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ABSTRACT
Dysembryoplastic neuroepithelial tumors (DNT) share V600E mutation in the 

BRAF gene with other low grade neuroepithelial tumors (LGNTs). FGFR1 internal 
tandem duplication of the tyrosine-kinase domain (FGFR1-ITD), another genetic 
alteration that also leads to MAP kinase pathway alteration, has been previously 
reported in LGNTs by whole-genome sequencing. In the present study we searched 
for FGFR1-ITD by droplet digital PCR (DDPCR™) and for FGFR1 point mutations 
by HRM-sequencing in a series of formalin-fixed paraffin-embedded (FFPE) LGNTs 
including 12 DNT, 2 oligodendrogliomas lacking IDH mutation and 1p/19q co- deletion 
(pediatric-type oligodendrogliomas; PTOs), 3 pediatric diffuse astrocytomas 
(PDAs), 14 gangliogliomas (GGs) and 5 pilocytic astrocytomas (PAs). We showed 
by DDPCR™ that 5/12 DNT, but none of the other LGNTs, demonstrated FGFR1-ITD. 
In addition, these cases also accumulated phosphorylated-FGFR1 protein as shown 
by immunohistochemistry. FGFR1G539R point mutation was only recorded in one DNT 
that also showed FGFR1-ITD. Interestingly, these FGFR1 alterations were mutually 
exclusive from BRAFV600E mutation that was recorded in 13 LGNTs (3 DNTs, 1 PTO, 2 
PDAs,  5 GGs and 2 PAs). Therefore, FGFR1 alteration mainly represented by FGFR1-
ITD is a frequent event in DNT. DDPCR™ is an easy and alternative method than whole-
genome sequencing to detect FGFR1-ITD in FFPE brain tumors, in routine practice.

INTRODUCTION

Dysembryoplastic neuroepithelial tumors (DNTs) 
are benign cortical tumors often occurring in the context of 
refractory epilepsy in children and young adults [1, 2] Two 
main histological forms of DNT have been described and 
are recognized by the 2016 WHO classification [3, 4]: 1/ 
the complex form and 2/ the simple form restricted to the 
glioneuronal element (GNE). The non-specific form that 
does not show the GNE but displays the same neuroimaging 
features as complex DNT is a highly controversial issue. 

These pediatric tumors have histological features of 
diffuse astrocytic and oligodendroglial tumors but never 
demonstrate IDH mutation nor 1p/19q co-deletion [5]. In 
the 2016 WHO classification, they are named pediatric 
diffuse astrocytoma (PDA) and oligodendroglioma 
lacking IDH-mutation and 1p/19q codeletion (pediatric-
type oligodendroglioma; PTO) respectively [4]. It is 
worth noticing that in the previous version of the WHO 
classification of the central nervous system tumors [6], 
pediatric diffuse gliomas were grouped with their adult 
counterparts and classified in the same way. 
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We and others have recently reported V600E 
mutation of the BRAF gene in up to 20% of DNTs [7]. 
The MAP kinase pathway plays a major role in signal 
transduction and can be activated through a cascade 
of enzymatic reactions. Outside-in signaling can occur 
through the activation of membranous cell surface 
receptors displaying intracytoplasmic tyrosine kinase 
domains (TKD). The FGFR1 receptor belongs to this class 
of molecules [8]. Some recurrent aberrations affecting 
FGFR1 have been reported in pediatric brain tumors 
including hotspot point mutations and a novel internal 
duplication of the kinase domain termed TKD-duplicated 
or FGFR1 internal tandem duplication (FGFR1-ITD). 
Another infrequent FGFR1 aberration that has been 
reported is the FGFR1-TACC1 fusion [9]. All these 
FGFR1 molecular alterations are predicted to result in 
constitutive FGFR signaling. The FGFR1-ITD has first 
been reported in 1 case of PA by Jones and coworkers 
[10] and simultaneously in 13 LGNTs including 2 
other PAs, 4 oligoastrocytomas, 3 diffuse astrocytomas,  
3 oligodendrogliomas and 1 DNT by Zhang and coworkers 
[11]. This second group has recently confirmed these 
results in a large study [12]. However, in these three recent 
reports [10–12], LGNTs were analyzed by whole-genome 
sequencing using frozen specimen, which is not suitable 
for routine diagnostic practice.  

In the present study, our aim was to set up an easy 
and highly sensitive test using the droplet digital PCR 
(DDPCR™) in order to detect FGFR1-ITD by using very 
small amount of formalin-fixed paraffin-embedded (FFPE) 
tissue in routine practice and to analyze the frequency of 
this alteration in pediatric LGNTs. To do so, we selected 
a series of 36 pediatric cases (12 DNTs, 2 PTOs, 3 PDAs, 
14 GGs and 5 PAs) in which BRAFV600E status was known 
[7]. All the DNTs, PTOs and PDAs lacked IDH mutation 
and 1p/19q co-deletion [5]. 

RESULTS

Clinical and biological characteristics of the 36 
patients, already reported in a previous paper for 35/36 
[7], are summarized in Table 1.

FGFR1 duplication status 

A total of 7177 to 47840 (median: 15691) accepted 
droplets were analyzed per assay (Supplementary Table 
S1). For each case, the cumulative droplets of several 
assays were combined, with a maximum total droplet 
count of 172031. Among the 36 FFPE cases, calculated 
CNV and/or CNV min values allowed for a definite 
assignment of copy number in 83.4% of the cases (30/36). 
For 5 cases, additional analyzed material was needed to 
determine FGFR1 duplication status and only one case of 
DNT (#DNT11) remained inconclusive (Supplementary 
Table S1). It is important to note that when several 

experiments were conducted for the same patient, inter-
assay reproducibility was very good and gave the same 
FGFR1 duplication-status (Supplementary Figure S1 and 
Supplementary Table S1). 

CNV reflecting FGFR1 duplication was recorded in 
5/12 DNT (41.7%) (Table 1, Figure 3 and Supplementary 
Table S1). Interestingly, macrodissection of one complex 
DNT harboring FGFR1 duplication (#DNT21) showed 
that both GNE and glial nodules demonstrated duplication 
but not the cortex. In this series, no FGFR1 duplication 
was detected in PDA, PTO, GG nor PA, therefore FGFR1 
duplication was significantly correlated to the diagnosis of 
DNT (p = 0.009). Moreover, these 5 cases did not display 
BRAF mutation (Table 1). In five cases, (#PTO01, #GG04, 
#GG30, #GG11 and #GG21), CNV values were low with 
a CNVmax under 2. However, for three out of five cases 
(#PTO01, #GG30, #GG04) the DNA concentration of 
these cases was particularly low and we cannot extrapolate 
if these low CNV values might reflect a FGFR1 deletion.

One out of 5 cases displaying FGFR1 duplication by 
DDPCRTM was analyzed by RNA-sequencing (#DNT10) 
thanks to frozen material available. RNA-seq data gave 
clear evidence of FGFR1-ITD for #DNT10. Moreover, in 
two non-duplicated cases (#GG04 and #GG11) tested as 
control, RNA-seq data confirmed absence of FGFR1-ITD 
in these cases.

Phospho-FGFR1 immunohistochemistry 
(Table 1)

By using an antibody directed against p-FGFR1, 
we observed strong immunoreactivity in DNT samples 
associated with FGFR1 duplication (for 1 case, #DNT03, 
tissue was no longer available). The immunoreactivity 
was restricted to the glial compartment, especially the 
oligodendroglial-like cells in the GNE and in the glial 
nodules. Floating neurons were negative (Figure 4A 
and 4B). However, the intensity of the immunoreactive 
nuclei varied from one cell to another and one case 
to another, leading to difficulties in assessing the 
immunostaining in some cases. Therefore, although in 
this series p-FGFR1 immunoreactivity was correlated 
with DDPCRTM, we do not recommend p-FGFR1 
immunostaining to assess FGFR1-ITD status. In addition 
to these cases we also observed less than 20% of 
immunopositive glial cells in another DNT (#DNT18), in 
the two PTOs and in 5 GGs. Dysplastic neurons always 
lacked p-FGFR1 expression. All PAs included in our series 
were negative. There was a very good correlation between 
FGFR1 duplication status and “positive” p-FGFR1 
immunostaining (p < 0.0001). 

FGFR1 mutation status

For exon 14, we reported one somatic silent 
mutation in one case of GG (#GG31). For exon 12, we 
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Table 1: Clinical and biological characteristics of the 36 patients

Patient
Age at 

diagnosis 
(years)

Gender Tumor 
location

Surgical 
resection

BRAF 
mutation 
status [4]

FGFR1 
duplication 
(DDPCR™)

FGFR1 
status by 

IHC

FGFR1 
exon 12 

mutation 
status

FGFR1 
exon 14 

mutation
status

Progression
Overall 
survival 
(months)

Status 
at last 
follow-

up

DNT18 7 m temporal NA Non-
mutated No +/- NA NA Yes 164.4 NA

DNT17 5 f temporal Complete V600E No Negative Non-
mutated

Non-
mutated No 51.7 FOD

DNT12 12 m temporal Complete V600E No Negative Non-
mutated NA No 100 FOD

DNT07 9 f temporal Complete Non-
mutated No Negative Non-

mutated
Non-

mutated Yes 186.8 FOD

DNT04 13 m temporal Complete Non-
mutated No Negative NA NA No 6.1 NA

DNT19 15 m frontal Complete Non-
mutated No Negative NA NA No 83.8 FOD

DNT11 13 m temporal Complete V600E Inconclusive Negative Non-
mutated NA No 67.5 FOD

DNT20 15 f temporal Partial Non-
mutated Yes Positive G539R Non-

mutated Yes 95.6 FOD

DNT14 10 f occipital Complete Non-
mutated Yes Positive Non-

mutated NA No 96 FOD

DNT03 15 m frontal Complete Non-
mutated Yes NA Non-

mutated NA No 36.4 NA

DNT21 3 m frontal NA Non-
mutated Yes Positive Non-

mutated
Non-

mutated No 54 FOD

DNT10* 11 m temporal Complete Non-
mutated Yes Positive Non-

mutated
Non-

mutated No 97.2 FOD

PTO01 16 m parietal Complete Non-
mutated No +/– NA NA Yes 135.4 FOD

PTO02 17 f temporal Partial V600E No +/– NA NA No 69.1 FOD

PDA01 11 m temporal Complete Non-
mutated No Negative NA NA Yes 119.9 FOD

PDA02 0 m temporal Partial V600E No Negative Non-
mutated

Non-
mutated No 72.9 FOD

PDA03 12 f temporal NA V600E No Negative Non-
mutated

Non-
mutated No 60.3 FOD

GG04* 11 m temporal Complete Non-
mutated No +/– NA NA No 109 FOD

GG30 14 m brainstem + 
spinal cord Partial V600E No Negative NA NA Yes 170.9 AWSD

GG11* 14 m frontal Complete V600E No Negative Non-
mutated

Non-
mutated No 55.1 FOD

GG21 12 f parietal Complete Non-
mutated No Negative Non-

mutated
Non-

mutated No 32.7 AWSD

GG09 1 f brainstem Partial Non-
mutated No Negative Non-

mutated
Non-

mutated No 122.2 FOD

GG22 1 m parietal + 
occipital Complete Non-

mutated No +/– NA NA No 217.5 NA

GG06 6 m spinal cord Complete V600E No Negative Non-
mutated

Non-
mutated No 116.3 FOD

GG14 12 m temporal Partial Non-
mutated No +/– L548L NA No 57.9 FOD

GG12 13 m temporal Complete Non-
mutated No +/– Non-

mutated
Non-

mutated Yes 205.6 FOD

GG31 14 f temporal Complete V600E No Negative Non-
mutated L644L No 104.8 FOD

GG19 6 f posterior 
fossa Complete Non-

mutated No +/– Non-
utated

Non-
mutated No 8.2 NA

GG07 1 f brainstem Complete Non-
mutated No Negative Non-

mutated
Non-

mutated No 130.4 AWSD
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GG18 13 f third 
ventricle Partial V600E No Negative Non-

mutated
Non-

mutated Yes 134.6 AWSD

GG16 12 f frontal Complete Non-
mutated No Negative Non-

mutated
Non-

mutated No 97.8 FOD

PA14 9 m cerebellum Complete Non-
mutated No Negative Non-

mutated
Non-

mutated No 64.9 FOD

PA19 3 m cerebellum NA V600E No NA Non-
mutated NA No 132.5 FOD

PA11 9 m cerebellum Complete V600E No Negative Non-
mutated

Non-
mutated No 15.4 FOD

PA01 4 m cerebellum Complete Non-
mutated No Negative NA NA Yes 190.8 AWSD

PA21 4 m cerebellum Partial Non-
mutated No NA Non-

mutated
Non-

mutated Yes 59.3 FOD

Phospho-FGFR1 expression was recorded as “Positive” when all oligo-like cells were immunostained and neurons remained negative, “Negative” when no 
cell expressed p-FGFR1 and “+/–“ when a focal expression of the phospho-protein was observed (< 20%).
Abbreviations: AWSD: alive with stable disease; DDPCR™: droplet digital PCR; DNT: dysembryoplastic neuroepithelial tumor;  f: female; FOD: free of 
disease; GG: ganglioglioma; IHC: immunohistochemistry; m: male; NA: not available; PA: pilocytic astrocytoma; PDA: pediatric diffuse astrocytoma; PTO: 
pediatric-type oligodendroglioma; *: cases submitted to RNA-seq.

Figure 1: (A) Determination of copy number variation states of FGFR1 exon 16 compared to FGFR1 exon 8 for the 36 FFPE cases and 6 
frozen additional samples (*), the placenta sample (normal control) and the positive control (PA89). When replicates were done, CNV value 
was the mean of replicates (additional table). Otherwise, CNV measurement was performed from a single DDPCR™ well of around 15 
000 droplets. Error bars indicate the Poisson 95% confidence intervals for each DNA copy number determination. For the cases (#PTO01, 
#GG30; #GG04) without duplication but with low CNV value (that could demonstrate a deletion for FGFR1) it is worth noting that the 
DNA level was particularly low, making conclusion difficult. (B) Determination of the absolute quantification of FGFR1 exon 16 (grey 
triangle) and FGFR1 exon 8 (black square) in copies/µl for the 36 FFPE cases and 6 frozen additional samples (*), the placenta sample 
(normal control) and the positive control (PA89). Error bars indicate the Poisson 95% confidence intervals for each DNA copy number 
determination. Abbreviations: DNTs: dysembryoplastic neuroepithelial tumors; GGs: gangliogliomas, PAs: pilocytic astrocytomas; PDAs: 
pediatric diffuse astrocytomas; PTOs: pediatric-type oligodendrogliomas;
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also reported one somatic silent mutation in one case of 
GG (#GG14) and a somatic missense mutation which was 
identified in one case of DNT (#DNT20): FGFR1G539R. 
Interestingly, this sample also displayed FGFR1 
duplication and a strong immunoreactivity of p-FGFR1. 

DISCUSSION

In this study, we report the detection of FGFR1 
internal duplication by DDPCR™ in 5/12 DNT cases. In 
addition to FGFR1 duplication, one case (#DNT20) also 
demonstrated a FGFR1 point mutation (FGFR1G539R), and 
3 DNT cases, 1 PTO, 2 PDAs, 5 GGs and 2 PAs displayed 
BRAFV600E mutation, a feature that we have previously 
reported [7]. Importantly, we observed that FGFR1 
duplication was never associated with BRAFV600E mutation, 
suggesting that in DNTs, as previously reported in PAs 
and in other LGNTs in children, these alterations are 
mutually exclusive [10, 11]. Altogether, more than 66% 
of the DNTs reported in this series displayed an alteration 

in the MAP Kinase pathway. Our results are in keeping 
with a comprehensive recent publication dedicated to a 
large LGNT series studied by whole-genome sequencing 
on frozen specimens [12].  

The work published by Jones and coworkers 
and Zhang and coworkers respectively, have shown 
that FGFR1 duplication encompassed exons 10–18 to 
produce an in-frame fusion sepa rated by a linker element 
of variable length [10, 11]. Here, we used DDPCR™ to 
search for FGFR1 duplication in a large series of FFPE 
LGNTs. DDPCR™ utilizes sequential limiting dilutions 
of target DNA, followed by amplification using the 
polymerase chain reaction (PCR). As a result it is possible 
to quantitate single DNA-target molecules. The absolute 
quantification is measured in number of copies per µl 
for each single DNA-target molecule and the threshold 
for an amplifying signal is 5 copies per µl. This required 
very low amount of tissue (4 × 5 µm thick sections of 
FFPE tissue samples measuring 5 mm in diameter were 
sufficient in our experiments). Moreover, it did not 

Figure 2: Phospho-FGFR1 protein expression detected by immunohistochemistry on two DNT cases: the 
immunoreactivity was restricted to the glial compartment (A and B) especially the oligodendroglial-like cells in the 
glial nodule (A) and the GNE (B). Floating neurons were negative (B, arrows), as well as cortex (C). Scale bars: 50 µm.
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require the measurement of the DNA from tissues as far 
as the DNA obtained was of enough quality to generate 
an amplifying signal. We designed probes to measure 
and calculate CNV for FGFR1 exon 16 (included in the 
duplication of the TKD of FGFR1) compared to exon 8 
(not involved in the duplication). CNV determination on 
the DDPCR™ is based upon its ability to partition DNA 
sequences [13]. Because we first showed that this approach 
was successful in one case of PA (#PA89) known to harbor 
the FGFR1-ITD, we studied the whole series and were 
able to detect this duplication in 5/12 DNTs. Importantly, 
all FGFR1 duplicated cases also demonstrated strong 
p-FGFR1 accumulation by immunohistochemistry, 
providing additional confirmation of our results, but false 
positive results were also obtained. The duplication was 
also confirmed by RNA-seq data in one duplicated case  
(#DNT10) and was not found in two non-duplicated cases 
(#GG04 and #GG11). It is worth noticing that RNA-
seq was also performed in these two last cases because 
of a CNVmax under 1.5 and we wondered if this could 
correspond to a FGFR1:TACC1 fusion; RNA-sequencing 
ruled out this hypothesis. Therefore, a low CNVmax does 
not correspond to a FGFR1:TACC1 fusion but likely to an 
artefact. However, because RNA-seq was not performed 
in the other cases (no frozen specimen available), the 
FGFR1:TACC1 fusion status of the present cohort remains 
unknown. 

DDPCR™ represents a powerful single molecule 
counting strategy to detect minute amounts of genetic 
material with performance surpassing many quantitative 
methods. This technique was successfully used in 
our department for the detection of several molecular 
alterations in different diseases [14–16]. In the present 
study, we took advantage of DDPCR™ to measure FGFR1 
duplication because it allows the measuring of low-
amplitude CNV [17] and the accurate counting of alleles 
from DNA isolated from a mixture of heterogeneous cell 
populations and from highly degraded DNA prepared from 
FFPE tissue samples [18]. Previous studies have shown a 
very high level of concordance between DDPCR™ and 
exome sequencing [19] or multiplex ligation-dependent 
probe amplification (MLPA) [20, 21] to measure CNV. 
In contrast, CGH array method is not sensitive enough to 
detect certain CNVs, as well as FISH technique, especially 
if the duplicated region does not exceed 5 kb (which is 
the size of intragenic FGFR1 duplication reported by 
Zhang et al. [11]). Moreover, literature suggests < 70% 
reproducibility in replicate experiments between platforms 
and algorithms for CGH and SNP-arrays used for CNV 
detection [22]. Therefore, it is not surprising that we 
were not able to detect this alteration previously by using 
CGH-array [5] and we did not try using FISH technique 
for the reasons mentioned above. In a recent study [23], 
the authors have reported frequent gains at chromosomes 
5 and 7 in a large series of DNTs but they did not observe 
chromosome 8p11 alterations (where the FGFR1 gene is 

located). It is likely that the technique used allowed them 
to point out large deletions/duplications but not small 
duplications as reported here for FGFR1. 

To conclude, FGFR1 duplication involving the 
TKD domain frequently occurs in DNTs and can be 
easily detected by DDPCR™ on FFPE specimen. We 
recommend searching for FGFR1 aberrations and BRAF 
mutations in LGNTs in routine practice. These alterations 
induce upregulation of the MAP kinase pathway, which 
could be blocked by specific inhibitors as part of a 
therapeutic strategy. 

MATERIALS AND METHODS

Patients, clinical data and pathology material

Twelve patients with specific-form of dysem-
bryoplastic neuroepithelial tumor (DNT) were included 
in this retrospective study. Two cases of pediatric-type 
oligodendroglioma (PTO), 3 cases of pediatric diffuse 
astrocytoma (PDA), 14 cases of ganglioglioma (GG) and 
5 cases of pilocytic astrocytoma (PA) were studied. All 
DNTs, PTOs and PDAs lacked IDH mutation and 1p/19q 
co-deletion [5]. Excepting one case of DNT (#DNT21), 
all these patients have been described in a previous 
report focused on BRAFV600E mutation detection in these 
tumors [7]. In this previous study, PTOs and PDAs were 
denominated as non-specific forms of DNT (correspondence 
between present and previous data: #PDA01=#DNT01; 
#PDA02=#DNT09; #PDA03=#DNT08; #PTO01=#DNT13;  
#PTO02=#DNT16).

Formalin-fixed paraffin-embedded (FFPE) pathological  
specimens were available in all cases and frozen samples 
were available for 6 cases (4 DNT and 2 PA) (AP-HM tumor 
bank; authorization number AC-2013-1786).

Genomic DNA extraction and molecular analysis

Areas of viable and representative tumor following 
review of all blocks were marked by a pathologist (DFB). 
Then, tumor DNA was extracted from 4 × 5 µm thick 
sections of FFPE tissue samples after dewaxing (n = 36), 
and from frozen specimen (n = 6), as previously described 
[7]. The diameter of the FFPE sections varied from 5 mm 
to 2 cm. For one case (#DNT21), we have macrodissected 
the three different areas of this complex DNT: the GNE, 
the glial nodules and the cortex.

BRAFV600E status

In a previous study [7], we reported BRAF mutation 
status for 35 patients of the present study, by HRM-
sequencing (exon 15) and/or immunohistochemistry (VE1 
clone). Regarding the additional case of DNT #21, BRAF 
mutation status was analyzed by HRM-sequencing as 
previously described [7].
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FGFR1 duplication status

FGFR1-ITD recently described in LGNTs [10–12] 
is characterized by a duplication of the TKD of FGFR1. 
In order to search for a duplication of the TKD of the 
FGFR1 gene in DNT and other LGNTs we developed 
droplet digital PCR (DDPCR™, Bio-rad). Therefore, we 
designed our assay to quantify DNA copy number of the 
TKD of FGFR1 (exon 16) compared to DNA copy number 
of FGFR1 exon 8 which is not affected by the duplication 
(Figure 1). These analysis were done for all FFPE (n = 36) 
and frozen specimen (n = 6). In addition, 19 cancer cell 
lines (colon cancer: HT29, SW48; breast cancer: BT20, 
MCF-7, MDAMB231, MDAMB361, SKBR3, T47D; 
lung cancer: A549, Calu-6, H1650; sarcoma: SW1353, 
H1080; leukemia: NALM6, HL60, KASUMI-1, ML-2 and 
melanoma: IGR37) and placenta sample (normal control) 
were used as negative controls whereas ICGC_PA89 
sample previously published as harboring the FGFR1-ITD 
[10] was used as positive control.

In DDPCR™, target DNA molecules are distributed 
across multiple replicate reactions at a level where there 
are some reactions that have no template and others 
that have one or more template copies present. After 
amplification to the terminal plateau phase of PCR, 
reactions containing one or more templates yield positive 
end-points, whereas those without template remain 
negative. The number of positive and negative droplets in 
each reaction is used to calculate the concentration of the 
target and reference DNA sequences and their Poisson-
based 95% confidence interval [24]. 

DDPCR™ experiment was performed as follows: 
Each 21-µl reaction mixture contained 5 µL of DNA 
template, 2X DDPCR™ supermix for probes (no 
dUTP) and FGFR1 exon 16 and exon 8 assays (Bio-Rad 

Laboratories). The assays were purchased as a 20X premix 
of primers and probes and used at 1X concentration. The 
1X concentration of this assay comprised 900 nM forward 
primer, 900 nM reverse primer, and 250 nM probe. 
Primers, hydrolysis probe sequences and DDPCR™ 
conditions are reported in Table 2. After homogenization, 
the PCR reaction mixture and droplet generation oil 
for probes were loaded into an eight-channel droplet 
generator cartridge (Bio-Rad Laboratories). The PCR 
reaction mixtures were partitioned into an emulsion of 
approximately 15,000 droplets (~ 1 nL per droplet) which 
were manually transferred to a 96-well PCR plate. The 
PCR plate was heat-sealed and placed in a conventional 
thermal cycler. Following the PCR, the 96-well plate was 
loaded on a QX100 droplet reader (Bio-Rad Laboratories). 
Analysis of the DDPCR™ data was performed with 
QuantaSoft software (version 1.7.4.0917) which analyzes 
each droplet individually using a two-color detection 
system (set to detect FAM or HEX dyes).

The absolute quantification of DNA is directly 
dependent on the number of accepted droplets (positive 
plus negative) and the DNA quantity analyzed. It requires 
however at least 5 copies per µl of the DNA-target 
molecule to allow us to give a conclusive result (see 
Supplementary Table S1). It is then possible to calculate 
the copy number variation (CNV) which represents for 
a haploid genome the ratio of target-DNA to reference-
DNA multiplied by two. The calculation of the 95% 
confidence interval given by the Poisson law and the 
distribution of the CNV values according to our cohort 
of 36 samples, 19 cell lines, placenta normal control 
and PA89 positive control led us to consider a sample as 
duplicated if the CNV value was above 2.25 (Figure  2A) 
and the CNV min above 2 (Figure  2B). This corresponds 
to a ratio value of 1.125 for exon 16 relative to exon 8, 

Figure 3: Schematic representation of the normal and the duplicated FGFR1 gene. 
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Table 2: Primers, hydrolysis probes sequences and DDPCR™ conditions for the detection of 
FGFR1 mutations and FGFR1 copy number variations, reflecting FGFR1 duplication
Primers sequences for 
FGFR1 mutations detection

FGFR1 Exon 12 Forward: 5′-CCTCCCTTCCCAAGTAAATGA-3′
FGFR1 Exon 12 Reverse: 5′-CTTCCCTAGCTGTGGCTGAG-3′
FGFR1 Exon 14 Forward: 5′-CTCCCTTCCTCCTTCCTCAG-3′
FGFR1 Exon 14 Reverse: 5′-ACCCCACTCCTTGCTTCTCA-3′

Primers and HEX probe 
sequences for Exon 8 
detection

FGFR1 Exon 8 Forward: 5′-TTCCCTTGCTCTGCGTCTCT-3′
FGFR1 Exon 8 Reverse: 5′-TCCATCTCTTTGTCGGTGGTATT-3′
FGFR1 Exon 8 HEX-probe: 5′HEX-TTGCTTCCGTTGTCTCTTCTAGACTGCTGG-3′

Primers and FAM probe 
sequences for Exon 16 
detection

FGFR1 Exon 16 Forward: 5′-CACTGCCCTGGGTAGAGGATT-3′
FGFR1 Exon 16 Reverse: 5′-ACAGGAGCACCCCGAAAGA-3′
FGFR1 Exon 16 FAM-probe: 5′FAM-CTCTAACACCCTGTGGCTCTCCGCC-3′

Thermocycler conditions 95°C, 10 min (1 cycle)
94°C, 30 sec –55°C, 1 min  (40 cycles)
98°C, 10  min (1 cycle)
15°C ∞
Use of a heated lid set to 105°C

Figure 4: (A) Distribution of the CNV values for the 36 FFPE samples studied the 19 cancer cell lines, the placenta sample (normal 
control) and the PA89 positive control. The CNV distribution shows very few intermediate values, reflecting the powerful capacity of the 
droplet digital PCR to discriminate duplicated samples (2.75-3) from non-duplicated samples (1.75-2.25). The cut-off value of the CNV 
reflecting FGFR1 duplication that we chose was CNV > 2.25. (B) Distribution of the CNV min values for the 36 FFPE samples studied, 
the 19 cancer cell lines, the placenta sample (normal control) and the PA89 positive control. The cut-off value of the CNV min reflecting 
FGFR1 duplication that we chose was CNV min > 2. 
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and means theoretically a monoallelic duplication in 
25% of the analyzed cells. Importantly, in case of a low 
DNA concentration (but sufficient amount of volume), 
it is possible to combine the analysis of several wells to 
increase the number of droplets analyzed and therefore 
reduce the difference between CNV max and CNV min 
(Supplementary Table S1).  

FGFR1 mutation status

FGFR1 mutation status in exon 12 and exon 14 was 
analyzed by HRM-sequencing as previously described 
[7]. Point mutations were sequenced using primer pairs 
listed in Table 2. These analyses were done for 27/36 
FFPE specimen (DNA was no longer available for the 
other cases). The placenta sample was used as normal 
control. ICGC_PA69, PA80 and PA92 samples harboring 
FGFR1N546K mutation were used as positive control 
for mutations in exon 12 whereas ICGC_PA41 sample 
harboring FGFR1K6551 and FGFR1K656E mutations, and 
PA84 sample displaying FGFR1K656E mutation, were 
used as positive control for mutation in exon 14. These 5 
additional PA samples were previously published by the 
ICGC PedBrain Tumor project [10].

RNA-sequencing

In 3 cases with enough frozen material available 
and containing tumor tissue in more than 90%, RNA-
sequencing was performed in Heidelberg as previously 
described [10].

Phospho-FGFR1 immunohistochemistry 

Phospho-FGFR1 (Y653/Y654) protein expression 
was assessed by immunohistochemistry, using antibody 
PA5-12594 (Thermo Scientific), as previously described 
[10].  This analysis was performed on 33/36 FFPE cases 
(3 tissue-blocks were totally spent), on 5 µm sections 
of tissue using an automated immunohistochemical 
procedure on Ventana Benchmark devices. 

Statistical analysis

The chi-square test (or Fischer’s exact test, 
as appropriate) was used to correlate the following 
variables: histological diagnosis and CNV results 
(FGFR1 duplication), FGFR1 duplication and p-FGFR1 
immunostaining. The tests were two-sided and the 
statistical significance was defined as p < 0.05. Analyses 
were conducted using PASW Statistics version 17.02 
(IBM SPSS Inc., Chicago, IL, USA). 
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