FGFR inhibitor resistance in patients with FGFRZ2 fusions have revealed the emergence
of secondary mutations in the FGFRZ2kinase domain (5,19). Notably, the irreversible FGFR
inhibitor futibatinib has been effective in treating several patients with acquired resistance to
other FGFR inhibitors (5).
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The importance of FGFR2 in the pathogenesis of many IHCCs led us to hypothesize

that other FGFRZ2 activating alterations might predict sensitivity to FGFR inhibitors (11).
Here, we examined the genomic features of 335 biliary tract tumors, including 178 IHCCs.
We identified FGFRZ2extracellular domain in-frame deletions (EIDs) as an unexpected
mechanism of FGFR2 activation in IHCC, and we validated the transforming activity of
these alterations in preclinical models. Importantly, all three patients with FGFRZEIDs
treated with FGFR inhibitors demonstrated tumor response, suggesting a new genomically-
defined cohort of patients who may benefit from FGFR-targeted therapies.

Genomic Landscape of Biliary Tract Cancers

Between October 2013 and April 2019, next generation DNA sequencing (NGS) in a
CLIA-certified laboratory was performed for 335 patients with biliary tract cancer, including
178 patients with IHCC (Table 1). Nearly 60% of patients presented with distant metastases
at the time of their cancer diagnosis, and DNA sequencing was performed from the primary
tumor (69%) or a metastatic lesion (31%). Mean tumor cellularity was 44%, and mean
tumor coverage for NGS was 315X.

As seen in prior sequencing efforts (2,8-10,12,13), a large diversity of genetic alterations
were identified in the biliary cancer cohort, with differences by anatomic origin within the
biliary tree (Figure 1A). As expected, several alterations that predict sensitivity to targeted
therapies were enriched within IHCC patients, including FGFRZ2 rearrangements (12%) and
mutations in /DHI (19%), IDHZ2 (5%), and BRAF (3%) (Supplemental Table 1). FGFR2
fusions typically involved exons 1-17 of FGFRZ2, and the most common fusion partners
were BICC1 (3/21, 14%) and AHCYL1 (2/21, 9.5%) (Supplemental Table 2). BRAFV600E
mutations, FGFRZ2 alterations, KRAS mutations, and NRAS mutations were all mutually
exclusive in the full biliary cancer cohort. /DHI mutations co-occurred in 1 of 21 FGFR2
rearranged tumors, 4 of 74 KRAS mutated tumors, and 2 of 10 VRAS mutated tumors. We
also note that of the 74 patients with KRAS mutations identified in our cohort, 4 patients had
KRAS G12C mutations, which are of high clinical interest given ongoing trials of KRAS
inhibitors (20).

Deleterious mutations of genes involved in the DNA homologous recombination (HR)
pathway were identified in all biliary subtypes, most frequently involving A7M (3.9%
IHCC, 4.1% EHCC, and 2.7% GBC), but with mutations in BRCA1, BRCAZ, and PALB2
also observed (Supplemental Table 3). Across the full cohort, 12.2% of patient specimens
had at least one alteration in HR pathway genes.

Preclinical data have suggested that MTAP deficient tumors can be therapeutically targeted
by inhibitors of PRMT5 and MAT2A (21). We observed two-copy MTAP deletions in all
biliary cancer subtypes (10.4% IHCC, 7.7% EHCC, 16.7% GBC, 12.5% AMP), and these
deletions were associated with co-deletion of the neighboring COKNZA and CDKNZB
genes. However, only 26/46 (56.5%) of CDNKZA biallelic deletions were accompanied by
two-copy MTAP deletions, suggesting the need to specifically assay for MTAP loss.
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The median estimated tumor mutational burden (TMB) of the entire biliary cohort was
6.8 mutations/Mb (range 0.0-65.4) (Supplemental Figure 1). Using previously validated
criteria (22), 2/178 (1.1%) IHCCs and 1/49 (2%) EHCCs were suspicious for mismatch
repair deficiency based on genomic analysis. Analysis of mismatch repair proteins by
immunohistochemistry confirmed that two of the three patients were mismatch repair
deficient. Further genomic analysis of the third case, which had intact MLH1, MSH2,
MSHS6, and PMS2 by immunohistochemistry, revealed that this tumor had an estimated
TMB of 44 mut/Mb and two loss of function events in MLH3 (frameshift mutation and
low-level deletion). Seven additional biliary tumors had an estimated TMB greater than
15 mut/Mb (Supplemental Figure 1). None of these tumors harbored a POL £ mutation,
indicating other causes for their higher mutational load.

of Genomic Events with Patient Outcomes

We performed Cox proportional hazards regression, controlling for age, gender, presence of
metastatic disease at diagnosis, and surgical resection of the primary tumor, to determine
whether the main alterations identified in biliary cancer—AR/ID1A, BRAF, CDKNZA,
FGFRZ, IDH1, KRAS, and TP53— were associated with patient outcomes. Inactivating
mutations or two copy deletions of COKNZA were associated with reduced overall survival
(hazard ratio [HR], 1.38; 95% confidence interval [CI], 1.01-1.88; p-value 0.04) among all
patients with biliary cancer (Supplemental Figure 2A). When examining only patients with
IHCC, V600E BRAF mutations were also strongly associated with reduced overall survival
(HR, 4.41; 95% Cl, 1.75 — 11.10; p-value 0.002) (Supplemental Figure 2B). None of the
other gene alterations (in ARID1A, FGFRZ, IDH1, KRAS, and TP53) were associated with
overall survival time in the full biliary cancer population.

We next examined whether alterations in AR/ID1A, BRAF, CDKNZA, FGFR2, IDH1,
KRAS, and 7P53were associated with real-world progression-free survival (rwPFS) on
first-line chemotherapy in patients who presented with metastatic disease. Using data
abstracted from clinical records, rwPFS measures how long patients are treated with a
chemotherapy regimen and is derived by using the date of completion of chemotherapy

or death as its events. Controlling for age and gender, 7P53alterations were associated

with decreased rwPFS on first-line chemotherapy (HR, 2.21; 95% Cl, 1.36-3.59; p-value
0.001) and decreased OS (HR, 2.36; 95% CI, 1.40-4.00; p-value 0.001) among patients with
metastatic IHCC (Supplemental Figure 3A and 3B).

Identification of Extracellular Domain FGFR2 In-Frame Deletions

In addition to the 12% of IHCC patients whose tumor harbored an FGFRZ2 fusion, we found
four oncogenic FGFR2 extracellular activating mutations: p.F276C (n=1), p.C382R (n=2),
and p.Y375C (n=1). However, upon further examination of this cohort for other types of
FGFRZ alterations, we also identified 5 (2.8%) patients with extracellular domain FGFR2
in-frame deletions (Table 2). Two IHCCs harbored an identical exon 5 deletion, FGFR2
p.H167_N173del, while the other three FGFRZ2indels were located in exon 7 (Figure 1B).
Activating extracellular domain alterations have been identified in other oncogenic receptor
tyrosine kinases, such as EGFR, HERZ, PDGFRA and RET (23-26). In addition, FGFR2
extracellular domain activating mutations, and rarely small in-frame FGFRZ2 deletions, are
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known to cause autosomal dominant congenital craniosynostosis syndromes (27-31). Thus,
we investigated whether these extracellular domain FGFRZ2 in-frame deletions (EIDs) might
be oncogenic drivers in cholangiocarcinoma and amenable to inhibition by FGFR inhibitors.

We first sought to further define the prevalence of FGFRZEIDs by examining the Genomics
Evidence Neoplasia Information Exchange (GENIE) database, a resource generated by an
international consortium of 19 institutions and consisting of large numbers of genomic
profiles generated by multiple NGS platforms (32). We identified 13 additional tumors that
carried FGFRZEIDs in the GENIE database (Table 2, Figure 1B). Notably, we found

two additional FGFR2p.H167_N173del EIDs in an IHCC and a poorly differentiated
carcinoma of unknown primary. Other FGFRZEIDs occurred in patients with breast,
ovarian, brain, adenoid cystic and endometrioid carcinomas, although at much lower
frequency than in IHCC (Figure 1B). Next, we considered the other genomic events

in tumors with FGFRZ2 rearrangements or FGFR2 EIDs and noted that tumors with

these two different types of FGFR2 alterations exhibited similar patterns of mutational
co-occurrence (Supplemental Figure 4). We then examined the ClinVar database (33) and
identified four FGFR2EIDs overlapping with those detected in IHCC that were reported
to be pathogenic for congenital craniosynostosis syndromes (Supplemental Figure 5).
Studies from congenital craniosynostosis syndromes have demonstrated that interference
with one of the three disulfide cysteine bonds in the extracellular domain of FGFR2, or

the insertion of an additional cysteine which can lead to the creation of rogue disulfide
bridges, can be activating (34). Consistent with this, two of the FGFR2EIDs we identified,
p-W290_1291WI>C and p.W201_L223delinsC, result in the addition of an extracellular
cysteine.

Finally, we examined the isoform expression of FGFRZ2in one patient for whom extra tumor
tissue was available. FGFRZ2has two major isoforms with distinct FGF ligand affinities that
are encoded via alternative splicing of exon 6 into exons 7b or 7c¢ (generating FGFR2111b
(NM_001144913.1) or FGFRZIllc (NM_000141.5) isoforms) (35). Using RNA extracted
from tumor tissue from IHCC Patient 46 with the FGFR2p.H167_N173del alteration, we
found that this FGFR2EID was expressed in the context of the FGFRZ2I11b isoform as has
been reported for all FGFRZfusions described to date in IHCC (Supplemental Figure 6).

In Silico Evaluation of FGFR2 EID Oncogenicity

Using the crystal structure of wild-type FGFRZ2 (pdb:1EV2), we modeled the structural
impact of FGFRZEIDs in silico. FGFR2p.H167_N173del is an extended deletion in the
Ig-like C2-type D2 extracellular domain, with most of its sequence (His167 to Prol170)
structured as a beta-strand and Alal71, Alal72 and Asn173 within a turn (Figure 2A, 2B
and Supplemental Figure 7). Consequently, deletion of this region is predicted to markedly
alter the three-dimensional structure of an important region that forms a beta-sheet within
the D2 domain and is involved in both FGF ligand binding and FGFR2 dimerization (Figure
2A, 2B, beige ribbon with green highlighted amino acids). Several of the deleted amino
acids interact with FGF residues (blue ribbon in Figure 2B), including (1) a hydrogen-bond
network including the FGF Tyr103 side chain, the D2 Asn173 side chain, the D2 Alal168
backbone oxygen and two water molecules, (2) direct hydrogen-bonding of the FGF Tyr24
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side chain to the D2 Alal68 backbone nitrogen, and (3) extensive van der Waals contacts
between FGF and the side chains of Alal68, Pro170 and Asn173. The deleted region also
likely plays a role in FGFR2 dimerization, as the Asn173 side chain forms a hydrogen-bond
with the Ser220 side chain of the other FGFR2 monomer (red ribbon in Figure 2B), and
Alal72 and Asn173 of both monomers are in van der Waals contact. Taken together, these
structural findings suggest that deletion of p.H167_N173 from the extracellular domain

of FGFRZ may cause either ligand-independent FGFR2 activation or increased ligand
affinity and dimerization, both of which would result in oncogenic activity and cellular
transformation.

Using a similar /n silico approach, we evaluated the pathogenicity of the other FGFR2
EIDs (Table 2). The level of confidence for each prediction was based on mapping

to protein sequence, overlap with reference mutations (Supplemental Figure 7) (36-51)

and assessing each alteration’s role within FGFR2’s three-dimensional X-ray structure
(pdb:1EV2, Supplemental Figures 8-19). As a second example, FGFR2p.1288_E295delinsT
represents a deletion in the 1g-like C2-type D3 extracellular domains (Supplemental Figure
9). Most of its sequence (11e288 to His293) is structured as a beta-strand while Val294

and Glu295 are within a less structured region, likely representing a turn. Similar to the
FGFR2p.H167_N173del, deletion of this region would likely profoundly modify the three-
dimensional structure of an important beta-sheet within the D3 domain (pink ribbon in
Supplemental Figure 9), and might also alter recognition of the FGF ligand (cyan ribbon in
Supplemental Figure 9) since the deleted D3 11288 hydrophobic side chain is in van der
Waals contact with the Phel7 side chain of FGF.

Overall, eleven of the 14 identified sequence-unique FGFR2EIDs were predicted to

be pathogenic, five with high confidence, based upon their location within the FGFR2
protein. Longer lengths of the altered sequences correlated with their predicted impact on
protein structure and consequently were an influential determinant of inferred pathogenicity.
As in the case of FGFRZ2p.H167_N173del, the remaining FGFRZ2EIDs identified as

high confidence for pathogenicity were located in one or more critical structural regions
responsible for protein folding, FGF binding, or FGFR2 dimerization. Two FGFR2EIDs
were not resolved within the FGFR2 crystal structure and consequently were not clearly
evaluable for pathogenicity.

FGFR2 EIDs are Transforming In Vitro and In Vivo

We next tested the transforming capacity of the recurrent FGFR2p.H167_N173del

variant in functional studies. To this end, we transduced 3T3 mouse embryonic

fibroblast cells with viral vectors carrying FGFRZ2p.H167_N173del and used wild-type
FGFRZ, the FGFR2-OPTN fusion, and an empty vector as controls. Expression of
FGFR2p.H167_N173del promoted cellular transformation, anchorage independent colony
formation and tumor formation upon subcutaneous implantation in immunodeficient

mice, to levels comparable to the FGFR2fusion (Figure 2C-E). Immunaoblot analysis
demonstrated that FGFR2p.H167_N173del exhibited constitutive FGFR2 kinase activity, as
reflected by phosphorylation of its substrate, the docking/scaffolding adaptor protein FRS2
(Figure 2F, lanes 1 and 4, “EID” represents FGFR2p.H167_N173del).

Cancer Discov. Author manuscript; available in PMC 2022 April 01.
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In Vitro Response of FGFR2 EIDs to FGFR Inhibition

Notably, the FGFR inhibitors Debio 1347 and futibatinib both diminished phosphorylation
of FRS2 in 3T3 cells transfected with FGFR2p.H167_N173del (Figure 2F and 2G),

and this reduction was similar to that observed in cells expressing the FGFR2-PHGDH
fusion protein. We also observed coordinate reduction in downstream MAP kinase pathway
activity, as assessed by ERK1/2 phosphorylation. Furthermore, the above FGFR inhibitors
potently inhibited the growth of FGFR-dependent human CCLP-1 IHCC cells (5) expressing
either FGFR2p.H167_N173del or the FGFR2-PHGDH fusion (Figure 2H and 2I). Thus,
FGFR2p.H167_N173del is a novel constitutively active oncogenic form of FGFR2 that is
effectively inhibited by FGFR2 kinase inhibitors.

Clinical cases of IHCCs harboring FGFR2 EIDs treated with FGFR inhibitors

Given the known importance of FGFR2 to cholangiocarcinoma pathogenesis, we treated
three patients with advanced FGFRZ2EID-positive IHCC with the investigational agent
Debio 1347, an orally available FGFR-1,2,3 ATP competitive inhibitor, and observed a
partial response in all three patients.

Patient 46 is a woman who presented at 48 years of age with right upper quadrant pain
emanating from a large liver mass (oncological history summarized in Figure 3A). Partial
hepatectomy removed a 9.6 cm T1NO well differentiated IHCC, and she was subsequently
treated with 6 months of adjuvant gemcitabine. After 5 years of surveillance, a recurrent
mass was identified, and repeat partial hepatectomy removed an isolated 4.2 cm hepatic
recurrence. The patient was treated with 6 months of adjuvant gemcitabine/cisplatin. The
cancer again recurred in the liver, but after an ablation procedure, local therapies were no
longer possible due to the development of multiple liver lesions.

NGS testing in a CLIA-certified laboratory was performed on DNA isolated from her second
hepatectomy specimen, and FGFR2p.H167_N173del (mutation allele fraction [MAF], 12%)
was identified without another clear driver event (Figure 3A). She was enrolled and treated
on a phase 1 trial of Debio 1347 (NCT01948297)(14) resulting in a 51% tumor reduction
(RECISTvV1.1) and a progression-free survival time of 13 months (Figure 3B).

Tumor biopsy at the time of progression on Debio 1347 revealed persistence of FGFR2
p.H167_N173del (MAF, 25%) and development of an FGFRZ2 p.L618F kinase domain
mutation (MAF, 27%; Figure 3A). This mutation was previously undescribed, although
other FGFR2p.L618 variants (e.g., p.L618V and p.L618M) cause acquired resistance

to infigratinib, another FGFR-1,2,3 ATP competitive inhibitor, in patients with FGFRZ2
fusion-positive IHCC (19,52). We expressed the p.L618F mutation, in the context of
FGFR2p.H167_N173del, in NIH3T3 cells. /n vitro studies demonstrated that this mutation
conferred resistance to Debio 1347, as reflected by sustained FGFR2 signaling with
persistent FRS2 and ERK1/2 phosphorylation (Figure 2F). In contrast, the irreversible
FGFR1-3 inhibitor futibatinib —which has been shown to overcome multiple mutations that
cause resistance to ATP-competitive FGFR inhibitors /n vitroand in patients (5)—retained
activity against this mutation in NIH3T3 cells (Figure 2G). We also tested this mutation

in the FGFR-dependent IHCC cell line, CCLP-1. FGFR2p.L618F caused a >13-fold
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increase in IC50 for Debio 1347 as compared to wild-type, whereas futibatinib efficacy
was unaffected (Figure 2H and 2I).

As her tumor sample underwent repeat NGS, the patient was treated with FOLFOX
(5-fluorouracil, leucovorin, oxaliplatin), a standard chemotherapy regimen for patients

with advanced cholangiocarcinoma (53). The best tumor response was stable disease,

and this regimen was stopped after disease progression was observed on imaging after

5 months of therapy (Figure 3A). At the time of tumor progression, a single-patient
investigational new drug (IND) application was pursued to enable treatment with futibatinib.
Treatment with futibatinib resulted in a partial response, with a 61% tumor reduction and a
response duration of 17 months (Figure 3C). The same liver lesion that was biopsied after
development of acquired resistance to Debio 1347 was biopsied again after the development
of resistance on futibatinib. In addition to the FGFR2p.H167_N173del (MAF, 14%) and
p.L618F (MAF, 12%) alterations, NGS revealed a BRAF p.L597Q mutation at a low allele
frequency (MAF, 3%) (Figure 3A).

In light of the BRAF p.L597Q mutation, we hypothesized that treating the patient with an
ERK inhibitor might provide further disease control. However, her disease progressed after
2 months of treatment with the LY3214996 ERK inhibitor. Tumor biopsy of a different liver
lesion, performed during treatment with the LY 3214996 ERK inhibitor, revealed FGFR2
p.H167_N173del (MAF, 35%) and a new FGFR2p.N550K (MAF, 41%) kinase domain
mutation, which has previously been observed in the context of acquired resistance to FGFR
inhibitors and has reduced sensitivity to Debio 1347 and futibatinib /n vitro (Figure 3A)
(5,19). Circulating cell free DNA (cfDNA) analysis (Guardant360) performed one week
after cessation of ERK inhibitor treatment identified the FGFR2p.H167_N173del (MAF,
1.3%) and FGFR2p.N550K (MAF, 0.2%) kinase domain mutations and also revealed an
NRAS p.Q61K (MAF, 0.9%) mutation, suggesting development of several mechanisms of
resistance to FGFR2 and MAPK-directed therapy. A subsequent tumor biopsy done before
starting treatment on an investigational immunotherapy study, and which targeted the same
lesion that was biopsied during ERK inhibitor therapy, revealed FGFR2p.H167 N173del
(MAF, 23%) and also demonstrated NRAS p.Q61K (MAF, 17%), which was previously
identified in cfDNA testing.

Retrospectively, we applied droplet digital polymerase chain reaction (ddPCR) to circulating
cfDNA extracted from 17 serially collected blood samples to identify the temporal variation
in tumor-associated alterations (Figure 3D). Data are from samples collected at the start of
futibatinib and every 4-8 weeks thereafter; samples collected before this time did not have
sufficient tumor DNA for mutation detection, presumably because of insufficient shedding
of tumor DNA.. As expected, the FGFR2p.H167_N173del allele fraction decreased during
treatment response to futibatinib, increased at the time of resistance, and decreased again
with cancer response to gemcitabine/cisplatin. Allele fractions for both FGFR2p.L618F
and FGFR2p.N550K remained low during futibatinib therapy, rose afterward, and then
declined during gemcitabine/cisplatin treatment. In contrast, the NRASp.Q61K allele
fraction increased as tumor resistance developed to futibatinib, decreased modestly during
ERK inhibitor therapy, and decreased again during the treatment response to gemcitabine/
cisplatin. These data are consistent with FGFR2p.H167_N173del conferring strong
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oncogene-addiction in IHCC and with the RAS/MEK/ERK pathway being a major output of
FGFR signaling. The identification of polyclonal secondary kinase domain mutations upon
resistance to FGFR inhibition in FGFR2p.H167_N173del-driven IHCC suggests similar
resistance mechanisms to those in FGFR2-fusion-positive tumors (19). By contrast, acquired
mutations in MAPK pathway proteins have not previously been reported in the context of
FGFRZ2fusion tumors, although a more comprehensive analysis is required in both settings.

Patient 285 is a 65-year-old man with a history of hepatitis C who was found to have a
solitary asymptomatic liver mass during radiological surveillance for an HPV+ squamous
cell carcinoma of the head and neck. A partial hepatectomy removed a 5.2 cm TINX
poorly differentiated adenocarcinoma consistent with intrahepatic cholangiocarcinoma. The
patient declined adjuvant therapy and was placed on surveillance. One year later, he

was found to have a peritoneal nodule that was biopsied and confirmed to be recurrent
cholangiocarcinoma. The patient declined cytotoxic chemotherapy, but his tumor was found
to harbor an FGFR2p.1288_E295delinsT alteration (MAF, 15%) by NGS of his peritoneal
nodule biopsy. He did not qualify for clinical trials and was treated with Debio 1347 on a
single patient IND. Treatment with Debio 1347 resulted in a partial response, with a 50%
reduction in tumor burden (Figure 4A). The response is ongoing after 24 months.

Patient 336 was identified with FGFR2p.H167 _N173del (MAF, 44%), although was not
included in our patient cohort described above due to diagnosis after the closure date for
the cohort. This patient is a 75-year-old woman with a history of stage A marginal zone
lymphoma of the neck (treated with radiation) who was found to have a 10 cm liver

mass during imaging for lymphoma surveillance. Liver biopsy showed a CK7+/CK20-
adenocarcinoma consistent with IHCC. A PET/CT scan showed an FDG-avid liver mass and
multiple pulmonary nodules. She was initially treated with gemcitabine/cisplatin. However,
after three cycles of treatment over 9 weeks, she developed new liver lesions, and her

lung lesions increased in size. She was then treated with two cycles of FOLFOX but had
difficulty tolerating this treatment. Due to the FGFR2p.H167_N173del EID, she began
treatment on a single patient IND application with Debio 1347. The patient experienced a
partial response with a 36% decrease in tumor burden within liver lesions, lung lesions, and
lymphadenopathy observed in restaging scans at 16 weeks and she continues to respond
after 7 months of treatment (Figure 4B).

We next examined the relative responses of patients with FGFRZ2 rearrangements, point
mutations, and EIDs to the FGFR-targeted therapies pemigatinib, infigratinib, Debio 1347,
and futibatinib. While a limited number of patients have been treated, the duration of
response in patients with FGFRZ2 EIDs compares favorably to the response times for patients
with fusions or point mutations (Figure 4C) (3,17,41). Likewise, partial responses observed
in each of these patients compares favorably with the overall response rate of approximately
25-35% reported for the different FGFR inhibitors in patients with IHCC harboring FGFRZ2
fusions (3,17). These findings suggest that the degree of oncogenic addiction to FGFR2

may vary across these mutational contexts and support further clinical evaluation of FGFR
inhibitors in patients with FGFR2EIDs.
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DISCUSSION

Insights into the genomics of biliary tract cancer have led to new therapy options for
patients with these aggressive malignancies (1-3,6,7,54). Our data, along with previous
reports, underscore the high frequency of targetable alterations in IHCC and, accordingly,
the importance of clinical genomic sequencing to guide therapy choices (2,8-10,12,13).
These studies also highlight the substantial molecular heterogeneity of IHCC, as evidenced
by the range of driver mutations observed and the observation that no single gene was
altered in more than 40% of our patients (8). Thus, even with the initial success of targeting
several molecular subtypes of IHCC, identifying additional druggable alterations remains

a critical need and important goal. In addition to the well-known targets in IHCC such

as FGFRZrearrangements, /DHI mutations, and BRAFV600E mutations, we identified
alterations in homologous recombination repair pathway genes, KRAS G12C mutations, and
2-copy MTAP deletions that are targets of emerging and investigational therapies (20,21,55).

Our genomic studies of biliary tract tumors highlight the particularly prominent role of the
FGFR2 pathway in driving IHCC. We identified FGFRZ2fusions, EIDs and point mutations
in 30 of 178 IHCCs (16.9%), whereas none of the 73 GBCs or 49 EHCCs showed FGFR2
alterations. The role of FGFR2 as an oncogenic driver is further emphasized by the fact

that none of the 30 IHCCs with FGFRZ2alterations had co-occurring KRAS, NRAS, or
BRAFV600E mutations. Notably, we identified FGFR2EIDs as a new class of recurrent
FGFRZ2alterations in IHCC that are transforming /n vitro and in vivo and show sensitivity
to FGFR inhibitors. Importantly, these FGFRZ EIDs were present in 3% of our patients with
IHCC and all three patients with FGFRZEIDs treated with an FGFR inhibitor demonstrated
deep and durable disease responses. Furthermore, while FGFR2EIDs were enriched in
IHCC, they are also present in multiple other malignancies, including breast, lung, and
endometrioid cancers, suggesting additional potential treatment opportunities beyond IHCC.
Future studies are needed to refine the incidence estimates of FGFRZEIDs in both IHCC
and other malignancies. While we found that 3% of our IHCC patients had FGFRZEIDs,
this frequency may be influenced by referral patterns to a large tertiary cancer center. In
addition, the commonly low tumor purity of cholangiocarcinoma specimens may reduce
sensitivity for detecting FGFR2 EIDs, and the OncoPanel assay used in the current study has
not been validated for clinical reporting of specimens with <20% tumor purity.

The FGFR inhibitor pemigatinib was recently FDA approved for the treatment of IHCC
harboring FGFRZ rearrangements (3). FGFR inhibitors have an objective response rate

of 20% — 35% and a median PFS of 6 — 8 months in IHCC patients with FGFR2
rearrangements (3,4,56). This activity of FGFR inhibitors in IHCC patients with FGFR2
fusions stands in contrast to the efficacy of FGFR inhibitors in our small cohort of patients
with FGFRZEIDs, who all experienced a partial response on Debio 1347. One of the
patients progressed after 13 months of Debio 1347, whereas the other two patients remain
on treatment after 7 and 24 months, respectively, suggesting that FGFRZ EIDs may confer
enhanced sensitivity to FGFR inhibitors.

Our data indicate that both FGFRZ2rearrangements and FGFR2EIDs are transforming
and constitutively activate the receptor. However, the mechanisms of kinase activation
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are likely distinct. In the case of fusions, the FGFR2 kinase domain is preserved and

the C-terminus regulatory domains of the FGFR2 protein are replaced by different

fusion partners that commonly contain an intracellular dimerization domain which
promotes FGFR2 dimerization and activation (57). By contrast, the wild-type intracellular
domains remain intact in FGFR2EIDs. However, FGFRZ extracellular domain alterations
frequently involve loss or gain of cysteine residues, which disrupt inhibitory intramolecular
disulfide bonds or create aberrant intermolecular disulfide bonds, respectively, to promote
receptor dimerization. Furthermore, our molecular modeling indicates that the FGFR2
p.H167_N173del EID alters a region involved in both FGFR2 dimerization and FGF ligand
binding. Whether FGFRZEIDs render the receptor completely ligand-independent or also
affect ligand sensitivity and selectivity in addition to influencing receptor dimerization will
require further study. Moreover, it will be important to determine whether FGFR2 fusions
and EIDs exhibit downstream differences in signaling outputs, particularly since FGFR2
EIDs appear to be sensitive to FGFR inhibition.

As NGS testing in CLIA-certified laboratories becomes more widespread in the era of
molecular medicine, standardizing variant detection and subsequent functional evaluation
of these variants in a clinically meaningful time frame remains challenging. Sequencing
platforms across different centers may vary in the transcripts that they detect, and clinical
assessment of variant functionality and pathogenicity remains inexact. While experimental
validation remains the gold standard, /n sifico modeling may enable more rapid estimation
of the potential oncogenicity of molecular alterations, and could thereby assist clinicians in
identifying new treatment options for patients. As a proof of principle of this approach,

5 of our 14 sequence-unique FGFRZEIDs, including FGFR2p.H167_N173del and
p.1288_E295delinsT, were predicted to have a high likelihood of pathogenicity by in silico
modeling, and IHCCs harboring several of these FGFRZEIDs proved to be highly sensitive
to FGFR inhibition in the clinic. Similar approaches may be applicable for the analysis of
mutational variants including EIDs identified in other receptor tyrosine kinases.

Acquired resistance continues to limit the effectiveness of FGFR monotherapy in cancers
with FGFRZrearrangements and FGFRZEIDs. Polyclonal FGFRZkinase domain mutations
have been demonstrated as mechanisms of acquired resistance in FGFRZ2translocated
cholangiocarcinoma (5,19). After a 13-month response to the Debio 1347 FGFR inhibitor,
one of our patients developed two secondary FGFRZ2kinase domain mutations. Despite these
mutations, the patient’s cancer responded to subsequent treatment with an irreversible FGFR
inhibitor, futibatinib. The potential of futibatinib treatment to overcome acquired resistance
to Debio 1347 and other reversible FGFR inhibitors has been reported in several patients
with FGFRZ2translocated cholangiocarcinoma (5). Although switching FGFR inhibitors

can potentially overcome FGFRZ kinase domain resistance mutations, the development

of MAPK pathway mutations presents a further challenge. After a 17-month response to
futibatinib, our patient developed BRAF p.L597Q and NRAS p.Q61K mutations. Treatment
with the LY 3214996 ERK inhibitor did not lead to disease response, which highlights the
challenge of therapeutically targeting subclonal resistance populations and the likely need
for combinatorial strategies to overcome this resistance. Since the MAPK pathway and
SHP2 protein play important roles in the regulation and signal transduction emanating from
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FGFR2, additional investigation into combinations of FGFR2 inhibitors with MEK/ERK or
SHP2 inhibitors is greatly needed.

In sum, we characterized the genomic landscape of biliary tract cancer in a large cohort of
patients with both localized and advanced disease. Targetable alterations were identified in
48% of IHCC patient tumors, supporting clinical sequencing for all patients who present
with these aggressive malignancies. In a subset of patients with IHCC, we identified
extracellular domain FGFRZ2in-frame deletions that were activating, transforming, and
sensitive to FGFR inhibitors in the laboratory and in patients. These alterations were also
identified in other tumor types, suggesting a potentially important new treatment opportunity
for patients with IHCC and other malignancies.

METHODS

Patient data

Patients treated at the Dana-Farber Cancer Institute (DFCI) and Brigham and Women’s
Hospital were offered enrollment into Profile, a genomic profiling initiative (54). After
patients signed an Institutional Review Board (IRB)-approved written informed consent
form, their tumor specimens were obtained, evaluated by a pathologist to ensure at least
20% malignant cells, subjected to DNA extraction, and analyzed by NGS testing, called the
OncoPanel assay, in a CLIA-certified laboratory (CLIA certificate: 22D2040971) (54). This
assay uses hybridization-based capture for 277 (OncoPanel version 1), 302 (version 2), or
447 (version 3) cancer-associated genes, corresponding to a total target coverage of 753334
bp to 1315078 bp. Computational analysis of the sequences was performed with MuTect
v1.1.46 to identify single nucleotide variants, GATK Indelocator to identify insertions and
deletions, and the RobustCNYV and BreaKmer algorithms to identify copy number and
structural variants (58,59). We included all structural variants involving oncogenes and
known oncogenic fusion partners in OncoKB (60) and in the literature, as well as those
involving tumor suppressor genes and intergenic regions likely to be detrimental to protein
function.

The OncoPanel pipeline performs germline filtering by using the dbSNP, the Exome Variant
Server, the NHLBI GO Exome Sequencing Project, and an in-house panel of normal
population DNA samples. We further removed likely germline variants that were present

at >0.1% in gnomAD version r2.0 (61), or were annotated as benign or likely benign in the
ClinVar database (doi 10.1093/nar/gkx1153)(33). Variants were annotated for oncogenicity
with the OncoKb knowledgebase through OncoKB API v2.4, and variants categorized as
oncogenic, likely oncogenic, or predicted oncogenic, along with those found in manual
literature review, were retained (60). MSI-High samples were determined on the basis of
elevated TMB and homopolymer indel rates, calculated as previously described (62). cfDNA
analysis was performed either through a CLIA approved commercially available assay
(Guardant 360) or via ddPCR with previously described methods (19).

Clinical data from patients treated at DFCI were collected from their medical records with
a standardized data capture approach (PRISSMM) (63), and imaging was reviewed with
an attending radiologist for RECISTv1.1 measurement. Actionable alterations were defined
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as alterations with either an FDA approved or targeted therapy available. The GENIE
database was generated by an international consortium of 19 institutions (32). The alteration
frequencies for FGFRZEIDs across different tumor types in GENIE were estimated using
only samples that were assessed by an assay that covered exons 2-9 of FGFR2 (i.e.

assays that effectively covered the exons encoding the extracellular domain of FGFR2);
approximately half of the assays in GENIE cover these exons. Samples were organized by
tumor type based on GENIE’s “Cancer_type_detailed” field.

For terminology describing FGFR2 rearrangements, we followed the convention used by
Silverman and colleagues (18), whereby FGFR2 rearrangements are referred to as a “fusion”
if the breakpoint is within the intron 17 or exon 18 hotspot and the gene partner is previously
described or the novel gene is predicted to be an in-frame partner.

Treatment of Patients with FGFR2 EIDs

Patients were treated with Debio 1347 either as part of a phase 1 clinical trial
(NCT01948297) or through a single-patient IND application. Futibatinib was obtained
through a single patient IND application, whereas treatment with the LY 3214996 ERK
inhibitor was performed in a phase 1 trial (NCT02857270). The clinical trials were
conducted according to the principles of the Declaration of Helsinki and the International
Conference on Harmonization Good Clinical Practice guidelines. All patients provided
signed IRB-approved written informed consent forms before enrollment.

Statistical Analysis

Comparisons between categorial variables were made with Fisher’s exact tests. Kaplan-
Meier methodology was used to obtain survival estimates. Overall survival was defined as
the time between the date of diagnosis and date of death. Those patients who did not have

a date of death were censored at their last known date alive. Real-world progression-free
survival (rwPFS) was calculated as previously described (64). rwPFS was measured from the
beginning of the specified treatment until either death from any cause or when the clinician
noted disease progression on an imaging study. For rwPFS, patients still receiving treatment
were censored at the date of last patient contact. For multivariate analyses, the Wald adjusted
p-value for the coefficient of interest was reported (65). Two-sided p-values < 0.05 were
considered statistically significant. Survival analysis was performed with the survivaland
survminer packages in R (66).

Genomic alterations were tested for statistical co-occurrence with a binomial test. The
expected probability of co-occurrence was the product of the prevalence of each of the two
events in the pair (p1 * p»). The expected probability of mutual exclusivity was defined as
((1-p1) * p2) + (p1 * (1-p>)). One-tailed binomial p-values for each hypothesis are reported.
P-values less than 0.05 were considered statistically significant.

Constructs and viral infections

Wild-type FGFRZ, FGFR2-PHGDH fusion and FGFR2-OPTN fusions were all amplified
from reverse-transcribed cDNAs from ICC patient samples and inserted into the pMSCV
vector using the NEBuilder HiFi DNA Assembly (New England Biolabs). FGFRZ2 in-frame
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deletions and mutations were introduced into the constructs using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs). Targeted Sanger sequencing was performed to
confirm the mutations generated. Retrovirus was generated by transfecting the pMSCV
constructs and packaging plasmids into 293T cells. Viral infections of NIH3T3 and CCLP-1
cells were performed in the presence of polybrene. Infected cells were selected in blasticidin
(15-20 pg/mL) for one week. For both cell lines, the period of time in culture between
thawing, infection, selection, recovery, and experimental setup and completion was less than
10 passages.

In vitro functional studies

CCLP-1 cells were kind gifts of Dr. P.J. Bosma (Academic Medical Center, Amsterdam, the
Netherlands). These cells were authenticated by short tandem repeat (STR) DNA profiling
through the American Type Culture Collection (ATCC). NIH3T3 cells were obtained from
the ATCC. Cell lines were routinely checked to be mycoplasma free. For soft agar assays,
NIH3T3 cells engineered with indicated retroviral constructs were seeded at a density of
5000 cells and grown with complete DMEM media in 0.4% top layer agarose on top of

1% bottom layer agarose. After 3 weeks, photomicrographs of colonies were taken using

a Nikon Eclipse Ti microscope at 20X magnification for representative images and 2X
magnification for quantitative analysis. Three biologic replicates were performed for each
condition, and the number of colonies per field across 21 fields of view (7 fields of view per
biologic replicate) were quantified using ImageJ software. For cell viability assays, CCLP-1
cells engineered with indicated retroviral constructs were plated at a density of 3000 cells
per well in 96-well plates with duplicates for each dose point. 24 hours later, therapeutic
agents were added to the plate and cells were cultured for another 3 days. Cell viability was
then assessed by MTT assay. Each dose point was normalized to DMSO controls to estimate
relative viability. IC50 values were determined by GraphPad Prism 7 using a 3-parameter
dose-response model. Experiments were repeated 3 times and the relative fold change in
IC50 was quantified across these three biologic replicates.

Immunoblot analysis

NIH3T3 cells engineered with indicated constructs were serum-starved for 24 hours,
followed by 6 hours of drug treatment. Cell protein lysates were prepared in Thermo
Scientific™ RIPA Lysis and Extraction Buffer (P189900) containing Pierce™ Protease
Inhibitor (A32965) and Calbiochem phosphatase inhibitor cocktail set I and I1. Protein
concentration was determined by Pierce BCA Protein Assay. 20ug protein was then subject
to immunoblot analysis with specific antibodies. The following antibodies were used:

from Cell Signaling Technology (all at 1:1000 dilution), phospho-FRS2 Y196 (3864S),
phospho-ERK1/2 T202/Y 204 (4370S), ERK1/2 (4695S), phospho-AKT S473 (4060S), AKT
(9272S); from Sigma (1:5000 dilution), p-actin (A5316).

Animal studies

Mice were housed in a specific pathogen-free environment. All experiments were conducted
under protocol 2005N000148 approved by the Subcommittee on Research Animal Care
at MGH. 6- to 8-week-old male NSG (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ, 00557, The
Jackson Laboratory) were used in the experiments. NIH3T3 cells engineered with indicated
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constructs were subcutaneously injected into NSG mice (1x10/6 cells per mouse, 6 mice per
condition). Tumors were monitored and mice were sacrificed after 2 to 5 weeks.

FGFR2 isoform assessment

RNA was extracted from cryopreserved tissue obtained via core needle biopsy

of a metastatic IHCC lesion from patient 46 under IRB-approved protocols

using the Qiagen AllPrep DNA/RNA/mMiRNA Universal kit. RNA was reverse

transcribed into first-strand cDNA according to the manufacturer’s instructions

using RevertAidFirst Strand cDNA Synthesis Kit (Fermentas). Quantitative RT-PCR
(gRT-PCR) was performed on a CFX384 Real-Time PCR Detection System (Bio-

Rad) with SYBR-Green Master PCR mix (Roche). GAPDH (human) served as

the internal control. Specific primers used for detecting human FGFR2 isoforms

and GAPDH were as follows: FGFR2, 5’-GGACCCAAAATGGGAGTTTC-3’ and
5’-ACCACTTGCCCAAAGCAA-3’; FGFR2 IlIb, 5’-TGCTGGCTCTGTTCAATGTG-3’
and 5’-GGCGATTAAGAAGACCCCTA-3’; FGFR2 Illc, 5’-
ACACCACGGACAAAGAGATT-3’ and 5’-GGCGATTAAGAAGACCCCTA-3’; GAPDH,
5’-AGGTGAAGGTCGGAGTCAAC-3’ and 5’-AGTTGAGGTCAATGAAGGGG-3".

Molecular Modeling

To estimate the pathogenicity of each FGFRZEID, the sequences of alterations found

in patients were mapped onto the protein sequence of FGFR2 (UniProt P21802-3,
Supplemental Figure 7). Further analyses were performed to localize alterations within

the three-dimensional dimeric structure of the extracellular domains D2-D3 of FGFR2
complexed with FGF, modeled by overlapping both monomers of the X-ray structure
(pdb:1EV2) on the biological dimer of FGFR1-FGF (pdb:1CVS). Overlap with reference
mutations (36-51), secondary structure elements, and regions involved in recognition of the
FGF ligand or in dimerization increased the confidence level of the prediction.
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SIGNIFICANCE

FGFRZ extracellular domain in-frame deletions (EIDs) are transforming genomic

alterations that occur predominantly in patients with intrahepatic cholangiocarcinoma.

These FGFR2EIDs are sensitive to FGFR inhibition /n vitro, and patients with these
alterations benefited from treatment with FGFR inhibitors in the clinic.
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Figure 1: Genomic alterationsin 335 biliary tract cancersidentified by targeted next generation

sequencing.

A. Co-mutation plot highlighting frequently altered genes in biliary tract cancers. Columns
represent individual patients with biliary tract cancer, and rows indicate somatic genomic
alterations. Each sample’s mutation per megabase (TMB) is represented by a histogram.
The types of genomic alterations are color coded. Genes are listed according to the
following functional classes: oncogenes, metabolic chromatin remodeling, DNA damage
repair, and tumor suppressors (from top to bottom, color coded). B. Schematic depiction of
the intragenic location of extracellular domain FGFRZEIDs and their alteration frequencies
by tumor type in the GENIE database. FGFR2EIDs are enriched in samples from IHCC
patients. * indicates that the “Miscellaneous brain tumor” cancer type was not included in
the frequency graph due to low sample number.
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Figure 2: FGFR2 EIDs are oncogenic and confer sensitivity to FGFR inhibitors.
A, B. Modeling alteration p.H167_N173del within the three-dimensional structure of

FGFRZ. Panel A shows a global view of the p.H167_N173 deletion (ribbon highlighted

in green) located in both Ig-like C2-type D2 extracellular domains of FGFRZ dimeric
structure; refer to Supplemental Figure 7 (deletion #1) for mapping onto the protein
sequence. As shown more closely in panel B, p.H167_N173 (ribbon highlighted in green)
is an extended deletion, mostly included in a beta-strand of the C2-type D2 domain (ribbon
in beige), and makes several intermolecular interactions with both the FGF ligand (ribbon
and residue names in blue) and the C2-type D2 domain of the other monomer (ribbon and
residue names in red). Intermolecular hydrogen-bonds (direct or water-mediated) between
p.H167 _N173 residues and FGF or the other monomer are shown as blue and red lines,
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respectively. Van der Waals contacts are not displayed explicitly. C, D. Expression of
FGFR2Zp.H167_N173del in NIH3T3 cells is sufficient for transformation in soft agar colony
formation assays. Cells were transduced with retroviral vectors containing empty vector
control (EV), wild-type FGFR2 (FGFR2 WT), FGFR2p.H167_N173del (FGFR2 EID),

or FGFR2-OPTNfusion (FGFR2 Fusion). Representative images (C) and quantification

of number of colonies per field of view (D) are shown. Line and bars indicate mean

with standard error, with 21 fields of view assessed across three biologic replicates.

E. Volume of subcutaneous tumors forming in NSG mice following implantation of
NIH3T3 cells expressing the indicated constructs (n=6 mice per condition). Both the
FGFR2p.H167_N173del EID and the FGFR2-PHGDH fusion (FGFR2 Fusion) induce
tumor formation. Expression of the FGFR2-PHGDH fusion led to slightly faster tumor
growth necessitating euthanasia at an earlier time point. Line and bars indicate mean

with standard deviation. F, G. Expression of FGFRZp.H167_N173del (EID), the EID

with an L618F mutant kinase domain (EID+L618F), and FGFR2-PHGDH fusions (Fusion)
lead to constitutive FGFR signaling (induction of FRS2) in NIH3T3 cells. FGFRZEIDs
and fusions are sensitive to treatment with Debio1347 (reduction in pFRS2 and pERK),
whereas the L618F mutation causes resistance (F); all three of these FGFR2 alterations are
inhibited by futibatinib (TAS-120) (G). H, I. Cell viability assays in CCLP-1 cells harboring
empty vector control (EV), wild-type FGFR2 (WT), FGFR2p.H167_N173del (EID), the
co-occurring FGFRZ2kinase mutation L618F (EID+L618F), or FGFR2-PHGDH fusion
(Fusion) and treated with Debio 1347 (H) or futibatinib (I). Drug response measurements
were performed in three independent experiments with each consisting of two technical
replicates. Inset graphs demonstrate the average fold change in IC50 between conditions.
Representative dose response curves and 1C50 values are shown from a single experiment,
with error bars on the curves representing standard deviation from 2 technical replicates.
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Figure 3: Treatment coursefor Patient 46 with intrahepatic cholangiocarcinoma and FGFR2
p.H167_N173del EID.

A. Timeline depicts patient’s treatment course and duration of therapy. Notable somatic
mutations detected on liver biopsies (black vertical lines) are listed below the timeline. The
mutation allele fraction (MAF) is listed as a percentage next to the genomic alteration.
Arrows correspond to time points when a new treatment was started, in reference to
droplet digital PCR analysis in panel D. Treatments with FGFR and MAPK targeted agents
are highlighted in bold and duration delineated with a lighter blue color. B. Computed
tomography (CT) scans demonstrating the patient’s liver lesions at baseline and after 6

and 14 weeks of Debio 1347 treatment. C. CT scans evaluating the patient’s liver lesions
at baseline and after 11 and 30.5 weeks of futibatinib (TAS-120) treatment. D. Selected
alterations identified retrospectively in circulating cell free DNA by droplet digital PCR of
serially banked plasma samples. Arrows correspond to time points when a new treatment
was started in the clinical timeline in panel A.
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Figure 4: Patientswith FGFR2 El Ds have prolonged clinical responsesto FGFR inhibitors.
A. Timeline and computed tomography scans demonstrating Patient 285’s peritoneal lesion

at baseline and after 41 weeks of Debio 1347 treatment. B. Timeline and computed
tomography scans demonstrating Patient 336°s liver mass at baseline and after 8 and 16
weeks of treatment with Debio 1347. C. Bar graph depicting progression-free survival (PFS)
of patients with cholangiocarcinoma harboring an FGFRZ2fusion treated with infigratinib
(17), Debio 1347, and pemigatinib (3). Error bars indicate 95% confidence intervals. Graph
also shows time on treatment for a cholangiocarcinoma patient with an FGFR2F276C
extracellular domain mutation who was treated with infigratinib (41), and time on treatment
for three IHCC FGFRZEID patients described in this manuscript. Arrows indicate that
treatment is ongoing.
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Characteristics of patients with biliary tract cancer

Table 1:

Page 27

AMP EHCC GBC IHCC
Characteristic (N=30) (N=49) (N=73) (N=178) Mixed (N=5) | Full Population (N=335)
Gender
Female 11 (37%) | 17 (35%) | 53 (73%) | 90 (51%) 3 (60%) 174 (52%)
Male 19 (63%) | 32(65%) | 20 (27%) | 88 (49%) 2 (40%) 161 (48%)
Race
White 27(90%) | 43(88%) | 67(92%) | 156 (88%) 4 (80%) 297 (89%)
Asian 0 (0%) 4 (8%) 2 (3%) 5 (3%) 1 (20%) 12(4%)
Black 1 (3%) 0 (0%) 0 (0%) 6 (3%) 0 (0%) 7 (2%)
Other/Unknown 2 (%) 2 (4%) 4 (5%) 11 (6%) 0 (0%) 19 (6%)
Ageat diagnosis
Median age (range) 63 [41-81] | 63[21-89] | 63[38-86] | 64 [18-88] 63 [52-69] 64 [18-89]
BMI at diagnosis
Median BMI (range) 26 [17-36] | 27 [15-42] | 27 [18-48] | 27 [16-56] 29 [26-35] 27 [15-56]
Biopsy site
Primary/Local Recurrence 24 (80%) 37(76%) 39 (53%) | 127 (71%) 4 (80%) 231 (69%)
Distant Metastasis 6(20%) | 12(24%) | 34 (47%) | 51 (29%) 1 (20%) 104 (31%)
Resection of primary tumor
Yes 18 (60%) | 27 (55%) | 26 (36%) | 40 (22%) 2 (40%) 113 (34%)
Recurrence
Yes 13(72%) | 19(70%) | 20 (77%) | 32 (80%) 2 (100%) 86 (76%)
No 5 (28%) 8 (30%) 6 (23%) 8 (20%) 0 (0%) 27 (24%)
M etastatic disease
Metastatic disease at diagnosis 10 (33%) 18 (37%) 41 (56%) | 117 (66%) 3 (60%) 189 (56%)
Progressed to metastatic disease 14 (47%) 22 (45%) 23 (32%) 45 (25%) 2 (40%) 106 (32%)
Total incidence of metastatic disease 24 (80%) 40 (82%) 64 (88%) | 162 (91%) 5 (100%) 295 (88%)

Abbreviations: AMP, ampullary carcinoma; EHCC, extrahepatic cholangiocarcinoma; GBC, gallbladder adenocarcinoma; IHCC, intrahepatic
cholangiocarcinoma; Mixed, mixed hepatocellular cholangiocarcinoma; BMI, body mass index.
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Table 2:

Page 28

FGFRZ Extracellular Activating In-Frame Deletions Identified in Intrahepatic Cholangiocarcinoma Patients by
Oncopanel and in any Malignancy by GENIE

Tumor Type

Amino Acid Change

Database

Prediction

Confidence®

Domain

Roleof WT
Amino Acid

Figure

Mapping
#b

Intrahepatic
Cholangiocarcinoma

p.H167_N173del

Oncopanel
Sample 46

Pathogenic

High

1g-like
C2-type
D2

Extended
recognition
of FGF
Dimerization
Beta-strand
structure

2A,
2B

Intrahepatic
Cholangiocarcinoma

p.H167_N173del

Oncopanel
Sample 50

Pathogenic

High

1g-like
C2-type
D2

Extended
recognition
of FGF
Dimerization
Beta-strand
structure

2A,
2B

Intrahepatic
Cholangiocarcinoma

p.W290_L312delinsC

Oncopanel
Sample 39

Pathogenic

Moderate

1g-like
C2-type
D3

Beta-sheet
and turn,
folding of
D3 domain.

Supp.
8

Intrahepatic
Cholangiocarcinoma

p.1288_E295delinsT

Oncopanel
Sample 285

Pathogenic

High

1g-like
C2-type
D3

Recognition
of FGF
Beta-strand
structure,
folding of
D3 domain

Supp.
9

Intrahepatic
Cholangiocarcinoma

p.W290_1291WI>C

Oncopanel
Sample 3

Pathogenic

Reported
(43)

1g-like
C2-type
D3

Beta-strand
structure,
folding of
D3 domain

Supp.
10

Breast Mixed
Ductal and Lobular
Carcinoma

p.A97_G103del

GENIE MSK-
P-0011392-
TO1-IM5

Pathogenic

Low
(not in X-
ray)

1g-like
C2-type
D1

Beta-strand
structure,
folding of
D1 domain
(not in X-
ray, inferred
from FGFR1
NMR)

Supp.
11

Intrahepatic
Cholangiocarcinoma

p.H167_N173del

GENIE MSK-
P-0032563-
TO1-IM6

Pathogenic

High

lg-like
C2-type
D2

Extended
recognition
of FGF
Dimerization
Beta-strand
structure

2A,
2B

Poorly
Differentiated
Carcinoma, NOS

p.H167 N173del

GENIE MSK-
P-0020056-
TO1-IM6

Pathogenic

High

1g-like
C2-type
D2

Extended
recognition
of FGF
Dimerization
Beta-strand
structure

2A,
2B

Intrahepatic
Cholangiocarcinoma

p.P170_K176del

GENIE
VICC-482349-
unk-1

Pathogenic

High

1g-like
C2-type
D2

Recognition
of FGF
Dimerization
Beta-strand
structure

Supp.
12

High-Grade Serous
Ovarian Cancer

p.P256_G261delinsR

GENIE UHN-
0CT998164-
ARC1

Pathogenic

Moderate

1g-like
C2-type
D3

Extended
non-
structural
region
linking D3
to D2

Supp.
13
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a Roleof WT Mapgmg
Tumor Type Amino Acid Change Database Prediction | Confidence Domain | AminoAcid | Figure #
: Beta-strand
: GENIE MSK- Ig-like
'c”;ga}’;ﬁzf‘g'ccar cinoma | P-P263_A266del P-0033098- | Pathogenic | Moderate | C2-type ?ggfﬁjgrif supp. 8
T01-M6 D3 D3 domain
- Beta-strand
. GENIE 1g-like
ﬁndsig‘é?%gn"ma' p.P263_A266del NKI-ONDA- | Pathogenic | Moderate | C2-type ?I)Té%rgf sup. 8
ML D3 D3 domain
Beta-strand
: . GENIE MSK- lg-like and turn
%lrsncgrllaneous Brain p.T268_D273delinsS P-0001890- Pathogenic Moderate C2-type | structure, Sli’%p' 9
T01-IM3 D3 folding of
D3 domain
. . GENIE 1g-like Single
Adenoid Cystic : Non- A Supp.
: p.V270delinsAEEI VICC-349321- : Moderate C2-type | position in 10
Carcinoma unk-1 pathogenic D3 turn 16
Uterine GENIE Non- 1g-like Single su
Endometrioid p.G272del VICC-580559- athogenic Moderate C2-type | position in 1’;p' 11
Carcinoma unk-1 pathog D3 turn
Extended
recognition
- of FGF
" GENIE MSK- 1g-like
g‘;gﬁgﬁg?;‘gmm oma | P-V280_K292del P-0018110- | Pathogenic High Co-type gfé"‘t'j:;a”d suep. 12
T01-IM6 D3 structure,
folding of
D3 domain
Recognition
: of FGF
- GENIE MSK- 1g-like
'C”rt]g’}gﬁgfgccar cinoma | P-P286_K292del P-0036277- | Pathogenic High Ca-ype | Betastrand | Supp. 13
TO1-IM6 D3 folding of
D3 domain
Single
position in a
non-
: structured
Uterine GENIE MSK- ; .
Endometrioid p.E369del P-0014582- [ NOM '-°‘>’("_$2°; n - i'rfgg';a(';"t - 14
Carcinoma TO1-IM6 pathog Y not y),
conserved
among
FGFRs

Abbreviations: GENIE, Genomics evidence neoplasia information exchange; NOS, Not otherwise specified.

a ] . - . . . . .
Confidence on the prediction of pathogenicity based on mapping to protein sequence, overlap with reference mutations (see Supplemental Figure
7) (36-51) and structural role in the three-dimensional structure of FGFR2 (see corresponding Figures, last column).

b . . . .
As depicted on the map in Supplemental Figure 7 of the FGFR2 the protein sequence.
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