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ABSTRACT
◥

The fibroblast growth factor receptor (FGFR) signaling pathway

is aberrantly activated in approximately 15% to 20% of patients with

intrahepatic cholangiocarcinoma. Currently, several FGFR kinase

inhibitors are being assessed in clinical trials for patients with

FGFR-altered cholangiocarcinoma. Despite evidence of initial

responses and disease control, virtually all patients eventually

develop acquired resistance. Thus, there is a critical need for the

development of innovative therapeutic strategies to overcome

acquired drug resistance. Here, we present findings from a patient

with FGFR2-altered metastatic cholangiocarcinoma who enrolled

in a phase II clinical trial of the FGFR inhibitor, infigratinib

(BGJ398). Treatment was initially effective as demonstrated by

imaging and tumor marker response; however, after 8 months on

trial, the patient exhibited tumor regrowth and disease progression.

Targeted sequencing of tumor DNA after disease progression

revealed the FGFR2 kinase domain p.E565A and p.L617M sin-

gle-nucleotide variants (SNV) hypothesized to drive acquired resis-

tance to infigratinib. The sensitivities of these FGFR2 SNVs, which

were detected post-infigratinib therapy, were extended to include

clinically relevant FGFR inhibitors, including AZD4547, erdafitinib

(JNJ-42756493), dovitinib, ponatinib, and TAS120, and were eval-

uated in vitro. Through a proteomics approach, we identified

upregulation of the PI3K/AKT/mTOR signaling pathway in cells

harboring the FGFR2 p.E565A mutation and demonstrated that

combination therapy strategies with FGFR and mTOR inhibitors

may be used to overcome resistance to FGFR inhibition, specific to

infigratinib. Collectively, these studies support the development of

novel combination therapeutic strategies in addition to the next

generation of FGFR inhibitors to overcome acquired resistance in

patients.

Introduction
Cholangiocarcinoma is an aggressive tumor originating from the

bile ducts. Unfortunately, most patients present with advanced

stage disease, thus preventing curative therapy (1). For the limited

number of patients who do present with resectable disease, survival

rates remain low due to tumor recurrence. Five-year overall survival

rates for patients with advanced stage disease have remained at less

than 2% (1, 2). Because of poor prognosis and limited treatment

options beyond chemotherapy and radiation, novel therapeutic

strategies are needed for the treatment of cholangiocarcinoma.

FGFR is aberrantly activated in approximately 15%–20% of intra-

hepatic cholangiocarcinomas and FGFR has emerged as an effective

therapeutic strategy benefiting up to 70%–80% of patients harboring

these alterations (3–6).

FGFRs are a family of receptors that control critical physiologic

processes including cell proliferation, survival, growth arrest, differ-

entiation, migration, and apoptosis (7). Deregulation and hyperacti-

vation of the FGFR signaling cascade have been reported across many

tumor types including urothelial carcinoma, intrahepatic cholangio-

carcinoma, breast carcinoma, non–small cell lung carcinoma, endo-

metrial carcinoma, and head and neck squamous cell carcinoma (8).

Deregulation of FGFR occurs through various genomic alterations

including gene fusions, single-nucleotide variants, alternative splicing,

and copy number amplifications (9–11). Multiple FGFR tyrosine

kinase inhibitors (TKI) have demonstrated clinical efficacy in patients

with advanced FGFR-mutant cancers (12). Recently, erdafitinib

received FDA approval for use in patients with FGFR-altered urothe-

lial cancers. However, as seen with other targeted therapies, patients

inevitably develop acquired resistance (13–15). Recent studies have

identified the emergence of recurrent secondary single-nucleotide

variants (SNV) in FGFR following FGFR inhibition that desensitize

tumor cells to these therapies (16, 17). Therefore, there is a critical need

to develop innovative therapeutic strategies, including novel FGFR

inhibitors and combination therapies, to overcome acquired resistance

in these patients.

In this study, we present a patient with FGFR2 fusion–positive

cholangiocarcinoma who initially responded to the FGFR inhibitor

infigratinib but eventually developed disease progression. From tumor

sequencing at the time of progression, we identified two acquired

secondary FGFR2 kinase domain mutations, p.E565A and p.L617M,

which were hypothesized to drive acquired resistance to infigratinib.
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Moreover, we confirmed this hypothesis through in vitro drug sen-

sitivity studies utilizing cell lines transduced to stably express these

FGFR2 mutants. Through a proteomics approach, we identified

upregulation of the PI3K/AKT/mTOR signaling pathway in cells

expressing FGFR2 p.E565A and further tested the effects of mTOR

inhibitors, which resensitized these cells to FGFR inhibition. In

summary, understanding how secondary mutations in FGFR affect

sensitivity to different FGFR inhibitors and developing rational com-

bination therapies will both be critical to improving the clinical

outcome of patients with FGFR-altered cancers.

Materials and Methods
Patient

The patient provided informed written consent to an IRB-approved

study entitled “Precision Cancer Medicine for Advanced Cancer

Through High-throughput Sequencing” (NCT02090530) at The Ohio

StateUniversity Comprehensive CancerCenter (Columbus,OH). This

study allows for collection of fresh-frozen tumor biopsy, blood, serum,

and buccal swab formultiplatformmolecular characterization. Molec-

ular diagnostic testing of pre- and posttreatment biopsies included a

targeted RNA-based next-generation sequencing assay to detect gene

fusions (OSU–SpARKFuse; ref. 18) and a targeted DNA sequencing

assay to detect SNVs and copy number alterations as described

previously (19). Sequencing data presented in the study have been

submitted to dbGaP (https://ncbi.nlm.nih.gov/gap) under the project

accession number phs001924.v1.p1.

Cell culture

NIH3T3 cells andHEK 293T cells were purchased fromATCC, and

MMNK-1 cells were purchased from Japanese Collection of Research

Bioresources Cell Bank (JCRB Cell Bank). NIH3T3 cells were cultured

in DMEM (Life Technologies) supplemented with 10% bovine calf

serum (ATCC). HEK 293T cells were cultured in DMEM (Life

Technologies) supplemented with 10% Tet System Approved Fetal

Bovine Serum (Takara). MMNK-1 cells were cultured in DMEM

supplemented with 5% nonheat-inactivated FBS. All cells were incu-

bated in a humidified incubator at 37�C with 5% CO2. Short-tandem

repeat profiling (20) and Mycoplasma testing (e-Myco plus Myco-

plasma PCR Detection Kit, Bulldog Bio) were performed routinely to

confirm identities and ensure cells were Mycoplasma-negative,

respectively.

Fusion and secondary mutation generation

The FGFR2-KIAA1598 gene fusion sequence was generated and

cloned into the pLVX-IRES-Puro Vector (Clontech) by GenScript

(Supplementary Text 1). GenScript used site-directed mutagenesis to

introduce the FGFR2 p.E565A and FGFR2 p.L617M SNVs into the

fusion. NIH3T3, 293T, and MMNK-1 cells were stably transduced

with either empty, FGFR2-KIAA1598 WT or FGFR2-KIAA1598 p.

E565A, or FGFR2-KIAA1598 p.L617M lentiviral vectors and were

subsequently selected and maintained in 1 mg/mL puromycin (Sigma)

containing media prior to downstream applications. The presence of

the fusion and mutations was confirmed by PCR and Sanger Sequenc-

ing as described previously (TheOhio StateUniversity Comprehensive

Cancer Center Genomics Shared Resource, Columbus, OH; ref. 21).

Primer sequences are listed in Supplementary Table S1.

Drug sensitivity assays

NIH3T3 and 293T cells were plated at 10,000 cells per well and

MMNK-1 were plated at 5,000 cells per well in a 96-well plate and

allowed to adhere for 24 hours. Cells were dosed with varying con-

centrations (0.01 to 5000 nmol/L) of FGFR inhibitors and allowed to

incubate for 72 hours. FGFR inhibitors tested included infigratinib,

AZD4547 (22), erdafitinib, TAS120 (23), dovitinib, and ponatinib

(Cayman Chemical). Quantification of viability was carried out with

the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay

(Promega) per the manufacturer's protocol. The IC50 was calculated

using GraphPad Prism. Four independent replicate experiments were

conducted.

Reverse phase protein array

Cell pellets were submitted to The University of Texas MD

Anderson Cancer Center (Houston, TX) and reverse phase

protein array (RPPA) was performed as described previously

(https://www.mdanderson.org/research/research-resources/core-

facilities/functional-proteomics-rppa-core.html). Each condition

was run in duplicate and GraphPad Prism was used to analyze the

data. STRING (24) was used to determine protein–protein inter-

actions from RPPA data.

Combination drug assays

NIH3T3 cells were plated at 10,000 cells per well in a 96-well

plate. Twenty-four hours after plating, duplicate cells were exposed

to either drug A, drug B, drug A plus drug B, or no drug control

(Fig. 4A). We performed a nonconstant ratio combination of drugs

A and B ranging from 6.85 nmol/L to 555 nmol/L (concentrations

based on single-drug sensitivity assays). Drugs tested included the

mTOR inhibitor, INK128 (25) in combination with an FGFR

inhibitor (infigratinib, AZD4547, erdafitinib, TAS120, dovitinib,

or ponatinib). After 72 hours, cell viability was assessed using

the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation

Assay (Promega). Data from four independent experiments were

compiled, and CalcuSyn (26) was used to calculate combination

indexes (CI).

Western blotting

Western blot assays of whole-cell lysates were performed

as described previously (27). We used the following antibodies:

phospho-Akt (Ser473) #9271 (Cell Signaling Technology), Akt

#9272 (Cell Signaling Technology), phospho-S6 ribosomal protein

(Ser240/244) #2215 (Cell Signaling Technology), S6 ribosomal

protein #2217 (Cell Signaling Technology), phospho-mTOR

(Ser2448) #5536 (Cell Signaling Technology), mTOR #2983 (Cell

Signaling Technology), and GAPDH sc27758 (Santa Cruz

Biotechnology).

Immunofluorescence

A total of 15,000 cells were seeded into four-chamber polystyrene

CultureSlides (BD Falcon) and allowed to adhere and spread for

12 hours. Cells were then fixed using 2% paraformaldehyde/PBS

for 30 minutes at room temperature. Cells were washed three times

with PBS and then permeabilized using 0.2% triton x-100/PBS for

10 minutes at room temperature. Blocking was performed using 5%

FBS/PBS at room temperature for 30 minutes. Cells were stained for

actin usingAlexa Flour 488–conjugated phalloidin (Molecular Probes)

and cortactin using 566-conjugated anti-cortactin clone 4F11 (EMD

Millipore). Cells were again washed three times with 1� PBS and were

mounted using and ProLong Gold Antifade Reagent with DAPI (Cell

Signaling Technology). Stained cells were imaged using a Zeiss LSM

710 confocal microscope with a 63� oil objective. Images were

analyzed using Zeiss software.
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Results
Acquired resistance to infigratinib in a patient with FGFR2

fusion–positive cholangiocarcinoma

A 49-year-old female presented with a persistent cough, fatigue,

chills, smell aversions, anorexia, diarrhea, weight loss, and epigastric

pain. A CT scan showed subcentimeter pulmonary nodules and

numerous large, poorly defined, enhancing, low-attenuation masses

in the liver. Tissue biopsy of a liver lesion demonstrated metastatic

intrahepatic cholangiocarcinoma. The patient was subsequently

started on gemcitabine/cisplatin chemotherapy, but was intolerant of

this regimen. XELOX chemotherapy (capecitabine/oxaliplatin) was

initiated and continued for 4 months until, unfortunately, she devel-

oped progressive disease as indicated by CT scans. She underwent an

ultrasound-guided tumor biopsy and next-generation sequencing

(NGS) revealed an FGFR2-KIAA1598 gene fusion (Fig. 1A). The

fusion involved exons 1–17 of FGFR2 and exons 8–18 of KIAA1598

(also known as SHTN1; Fig. 1B). She was subsequently enrolled on the

phase II multicenter, single-arm study of oral infigratinib in adult

patients with advanced or metastatic cholangiocarcinoma with

FGFR2 gene fusions or other FGFR genetic alterations who failed or

are intolerant to platinum-based chemotherapy (NCT02150967). Per

trial protocol, she received 125 mg of infigratinib daily orally (3 weeks

on, 1 week off in a cycle). Over the course of the treatment, she

underwent two dose reductions of infigratinib due to hyperphospha-

temia (100 mg and 75 mg, respectively). CT scans indicated a partial

response by RECIST criteria after 4 months of treatment along with

decreases in CA 19–9 levels (Fig. 1A). After 8 months on study, the

patient exhibited disease progression by CT scans per RECIST criteria,

and treatment was discontinued (Fig. 1A). A repeat biopsy of pro-

gressive tumor revealed the same FGFR2-KIAA1598 gene fusion;

however, a SNV p.E565A was detected in the FGFR2 kinase domain

(Fig. 1A andC). The patient received 1 dose of irinotecan (180mg/m2)

followed by 1 dose of fluorouracil (5FU) þ irinotecan (2,000 mg/m2

and 150 mg/m2). The irinotecan was reduced because of cytopenia.

Unfortunately, due to progressive decline the patient then entered

hospice care and passed away shortly thereafter.We also analyzed pre-

(infigratinib) treatment and postprogression cell-free circulating

tumor DNA (ctDNA) for SNVs using a targeted in-house DNA

sequencing assay. Analysis of the postprogression ctDNA sample

revealed a p.L617M mutation in addition to the p.E565A mutation

that was present in the biopsy. Both of these mutations were detected

exclusively in the postprogression ctDNA sample and not in the

pretreatment ctDNA sample (Fig. 1A). The p.L617M mutation was

not detected in the postprogression tumor biopsy sample demonstrat-

ing the limitations of tumor biopsies in capturing tumor heterogeneity.

In vitro characterization of the FGFR2–KIAA1598 fusion

We next sought to characterize the fusion and the secondary SNVs

(p.E565A and p.L617M) through in vitro assays. We generated

NIH3T3, 293T, and MMNK-1 cells expressing the control vector

(empty), the wild-type FGFR2-KIAA1598 fusion protein (FK WT),

and the fusion protein containing either the p.E565A (FK p.E565A) or

p.L617M (FK p.L617M) mutation. NIH3T3 and 293T cells were

chosen as they do not express endogenous FGFR and therefore are

ideal cell lines to study the functional contribution of the fusion and

secondary mutations. MMNK-1 cells which are highly differentiated

immortalized human cholangiocytes were also used to represent the

cell of origin for cholangiocarcinoma (28). Successful transduction

of NIH3T3, 293T, and MMNK-1 cells with empty vector, FK WT, FK

p.E565A, or FK L617M was confirmed with PCR using primers that

were designed to flank the fusion breakpoint (Supplementary

Fig. S1A). Sanger sequencing also confirmed the fusion sequence and

the p.E565A and p.L617M mutations (Supplementary Fig. S1B).

Given that the KIAA1598 gene (also known as Shootin-1) has been

shown to play a critical role in cytoskeletal organization (29), we were

interested in whether the presence of the fusion impacted cellular

morphology. We stained empty, FK WT, FK p.E565A, FK p.L617M

containingNIH3T3, 293T, andMMMK-1 cells for actin, cortactin, and

DAPI to visualize the cell cytoskeleton, including actin-based cell

extensions and lamellipodia (Fig. 2). Interestingly, all of the cell

lines containing the fusion (FK WT) and the fusion plus mutations

(FK p.E565A and FK p.L617M) demonstrated dramatically different

morphologies at baseline (Fig. 2). We noted that these cells were not

able to spread as well, as demonstrated by decreased cell size andmore

elongated cellular morphology (Fig. 2). In addition, in the 293T and

MMNK-1 cells we observed that the cells harboring the fusion

exhibited decreased clustering compared with control cells, as dem-

onstrated by more single, independent cells present in culture (Fig. 2).

These findings suggest that the fusion disrupts both cell–cell contacts

and cell–matrix contacts in cells.

Characterizing the sensitivity of secondary FGFR2 resistance

mutations to various FGFR inhibitors

To evaluate the underlying mechanism of acquired resistance to

FGFR inhibition in our patient, we evaluated the in vitro sensitivity of

NIH3T3, 293T, andMMNK-1 cells expressing empty control, FKWT,

FK p.E565A, and FK p.L617M cells to infigratinib. Cells were treated

with increasing doses of infigratinib or DMSO (vehicle) ranging from

0.1 nmol/L to 20 mmol/L for 72 hours, at which point cell viability was

assessed. The FK cells were particularly sensitive to infigratinib with an

IC50 value of 18.24 nmol/L, whereas the FK p.E565A and FK p.L617M

cells were resistant to infigratinib with IC50 values of 490.91 nmol/L

and 2296.15 nmol/L, respectively (Table 1; Supplementary Fig. S2).

The presence of the p.E565A and p.L617M mutations decreased the

respective sensitivity to infigratinib by 27- and 126-fold (Table 1;

Supplementary Fig. S2). These findings were also extended and

corroborated in 293T and MMNK-1 cells, although MMNK-1 cells

displayed weaker sensitivity overall (Table 1; Supplementary

Fig. S2). Collectively, these in vitro findings support the clinical

findings seen in this patient in that the FGFR2–KIAA1598 fusion is

sensitive to infigratinib and that acquisition of the secondary kinase

mutations, p.E565A and p.L617M, in part, drive resistance to

infigratinib.

We next sought to assess the cross-reactivity of the fusion and the

secondary SNVs to other FGFR inhibitors. We assessed several TKIs:

AZD4547, erdafitinib, TAS120, dovitinib, and ponatinib. These inhi-

bitors that are currently being evaluated clinically and have shown

early efficacy in patients with FGFR-mutant cancers. NIH3T3, 293T,

and MMNK-1 cells expressing the fusion were all sensitive to the

selective FGFR inhibitors AZD-4547 and erdafitinib, the irreversible

FGFR inhibitor TAS120, and the nonselective FGFR inhibitor pona-

tinib (Table 1; Supplementary Fig. S2). However, cells harboring either

secondary mutation (FK p.E565A or FK p.L617M), were less sensitive

to AZD-4547, erdafitinib, and TAS120, thus confirming the acquisi-

tion of these mutations as drivers of resistance to FGFR inhibition

(Table 1; Supplementary Fig. S2). None of the cells were sensitive to

dovitinib, a nonspecific TKI (Table 1; Supplementary Fig. S2). Inter-

estingly, the FK-expressing cells and cells expressing FKp.E565Aor FK

p.L617M demonstrated equal sensitivity to the nonselective FGFR

inhibitor ponatinib. These findings support further studies to deter-

mine whether ponatinib can be used clinically to overcome resistance

Combining FGFR and mTOR Inhibition in Cholangiocarcinoma
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Figure 1.

Detection of a clinically actionable FGFR2 fusion and two acquired secondary FGFR2 mutations. A, A patient with metastatic cholangiocarcinoma who failed

prior gemcitabine-based chemotherapy had a liver biopsy, and sequencing revealed an FGFR2-KIAA1598 gene fusion. She was enrolled in a phase II clinical

trial for the oral FGFR inhibitor, infigratinib, and had radiographic response after 2 months on therapy (yellow and blue arrows). After 8 months on therapy, she

developed progression and underwent a repeat tumor biopsy. Sequencing revealed a secondary mutation, p.E565A, in the kinase domain of FGFR2. Sequencing

of pretreatment and posttreatment ctDNA from plasma revealed the presence of the p.E565A and p.L617M SNVs in the FGFR2 kinase domain present exclusively

in the posttreatment samples. B, Schematic of the FGFR2-KIAA1598 fusion gene containing exons 1–16 of FGFR2 and exons 8–18 of KIAA1598. Chromatogram

traces confirmed the presence of the fusion. The red dashed line indicates the breakpoint.C,Hematoxylin and eosin staining of the pretreatment and postprogression

tumor biopsies demonstrate the abundance of tumor cells.
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Figure 2.

The FGFR2–KIAA1598 fusion induces morphologic changes. Fixed NIH3T3 (A), MMNK-1 (B), and 293T (C) cells expressing the fusion (FK) or the fusion with a

secondary mutation (FK p.E565A and FK p.L617M) were stained with actin (green), cortactin (blue), and DAPI (red) to visualize differences in cell morphology.
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to other FGFR inhibitors seen in patients after FGFR inhibition

(Table 1; Supplementary Fig. S2).

The presence of the FGFR p.E565A and p.L617M SNVs decreased

sensitivity to FGFR inhibition, anywhere from 2- to 1,000-fold.

Specifically, the p.L617M mutation demonstrated varying degrees of

resistance depending on both the inhibitor and cell line used. The

p.E565Amutation conferred the greatest degree of resistance across all

cell lines and inhibitors tested. Furthermore, FGFR2 p.E565A has been

described previously as a recurrent acquired secondary resistance

mutation in response to infigratinib therapy (16). However, the effect

of this secondary resistance mutation on FGFR signaling has not been

fully described.

Upregulation of PI3K/Akt/mTOR pathway in resistant cells

To characterize the signal transduction pathways involved in

resistance to FGFR inhibition, we performed RPPA analysis on

NIH3T3 empty, FK WT, and FK p.E565A cells. Using an FDR of

0.05, we identified proteins differentially expressed in FK WT com-

pared with control cells and FK p.E565A compared with control cells

(Fig. 3A and B). We identified that phosphorylated ribosomal protein

S6 (RPS6) involved in PI3K/AKT/mTOR signaling was the most

upregulated protein in FK WT (Fig. 3A) and FK p.E565A

(Fig. 3B) cells relative to empty control. We next used STRING (30)

to assess known and predicted protein–protein interactions within

these differentially expressed protein sets. This analysis revealed

activation of the PI3K/AKT signaling pathway in FK WT cells with

an FDR of 0.00618 (Fig. 3C). In FK p.E565A cells, there was further

potentiation of the PI3K/AKT pathway with an FDR of 1.96e-19 along

with activation of the mTOR pathway with an FDR of 1.08e-17

(Fig. 3D). These findings were subsequently confirmed with Western

blot analysis inNIH3T3 cells revealing upregulation of phospho-RPS6,

phospho-AKT, and phospho-mTOR in both FKWT and FK p.E565A

cells (Fig. 3E).

Treatment with the mTOR inhibitor, INK128, resensitizes

resistant cells to FGFR inhibition

Having demonstrated upregulation of the PI3K/AKT/mTOR sig-

naling pathway in FGFR-inhibitor–resistant FK p.E565A cells, we next

sought to determine whether treatment with an mTOR inhibitor

would enhance sensitivity to FGFR inhibitors. Sapanisertib (INK128,

MLN0128, or TAK-228), is a highly potent, orally active mTOR kinase

inhibitor that is currently in phase I and phase II clinical trials for solid

tumors (31). We assessed the impact of INK128 on FGFR inhibitor

(infigratinib, AZD4547, erdafitinib, or ponatinib) sensitivity (Fig. 4A).

CalcuSyn was used to calculate a CI for each combination of drug

concentrations (25 in total, Fig. 4A). On the basis of the CI value, the

two drugs being evaluated were classified as synergistic (CI < 1),

additive (CI ¼ 1), or antagonistic (CI > 1). Combination of INK128

with all FGFR inhibitors demonstrated highly synergistic effects in FK

p.E565A cells (Fig. 4B). We next extended these studies to cells

harboring the second resistance mutation of interest, p.L617M, and

found that combination of INK128 and FGFR inhibition yielded

mildly synergistic effects (Fig. 4B). Average combination indexes for

fraction affected (Fa) values greater than 0.1 are summarized

in Fig. 4C. These data warrant further investigation of the addition

of an mTOR inhibitor after initial progression with FGFR-targeted

therapy.

Discussion
Through our case study of a patient with intrahepatic cholangio-

carcinoma, we identified two FGFR2 kinase domain mutations, p.

E565A and p.L617M, associated with acquired resistance to the

selective FGFR inhibitor infigratinib. Interestingly, only one of these

mutations, FGFR2 p.E565A, was identified through sequencing of a

tumor biopsy collected from a progressing liver lesion; however,

ctDNA captured this mutation as well as a second mutation, FGFR2

p.L617M. These findings warrant further investigation into the use of

ctDNA clinically to serially monitor early acquired resistance in

patients receiving FGFR inhibitors. Using in vitro cell line models,

we characterized the sensitivity of the FGFR2–KIAA1598 (FK) fusion

with each of these secondary mutations to ATP-competitive, covalent,

and nonselective FGFR inhibitors. Taken collectively, our findings

suggest that these mutations confer resistance to FGFR inhibition, but

remain sensitive to the nonselective FGFR inhibitor ponatinib. In

addition, we identified the upregulation of the PI3K/AKT/mTOR

signaling pathway in resistant cells and demonstrated that combining

FGFR and mTOR inhibitors may be used to desensitize cells to FGFR

resistance.

Tumor heterogeneity associated with acquired drug resistance

remains a major barrier in the long-term clinical use of targeted

therapies in patients with cancer (32). This heterogeneity includes

but is not limited to differences in the genetic, epigenetic, and tumor

microenvironment composition of tumors within the same tissue and

between different tissue sites of the same patient (33–35). To date, the

genomic evaluation of acquired drug resistance has been largely

limited to tumor biopsies. Unfortunately, tumor biopsies pose several

limitations including risk and cost to patients, restricted access to

Table 1. The FGFR2 p.E565A and p.L617M mutations confer resistance to infigratinib and other FGFR inhibitors.

IC50 (nmol/L) values

Infigratinib AZD4547 Erdafitinib TAS120 Ponatinib Dovitinib

NIH3T3 FK WT 1 (18.24) 1 (36.22) 1 (5.16) 1 (6.89) 1 (54.83) 1 (489.78)

FK p.E565A 27 (490.91) 42 (1,510.08) 20 (105.68) 5 (32.14) 0.36 (19.72) 4 (1,936.42)

FK p.L617M 126 (2,296.15) 59 (2,152.78) 28 (144.88) 0.177 (1.22) 14 (762.08) 3 (1,674.94)

293T FK WT 1 (4.04) 1 (7.80) 1 (0.52) 1 (1.35) 1 (9.57) 1 (161.81)

FK p.E565A 44 (176.39) 84 (656.15) 65 (33.65) 11 (14.32) 0.48 (4.55) 8 (1,253.14)

FK p.L617M 12 (48.98) 10 (76.74) 31 (15.96) 3 (4.59) 0.40 (3.87) 6 (990.83)

MMNK-1 FK WT 1 (44.98) 1 (4.08) 1 (0.66) 1 (0.20) 1 (22.59) 1 (77,983.01)

FK p.E565A 578 (26,001.60) 257 (1,049.54) 15 (10) Ambiguous (>5,000) 17 (387.26) 0.03 (2,344.23)

FK p.L617M 213 (9,594.01) 3 (10.69) 17 (10.94) 4 (0.74) 2 (44.16) 2151 (>5,000)

Note: Bold numbers represent fold change of inhibitor concentrations relative to FK WT. Nanomolar IC50 values are listed in parentheses for each inhibitor and

condition. Values represent mean � SEM of three independent experiments with six replicates per condition.
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Figure 3.

The PI3K/AKT/mTOR signaling pathway is upregulated in fusion and resistant cells. A, Heatmap illustrates proteins from RPPA that were differentially expressed in

FKWT relative to vector control (Empty) with an FDR of 0.05. B,Heatmap illustrates proteins from RPPA that were differentially expressed in FK p.E565A relative to

vector control (Empty) with an FDR of 0.05. C, The STRING program was used to assess known and predicted protein–protein interactions within the differentially

expressed proteins in FKWT cells. The PI3K/AKT pathway was identified with an FDR of 0.00618. D, The STRING programwas used to assess known and predicted

protein–protein interactions within the differentially expressed proteins in FK p.E565A cells. The PI3K/AKT pathway andmTOR pathways were identified with FDRs

of 1.96e-19 and of 1.08e-17, respectively. E, Western blot analysis to confirm RPPA data in NIH3T3 cells.
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Figure 4.

Combination of FGFR inhibitorswith themTOR inhibitor, INK128, reveals synergistic effects in resistant cell lines.A,Experimental design for drug combination assays.

A. In duplicate in a 96-well plate, cells were exposed to either drug A, drug B, drug A plus drug B, or no drug control with concentrations of drugs from 6.85 nmol/L to

555 nmol/L. B, CI and Fa for each combination drug value are plotted. Values are defined as displaying slight synergism, synergism, or strong synergism. Graphs

depict summary data from four independent experiments for infigratinib, AZD-4547, erdafitinib, and ponatinib.C,Average CI values are listed for drug combinations

that had Fa values greater than 0.1. SD values from four independent experiments are listed in parentheses. CI, combination index; Fa, fraction affected.
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certain organs/tissue sites, finite amounts of tissue collected, and

sampling from only one tissue site at a single time point. Furthermore,

tumor biopsies do not accurately portray the complex and complete

genetic profile of disease. ctDNA has the potential to fully capture

tumor heterogeneity including the presence of acquired secondary

resistance mutations in patients receiving targeted therapies and

therefore has the potential to overcome limitations associated with

tumor biopsies. Importantly, in 80%–90% of patients with metastatic

disease, ctDNA can accurately reconstruct the genome with a high

mutational concordance tomatched tumor tissues (36–39). In contrast

to this high mutational concordance between matched tissues and

ctDNA, studies have recently shown that tumor biopsies are inaccurate

at fully describing the landscape of acquired secondary resistance

mutations following FGFR inhibition. In a recent publication by

Goyal and colleagues, the authors demonstrated that ctDNA can

identify FGFR2mutations that were not present in the tumor biopsies

from the same patient (16). Furthermore, in the patient presented in

this study, the FGFR2 p.L617Mmutation was identified in ctDNA but

was not detected in the tissue biopsy specimen. Collectively, these

findings highlight the inter- and intratumor heterogeneity that exists

within patients. ctDNA is less invasive, can be collected serially, and

thus may be a clinically useful method to track tumor heterogeneity

with respect to acquired FGFR resistance mutations in patients.

Moving forward, upon progression we propose a combination of

tumor biopsy and ctDNA for patients with FGFR-mutant cancers.

This will enable a complementary view of genomic changes (ctDNA)

as well as transcriptomic and protein level alterations (biopsy) in

resistant tumors.

As the continuously evolving landscape of clinically relevant non-

selective and selective FGFR inhibitors expands, it is critical to catalog

these inhibitors based on their effectiveness against acquired second-

ary resistance mutations. Dovitinib, ponatinib, and lenvatinib are

nonselective TKIs that in addition to FGFR, target multiple other

receptor tyrosine kinases, including VEGFR and PDGFR (40–42).

Interestingly, our in vitro studies support the use of ponatinib follow-

ing acquisition of both the p.E565A and p.L617Msecondarymutations

as they retained sensitivity to ponatinib at nanomolar concentrations.

Unfortunately, given the nonselective activity of these inhibitors,

severe cardiovascular toxicities related to VEGFR inhibition have been

seen in patients therefore limiting their long-term clinical use (43).

Thus, there has been great interest in the development of selective

FGFR inhibitors. Currently, numerous selective ATP-competitive

FGFR inhibitors are being assessed clinically including AZD4547,

infigratinib, erdafitinib, pemigatinib (INCB054828), and LY2874455,

among others (12, 44, 45). While these inhibitors have shown prom-

ising activity in early clinical trials, they are largely ineffective at

overcoming the commonly acquired FGFR gatekeeper mutations

(FGFR1 V561M, FGFR2 V564F, FGFR3 V555M). While not consid-

ered gatekeeper mutations, the FGFR2 p.E565A and FGFR2 p.L617M

mutations we observed are located near the ATP-binding pocket and

are hypothesized to also be resistant to these selective inhibitors. Our

studies revealed cross-resistance to all selective inhibitors tested;

however, the level of resistance observed varied across the different

drugs. There has been great interest in developing novel inhibitors that

can overcome resistance mutations that arise in or near the ATP-

binding pocket. One such inhibitor is TAS120, which retained activity

in the presence of either mutation in our in vitro assays. to which the

two mutations in our studies largely still retained sensitivity. Taken

together, there is a need to define a comprehensive landscape of

mutations that develop in response to FGFR inhibition, including the

sensitivity of existing inhibitors to develop novel inhibitors.

In addition to acquired FGFR2 mutations, numerous studies have

identified activation of the PI3K/AKT/mTOR pathway following

acquired resistance to FGFR inhibition. Through RPPA analysis, we

also identified increased PI3K/AKT/mTOR activation in an FGFR

inhibitor–resistant cell line and determined that combination therapy

using an FGFR inhibitorwith themTOR inhibitor, INK128, was able to

induce synergistic effects that may be able to overcome the therapeutic

limitations posed by current mechanisms of resistance. Similarly, Hu

and colleagues found that antiproliferative effects were increased in

FGFR-addicted cells after treatment with a combination of infigratinib

and another mTOR inhibitor, rapamycin (46). In addition, a recent

study by Scheller and colleagues provides evidence for the combination

of FGFR and mTOR inhibition in hepatocellular carcinoma (47). This

concept has been expanded beyond FGFR inhibition as demonstrated

by Baselga and colleagues who showed that in hormone receptor–

positive breast cancer, the PI3K/AKT/mTOR pathway was implicated

in therapy resistance (48). As a result, the combination therapy of

exemestane, a steroidal aromatase inhibitor and everolimus, anmTOR

inhibitor, was approved for clinical use (49). These studies support the

idea that drug combination strategies involving common bypass

resistance mechanisms could provide a novel therapeutic avenue to

patients who have exhibited resistance to an existing FGFR inhibitor

while we wait the development of novel FGFR inhibitors.

Overall, our findings support the complementary use of a repeat

tumor biopsy upon progression coupled with serial ctDNA analysis

throughout treatment to characterize emerging resistance mechan-

isms in FGFR-altered cancers. Understanding genetic and proteomic

alterations will enable the rational implementation of novel combi-

nation therapeutic strategies in addition to development of novel

FGFR inhibitors to overcome acquired resistance.
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