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The heterogeneous and invasive nature of pediatric gliomgsoses signi cant treatment

challenges, highlighting the importance of identifying nel chemotherapeutic targets.
Recently, recurrent Fibroblast growth factor receptor 1 (EFR1) mutations in pediatric
gliomas have been reported. Here, we explored the clinicalefevance of FGFR1
expression, cell migration in low and high grade pediatric [pmas and the role of
FGFRL1 in cell migration/invasion as a potential chemothepautic target. A high density
tissue microarray (TMA) was used to investigate associatis between FGFR1 and
activated phosphorylated FGFR1 (pFGFR1) expression and naus clinicopathologic
parameters. Expression of FGFR1 and pFGFR1 were measured iymuno uorescence

and by immunohistochemistry (IHC) in 3D spheroids in ve rarpatient-derived pediatric
low-grade glioma (pLGG) and two established high-grade gima (pHGG) cell lines.
Two-dimensional (2D) and three-dimensional (3D) migraticassays were performed for
migration and inhibitor studies with three FGFR1 inhibitsr High FGFR1 expression was
associated with age, malignancy, tumor location and tumor gade among astrocytomas.
Membranous pFGFR1 was associated with malignancy and tumograde. All glioma
cell lines exhibited varying levels of FGFR1 and pFGFR1 egrgsion and migratory
phenotypes. There were signi cant anti-migratory effectson the pHGG cell lines with
inhibitor treatment and anti-migratory or pro-migratory @sponses to FGFR1 inhibition
in the pLGGs. Our ndings support further research to targetFGFR1 signaling in
pediatric gliomas.

Keywords: pediatric gliomas, FGFR1, migration, immunohistoch emistry, inhibitors

INTRODUCTION

Pediatric and adult gliomas are now recognized to be distilisease entities. However, current
standard of care for adult and pediatric high grade glioma E)@emains the same and both are
associated with dismal disease outcome. Pediatric andglthrhas are clearly distinct biologically,
with di erences in location, transformation rate [from lowrgde gliomas (LGG) to HGGs] and
di erences in tumor biology and genetic driver$)( Pediatric glioma drug development must be
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based on a new understanding of the unique biology of thesMATERIALS AND METHODS
tumors, rather than simply employing adult drug strategies.

Pediatric LGGs are strikingly characterized by oncogenige" Llne_s L .
mutations in the BRAF gene leading to constitutive BRAF The established pediatric HGG cell lines SF188 (grade IV, GBM)

kinase activity %). In vivo studies to target BRAF mediated 2Nd KNS42 (grade IV, GBM) were used. Five rare pediatric LGG

signaling in other tumor types as well as rst clinical trials patient-derived cell lines were studied |nclud!ngIN159\12(Dl7,

in pediatric oncology have highlighted the importance ofiN2356, IN268$, ano_l IN1520. These cell _Imes were generated
from grade | pilocytic astrocytomas obtained with informed

4), one of such potential additional targets is the broblastconsent during debulking surgery (REC 04/Q0508/98). The age

growth factor receptor 1 (FGFR1). So far, there has been veR; the patients ranged from 2 _to 7 years at dlagn03|_s. There
little research into FGFRs in pediatric low and high gradeWere 1 fema_le and 4 male patle_nts. Tumor Iocat_lons Included
gliomas. FGFRs comprise a group of membrane receptof mporal parietal lOb?’ frontqparletal Iope, posterior f"m?‘ a
involved in many cellular processes including proliferatiorda the cerebellum. Patient-derived cell lines were immedyatel

migration. High FGFR1 expression levels have been document@&epared_in the Iab_oratory from app_roximately 10mg of eXCiS_ed
in many cancers including bladder and lung cancer due t(pmpsy, directly adjacent to tumor tissue processed for raiti

gene ampli cation or deregulation at the transcriptional év histological evaluation tissue as previously descriiedl Cells

(5, 6). In pediatric gliomas, genomic analyses have reportelf©r€ Used for experiments between passages 1-4.
recurrent FGFR1 mutationss( 6). Jones et al. sequenced blood Al cell I|_nes Were verl ed by in-house short tandem repeat
and tumor tissues from pilocytic astrocytomas and identi ed(STR) pro ling service and were mycoplasma free.
FGFR1 mutations 4) with the mutational hotspots located

on codons Asn546 and Lys656, (8). Becker et al. reported El\?él4(2:undugle:188 . lete Dulb s Modi ed
that 6.7% of pilocytic tumors had FGFR1 point mutations on an were grown in complete Dulbeccos Modi e

Lys656 and subsequently that tumors carrying the mutatiorF""gk_elS Medium (DMEM) (Sigma) supplemented with 10%_heat-
had signi cantly poorer prognoses compared to wiId-type'naCt'\,’ated fetal calf serum (HI-FCS) (Labtech) as previous
variants Q). These studies support exploring FGFR1 as gescrlbed 13)'. IN:|591', Il;l’i%l?N IN.2356’ !N2688,1§1(nd éN;SZO
potential genetic driver in pediatric glioma tumorigenesig ( werel grown dm lam_sh 1'00/ H:thggt Lml);)tureh ( F)lo( : g(.))

8) and as a druggable target. All recent studies in pediatriéuIOIO emented only W'F o T (Lal t‘?c ). F-10 medium
glioma research have focused on FGFRL at the genom as the preferred choice for the patient derived samples as the
level with very little known about the role of FGFR at the 9'UCOSE concentration was more comparabléniivo glucose

protein level. Additionally, studies on FGFR1 and FGFRieVeIS but medium composition did not signi cantly dier

mutations have mainly concentrated on pediatric LGGs and)therwise. Global exp_ression pro ”ng had_ dem_onstrated that
further research is needed in pediatric HGGE),(11). This short-term cultures derived from pediatric pilocytic astypama

study aimed to rstly investigate FGFR1 and activated FGFR?® representr?tlve I?f the tumons sgu whe'g gronQ ;‘,’I'th,
(PFGFR1) expression at the protein level in patient sample%erulfl‘ 0‘4)6_ T eh(I‘e S were passaged at 1:2 to 1.3 dilutions
including pediatric and adult neurological malignanciesend weekly or bimonthly.
we identied an association of expression levels for FGFR o

b thhibitors

and protein localization for pFGFR1 and malignancy. We

: : . he inhibitors used were Ponatinib (Selleckchem), SSRBEB12
screened patient derived and established pLGG and pHGj; e
cell lines for the FGFR1 reported mutational hotspots an Selleckchem), and BGJ398 (Selleckchem). All inhibitone we

determined FGFR1 and pFGFR1 protein expression Ievelg,i.luted in dimethylsulphoxide (DMSO) (Sigma).

We also studied the migratory/invasive behavior of low grad . .
pediatric astrocytomas in comparison to HGGs since thisScreenlng for FGFR1 and Activated FGFR1

is a prerequisite of disease progression. Finally, we adseséPFGFR1) Expression Levels in the Tissue

the role of FGFR1 protein expression and signaling in thesMicroarray (TMA)

processes with FGFRL1 inhibitor studies. Our ndings supportA commercially available tissue microarray (TMA) (CNS2081,
a role for FGFR1 signaling in pediatric glioma migration with US Biomax) with 208 cores obtained from CNS pathologies
a potential for kinase signaling targeting: our TMA studieswas screened for FGFR1 and pFGFR1 expression by
indicated an association of FGFR1 expression and malignanaymunohistochemistry (IHC). The TMA included adult and
and tumor grade; membranous pFGFR1 localization was algmediatric HGGs, LGGs, meningiomas, and medulloblastomas
associated with malignancy and grade. Cell lines with higlalongside healthy controls. Prior to staining, the TMA slide
FGFRL1 expression levels of both FGFR1 and activated FGFR&s heated at 7€ before immersion in xylene. Rehydration
possessed advanced migratory abilities. FGFR1 inhibitods han absolute ethanol (Sigma) was followed by 90% ethanol and
an anti-migratory e ect on the two HGG cell lines whereas we nally 70% ethanol. Enzyme antigen retrieval was achieved
observed an anti-migratory or potentially pro-migratory etec using Bond Enzyme Pre-treatment Kit (Leica Biosystems).
among the LGG cell lines. As all cell lines were FGFR1 wildtypendogenous peroxidase activity was blocked using Bloxall
we propose that FGFR1 ampli cation alone may contribute to(Vector Laboratories). Protein blocking was then performed
disease progression. with 10x casein (1:10) (Vector Laboratories). Rabbit &@GiFR1

combination treatment targeting BRAF driven signaling, (
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primary antibody (Sigma) or anti pFGFR1 (Cell signaling)and then divided into high ¥ 50% stained) and low<(50%
was added at 1:3,000 and 1:100 concentrations followed Isyained) expression.
incubation with the anti-rabbit polymer horseradish peroagk ] )
(HRP) secondary antibody (MenaPath). The slide was developéd-PCR Detection of BRAF Fusion
with InmPACT 3,3'-diaminobenzidine (DAB) HRP substrate Total RNA was extracted from ve patient-derived cell
(Vector Laboratories) and counterstained using in-housgyt's  cultures of pLGG using an RNeasy Mini kit (Qiagen Ltd.,
haematoxylin, dehydrated and mounted with DPX. An AperioManchester, UK) and reverse transcribed to cDNA using
scanner (Leica Microsystems, Milton Keynes, UK) was used f@& QuantiTect Reverse Transcription Kit (Qiagen) according
visualization and scoring of the stained cores. to the manufacturer's instructions. Q-PCR was performed
using 2.5 m of cDNA from each culture, primers and

: : TagMan probes speci ¢ for the KIAA1549-BRAF fusions 16—
Preparatu_)n of 3D Sphermds for 9, 159, and 16-11 (Assays-on-Demand Gene Expression
Immunohistochemistry _products Hs04396516_ft, Hs04421337_ft and Hs04396507_ft)
Spheroids embedded in collagen were prepared after completigfg TagMan Gene Expression Mastermix on an ABI 7500 HT
of migration/invasion experiments according to Cheng e(®).  sequence Detection System (Applied Biosystems, Warrington,
Sect!ons pf spheroids were staln_ed fpr the expression of KIQ]K)_ Glyceraldehyde-3- phosphate dehydrogenaGARDH)
(proliferation marker) (ThermoScienti c), Cleaved caspase 3yas used as an endogenous control (Assays-on-Demand Gene
(apoptosis marker) (Cell signaling), FGFR1, and pFGFR1 (Sigm@ypression product Hs02758991). Ampli cation conditions were

Cell Signaling). 2min at 50C, 10min at 95C, and then 50 cycles of 15s at
95 C and 1 min at 60C. Fluorescence was recorded and cycles
Immunohistochemistry Scoring to threshold (G) were calculated using 7500 Sequence Detection

The TMA slides were digitally scanned using in-house virtuaSoftware version 2.3 (Applied Biosystems). Reactions were run in

pathology services. Immunostaining was quanti ed usingtriplicate in singleplex reactions.

manual and computerized techniques. The immunostaining of . .

each core was scored by eye using two scoring methods: ittensPNA Extraction for FGFR1 Mutation

of staining: 0—no staining, 1—weak staining, 2—mediun80reening

staining and 3—strong staining, and counting the number oDNA was extracted from cells using the Qiagen DNeasy kit

cells stained for a marker and expressing as a proportion: Oaccording to manufacturer's instructions.

0, 1-25% 1, 26-50% 2, 51-75% 3, 76—-100%4. An overall . . .

score, out of 7, was calculated combining intensity of théViutation Screening of FGFR1 Mutation

immunostaining and percentage of the core stained. Scores weHotspots

dichotomized into low and high FGFR1 expression using STATAPCR primers were designed using Primer3 (http:/bioinfo.ut.

13.1 (StatCorp). For automated scoring, Aperio ImageScopge/primer3-0.4.0/). Primer set F1 targeted codon 546; primer

(Leica Biosystems) was used to generate positive pixel couwdt F2 targeted codons 655-658 of reference cDNA sequence

image analysis of each TMA core. Pre-set 1,400400 (widthby NM_023110 with ATG as codon 1. All primers had binding

height) boxes were used. Each core was analyzed individually asites in the introns anking the exons containing the target

generated a “positivity” value, which quanti ed the percagga codons. Primers sequences were: F1F tcaagtcccagggaaaagca

of immunopositive staining present. The positive pixel countF1R gggcagggaaagccagtct; F2F  gagccttccagceteectcac;  F2R

percentage was given an overall score, out of 7, using: Wositiccaccccactecttgettct. PCR was carried out using HotStarTaq

Pixel Count Percentage % Score 0-12.5; 12.6-29 1; 26— master mix (Qiagen) in 1@ nal volume using 40 pmol of each

37.5D 2; 37.6-5M 3; 51-62.9 4; 62.6-7D 5; 76-87.D 6;  primer, 10% DMSO and 10 ng of DNA. Reaction conditions

87.6—-10M 7. were 95C for 15 min, 36 cycles of [9&, 30s; 58C 30s; 72C,
STATA 13.1 was used to dichotomize the scores into low and0 s], followed by 72 for 10 min and hold at 15C. All samples

high FGFR1 expression. The sections containing the spheroig&re bi-directionally sequenced using Big- Dye terminator

and migratory cells encased in collagen were analyzed amghemistry version 1.1 (Applied Biosystems). PCR primers were

con rmed by the pathologist (Azzam Ismail) and the individua used for sequencing. Data collection was performed using an

cells within the spheroids identi ed by their haematoxylirast. ~ Applied Biosystems 3130x| Genetic Analyser. Data analysis was

Identi ed individual cells within the spheroids were counte carried out by visual inspection of electropherograms and gisin

manually and recorded as being stained or not stained withvutation Surveyor 3.2 (SoftGenetics).

the individual marker for protein expression. All antibody

concentrations had been pre- optimized using negative animmuno uorescence of the Cell Lines

positive control tissues. Scoring of the spheroid sections wdmmuno uorescence was used to determine FGFR1 and pFGFR1

achieved by counting the number of cells with protein expr@ssi expression in 2D monolayers of all cell lines. Cells were

and expressing as % of cells stained, also noting cellulated with 4% paraformaldehyde and permeabilized with 0.1%

localization of the marker within the spheroids, for examplePBS-Triton-X-100 (Sigma). After blocking with 0.1% Marvel

nuclear, cytoplasmic and membrane associated. Cleaved easpsidmmed milk powder, the cells were incubated with the primary

3 and Ki67 were recorded as a proportion of cells scoredntibody, rabbit anti-FGFR1 (1/100, Cell Signaling) or mouse
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anti-pFGFR1 primary antibodies (1/500, Novus Biologicals) inl hree-Dimensional Spheroid Migration

blocking solution. The secondary antibodies, Alexa Flug8 4 Assay

anti-rabbit or anti-mouse (1/500, Molecular Probes), wedded  cel|is were seeded at 5 10° cells per well in low adherence
at 4 mg/ml alongside Alexa Fluor 594 Phalloidin stain (Molecu qund bottomed 96 well plates (Nunc) in full media, serum-

Probes) in blocking solution. free HSPG (Sigma) only supplemented media or serum free
. . . HSPG/FGF2 supplemented media. After spheroid formation, the
Image Quanti cation and Analysis supernatant was replaced with a mixture of collagen (Sigma),

Immuno uorescence images of the cells were generated withy\jgm (Sigma) growth medium for the high-grade cell lines
the EVOS imaging system (Advanced Microscopy Group) sedr Ham's F-10 (1X) (Gibco) for the low-grade cells. 1M sodium

at the same magni cation (x40) to allow cell identi cation hydroxide (NaOH) (Sigma) was added to initiate collagen
and comparison across the cell lines analyzed. To guid§olymerization. Each well was treated with a predetermined
uorescence quanti cation the cells were incubated witheth inhipitor concentration or DMSO (Sigma) in at least three rase
speci ¢ antibody (anti-FGFR1, pFGFR1) and co-stained witthnd separate experiments. Images were taken at 0, 24, 48, and
the nuclear marker DAPI (Molecular Probes) and Alexa Fluorzo b to monitor spheroid invasion and migration using the
phalloidin 594 (actin) (1/500, Molecular Probes) to highlighe  £vOS Cell Imaging System (Advanced Microscopy Group) at 4x
overall cell morphology for identi cation of individual cisl. For magni cation. ImageJ was used to analyse the images. Anlbvera

image acquisition for each speci c marker (FGFR1, pFGFRIphigration index (MI) was calculated, as previously describgd
imaging settings (aperture, exposure time) were obtainetddwa cockle et al. 3.

uorescence capturing at optimal exposure, avoiding under or

over-exposure. The same settings were then applied to all cells .

to be analyzed within a group, for example, for all cell linesStatistical Analysis

unstimulated vs. stimulated stained for FGFR1, on the sarge ddndependent unpaired-tests were used to analyse the data from
for normalization and to allow comparison of protein levels.the cell migration and 3D invasion assays. Immuno uoreszen

At least 50 cells/antibody/ three repeats were analyzed;her t was analyzed using Image J. Microsoft Excel was used to
LGG cell lines we scored all the cells within a slide due to lowalculate CTCF to determine the FGFR1 and pFGFR1 expression
proliferation and for the HGG cell lines at least 200 cellsfré  in the cell lines. For the TMA generated data, a Pearson's
randomly selected elds within the slide. Fluorescencegesaof ~chi squared test was conducted to investigate the assatiati
the cells were captured as .tif images and analyzed using Imad¢tween high or low FGFR1 expression with tumor grade,
uorescence quanti cation. For this, cells were identi &g their ~ location, tumor type, gender, and age using GraphPad Prism.
actin and DAPI stains and selected for measurements with thBoth the dichotomized manual and computerized IHC scores
drawing tool. The mean gray value and integrated densityewerwere usedP < 0.05 was considered statistically signi cant. For
measured. Background readings within the individual dideere  analysis of the pFGFR1 localization TMA data Fisher's exact test
also taken. The corrected total cell uorescence (CTCF)tvas ~ was used.

calculated by using the following formula: CT@F Integrated

Density — (Area of selected cell x Mean uorescence of back

ground readings). RESULTS

Two-Dimensional Random Cell Migration FGFR1 Expression and pFRGR1

For live cell imaging of random cell migration cells weredsst Localization Is Associated With Tumor

at1 1CP/well in at-bottomed 96 well plates (Nunc) with or Grade and Malignancy

without inhibitor treatment in full medium, serum-free Hepan  The purpose of the TMA analysis here was to con rm FGFR1

sulphate proteoglycan (HSPG) (Sigma) only supplementeexpression atthe protein level and to validate clinical reteeaf

medium or serum-free HSPG/FGF2 supplemented mediumiF-GFR1 expression and to investigate pFGFR1 expression levels.

FGF2 (Sigma) was added at 10ng/ml and HSPG (Sigm#&oth adult and pediatric gliomas were included in the TMA.

at 10mg/ml. Cell migration was imaged with the IncuCyte Eight TMA cores were excluded because there was insu cient

ZOOM system (Essen BioScience) over 72h at hourly intervatssue present to analyse. Using manual and computerized

at x10 magni cation. Avi formatted movies were analyzedscores there were clear dierences in staining intensity and

using Imagel percentage of cells stained indicating varying expressioglde
For SF188 and KNS42, at least 20 cells per condition/recordédr FGFR1 and localization for pFGFRFigure 1A). Apart

eld were identi ed and random migratory patterns recordeg b from membranous labeling cytoplasmic and extracellular FGFR1

tracking individual nuclei with MTrackJ (https://imageso@e. staining was also observeBigure 1B). The ages were divided

org/meijering/software/mtrackj/) to determine velocitand into childhood and young adult (i.e., up to 25 years old), kdu

directionality (16). For pLGG, up to 10 cells/condition/ eld were (26—60 years old), and elderly populations (over 60 years old)

identi ed because of low cell proliferation rates. Rose plotsev There was signi cantly low FGFR1 expression in childhood

generated using Ibidi Chemotaxis Plugin. and young adulthood tumors than the other age groups
(p D 0.04). There was a signi cant correlation between high
(https:/imagej.nih.gov/ij/) FGFR1 expression in the cerebrum compared to the cerebellum.
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FIGURE 1 | FGFR1 levels vary in tumor tissue samples from patients as tirmined by IHC.(A) Scanned high resolution image of the TMA stained for FGFR1 dn
pFGFRL1. Different intensities of antibody labeling were slerved as indicated by brown staining(B) Examples of strong and weak staining in TMA cores at low and
high magni cation. Membranous and cytoplasmic labeling wasbserved. Top core shows a representative sample for negaté stain (tuberculous in ammation) or

normal cerebellar tissue; the middle core represents a sanip from a pediatric astrocytoma grade 2 and the bottom an example of a high grade pediatric glioma
40). Arrows indicate staining patterns. m = membranous; ¢ = gtoplasmic; e = extracellular.

(Individual cores  10; magni ed examples
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TABLE 1 | TMA results for FGFR1 expression reveal associations of FEE expression levels with age, tumor location and malignaryc

Manual analysis FGFR1 Digital analysis
Clinical Low FGFR1 High FGFR1 p-value Low FGFR1 High FGFR1 p-value
characteristic expression expression expression expression

(n D 46) (n D 50) (n D 53) (n D 43)

Age p D 0.04 p D 0.13
25 and under 12 (26.1%) 4 (8.0%) 12 (22.6%) 4 (9.3%)
26-60 29 (63.0%) 42 (84.0%) 35 (66.0%) 36 (83.7%)
Over 60 5 (10.9%) 4 (8.0%) 6 (11.4%) 3 (7.0%)
Sex p D 0.99 p D 0.51
Male 24 (52.2%) 26 (52.0%) 26 (49.1%) 24 (55.8%)
Female 22 (47.8%) 24 (48.0%) 27 (50.9%) 19 (44.2%)
Location P < 0.0001 p D 0.02
Cerebrum 33 (71.7%) 50 (100.0%) 42 (79.2%) 41 (95.3%)
Cerebellum 13 (28.3%) 0 (0.0%) 11 (20.8%) 2 (4.7%)
Tumor type p D 0.89 p< 0.001
Benign 11 (23.9%) 11 (22.0%) 19 (35.8%) 3 (7.0%)
Malignant 29 (63.0%) 31 (62.0%) 27 (50.9%) 33 (76.7%)
Unknown 6 (13.0%) 8 (16.0%) 7 (13.2%) 7 (16.3%)

TABLE 2 | FGFR1 expression is associated with tumor grade in astrocgmas, with high expression found in grade 2 tumors.

Manual analysis FGFR1 astrocytomas only Digital analysis
Clinical Low FGFR1 High FGFR1 p-value Low FGFR1 High FGFR1 p-value
characteristic expression expression expression expression

(nD 12) (n D 20) (nD8) (n D 24)

Age p D 0.77 p D 0.46
25 and under 2 (16.7%) 2 (10.0%) 1 (12.5%) 3 (12.5%)
26-60 8 (66.7%) 16 (80.0%) 5 (62.5%) 19 (79.2%)
Over 60 2 (16.7%) 2 (10.0%) 2 (25.0%) 2 (8.3%)
Sex p D 0.26 p D 0.40
Male 6 (50.0%) 14 (70.0%) 6 (75.0%) 14 (58.3%)
Female 6 (50.0%) 6 (30.0%) 2 (25.0%) 10 (41.7%)
Location P D 0.06 p D 0.40
Cerebrum 10 (83.3%) 20 (100.0%) 8 (100.0%) 22 (91.7%)
Cerebellum 2 (16.7%) 0 (0.0%) 0 (0.0%) 2 (8.3%)
Tumor grade p D 0.90 P D 0.02
1 2 (16.7%) 2 (10.0%) 2 (25.0%) 2 (8.3%)
2 4 (33.3%) 8 (40.0%) 1 (12.5%) 11 (45.8%)
3 2 (16.7%) 2 (10.0%) 0 (0.0%) 4 (16.7%)
4 3 (25%) 5 (25.0%) 5 (62.5%) 3 (12.5%)
Unknown 1 (8.3%) 3 (15.0%) 0 (0.0%) 4 (16.7%)

Patient samples obtained from the cerebrum had higher FGFRdummarizes data obtained for the normal controls. We obsérv
expression § < 0.0001) than the cerebellum as determinedwo distinct protein localizations of pFGFR1, cytoplasmic and
by manual scoring and digitized scoring D 0.02) Table ).  membranous; there was a signi cant over-representation of
There was a signi cant positive association between matigna membranous staining in the malignant cases (38%) compared
and FGFR1 expression. Malignant tumors had signi cantly highto the benign (9%). Additionally, for the negative cases there
FGFR1 expression compared to benign tumors by digital analysigas an overrepresentation of no staining in the benign (68%)
(p < 0.001;Table 7). There was also signi cantly high FGFR1 compared the malignant (42%) (D 0.024). There was an
expression in grade 2 tumorp O 0.02) indicative of a role over-representation of negative staining in grade one comgar
in tumorigenesis and disease progressidrable 2. Table 3  with higher grades. Additionally, membranous staining was
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TABLE 3 | Data analysis of FGFR1 expression in normal controls does heeveal an association of FGFR1 expression.

Manual analysis FGFR1-controls

Digital analysis

Clinical Low FGFR1 High FGFR1 p-value Low FGFR1 High FGFR1 p-value
Characteristic expression expression expression expression

(nD2) (n D 6) (nD3) (n D 5)
AGE
25 and under 0 (0.0%) 3 (50.0%) N/A 0 (0.0%) 3 (60.0%) P D N/A
26-60 2 (100.0%) 3 (50.0%) 3 (100.0%) 2 (40.0%)
Over 60 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
SEX
Male 0 (0.0%) 1 (16.7%) p D 0.54 0 (0.0%) 1 (20.0%) PD0.41
Female 2 (100.0%) 5 (83.3%) 3 (100.0%) 4 (80.0%)
LOCATION
Cerebrum 1 (50.0%) 2 (33.3%) PD 0.67 2 (66.7%) 1 (20.0%) PD0.19
Cerebellum 1 (50.0%) 4 (66.7%) 1 (33.3%) 4 (80.0%)

Subcellular pFGFR1 expression association.

TABLE 4 | Data analysis of subcellular pFGFR1 expression reveals assation
with malignancy.

Malignant Benign p-value
Membranous 23 (38%) 2 (9%) 0.024
Cytoplasmic 12 (20%) 5 (23%)
Negative 25 (42%) 15 (68%)

pFGFR1 expression associated with grade.

TABLE 5 | Data analysis of subcellular pFGFR1 expression reveals assation
with grade.

Grade 1 Grade 2 Grade 3 p-value
Negative 6 (100%) 3 (25%) 1 (20%) 0.010
Cytoplasmic 0 (0%) 3 (25%) 0 (0%)
Membranous 0 (0%) 6 (50%) 4 (80%)

signi cantly associated with higher grade cases 0.010)
(Tables 45).

Low Grade Pediatric Gliomas
Predominantly Express BRAF Fusion but
Are FGFR1 Wild Type

Low Grade and High Grade Pediatric
Gliomas Exhibit Different Migratory
Phenotypes in 2D and 3D

We rstly wanted to ascertain if a panel of rare low grade patient
derived cell lines had the ability to migrate in a 2D and 3D
environment and con rm migration in the two pediatric HGG
cell lines as previously describel3|, since cell migration is

a prerequisite for tumor cell invasion and tumor recurrence.
Under FCS-supported growth conditions we noted that all
cell lines had distinct cell morphologies im vitro cultures
highlighting inter-tumoral heterogeneity among these s
(Figure 2A). Our random 2D migration study revealed that all
cell lines possessed distinct migratory abilitiegy(res 2B-D.

In 2D random migration velocity values ranged from 0.06 to
0.12 mm/min (pLGG cell lines) and 0.1 and 0.24m/min
(KNS42 and SF188). We also noted di erences in the ability to
travel with directional persistence (distance traveled diree).

We observed values for distance traveled within 72 h of 23.6,
50.7, 61.4, 63.7, and 11&¥h for IN1520, IN2688, IN1591,
IN2017, and IN2356 and 37.2 and 128w for KNS42 and
SF188 Figure 2D). Interestingly, the velocity values obtained
for the pediatric LGG cell lines were similar within this gmu
and approaching the velocity observed for the high-grade cell
line KNS42. Directionality varied more among the pediatric
LGGs with values on a whole greater than those obtained
for KNS42. Among the pLGGs IN2356 exhibited the greatest
migratory activity, which was the cell line that did not havet
BRAF mutation.

The BRAF fusion was present in 4 of 5 (80%) patient-derived cell We were able to generate spheroids for 3D migration
cultures of pLGG (IN1520, IN1591, IN2017, and IN2688), all ofissays for all cell lines investigatedfigures 3A-Q. We

which expressed the KIAA1549-BRAF 15-9 fusion supporting &stly noted that the generated pLGG spheroids were much
true representation of high BRAF frequency common to pLGGsmaller than the pHGG spheroids which is attributable to

in our in vitro models. The median€value for the 15-9 fusion in

low proliferative rates in the pLGGs, also observed in routine

these 4 samples was 36.71 and 17.56 for GAPDH. The remainitigsue culturing. Interestingly, in the 3D migration assagll
pLGG sample, IN2356, did not express any of the 3 KIAA1549LGGs migrated/invaded into the collagen matrix as e cigntl
BRAF fusions. None of the cell lines had FGFR1 mutations in thas the HGGs, with all migrating at a greater rate than KNS42

investigated mutational hotspots.

(Figures 3B,Q. The MI indexes for the migration front were
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FIGURE 2 | Low and pHGGs are able to migrate in a 2D environment as assessl by random cell migration.(A) Five pLGGs and 2 pHGG cell lines were used in this
study. All cell lines were adapted to tissue culture and exhited distinct morphologies. Scale barD 1000 microns. SF188 and KNS42 magni cation x 40.
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the measuring zones for establishing migration in 3D. Two zees are measured, the invasion front and invasion edge. Undtl cell cartoons indicate single cells with
potentially increased migratory activity supporting adweced migration/invasion into the collagen as previously olesved. (B) Representative EVOS bright eld
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FIGURE 4 | Nuclear, cytoplasmic, and membranous localization was oberved for pFGFR1 in the cell lines. Green—FGFR1 or pFGFR1 éudy; scale baD 50
microns. SF188 is shown as a representative example of prote localization in HGGs and IN2688 as a representative exangfor LGGs. Only FGFR1 or pFGFR1
uorescence staining patterns are shown to highlight the loation of the proteins within the cells. Arrows indicate pratin localizations in the cell lines SF188 and
IN2688 as representative examples. Note that the camera setigs were the same for the cell lines within unstimulated anstimulated groups to allow comparison of
protein levels, which is illustrated in the differences in arescence levels of SF188 and IN2688 depicted here(B) In 3D spheroids FGFR1 and pFGFR1 levels were
also detected in the cytoplasm and membranous locations. Tp: FGFR1 expression and localization after stimulation witFGF2. Bottom: pFGFR1 expression after
stimulation with FGF2.(C) Graphic representation of protein levels in spheroids is stwn. The spheroids had been stimulated with FGF2 and were xedfter 72h. The
panel of images shows FGFR1 and pFGFR1 expression after stutation with FGF2 in SF188, KNS42, IN1520, and IN2688 with menmanous and cytoplasmic
localization as indicated by the arrows (x 20 magni cation)scale bars 100-300 microns.

0.17,0.2,0.24,0.26, and 0.3 for IN2688, IN2356, IN152(591, FGFR1 and nuclear, cytoplasmic and membrane associated for
and IN2017 and 0.09 and 0.32 for KNS42 and SF188. Migratigphosphorylated FGFRE{gure 4A, Supplemental Figure L

indexes for the migration edge of 0.28, 0.31, 0.35, 0.4, and We also analyzed FGFR1 and pFGFRL1 levels in spheroids
0.54 were obtained for IN2688, IN2356, IN1520, IN1591, angrepared for immunohistochemistry (IHC) derived from IN1520
IN2017 and 0.13 and 0.56 for KNS42 and SFIEguUre 3C. andIN2688 as well as SF188 and KNS42, which were the cell lines
Slight morphological changes over time were observed for thimat had generated the largest spheroids we were able to groces
cells migrating away from the original core. The migratirele for IHC. We were able to demonstrate specic FGFR1 and
in IN1591 emanated from the core in a sheet-like mannerpFGFR1 staining in the spheroids; in spheroids grown in medium
A similar pattern was observed in IN2688 but with more supplemented with serum (FCS) all cell lines expressed FGFR1;
rounded cells. IN2017 consisted of tiny chains and streafms ave only detected pFGFR1 in one cell line, SF188. FGFR1 was
cells extending from its core, suggesting a mixture of chaitocalized in the cytoplasm, whereas we noted both cytoplasmic
and stream migration. IN2356 had appendages and streanasmd membranous labeling in the pFGFR1 stain (data not shown).
emanating from the core. In IN1520, there were single andn spheroids grown in FGF2 supplemented-serum free medium,
rounded cells detached from the core which could indicat&-GFR1 was again detected in all cell lines; this time, pFGFR1
prominent single cell migration rather than clustered migoa  was present in all cell lines examindgigures 4B,Q§ indicating

in addition to string-like protrusionsfigure 3B). As previously FGFR1 activation after stimulation with ligand.

described SF188 migrated in a spike like manner with many

cells arranged in chains, whereas KNS42 produced cell sheets . .
expanding into the surrounding collagef3) (Figure 3B). ell Migration Is Promoted by FGFR1

Stimulation With FGF2 in Some Pediatric

Pediatric LGG and HGG Exhibit Varying Glioma Cell Lines and Affects
Levels of FGFR1 and Phosphorylated Anti-migratory Activity of FGFR1 Inhibitors
FGFR1 After Stimulation With FGF2 To assess a potential role for FGFR1 signaling in cell migratien

We went on to investigate the relationship of migratory ait§i ~ replaced whole medium containing FCS with serum free medium
and FGFR1 expression and activity, given that FGFR1 mutatiorssipplemented with either HSPG only or with FGF2/HSPG as
have been recently identi ed in pediatric gliomas) (and we ligand for FGFR1 signaling. FGFR1 stimulation with FGF2 under
had also determined associations of FGFR1 levels and pFGF&&rum-free conditions promoted migration in the pLGG cell kne
localization and various clinicopathologic parameters inr ou IN1591, IN2017, and IN2356 and in the pHGG cell line KNS42
TMAs. We rst carried out immuno uorescence assays on alland in terms of directionality in KNS42 in 2DF{gures 5A,B

cell lines to determine FGFR1 and pFGFRL1 levels. We choas assessed against cells stimulated with HSPG (hep) only.
this methodology over Western blotting as it proved di culbt  Phenotypically we observed dramatic changes in cell morplyolog
obtain the protein levels needed for SDS-PAGE electropt®resin some of the cell lines, especially KNS42 where large, atten
from cell extracts. Serum-free medium supplemented with FGFgells became elongated and thinner and in the pediatric LGGs
was chosen to determine cell response and protein localiz&tio IN2017, IN2356 and IN2688 where cells with a similar cell
stimulation with ligand to assess cellular response to satmn ~ morphology to KNS42 adopted a mesenchymal phenotype with
with the preferred ligand FGF2. There were varying levels dd pronounced cell front and longer cell protrusions in response
FGFR1 and pFGFR1 and protein localization after stimulatiorio stimulation with FGF2 in keeping with a more migratory
with FGF2 between cell lines. We demonstrated the highegthenotype Figure 5A, Supplemental Figure 2.

FGFRL1 levels in IN2356, followed by IN2688, IN1591, IN2017, We next asked if FGFR1 driven migration could be
and IN1520. SF188 had higher FGFR1 levels than KNS4ihibited by the activity of three dierent FGFR1 inhibitors
Interestingly, the highly migratory cell line IN2356 hadeth diering in their specicity against FGFRs. We observed
highest levels of FGFR1 and was also the only cell line withnti-migratory e ects with the inhibitors Ponatinib (Pona),

no BRAF mutation. A similar observation was made for theBGJ398 (BGJ), and SSR128129E (SSR) at pre-determined
levels of pFGFRL1 for the pediatric LGG; protein levels in SF18ti-migratory concentrations. In 2D random cell migration
and KNS42 did not di er but were signi cantly lower than the SF188 velocity was aected by Ponatinib and SSR128129E
protein levels observed in the pediatric LGG. We also observaahd all three inhibitors reduced cell velocity in KNS42.
distinct protein localizations: nuclear and cytoplasmic foral IN1591 was aected by treatment with SSR128129E and

Frontiers in Oncology | www.frontiersin.org 11 March 2019 | Volume 9 | Article 103


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Egbivwie et al. FGFR1 Expression and Pediatric Gliomas

A IN1591
IN2356 IN2688
A
5 -
i v
5 .
2 S| i
B
0.35 200
T 03 [+%x  kk k% t o
‘= - Lo k%%
E 0.5 R = 150
£ 02 1l 3
> 0.15 g 100 "
.~ I
g 0.1 -] i il
3 TR FREL s 50
g 0.05 g T -
SF1aE Kisa2 IN1a91 IN2017INaR50 IN2668 2 SF188 KNS42 IN1591 IN2017 IN2356 IN2688
(a)
Cellline Cellline
EHSPG only "FGF2 ®FGF2+Ponatinib BHSPG only NEGE2 BEGF2+Ponatinib
FGF2+SSR FGF2+BGJ398 FGF2+SSR FGF2+BGJ398
FIGURE 5 | Cell migration is stimulated in serum free conditions aftehe addition of FGF2 and migratory activity is inhibited incne cell lines after addition of FGFR1
inhibitors in 2D random cell migration(A) Stills of live cell imaging of various low and high grade peatric cell lines after 72 h reveal anti-migratory effects afhibitors.
Colored lines indicate migration tracts of individual call Inset images show traces of individual representative dslfor enhanced visualization of cell morphology. All
images original magni cation x 20.(B) Graphic representation of migration in 2D under serum-freeonditions after the addition of FGF2 by pLGGs and HGGs. Redis
for both velocity and directionally persistent migrationsindicated by distance traveled are shown. *denote < 0.05; **p < 0.01.
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FIGURE 6 | Cell migration is stimulated in serum free conditions aftehe addition of FGF2 and migratory activity is inhibited incsne cell lines after addition of FGFR1
inhibitors in 3D invasion assays. Representative images epheroids allowed to migrate under serum free conditions ashwith the addition of FGF2 indicate the
inhibitory activity of various FGFRL1 inhibitors after trement with inhibitors (Ponatinib, SSR and BGJ). Examples aishown for the HGGs and LGGs at beginning of
the experiment and after 72 h (x 40). Also shown are images ohé spheroid at higher magni cation to allow visualization ofmorphological features of migratory cells
close to the spheroid edge (labeled enlarged) as indicatedybthe arrows.
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FIGURE 7 | Graphic representation of migration by pLGGs and HGGs in 3Dnder serum-free conditions after the addition of FGF2. As aantrol, spheroid migration
under serum free conditions with HSPG only are also shown. H&-stimulation was in combination with HSPG. Results are siwn for both the effect of the inhibitors
on the migration front(Top) and edge (Bottom) . *Denotes P < 0.05; **p < 0.01; ***p < 0.001.

BGJ398. Directionality was reduced by all three inhibitorsSupplemental Figure 3. In the migration edge only the pHGG
in only the two high grade gliomas, SF188 and KNS4z2ell lines were aected by FGFR1 stimulation as indicated by
(Figures 5A,B. an increase in MI valuesF{gure 7). Reduced migration front

In the 3D migration assays, we also observed morphologicaidexes were recorded after addition of Ponatinib (KNS4&) a
changes in the migratory cells, especially in KNS42, where viRonatinib and BGJ398 (SF188), and in IN1591 and IN1520
observed elongated protrusions and in SF188 rounded indalid with Ponatinib only. Interestingly, in two low grade cell ds,
cells and in IN1591 spheroids with more pronounced string-IN2017 and IN2356, there was a trend of inhibitors to enhance
like protrusions and IN2688 with more prominent cell sheetscell migration Eigure 7). For the migration edge, decreased
(Figure 6, Supplemental Figure 3. Overall, there were more migration was observed in SF188 with BGJ398 and in KNS42
noticeable e ects on cell migration of the migration front with Ponatinib, as well as in IN1591 and IN1520 with Pondiini
than the migration edge after stimulation with FGF2 underAs for the migration front there were trends in IN2017,
serum-free conditions; FGF2 induced enhanced migration inN2356, and IN2688 for increased cell migration after treatin
SF188 and KNS42 and pLGG IN1591 and IN2688, whickvith the three inhibitors Figure 7). Markers for apoptosis
were the cell lines with clear morphological changegfre 6, (cleaved caspase 3) remained unchanged in the spheroids
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TABLE 6 | Ki67 expression in FGF2-stimulated spheroids without and ith low grade pediatric patient cell lines. All cell lines displayed a
inhibitor treatment. speci ¢ migratory phenotype and this was largely independent

IN2688  INI520  KkNs42  srisg  Of glioma grade. This demonstrates dierences in migratory
behaviors amongst tumors of the same grade, highlighting

Ki67 FGFR1 stim Low High High High  that each tumor is unique with specic cell migration and

Ki67 FGFR1 stimCPonatinib Low High High High  invasion patterns. Targeting cell migration and invasionhwit

Ki67 FGFR1 stimC SSR Low Low Low Low treatment should re ect this uniqueness particularly when

Ki67 FGFR1 stimC BGJ Low High Low High considering combination treatment with inhibitors targeg
other signaling pathways.

TABLE 7 | Cleaved caspase 3 expression in FGF2-stimulated spheroidsithout Both pediatric LGG and HGGs possessed varying levels of

and with inhibitor treatment. FGFR1 and pFGFRL1 in 2D monolayers and cells maintained

within 3D spheroids. The ability of pediatric LGGs to form

IN2688  IN1520  KNS42  SF188 L 4 .
spheroids inin vitro systems is a novel observation and

CC3 FGFR1 stim Low Low Low High  indicates the potential of using this model for further stuslie
CC3 EGER1 stimCPonatinib Low Low Low High on tumorigenesis and applicability in drug screens. Intenggy,

CC3 EGFR1 stimC SSR Low Low Low High in pediatric LGGs, FGFRL1 levels were higher than in HGGs
CC3 EGFR1 stimC BGJ Low Low Low High in 2D monolayers but in 3D environments activated FGFR1

levels were higher in the highly migratory SF188 suggesting
di erential roles of FGFR1 signaling among low and high grade
tested, conrming that the observed inhibitor e ect resulte gliomas depending on the microenvironment. In FGFR-FGF2
from anti-migratory activity and not cytotoxicity; prolifation  stimulation assays we also determined that some of the cell
(Ki67) was a ected after treatment with SSR128129E in IN152¢ines responded to stimulation with morphological changesrfr
KNS42, and SF188 and in KNS42 after treatment with BGJ398B rounded to a more elongated mesenchymal phenotype and

(Tables 67). potentially enhanced migration. There was an increase il
and reduction in directionality in the cell lines apart from
DISCUSSION IN2688. Reduced directionality in the cell lines may indicate

a loss of cell polarity following FGFR1 stimulatio@4( 25).
Brain tumors are the most common solid tumors of childhood Previous studies have demonstrated FGFR1 activation caused a
with high mortality rates highlighting the clinical impont&e loss of cell polarity in breast cancei®s). In 3D, the pediatric
of exploring new therapeutic targets to combat this devasgati HGG both had increased migration indexes in HSPG/FGF2
diseasel(s, 19). Identi cation of potential targets must take into  compared to HSPG only controls which suggested pro-migratory
account the need for combination treatments to avoid r@sise e ects of FGFR1 mirroring the observed protein expression evel
to inhibition of speci c kinase signaling pathways and one ofof activated FGFR1. In contrast, the pediatric LGG were mired i
these potential targets is FGFR1. Following recent reports dfieir responsesto FGFR1 stimulation with increased or deg@a
recurrent FGFR1 mutations in pediatric gliomas and known sole migration as well as morphological changes observed in the
for FGFR1 in invasion in other cancer types, we rstly wantedspheroids with increased numbers of migrating cells highligh
to determine clinical relevance of FGFR1 expression. Our TMAhe heterogeneity among low grade tumors.
results revealed increased FGFR1 expressionin malignaotrtum  Treatment with Ponatinib, a multi-targeted tyrosine
in comparison to benign tumors. We also recorded an overakinase inhibitor, BGJ398, a pan-FGFR inhibitor with
nding that associated high FGFR1 levels with low grade tusnorVEGFR activity, and SSR128129E, a highly specic FGFR1
suggesting a role of FGFRL1 in tumorigenesis. We also fouridhibitor induced dierent responses in the cell lineR%
evidence of an association of activated FGFR1 when localized). The greatest overall reduction seen across all inhibitor
in the cell membrane with malignancy and tumor grade (2 andvas with BGJ398, which suggests one of its other targets
3). This may be indicative of a role of activated FGFR1 and.e., VEGFR2 and/or FGFR2-4) may contribute to cell migration
tumor progression. In the subset of pediatric and young adulas well as FGFR1 indicating the involvement of other kinase
samples in this cohort we found a negative association of FGFRsgnaling. We propose to include BGJ398 in future vitro
expression and age; based on a small sample size these resudistment combination studies targeting BRAF in patientghwi
must be validated by establishment of large scale TMAs. Wee neBRAF mutations to investigate potential new therapeutic
investigated the potential for cell migration in low and higltade  avenues. We also suggest further testing of BGJ398 in
pediatric gliomas as a prerequisite for disease progressidn agombination and as stand-alone in BRAF wildtype/FGFR1
recurrence and, next, assessed the role of FGFR1 in celltioigra mutation patients.
and invasion for chemotherapeutic interventioB-23). This Di erences were seen in FGFR1 expression at the protein
is a novel therapeutic approach, targeting a hallmark featurkevel between pediatric LGG and HGG. Di erences in expression
of brain tumor pathogenesis and has to our knowledge nobetween tumor grades have been well established in adult giom
been investigated in pediatric gliomas beyond genomic aaalys (30). However, our immuno uorescence results indicated highe
We describe for the rst time the migratory behaviors of rare FGFR1 expression in pediatric LGG than HGG, which is opposite
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progression in pediatric gliomas, which needs to be explored in

further studies. SUPPLEMENTARY MATERIAL

There is compelling evidence that FGFR1 signaling has

a signicant role in glioma tumorigenesis and progression.Tpe Supplementary Material for this article can be found

FGFR1 expression is positively associated with more invasiygjine at:  https:/www.frontiersin.org/articles/10.38nc.
and malignant adult gliomas and thus positively associatitd W 2019 00103/full#supplementary-material

poorer prognoses3(). Given the lack of treatment options for
relapsed and refractory pediatric HGGs, future work shouldi®®  Supplemental Figure 1 | Immuno uorescence images for SF188 and IN2688
on investigating FGFR1 signaling as a chemotherapeuticttarg'ébe'e" for FGFR1 (green), pFGFR1 (green), actin (phalioided), and DNA (DAPI,
for this patient group 311 32)_ There is scope that targeting blue) and merged images of the threg channels. The panels ames‘ented in the

. . - . ) . ? same order as shown for the images irFigure 4 . Scale barD 50 microns.
FGFR1 signaling on its own or in combination has the potentlaf'
to improve prognosis. Future studies must address the role cfupplemental Figure 2| Graphic representation of morphological features

FGFR1 in pediatric g|i0ma5 and its e ect on the di erent tumor observed in 2D cultures in response to stimulation with FGFgand and treatment
hallmarks is needecB(i 34) with inhibitor. Morphological changes in cell size were otexved after stimulation
' with FGF2 and treatment with inhibitor as indicated.

Supplemental Figure 3| Graphic representation of morphological features
observed in migratory cells of 3D spheroid cultures in resptse to stimulation with
FGF2 ligand and treatment with inhibitor. Morphological cdnges in migrating cells
The data and material supporting the study are stored in th@way from original spheroid cores were observed after stinfation with FGF2 and
Leeds Institute of Cancer and Pathology, University of Leeds  treatment with inhibitor.
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