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ARTICLE INFO ABSTRACT

Article history: Aim of study: Chromosomal translocations such as t(10;12)(q26,q12) are associated with intrahepatic cholangiocarci-
Received 2 May 2020 noma, a universally fatal category of liver cancer. This translocation creates the oncogenic fusion protein of Fibroblast
Received in revised form 24 July 2020 Growth Factor Receptor 2 joined to Periphilin 1. The aims of this study were to identify significant features required for
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biological activation, analyze the activation of downstream signaling pathways, and examine the efficacy of the TKIs
BGJ398 and TAS-120, and of the MEK inhibitor Trametinib.
Methods: These studies examined FGFR2-PPHLN1 proteins containing a kinase-dead, kinase-activated, or WT kinase
domain in comparison with analogous FGFR2 proteins. Biological activity was assayed using soft agar colony forma-
tion in epithelial RIE-1 cells and focus assays in NIH3T3 cells. The MAPK/ERK, JAK/STAT3 and PI3K/AKT signaling
pathways were examined for activation. Membrane association was analyzed by indirect immunofluorescence com-
paring proteins altered by deletion of the signal peptide, or by addition of a myristylation signal.
Results: Biological activity of FGFR2-PPHLN1 required an active FGFR2-derived tyrosine kinase domain, and a dimer-
ization domain contributed by PPHLN1. Strong activation of canonical MAPK/ERK, JAK/STAT3 and PI3K/AKT signal-
ing pathways was observed. The efficacy of the tyrosine kinase inhibitors BGJ398 and TAS-120 was examined
individually and combinatorially with the MEK inhibitor Trametinib; heterogeneous responses were observed in a
mutation-specific manner. A requirement for membrane localization of the fusion protein was also demonstrated.
Concluding statement: Our study collectively demonstrates the potent transforming potential of FGFR2-PPHLN1 in driv-
ing cellular proliferation. We discuss the importance of sequencing-based, mutation-specific personalized therapeutics
in treating FGFR2 fusion-positive intrahepatic cholangiocarcinoma.
© 2020 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction proteins, resulting in downstream signaling [6]. Mutations in FGFR2 have

a long history in human developmental syndromes such as Crouzon,

Intrahepatic cholangiocarcinoma (ICC) is an often-fatal liver cancer
which arises in the biliary ducts [1,2]. The genesis of ICC involves various
genetic alterations, such as activating mutations in receptor tyrosine ki-
nases (RTKs), and oncogenic fusion proteins involving RTKs as partner
genes [1,3]. To date, all of the oncogenic fusion proteins identified in ICC
involve the identical portion of Fibroblast Growth Factor Receptor 2
(FGFR2) (exons 1-19) fused with diverse dimerization partners [1,4]. The
translocation t(10;12)(q26,q12), fusing FGFR2 with Periphilin 1
(PPHLN1), accounts for approximately 16% of ICC [1,5].

FGFR2 is a transmembrane RTK that belongs to the four-membered
FGFR family, FGFR1-4. Upon binding of Fibroblast Growth Factors
(FGFs), FGFRs undergo receptor dimerization leading to trans-
autophosphorylation on tyrosine residues of the receptor and adaptor

Pfeiffer, and Apert syndromes, as well as carcinogenesis [7].

The fusion partner, Periphilin-1 (PPHLN1), localizes in nuclear granules
in undifferentiated keratinocytes, but colocalizes with periplakin at the cell
periphery and at cell-cell junctions following keratinocyte differentiation
[8], becoming incorporated into the cornified cell envelope. Its C-
terminus contains a coiled-coil domain with 7 heptad repeats, of which
the C-terminal 25 residues are sufficient for self-dimerization [8]. Thus,
the PPHLN1 moiety drives dimerization of the FGFR2-PPHLN1 fusion pro-
tein, potentially leading to ligand-independent hyperactivation of FGFR2
kinase domain.

Several pan-FGFR tyrosine kinase inhibitors (TKIs) have been studied
clinically for treating FGFR2-fusion specific ICC patients, including
BGJ398, Ponatinib, and PD173074. Of these, BGJ398 has shown promising
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anti-tumor activity with manageable toxicity at early stages of treatment
[9-11]. However, a subset of patients treated with BGJ398 and other
TKIs develops mutations, including N549H, E565A and K641R in FGFR2,
that confer resistance [6,11-13]. Normally, N549, E565 and K641 form a
triad coordinated by hydrogen bonding which restrains the FGFR2 kinase.
Mutations of these residues stabilize the kinase domain in an activated con-
formation [13]. TAS-120, a third-generation irreversible pan-FGFR inhibi-
tor, binds covalently to a highly conserved cysteine in the ATP pocket of
FGFR, emerging as a promising candidate against FGFR2 fusion-positive
ICC [14].

Here, we examined the requirements of FGFR2-PPHLN1 to drive cellu-
lar proliferation, including signaling mechanisms, subcellular localization,
and the effects of the activating mutation N550K. Furthermore, we exam-
ined the effects of several inhibitors on the activity of FGFR2-PPHLN1.

Materials and methods
FGFR2-PPHLN1 constructs

The myc-tagged PPHLN1 gene (OriGene Technologies, Inc., clone
RC216262) was subcloned into pcDNA3. FGFR2 constructs have been pre-
viously described in prior publications [15,16]. FGFR2 kinase active
N550K/N549K and kinase dead mutations K518R/K517R for IIIb and Illc
isoforms, respectively, were made by Quickchange site-directed mutagene-
sis (Agilent). For FGFR2-IIIb-PPHLN1 constructs, the codon for residue
E768 of FGFR2-IIIb (Uniprot P21802-3, Isoform 3, KGFR) was joined di-
rectly to the codon for residue D32 of PPHLN1 (Uniprot QNEY8-2, Isoform
2). For FGFR2-IIIc-PPHLN1 constructs, the codon for residue E767 of
FGFR2-IIIc (Uniprot P21802-1, Isoform 1, BEK) was joined directly to the
codon for residue D32 of PPHLN1 (Uniprot QNEY8-2, Isoform 2).

For derivation of plasma membrane-localized proteins, a myristylation
signal from c-Src was utilized as described [17,18]. To create ASS-FGFR2-
[IIc-PPHLN1, residues 2-26 were deleted as previously described [19].
The pcDNA3 expression vector was used for transient transfections in
HEK293T and NIH3T3cells, and the neomycin-selectable retroviral vector
PLXSN [20] was used for biological assays in NIH3T3 and RIE-1 cells. The
accuracy of all DNA constructs was fully validated by sequencing.

Cell culture, immunoblotting and immunofluorescence

HEK293T cells were maintained in DMEM plus 10% FBS and 1% peni-
cillin/streptomycin in 10% COs at 37 °C. HEK293T cells were plated at a
density of 1 x 10° cells/100-mm plate and transfected with plasmid DNA
using calcium phosphate transfection in 3% CO- as described previously
[21]. Twenty to 24 h after transfection, media were changed to DMEM
with 0% FBS. Cells were starved for 20 h before collecting and lysis [22].
HEK293T cells were collected, washed once in PBS, and lysed in RIPA
buffer [50 mM Tris-HCI (pH 8.0), 150 mM NacCl, 1% TritionX-100, 0.5% so-
dium deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM sodium orthovanadate,
1 mM PMSF, and 10 mg/ml aprotinin]. Lowry assay was used to measure
total protein concentration. Samples were separated by 12.5% SDS-PAGE
and transferred to Immobilon-P membranes (Millipore). Immunoblotting
was performed as described previously [23].

NIH3T3 cells were maintained in 10% calf serum and 1% penicillin/
streptomycin in 10% CO, at 37 °C. Focus assays were performed as de-
scribed previously [24]. Briefly, cells plated at a density of 4 x 10> cells/
60-mm plates in DMEM with 10% calf serum 24 h before transfection.
Cells were transfected using Lipofectamine 2000 Reagent with 10 ug plas-
mid DNA. Approximately 48 h after transfection cells were split 1:12 onto
duplicate 100-mm plates with 2.5% calf serum. Foci were scored at
14 days, fixed in methanol, and stained using Geimsa stain. Efficiency of
transfection was determined by Geneticin (G418, 0.5 mg/ml)-resistant col-
onies plated on duplicate plates at a dilution of 1:240.

RIE-1 cells were maintained in 5% calf serum and 1% penicillin/strep-
tomycin in 10% CO, at 37 °C. RIE-1 stable cell lines were generated by
selecting Lipofectamine 2000 transfected cells with 0.5 mg/ml G418,
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with multiple cell lines for each clone. These cells were maintained and fro-
zen in the presence of 0.5 mg/ml G418. For soft agar assays, 2.5 x 10° cells
were seeded per 60 mm dish in medium containing 0.3% agarose over a
base layer of 0.6% agarose. Media was layered on top and changed or sup-
plemented twice weekly. These assays were conducted in triplicate, with 3
individual plates for each concentration.

For indirect immunofluorescence, NIH3T3 cells were transiently
transfected by calcium phosphate, as described above. Cells were seeded
at2 x 10° cells in 60-mm plates containing glass coverslips (Neuvitro, Van-
couver,WA, USA). Twenty four hours after transfection, media were
changed to DMEM with 0% calf serum and starved for 18 h. Immunofluo-
rescence staining was performed essentially as previously described [17].
Briefly, cells were fixed with 4% paraformaldehyde/PBS, permeabilized
with 0.1% Triton X-100/PBS, blocked with 5% BSA/PBS and incubated
with primary antibody, c-Myc (9E10). After washes, cells were treated
with secondary antibody, Alexa Fluor 488 donkey anti-mouse. Nuclei
were visualized with Hoechst 33342 (1 pg/ml). Coverslips were mounted
with Prolong Gold anti-fade reagent (Invitrogen, Carlsbad, CA, USA).
Cells were examined on a Leica SP8 inverted confocal microscope (UC
San Diego Neuroscience Core Facility).

Antisera reagents were: Bek (H-80), Bek (C-8), c-Myc (9E10), and
STAT3 (C-20), from Santa Cruz Biotechnology (Dallas, TX, USA);
phospho-STAT3 (Tyr705; D3A7), p44/42 MAPK (ERK 1/2, 9102),
phospho-p44/42 MAPK (Erkl/2) (Thr202/Tyr204) (D13.14.4E),
phospho-FGFR (Tyr653/654, 3471), AKT (9272), and phospho-Akt
(S473, D9E) from Cell Signaling (Danvers, MA, USA); FGFR2 N-terminal
(ab75984) from Abcam (Burlingame, CA, USA); Alexa Fluor 488 donkey
anti-mouse (A21202) from Invitrogen (Carlsbad, CA, USA); horseradish
peroxidase (HRP) anti-mouse, HRP anti-rabbit, and Enhanced
Chemiluminence (ECL and Prime-ECL) reagents were from GE Healthcare
(Little Chalfont, UK). Immunoblots presented in this work are representa-
tive of at least three replications using different lysates from cells.

Other reagents and sources were: Geneticin (G418), Gibco (Waltham,
MA, USA); Lipofectamine 2000, Invitrogen (Carlsbad, CA, USA); PNGaseF
(P0704S), NEB (Ipswich, MA, USA); Trametinib (GSK 1120212) (S2673)
and BGJ398 (NVP-BGJ398), Selleckchem (Houston, TX, USA), and TAS-
120 (C-1520), Chemgood (Glen Allen, VA, USA).

Inhibitor treatments

Transfected HEK293T cells expressing either FGFR2-IIIc-PPHLN1 or
FGFR2-1IIc-N549K-PPHLN1 were treated with inhibitors singly or in combi-
nation during the last 3 h of starvation at 10% CO, in 0% FBS in DMEM me-
dium. HEK293T cells were collected, washed once in PBS, and lysed in
RIPA, as described above. RIE-1 cells stably expressing FGFR2-IIIb-
PPHLN1 or FGFR2-I1Ib-N550K-PPHLN]1, described above, were plated in
soft agar assays in the presence of Trametinib, BGJ398, or TAS-120 or in
combination for three weeks. These assays were conducted in triplicate,
with 3 individual plates for each concentration. Colonies were stained
with crystal violet and quantitated using ImageJ.

Results
Soft agar colony formation of FGFR2-IIIb-PPHLN1

Clones shown in Fig. 1A were assayed by soft agar colony formation in
RIE-1 cells for IIIb mutants, or by focus formation assay in NIH3T3 cells for
IIIc mutants. These constructs fuse exon 19 of FGFR2-IIIb to exon 4 of
PPHLN]1, recapitulating the most common translocation breakpoint for t
(10;12)(q26,q12) [5]. We included kinase-activated N550K/N549K mu-
tant, corresponding to the FGFR3 N540K mutation first identified as caus-
ing the human skeletal dysplasia hypochondroplasia [25]. As described
above, N550/N549 participates in a molecular brake for the FGFR2 kinase
activity. This mutation occurs in FGFR2-fusion proteins harbored by ICC
patients, conferring resistance to BGJ398 [12]. These assays included the
kinase-dead mutation K518R/K517R in the ATP binding site [26]. The
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carcinomas, including cholangiocarcinomas, which are driven by activated
FGFR2 will exhibit the IIIb isoform. In contrast, the Illc isoform is
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predominantly expressed in mesenchymal and hematopoietic cancers;
these cancers will typically express the Illc isoform. Identical mutations
may arise in FGFRs in both types of cancers, although the actual residue
number will differ due to slightly different lengths of alternatively spliced
exons. Throughout the experiments which follow, we have used both IIIb
and Illc isoforms, and we have used both epithelial cell lines as well as fi-
broblast cell lines; throughout, the specific isoform, the mutation number,
and the cell line used for different assays have been consistently identified.
While this may cause some confusion, we believe it appropriate to empha-
size this distinction given that the properties of FGFR2 and FGFR2-PPHLN1
fusions differ in important respects depending upon the isoform and the cell
type in which they are expressed.

As epithelial cells, RIE-1 cells express FGFs of epithelial origin, incapa-
ble of activating the IIIb isoform of FGFR2 [27-29]. When RIE-1 cells
were assayed for soft agar colony formation, no colonies were observed
for any FGFR2-IIIb clones: wild-type, kinase-activated, or kinase-dead
(Fig. 1B, a—c). Significant colony formation was observed for FGFR2-IIIb-
PPHLN1 and for the kinase-activated mutant (Fig. 1B, d—e). No colony for-
mation was observed for the kinase-dead mutant (Fig. 1B, f). The loss of ac-
tivity exhibited by the kinase-dead mutant demonstrates a requirement for
a functional tyrosine kinase domain within the FGFR2-derived moiety.
These results were quantitated in Fig. 1C.

Similar FGFR2 and FGFR2-PPHLN1 clones were created in the back-
ground of FGFR2-Illc. These were examined for focus formation using
NIH3TS3 cells, mesenchymal cells which expresses FGFs incapable of acti-
vating the Illc isoform of FGFR2 [9,24]. Again, only FGFR2-IIIc-PPHLN1
and the kinase-activated fusion protein FGFR2-IIIc-N549K-PPHLN1 yielded
robust focus formation as shown in Fig. 1D and quantitated in Fig. 1E.

Downstream signaling activation by FGFR2-PPHLN

FGFR2-Illc and FGFR2-IIIc-PPHPLN1 proteins were expressed in
HEK293T cells and lysates examined by immunoblotting. The FGFR2 acti-
vation status was examined using an antiserum that detects phosphorylated
tyrosine residues within the FGFR2 activation loop. A dramatic increase

Fig. 1. Structure and biological assays of FGFR2-PPHLN1 constructs. (A) The top
presents FGFR2-IIIb and FGFR2-IIIb-PPHLN1 with K518R kinase dead, and
N550K kinase activating mutations, shown. FGFR2 contains an extracellular
ligand binding domain with immunoglobulin-like domains (Ig), a transmembrane
domain (TM), a split tyrosine kinase domain, and kinase insert domain (KI).
FGFR2-1IIb-PPHLN1 contains FGFR2-IIIb through exon 19 at the N-terminus,
fused to exon 4 of PPHLN1 at the C-terminus, which contains a coiled-coil
domain. The alternatively spliced exon 8 of FGFR2, encoding the 3rd Ig-like
domain, is shown in dark blue. This confers ligand specificity to FGFR2-IIIb for
FGFs of mesenchymal origin; this receptor is specifically activated by FGFs of
mesenchymal origin such as FGF3, FGF7, FGF10, or FGF22. Historically, FGFR2-
IIIb has also been referred to as Keratinocyte Growth Factor Receptor (KGFR).
The bottom presents FGFR2-IlIc and FGFR2-IIIc-PPHLN1 with K517R kinase
dead, and N549K kinase activating mutations. The alternatively spliced exon 9 of
FGFR2, encoding the 3rd Ig-like domain, is shown in red. This confers ligand
specificity to FGFR2-IIIc; this receptor is specifically activated by FGFs of
epithelial origin such as FGF1, FGF2, FGF4, FGF6, FGF9, FGF16, or FGF20. Note
that exon 9 of Illc encodes one residue less than exon 8 of IIIb, changing the
numbering of all downstream residues. Historically, FGFR2-IIIc has also been
known as BEK, referring to its initial discovery as a Bacteria-Expressed Kinase.
(B) Soft agar colony formation by FGFR2-IIIb-PPHLN1 in RIE-1 cells.
Representative plates from a soft agar colony formation assay are shown, with
transfected constructs indicated. (C) Graph shows the average number of colonies
+ SEM, using triplicate plates for each cell line. Plates stained with crystal violet.
(D) Cell transformation of NIH3T3 cells by FGFR2-IIIc-PPHLN1. Representative
plates from a focus assay are shown, with transfected constructs indicated.
(E) The graph shows the number of foci scored, normalized for transfection
efficiency and calculated as a percentage of transformation relative to PR/neu*
+ SEM. Assays were performed a minimum of 3 times per each DNA construct.
Plates were fixed and stained with Giemsa stain. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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was observed in tyrosine phosphorylation for FGFR2-IIIc-PPHLN1 com-
pared to FGFR2-IIIc (Fig. 2, 2nd panel, Lanes 2 & 5). The kinase activation
observed by the fusion with PPHLN1 appears to be near-maximal; incorpo-
ration of the kinase-activating mutation into FGFR2-IIIc-N549K-PPHLN1
results in just a slight increase (Lanes 5-6). Incorporation of the kinase-
dead mutation K517R, whether in FGFR2-IIIc-K517R or FGFR2-IIlc-
K517R-PPHLN1, completely eliminates kinase activation (Lanes 4 & 7).

With regards to downstream signaling, significant activation of MAPK
signaling (Fig. 2, 3rd panel) is observed in response to the strongly acti-
vated mutants: FGFR2-11Ic-N549K, FGFR2-IlIc-PPHPLN1, and FGFR2-Illc-
N549K-PPHLN1 (Lanes 3, 5, 6). Similar results are observed for activation
STAT3, shown by phospho-STAT3 (5th panel, Lanes 3, 5, 6). Additionally,
modest activation of Protein Kinase B (Akt) is observed for FGFR2-IIIc-
PPHPLN1 and FGFR2-1IIc-N549K-PPHLN (7th panel, Lanes 5-6). No activa-
tion of any signaling pathway was observed in response to the kinase-dead
proteins (3rd, 5th, and 7th panels, Lanes 4, 8). Thus, in the absence of FGF
stimulation, activation of signaling pathways depends upon activation of
the FGFR2 tyrosine kinase by fusion to PPHLN1, or by incorporation of
the kinase-activating mutation. The coiled-coil domain of PPHLN1 confers
constitutive activation to the kinase of the fusion protein, leading to hyper-
activation of signaling.

Effect of Trametinib and TKIs on soft agar colony formation

RIE-1 cells stably expressing either FGFR2-IIIb-PPHLN1 or kinase-
activated FGFR2-1IIb-N550K-PPHLN1 were examined by soft agar colony
assay in the presence of one MEK inhibitor and two different TKIs
(Fig. 3). We note that the experiments shown in Fig. 3A-E were conducted
at different times with respect to each other; this produced some experi-
mental variability which was difficult to eliminate completely in these ex-
periments, but which did not alter the overall conclusions. The MEK
inhibitor, Trametinib, blocked colony formation by FGFR2-IIIb-PPHLN1
and FGFR2-IIIb-N550K-PPHLN1 (Fig. 3A). The TKIs examined, BGJ398
and TAS-120, reduced colony formation for wild-type FGFR2-IIIb-
PPHLN1 but were ineffective against FGFR2-IIIb-N550K-PPHLN1
(Fig. 3B-C), indicating the resistance of the N550K mutation to TKIs. This
suggests that the use of BGJ398 or TAS-120 against cancers driven by onco-
genic FGFR2 proteins bearing the N550K mutation may be deleterious. The
combination of the MEK inhibitor plus a TKI demonstrated a positive effect
on colony reduction for both FGFR2-IIIb-PPHLN1 and FGFR2-11Ib-N550K-
PPHLN1 (Fig. 3D,E). For cells expressing FGFR2-IIIb-N550K-PPHLN]1, this
was particularly significant given their resistance to treatment with either
BGJ398 or TAS-120 alone (Fig. 3B,C). These results indicate the importance
of determining the mutational status of the RTK in choosing effective treat-
ment options.

Effect of Trametinib and TKIs on FGFR2-PPHLN1 activation and downstream
signaling

FGFR2-IIIc-PPHPLN1 proteins were expressed in HEK293T cells and ly-
sates examined by immunoblotting. In cells expressing FGFR2-IIIc-PPHLN,
treatment with Trametinib resulted in no significant difference in FGFR
phosphorylation (Fig. 4A, lanes 1-4), as might be expected since
Trametinib is a MEK inhibitor and not an FGFR inhibitor; however, a signif-
icant decrease in phospho-MAPK was observed at 5 nM, and complete inhi-
bition at 50 nM. In cells expressing the kinase-activated FGFR2-IIIc-N549K-
PPHLN1 (Fig. 4A, lanes 5-8), no inhibition of phospho-FGFR was observed
in response to Trametinib; however, these cells showed only minimal inhi-
bition of phospho-MAPK at 5 nM, although this signal was inhibited at
50 nM (Fig. 4A, lanes 5-8).

In response to TKI BGJ398, a reversible ATP-competitive TKI, cells ex-
pressing FGFR2-1IIc-PPHLN1 displayed a significant decrease in phospho-
FGFR (Fig. 4B, lanes 1-4) at the higher concentrations of 30 nM and
100 nM. The inhibition of phospho-MAPK largely paralleled the inhibition
of the phospho-FGFR signal. In marked contrast, cells expressing the kinase-
activated FGFR2-1IIc-N549K-PPHLN1 (Fig. 4B, lanes 5-8), showed no

Translational Oncology 13 (2020) 100853

FGFR2y;  FGFR2y-PPHLN1
T 1

z

% 5 £ s K 2

s] 5 b £E 5 5 o

= E Z X =2 Z ¥
— e c— —135

IB: FGFR2 — —— i
- 135

IB:PFGFR2 |~ .

IB: P-MAPK = === =

1B: MAPK ’---h----| —

IB: P-STAT3 e — — — ¥ — 75
|B:STAT3 —_— e e e e —75
IB: P-AKT s —— —— - B — S8
1B: AKT — ————— e —— — 55
| e —135

IB: MYC
(PPHLN1) -

Fig. 2. Activation of downstream signaling pathways by FGFR2-PPHLN1. Lysates of
HEK293T cells expressing either FGFR2-IIIc or FGFR2-IIIc-PPHLN1 derivatives
were immunoblotted for total FGFR2 expression (1st panel). These lysates were
also immunoblotted for phospho-FGFR (2nd panel), phospho-MAPK (T202, Y204)
(3rd panel), phospho-STAT3 (Y705) (5th panel), and phospho-Akt (S473) (7th
panel). Control immunoblots are shown for total expression of MAPK (4th panel),
STAT3 (6th panel), and AKT (8th panel). Myc-tagged PPHLN1 proteins were
detected by immunoblotting for Myc (9th panel). Shown are representative
immunoblots of at least three independent experiments.

inhibition of phospho-FGFR at any concentration of BGJ398, and only a
partial inhibition of the phospho-MAPK signal at the two higher concentra-
tions of 30 nM and 100 nM.

In response to TAS-120, an irreversible TKI, cells expressing FGFR2-IIIc-
PPHLN1 displayed a significant decrease in phospho-FGFR (Fig. 4C, lanes
1-4) at all concentrations tested of 10 nM, 20 nM, and 50 nM. Again, the
inhibition of phospho-MAPK largely paralleled the inhibition of the
phospho-FGFR signal. In cells expressing the kinase-activated FGFR2-IIIc-
N549K-PPHLN1 (Fig. 4C, lanes 5-8), some inhibition of phospho-FGFR
was observed as the concentration of TAS-120 was increased to 10 nm,
20 nM, and 50 nM. These cells exhibited only a partial inhibition of
phospho-MAPK at the two higher concentrations of TAS-120, 20 nM and
50 nM.

These results indicate that the MEK inhibitor Trametinib was generally
effective in blocking downstream signaling in response to either FGFR2-
IIIc-PPHLNT1 or the activated mutant FGFR2-I1Ic-N549K-PPHLN1. The
TKIs BGJ398 and TAS-120, while effective in blocking FGFR activation
and downstream MAPK signaling in response to FGFR2-IIlc-PPHLN1,
showed little effect in inhibiting either FGFR activation or downstream
MAPK signaling in response to the activated mutant.
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To explore the synergistic effects of combining Trametinib with FGFR
inhibition, cells were treated in combination with Trametinib and
BGJ398 (Fig. 4D), or with Trametinib and TAS-120 (Fig. 4E). For cells ex-
pressing FGFR2-I1Ic-PPHLN1 (Fig. 4D, lanes 1-5), a reduction in phospho-
FGFR was not observed in the presence of Trametinib at lower concentra-
tions of BGJ398, but at 15 nM BGJ398 a partial reduction was observed
which was almost total at 50 nM. However, a significant reduction of
phospho-MAPK was observed in these cells, similar to the reduction ob-
served for Trametinib alone at 5 nM (Fig. 4A, lane 3). In cells expressing
the kinase-activated FGFR2-IIIc-N549K-PPHLN1 in the presence of
Trametinib plus BGJ398 (Fig. 4D, lanes 6-10), a partial reduction was ob-
served for phospho-FGFR only at the highest concentration of 50 nM
BGJ398. For these cells, in the presence of 5 nM Trametinib plus increasing
concentrations of BGJ398, significant inhibition of the phospho-MAPK sig-
nal was observed at all concentrations.

With regard to Trametinib plus TAS-120 (Fig. 4E), for cells expressing
FGFR2-IlIc-PPHLN]1 (Fig. 4E, lanes 1-5), a reduction in phospho-FGFR was
observed at all concentrations of TAS-120 tested. In cells expressing the
kinase-activated FGFR2-IIIc-N549K-PPHLNT1 in the presence of Trametinib
plus TAS-120 (Fig. 4E, lanes 6-10), a partial reduction was observed for
phospho-FGFR only at the highest concentration of 25 nM TAS-120 com-
bined with Trametinib. For these cells, in the presence of 5 nM Trametinib
plus increasing concentrations of TAS-120, although some inhibition of the
phospho-MAPK signal was observed, this inhibition was only partial.

Membrane association is required for FGFR2-PPHLN1 activity

FGFR2-PPHLN]1 preserves the transmembrane domain of FGFR2, which
directs membrane insertion as a Type I transmembrane protein. The signal

peptide of a Type I transmembrane protein is removed cotranslationally as
the nascent protein enters the secretory pathway, where the extracellular
domain also undergoes post-translational glycosylation [30,31].

Residues 2-26 were removed to create ASS-FGFR2-IIIc-PPHLN1
(Fig. 5A). Amino acid residues #2-26 at the N-terminus of the FGFR2 trans-
lation product represent the signal sequence, or signal peptide, which is at
the N-terminus of the majority of newly synthesized proteins destined for
the secretory pathway. This includes all RTKs, which are type I
membrane-bound proteins; these are single-pass proteins which have
their N-terminal domains targeted to the endoplasmic reticulum lumen dur-
ing synthesis, and are anchored to the lipid membrane with a stop-transfer
anchor sequence. Following cotranslational membrane insertion, modifica-
tions such as signal peptide cleavage, disulfide bond formation, and glyco-
sylation occur during passage through the Golgi, after which the mature
proteins reach the cell surface.

Separately, the extracellular and transmembrane domains of FGFR2-
PPHLN1 were replaced with a short sequence encoding a myristylation sig-
nal, creating Myr-FGFR2-PPHLN1 (Fig. 5A). Myristylation conjugates
myristic acid, a 14-carbon fatty acid, to the second residue Gly following re-
moval of the N-terminal Met, thereby conferring membrane association
without transmembrane insertion, nor does the resulting protein undergo
glycosylation. Mutating this Gly residue to Ala (G2A) blocks the
membrane-bound localization [17,18,32].

Using indirect immunofluorescence, FGFR2-IIIc-PPHLN1 was visual-
ized at the plasma membrane, and also apparently localized in the ER/
Golgi although this was not directly confirmed (Fig. 5Bi). Appendage of
the myristylation signal resulted in plasma membrane localization
(Fig. 5Biii). In contrast, ASS-FGFR2-1IIc-PPHLN1 was predominantly cyto-
solic (Fig. 5Bii), as was Myr:x-FGFR2-PPHLN1 (Fig. 5Biv). The ASS proteins
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were examined for glycosylation by digestion with Peptide:N-glycosidaseF
(PNGaseF) (Fig. 5C). PNGaseF digestion of FGFR2 resulted in reduced electro-
phoretic mobility (Lanes 3—4), as was true for FGFR2-PPHLN1 (Lanes 7-8). In
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contrast, PNGaseF digestion of ASS-FGFR2-PPHLN1 (Lanes 5-6), or of ASS-
FGFR2-IlIc (Lanes 9-10), resulted in no electrophoretic mobility shift. These re-
sults provide biochemical evidence of the altered localization of these proteins
resulting from different localization signals.

Cell transformation assays showed that signal peptide deletion
destroyed activity (Fig. 5D), which was restored by myristylation, but not
by the mutant myristylation signal. These results indicate that FGFR2-
PPHLN]1 requires membrane association as an integral Type I transmem-
brane protein or by means of an N-terminal myristylation signal, and that
the oncogenic activity of FGFR2-PPHLNT1 is ligand-independent.

Discussion

The results presented here demonstrate that fusion of PPHLN1 at the C-
terminus of FGFR2 confers constitutive activation to the receptor's tyrosine
protein kinase. Constitutive activation of downstream signaling pathways
was observed, including RAS/MAPK/ERK, JAK/STAT3 and PI3K/AKT
(Fig. 2). Introduction of the kinase-dead mutation resulted in loss of
FGFR2 kinase activity, and also blocked activation of downstream signaling
pathways, indicating that FGFR2 kinase activity is obligatory for signaling
by this fusion protein. The biological importance of this constitutive kinase
activation was demonstrated by cell transformation assays; both FGFR2-
IIIb-PPHLN1 and kinase-activated FGFR2-IIIb-N550K-PPHLN1 displayed
abundant soft agar colony formation using epithelial RIE-1 cells and focus
formation assay in NIH3T3 cells, shown in Fig. 1B and D with the quantita-
tion shown in Fig. 1C and E.

Our results also indicate that FGFR2-IIIc-PPHLN1 must be localized to
the plasma membrane in order to maintain its transforming ability. Re-
moval of the N-terminal signal peptide blocked entrance into the secretory
pathway and abolished activity (Fig. 5). Biological activity was restored by
addition of a myristylation signal, facilitating association with the inner
face of the plasma membrane (Fig. 5). This demonstrates that the
transforming activity of FGFR2-PPHLN1 1is completely ligand-
independent, as the myristylated myr-FGFR2-PPHLN1 completely lacks
the extracellular ligand binding domain. The requirement for membrane lo-
calization exhibited by FGFR2-PPHLN1 is similar to that demonstrated for
another oncogenic fusion protein, FGFR3-TACC3 [17]; significantly, both
fusion proteins have the FGFR-derived domain as their N-terminal moiety,
which directs membrane localization and is required for biological activity.
This observed phenotype could be attributed to access to essential down-
stream adaptor proteins such as FRS-2 that mediate FGFR signaling path-
ways. Not all oncogenic fusion proteins involving RTKs necessarily
require membrane association, however, as evidenced by the apparently
cytoplasmic/nuclear localization of BCR-ABL and BCR-FGFR1 [33,34].
Due to the localization requirement of FGFR2-PPHLN1, inhibition of mem-
brane localization could serve as an alternative therapeutic strategy in
targeting FGFR2-PPHLN1-driven ICC.

Collectively, we assessed differential sensitivities of FGFR2-PPHLN1 or
FGFR2(N549/N550K)-PPHLNT1 to different TKI treatments. Our data cor-
roborate previous findings that ATP-competitive inhibitor BGJ398 alone

Fig. 4. Effects of TKIs and/or MEK inhibitor on signaling pathways of FGFR2-IIIc-
PPHLNT1 derivatives. (A) Lysates of HEK293T cells expressing FGFR2-1IIc-PPHLN1
and FGFR2-I1Ic-N549K-PPHLN1 were treated with Trametinib (2 nM, 5 nM, or
50 nM) for 3 h. Lysates were immunoblotted for phospho-FGF receptor (Tyr653/
654) (1st panel), overall FGFR2 expression (2nd panel), phospho-MAPK (T202/
Y204) (3rd panel), and overall MAPK expression (4th panel). (B) Lysates of
HEK293T cells expressing FGFR2-I1Ic-PPHLN1 and FGFR2-11Ic-N549K-PPHLN1
were treated with BGJ398 (10 nM, 30 nM, or 100 nM) and immunoblotted as in
(A). (C) Lysates of HEK293T cells expressing FGFR2-IIIc-PPHLN1 and FGFR2-Illc-
N549K-PPHLN1 were treated with TAS-120 (10 nM, 20 nM, or 50 nM) for 3 h.
Lysates were analyzed as in (A). (D and E) Lysates of HEK293T cells expressing
FGFR2-1lIc-PPHLN1 and FGFR2-IIIc-N549K-PPHLN1 were treated with either
5 nM of Trametinib in combination with 0 nM, 5 nM, 15 nM or 50 nM BGJ398
for 3 h, or with 5 nM of Trametinib in combination with 0 nM, 5 nM, 10 nM, or
25 nM TAS-120, and immunoblotted as in (A). Shown are representative
immunoblots of at least three independent experiments.
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may be ineffective to treat FGFR fusion proteins harboring kinase-
activating mutations [35]. This result is consistent with previous studies
showing that activating mutations in the FGFR kinase domain confer resis-
tance to ATP-competitive inhibitors [9,13,33]. However, both FGFR2-
PPHLN1 and FGFR2(N550K)-PPHLN1-expressing cells were sensitive to
Trametinib. Furthermore, cells expressing FGFR2-IIIb-N550K-PPHLN1
remained sensitive to Trametinib, while combination treatment with either
BJG398 or TAS-120 did not increase inhibition of phospho-MAPK. Al-
though a significant synergistic effect was not observed with this combina-
tion treatment, it is critical to develop novel combination and targeted
therapies as patients with FGFR2 gene fusion-driven ICC often develop ac-
tivating mutations in the kinase domain, ultimately conferring resistance to
TKI therapy [35]. Collectively, our results demonstrate the potential
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complexity of designing mutation-specific combinatorial treatment strate-
gies for patients with FGFR2 activating mutation-positive malignancies.
Lastly, the data presented here emphasize the need for additional targeted
therapies to treat ICC.

Conclusions

With the advent of personalized medicine, the characterization of onco-
genic fusion proteins arising from specific translocations such as t(10;12)
(q26,q12) provides an opportunity to introduce molecular therapies. Our
study demonstrates the potent biological activation and transforming po-
tential of FGFR2-PPHLN1 in driving cellular proliferation in the genesis of
ICC. Our data highlight the importance of sequencing-based, mutation-
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Fig. 5. FGFR2-PPHLN1 requires membrane association. (A) ASS-FGFR2IIIc-PPHLN1 indicates FGFR2IIIc-PPHLN1 with detail of signal sequence removed by deletion of
amino acids #2-26. For the membrane-localized fusion construct, the extracellular and TM domains of FGFR2 were replaced with a myristylation sequence (Myr) derived
from c-Src (Myr-FGFR2-PPHLN1). Mutation of Gly in position 2 in the myristylation signal to Ala (highlighted in red) abrogates myristylation, resulting in a Myr*-FGFR2-
PPHLN1, which is not localized to the membrane. (B) Indirect immunofluorescence using a Leica SP8 inverted confocal microscope was used to visualize the subcellular
localization of the indicated FGFR2-PPHLN1 proteins expressed in NIH3T3 cells, using a primary antiserum to detect the myc-tagged PPHLN1 domain in each fusion
protein. Note clear delineation of plasma membrane in (i) and (iii). Areas highlighted in inserts are enlarged 5 X . Length bars = 10 pm. (C) HEK293T cell lysates
expressing indicated proteins were treated = PNGaseF enzyme to remove N-linked oligosaccharides and immunoblotted with FGFR2 antibody. Removal of N-linked
oligosaccharide is clearly indicated by altered electrophoretic mobility, observed for native FGFR2 (Lane 4 vs Lane 3), and for FGFR2-PPHLN1 (Lane 8 vs Lane 7).
(D) Transformation of NIH3T3 cells by FGFR2 and FGFR2-IlIc-PPHLN1 derivatives. Number of foci were scored, normalized by transfection efficiency, and quantitated
relative to FGFR2-IIIc-PPHLN1 + SEM. Assays were performed a minimum of three times per DNA construct. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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specific personalized therapeutics in treating FGFR2 fusion-positive ICC
patients.
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