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Purpose

The purpose of this study was to reveal the clinicopathological characteristics and prognostic
implications associated with fibroblast growth factor receptor 1 (FGFR1) amplification in
colorectal cancers (CRCs).

Materials and Methods

We measured the copy number of FGFR1 by droplet digital polymerase chain reaction
(ddPCR), and analyzed the FGFR1 expression by immunohistochemistry, in 764 surgically
resected CRCs (SNUH2007 dataset, 384 CRCs; SNUH Folfox dataset, 380 CRCs).

Results

CRCs with > 3.3 copies of the FGFR1 gene were classified as FGFR1 amplified. FGFR1 amp-
lification was found in 10 of the 384 CRCs (2.6%) in the SNUH2007 dataset, and in 28 of
the 380 CRCs (7.4%) in the SNUH Folfox dataset. In the SNUH2007 dataset, there was no
association between the FGFR1 copy number status and sex, gross appearance, stage, or
differentiation. High FGFR1 expression was associated with female sex and KRAS mutation.
At the molecular level, FGFR1 amplification was mutually exclusive with BRAF mutation,
microsatellite instability, and MLH1 methylation, in both SNUH2007 and SNUH Folfox
datasets. Survival analysis revealed that FGFR1 amplification was associated with signifi-
cantly worse clinical outcome compared with no FGFR1 amplification, in both SNUH2007
and SNUH Folfox datasets. Within the SNUH2007 dataset, CRC patients with high FGFR1
expression had an inferior progression-free survival compared with those with low FGFR1
expression. The FGFR inhibitor, PD173074, repressed the proliferation of a CRC cell line
overexpressing FGFRZ1, but not of cells with FGFR1 amplification.

Conclusion
FGFR1 amplification measured by ddPCR can be a prognostic indicator of poor clinical out-
come in patients with CRCs.
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Introduction

mic and epigenomic analyses have greatly increased our
understanding of the genomic alterations involved in CRCs
[3]. Although alternative carcinogenic pathways, such as

Colorectal cancers (CRCs) are the third-most commonly
diagnosed malignancy in the United States and South Korea
[1,2]. CRCs develop as a result of the accumulation of genetic
and epigenetic alterations, and recent comprehensive geno-
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microsatellite instability (MSI) and CpG island methylator
phenotype (CIMP), have been described, the vast majority of
CRCs (approximately 70%) exhibit chromosomal instability
(CIN), which is characterized by the accumulation of somatic

| https://www.e-crtorg |

€3 This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.4143/crt.2019.062&domain=pdf&date_stamp=2020-01-15

Jeong Mo Bae, FGFRT Amplification in Colorectal Cancers

mutations and copy number alterations (CNAs) [4]. Func-
tionally, CRCs are dominated by somatic mutations, rather
than CNAs [5]. However, several genomic regions show sig-
nificant focal amplification or deletion of CRCs [3].

Fibroblast growth factor receptor 1 (FGFR1) gene encodes
a transmembrane receptor tyrosine kinase and maps to chro-
mosome 8p11 [6]. The FGFR family includes four receptor
tyrosine kinases, FGFR1-4, and its structural variability is
derived from alternative splicing [6]. FGFR ligands, fibrob-
last growth factors (FGFs) activate downstream signaling
pathways including mitogen-activated protein kinase and
phosphoinositide-3-kinase / AKT [6]. FGF signaling promotes
cell proliferation, cell survival, and angiogenesis, resulting
in tumor development [6]. Amplification of the FGFRI gene
is reported in estrogen receptor (ER)-positive breast cancers,
lung cancers, esophageal cancers, and bladder cancers. Recen-
tly, FGFR1 amplification has been suggested to be associated
with poor prognosis in various types of cancers, including
squamous cell carcinoma of the lung and esophagus, and ER-
positive breast cancers [7-9].

Fluorescence in situ hybridization (FISH) is the gold-stan-
dard method for the evaluation of CNAs in clinical oncology
[10]. However, FISH has several disadvantages, such as the
requirement of a fluorescence microscope and dark room,
subjective measurement of fluorescence signals, spontaneous
weakening of fluorescence with time, and high cost. Chro-
mogenic in situ hybridization (CISH) and silver-enhanced in
situ hybridization (SISH) have been developed to overcome
the fluorescence-associated limitations of FISH [11,12]. How-
ever, the subjectivity associated with visual scoring remains
an issue for CISH and SISH. Although quantitative measure-
ment of nucleic acids using polymerase chain reaction (PCR)
has been considered as an alternative method for CNA
analysis, quantitative real-time PCR is not widely used in
clinical practice, owing to problems related to reproducibil-
ity. Recently, water-oil emulsion droplet technology-based
third-generation PCR technology, termed droplet digital
PCR (ddPCR), has been developed. The ddPCR technique
offers a number of advantages for both detection and quan-
tification of nucleic acids, including the capacity to measure
fold-change and detect rare variants [13]. Compared with
real-time quantitative PCR, ddPCR is more robust technique
less prone to PCR inhibition. Moreover, ddPCR offers impro-
ved day-to-day reproducibility without requiring a standard
curve of reference material. Take advantage of high accuracy
to detect rare variants, interest in ddPCR is rapidly rising in
the field of liquid biopsy which detect circulating tumor
DNA [13]. Therefore, ddPCR could be a complementary
method to evaluate CNA in clinical oncology.

FGFR1 amplification is found in 2% to 5% of CRCs [14].
However, the clinicopathologic characteristics and prognos-
tic implications associated with FGFRI amplification in CRCs

are not well established because of the scarcity of this alter-
ation. In this study, we evaluated the FGFR1 copy number
in CRCs using ddPCR and evaluated its association with
clinicopathologic characteristics and prognostic implications.

Materials and Methods

1. Subjects
1) SNUH2007 dataset

A total of 538 patients with CRCs underwent surgical treat-
ment at Seoul National University Hospital between January
2007 to December 2007, consecutively. After excluding the
patients who refused to participate in the molecular study,
as well as those who had non-invasive cancers, a history of
neo-adjuvant treatment, familial adenomatous polyposis,
multiple tumors, or recurrent tumors [15], 384 patients were
eligible and willing to participate, all of whom were included
in the clinicopathological and molecular analysis.

2) SNUH Folfox dataset

We obtained tissues from 405 patients with high-risk stage
IT or IIT CRC who received adjuvant FOLFOX treatment from
August 2005 to December 2011. After the elimination of pati-
ents who fulfilled the exclusion criteria for SNUH2007
dataset, 380 patients were selected for the validation set.

2. Extraction of genomic DNA

DNA was extracted from formalin-fixed, paraffin-embed-
ded (FFPE) tumor tissues. The representative tumor areas
were delineated under a light microscope on 10 serial unstai-
ned slides of tumor blocks. DNA extraction was performed
after macro-dissection using ZR FFPE DNA MiniPrep kit
(Zymo Research, Orange, CA) according to the manufactu-
rer’s protocol.

3. Droplet digital PCR

ddPCR (QX200, Bio-Rad, Hercules, CA) was used in this
study. Each sample was partitioned into 20,000 droplets,
with target and background (reference) DNA randomly, but
not uniformly, distributed among the droplets [16]. The fol-
lowing primers were used for ddPCR: FGFR1 Hs02882334_
cn (Life Technologies), RPPHI-ddF 5-GCGGATGCCTC-
CTTTGC-3', RPPH1-ddR 5-ACCTCACCTCAGCCATTGA-
ACT-3’, RPPH1-HEX HEX-CTTGGAACAGACTCACGG-
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CCAGCG-BHQL. The reactions were performed in 20 pL
reaction mixtures that comprised up to 100 ng of the extrac-
ted DNA (5 pL), 2x ddPCR supermix for probe (10 pL), the
FGFR1 primer (1 pL), the RPPHI primer (1.8 uL), RPPHI-
HEX (0.5 pL), HindIII (0.3 pL), and deionized distilled water
(1.4 uL). The emulsified PCR reactions were run in 96-well
plates on a thermal cycler. The plates were incubated at 95°C
for 10 minutes, followed by 50 cycles of 94°C for 30 seconds,
60°C for 50 seconds, and 72°C for 30 seconds, and finally, a
10-minute incubation at 98°C. The number of droplets posi-
tive for FGFR1 and /or RPPH1 in each plate was assessed on
a Bio-Rad QX200 droplet reader using the QuantaSoft v1.7
software (Bio-Rad). FGFRI gene copy number determined
by ddPCR was defined as 2x FGFR1/RPPHI. The cut-off for
classifying samples as FGFR1 amplified was set as > 3.3
copies/cell (FGFR1/RPPH = 1.65), using maximally selected
chi-square statistics.

4. Tissue microarray construction and immunohistochem-
istry

Using histological examination, we marked the tumor
areas in the tissue section samples from each patient. Pairs
of 2-mm core tumor tissue samples were subsequently
extracted from each paraffin-embedded formalin tissue sam-
ple (donor block) and arranged in a new tissue microarray
block using a trephine apparatus [15]. To analyze the FGFR1
protein expression, we performed immunohistochemical
staining with rabbit monoclonal anti-FGFR1 antibody (1:50,
clone EPR806Y, Abcam, Cambridge, MA). We classified the
staining intensity of cytoplasmic or membranous FGFR1
staining as 0 (no stain), 1 (mild stain), 2 (moderate stain), or
3 (strong stain). The level of FGFR1 expression was subse-
quently categorized as low (FGFR1 intensity 0 and 1) or high
(FGFR1 intensity 2 and 3).

5. KRAS and BRAF mutation detection and MSI analyses

Direct sequencing of KRAS codons 12 and 13 and allele-
specific PCR for BRAF codon 600 were performed as previ-
ously described [15]. The microsatellite status of each tumor
was determined by the evaluation of five microsatellite
markers: D25123, D55346, D175250, BAT25, and BAT26. The
MSI status was classified as follows: MSI-high (instability at
> 2 microsatellite markers), MSI-low (instability at 1 marker),
or microsatellite stable (no instability) [17].

6. Methylation analysis
After sodium bisulfite conversion of DNA using an EZ

DNA methylation kit (Zymo Research), the methylation sta-
tus was quantified at the following eight CIMP markers
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using MethyLight assay, as previously described: CACNAIG,
CDKN2A, CRABP1, IGF2, MLH1, NEUROGI1, RUNX3, and
SOCS1 [15]. The CIMP status was defined based on the num-
ber of methylated markers as follows: CIMP-negative (CIMP-
N, 0-4 methylated markers), CIMP-positive 1 (CIMP-P1, 5-6
markers), or CIMP-positive 2 (CIMP-P2, 7-8 markers) [15].

7. Cell viability assay

Five CRC cell lines, with FGFRI amplification (SNU-C1),
high FGFR1 expression (SNU-283, SW620 and HCT116), and
no FGFR1 amplification and low FGFR1 expression (SNU-
81) were grown for 72 hours in RPMI-1640 or Dulbecco's
modified Eagle's medium containing 10% fetal bovine serum,
at 37°C under a humidified 5% CO: atmosphere. The FGFR1
copy number status in these five cell lines was confirmed by
ddPCR, while the FGFR1 expression was confirmed by West-
ern blot. The effect of FGFR inhibitor, PD173074, on cell pro-
liferation was determined using the WST-1 assay in SNU-C1,
and 3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium
bromide (MTT) cell viability assay in the other cell lines [18].
For the WST-1 assay, after the indicated treatment, 20 pL of
WST-1 solution was added per well and the cells were incu-
bated for 4 hours at 37°C. The optical density (OD) was meas-
ured at a wavelength of 440 nm. For the MTT assay, after the
indicated treatment, 50 pL of MTT reagent (5 mg/mL) was
added per well and the cells were incubated for 4 hours at
37°C. Next, 150 pL of dimethyl sulfoxide was added to lyse
the cells and solubilize the colored crystals. Plates were then
incubated for 10 minutes at 37°C, and OD was measured
using a microplate reader at a wavelength of 570 nm. Half-
maximal inhibitory concentrations (ICs) were calculated
using GraphPad Prism 8 (San Diego, CA).

8. TCGA data analysis

Molecular characteristics of The Cancer Genome Atlas
(TCGA) COADREAD dataset, including CNA and mRNA
expression status of FGFRI and BRAF mutations, were obtai-
ned from cBioPortal for cancer genomics (http:// cbioportal.
org). MSI, MLHI methylation, CIMP status, and survival
data for the TCGA COADREAD dataset were obtained from
previous studies [19,20].

For the comparison between CRCs with and without FGFR1
amplification, we compared the genome-wide DNA methy-
lation and transcriptome data for colon and rectum adeno-
carcinoma (COAD, READ), breast invasive carcinoma (BRCA),
and lung squamous cell carcinoma (LUSC) from the TCGA
dataset. To identify differentially methylated CpGs (dmCp-
Gs), the methylation status of each probe was examined
using Empirical Bayes moderated t test using the limma pack-
age in R/Bioconductor. The threshold for the identification
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of dmCpG was Benjamini and Hochberg (BH)-adjusted p <
0.05. To identify differentially expressed genes (DEGs), the
normalized RNA sequencing by expectation maximization
value of each gene was examined using the DESeq2 package
in R/Bioconductor. The threshold for the identification of
DEG was |loga(fold change)| > 1 and BH-adjusted p < 0.05.

9. Statistical analysis

Categorical variables were compared using the chi-square
test, Fisher exact test, or ANOVA test, as appropriate. For
ordinal variables, Wilcoxon’s rank-sum test was performed.
Progression-free survival (PFS) and disease-free survival
(DFS) were calculated using the log-rank test with Kaplan-
Meier curve. Hazard ratios were calculated using the Cox
proportional hazard model. The assumption of proportional
hazards was verified by plotting the log(—log(S(t)) against the
time of the study. For the modeling, all the variables associ-
ated with PFS or DFS with a p < 0.10 were entered into an
initial model, after which, the number of variables was redu-
ced by backward elimination. All statistical tests were two-
sided, and statistical significance was defined as p < 0.05.

10. Ethical statement

This study was approved by the Institutional Review Board
(IRB) of the Seoul National University Hospital (No. H-1601-
027-733). Due to retrospective nature of this study, informed
consent was waived by IRB. This study was performed in
accordance with the recommendations of the Declaration of
Helsinki for biomedical research involving human subjects.

Results

1. Comparison of FGFR1 gene copy number determined by
ddPCR and FISH

To compare the results of ddPCR with those of FISH for
copy number analysis, we measured the FGFRI gene copy
number using ddPCR in 20 FFPE CRC samples, for which
the presence of FGFRI gene copy had already been estab-
lished by FISH [21]. The results of ddPCR and FISH results
were strongly correlated (Spearman’s rho, 0.686; p=0.001)
(S1 Fig.). Based on a cut-off of > 3.3 FGFR1 copies/cell for
ddPCR and > 2 FGFR1/CEP8 for FISH, ddPCR and FISH
showed a strong concordance for FGFR1 amplification (k=
0.875) (S2 Table).

2. Patient characteristics

A total of 384 patients with CRC (median age, 63 years;
min-max, 28 to 84 years) were included in the study from the
SNUH2007 dataset. The male-to-female ratio was 1.42:1 (225
males and 159 females). The tumor location was the proximal
colon (proximal to the splenic flexure) in 77 patients, the dis-
tal colon in 143 patients, and the rectum in 164 patients. The
median follow-up duration was 68.8 months, and 291 pati-
ents received 5-fluorouracil based adjuvant chemotherapy.

From the SNUH Folfox dataset, a total of 380 patients with
high-risk stage II or stage IIl CRC, who received adjuvant
FOLFOX (median age, 60; min-max, 29 to 78) were selected.
The male-to- female ratio was 1.57 (232 males and 148
females). The tumor location was the proximal colon in 131
patients, the distal colon in 210 patients and the rectum in 39
patients. The median follow-up duration was 71.7 months.

3. Evaluation of FGFR1 copy number and FGFR1 expres-
sion in CRCs

In the SNUH2007 dataset, the median FGFRI gene copy
number was 1.10 (min-max, 0.15 to 15.00). Based on a cut-off
value of 3.3, 10 patients (2.6%) showed FGFR1 amplification.
Immunohistochemical FGFR1 expression data were obtained
for 382 of the 384 patients. Among these 382 patients, 50
(13.1%) showed moderate to strong FGFR1 expression, whe-
reas 332 patients (86.9%) showed no or weak FGFR1 expres-
sion (S3 Fig.).

In the SNUH Folfox dataset, the median FGFR1 gene copy
number was 1.71 (min-max, 0.35 to 19.20), and 28 patients
(7.4%) showed FGFR1 amplification. Immunohistochemical
FGFR1 expression data were obtained for 351 of the 380
patients. Among these 351 patients, 58 (16.5%) showed mod-
erate to strong FGFR1 expression, whereas 293 patients
(83.5%) showed no or weak FGFR1 expression. There was no
significant correlation between FGFR1 copy number and
FGFR1 expression in either the SNUH2007 dataset (p for
ANOVA=0.789) or the SNUH Folfox dataset (p for ANOVA=
0.889) (S4A and S4B Fig.). Moreover, there was no significant
correlation between the copy number and mRNA expression
of FGFR1 in the TCGA COADREAD dataset (p for ANOVA=
0.187) (S4C Fig.).

As the positive correlation between FGFR1 amplification
and FGFR1 expression is well addressed in breast cancer and
squamous cell carcinoma of the lung [7,22], we compared the
genome-wide DNA methylation data and transcriptome data
of TCGA COADREAD, BRCA, and LUSC datasets (S5 Fig.).
In transcriptome analysis, TCGA COADREAD dataset showed
strong positive correlation of FGFRT mRNA expression with
that of three genes (AKAP12, GEM, and NOTCH4). However,
in TCGA BRCA and LUSC dataset, these genes did not show
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Table 1. Clinicopathologic characteristics of colorectal cancers according to FGFR1 copy number and expression in SNUH-
2007 dataset

FGFR1 FGFR1 FGFR1 FGFR1

no-amplification amplification p-value low-expression high-expression p-value
(n=374, 97.4%) (n=10, 2.6%) (n=332,86.9%)  (n=50,13.1%)

Age (y1) 63 (28-84) 53 (29-75) 0.048 63 (28-84) 60 (37-83) 0.271
Sex
Male 221 (59.1) 4 (40.0) 0.3309 205 (61.7) 20 (40.0) 0.004
Female 153 (40.9) 6 (60.0) 127 (38.3) 30 (60.0)
Gross appearance
Fungating 246 (65.8) 7 (70.0) > 0.999) 222 (66.9) 30 (60.0) 0.339
Ulcerative 128 (34.2) 3(30.0) 110 (33.1) 20 (40.0)
Tumor location
Proximal colon 75 (20.0) 2 (20.0) 0.981 63 (19.0) 14 (28.0) 0.272
Distal colon 139 (37.2) 4 (40.0) 128 (38.5) 15 (30.0)
Rectum 160 (42.8) 4 (40.0) 141 (42.5) 21 (42.0)
T category
T1 19 (5.1) 0 0.129? 12 (3.6) 6 (12.0) 0.835Y
T2 51 (13.7) 1(10.0) 49 (14.8) 3(6.0)
T3 259 (69.4) 6 (60.0) 229 (69.2) 35 (70.0)
T4 44 (11.8) 3 (30.0) 41 (12.4) 6 (12.0)
N category
NO 189 (50.5) 3 (30.0) 0.245" 173 (52.1) 18 (36.0) 0.073
N1 102 (27.3) 4 (40.0) 86 (25.9) 19 (38.0)
N2 83 (22.2) 3 (30.0) 73 (22.0) 13 (26.0)
M category 0.407°)
Mo 307 (82.1) 8 (80.0) 0.867% 275 (82.8) 39 (78.0)
M1 67 (17.9) 2 (20.0) 57 (17.2) 11 (22.0)
Stage 0.072
I 57 (15.2) 1(10.0) 0.377?) 50 (15.1) 7 (14.0)
II 123 (32.9) 2 (20.0) 116 (35.0) 9 (18.0)
i} 127 (34.0) 5 (50.0) 109 (32.8) 23 (46.0)
I\ 67 (17.9) 2 (20.0) 57 (17.2) 11 (22.0)
Grade
Well differentiated 10 2.7) 0 0.919" 10 (3.0) 0 0.713
Moderately differentiated 351 (93.8) 10 (100) 310 (93.4) 49 (98.0)
Poorly differentiated 13 (3.5) 0 12 (3.6) 1(2.0)
KRAS mutation
Wild type 271 (72.5) 8 (80.0) 0.734%) 248 (74.7) 30 (60.0) 0.030
Mutant type 103 (27.5) 2 (20.0) 84 (25.3) 20 (40.0)
BRAF mutation 380 378
Wild type 361 (97.6) 10 (100) >0.9999 321 (97.9) 48 (96.0) 0.3399
Mutant type 9(24) 0 7 (2.1) 2 (4.0)
MSI
MSS 320 (85.6) 9 (90.0) 0.728 286 (86.1) 42 (84.0) 0.765
MSI-low 32 (8.6) 1(10.0) 28 (8.4) 4(8.0)
MSI-high 22 (5.9) 0 18 (5.4) 4(8.0)
CIMP
CIMP-N 358 (95.7) 10 (100) 0.800 321 (96.7) 45 (90.0) 0.070
CIMP-P1 11 (2.9) 0 8(2.4) 3(6.0)
CIMP-P2 5(1.4) 0 3(0.9) 2 (4.0)

Values are presented as median (range) or number (%). FGFR1, fibroblast growth factor receptor 1; MSI, microsatellite
instability; MSS, microsatellite stable; CIMP, CpG island methylator phenotype. ¥Fisher exact test, YWilcoxon's rank-sum test.
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SNUH2007 dataset (n=384)

FGFR1 BRAF_V600E MSI

= No-amplification = Wild type
= Amplification

= Mutanttype = MSI-H

A
MLH1 CIMP
w MSS, MSI-L = Unmethylated = CIMP-N
= Methylated = CIMP-P1
= CIMP-P2
B

SNUH Folfox dataset (n=380)

FGFR1 BRAF_V600E ~ MSI
= MSS, MSI-L = Unmethylated = CIMP-N

= No-amplification = Wild type
= Amplification

® Mutanttype = MSI-H

MLH1 CiMP

u CIMP-P1
= CIMP-P2

u Methylated

TCGA COADREAD dataset (n=457)

FGFR1 BRAF_V600E ~ MSI

= No-amplification = Wild type
= Amplification

® Mutanttype = MSI-H

MLH1 CiMP

= MSS, MSI-L = Unmethylated = Non-CIMP, CIMP-L

u Methylated u CIMP-H

Fig. 1. Mutual exclusivity of fibroblast growth factor receptor 1 (FGFR1) amplification with BRAF mutation, microsatellite
instability, MLHI methylation, and CpG island methylator phenotype (CIMP). (A) SNUH2007 dataset. (B) SNUH Folfox
dataset. (C) The Cancer Genome Atlas (TCGA) COADREAD dataset. MSS, microsatellite stable; MSI-L, microsatellite insta-

bility low; MSI-H, microsatellite instability high.

strong correlation with FGFR1 expression. In DNA methyla-
tion analysis, TCGA COADREAD dataset showed a hypo-
methylation of CpGs located in the gene body which corres-
pond to AKAP12, GEM, and NOTCH4 (cg09846917, cg22885-
024, and cg26793289, respectively) in cases with FGFRI amp-
lification compared with cases without FGFR1 amplification.
However, the corresponding CpGs were not hypo-methy-
lated in FGFR1 amplified cases compared with non- ampli-
fied FGFR1 in the TCGA BRCA dataset and TCGA LUSC
dataset.

4. Clinicopathological characteristics associated with FGFR1
amplification and high FGFR1 expression in CRCs

To demonstrate the clinicopathological characteristics of
CRCs with FGFR1 amplification or high FGFR1 expression
in an unbiased manner, we performed exploratory analysis
for the SNUH2007 dataset, which consisted of consecutively
resected primary CRCs (Table 1). In the SNUH2007 dataset,

CRCs with FGFR1 amplification were marginally associated
with a lower age of onset (p=0.048). CRCs with high FGFR1
expression were more frequent in female patients (p=0.004),
and patients with a KRAS mutation (p=0.030), compared
with CRCs with low FGFR1 expression. At the molecular
level, FGFR1 amplification was mutually exclusive with
BRAF mutation, MSI-high, MLH1 methylation, and CIMP-
P2 (Fig. 1A). These mutually exclusive patterns were consis-
tently observed in the SNUH Folfox dataset and TCGA
COADREAD dataset (Fig. 1B and C). The clinicopathological
characteristics of CRCs with FGFRI amplification or high
FGFR1 expression in the SNUH Folfox dataset are summa-
rized in 56 Table.

5. Survival analysis
Univariate survival analysis revealed that in SNUH2007

dataset, FGFR1 amplification and high FGFR1 expression
were associated with inferior 5-year PFS (p=0.008 for FGFR1
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SNUH2007 (n=384)

1.04
_ FGFR1 no-amplification
08 (n=374)
0.6 1
i FGFRT amplification
o
044 (n=10)
0.2 1 L
p=0.008
0 T T T T T
0 1 2 3 4 5
Time (yr)
SNUH Folfox (n=380) B
1.0 1 FGFRT no-amplification
’ (n=293)
08 E
FGFR1 amplification
o 067 (n=24)
[
o
0.44
0.2 1
p=0.030
0 T T T T T
0 1 2 3 4 5
Time (yr)
TCGA COADREAD (n=592) C
1.04
0.8 1
FGFR1 no-amplification
0.6 4 (n=568)
(%)
o
0.4 1
FGFR1 amplification
0.2 1 (n=24)
p=0.300
0 T T T T T T
0 2 4 6 8 10 12

Time (yr)

Fig. 2. Kaplan-Meier survival curves. (A) 5-Year progres-
sion-free survival (PFS) according to fibroblast growth fac-
tor receptor 1 (FGFR1) copy number status in SNUH2007
dataset. (B) 5-Year disease-free survival (DFS) according
to FGFR1 copy number status in SNUH Folfox dataset. (C)
Overall survival (OS) according to FGFR1 copy number
status in The Cancer Genome Atlas (TCGA) COADREAD
dataset.

amplification and p=0.031 for high FGFR1 expression) com-
pared with CRCs with no FGFR1 amplification and low FGF-
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R1 expression, respectively (Fig. 2A, S7A Fig.). Because of the
scarcity of FGFR1 amplification in the SNUH2007 dataset, we
could not perform a multivariate survival analysis using
these data.

To validate the prognostic value of FGFR1 amplification
and high FGFR1 expression in an independent dataset, we
performed survival analysis in the SNUH Folfox dataset,
which was controlled for stage and adjuvant chemotherapy.
The univariate survival analysis revealed that patients with
FGFR1 amplification exhibited marginally worse 5-year DFS
compared with those without amplification (p=0.030) (Fig. 2B).
However, there was no significant difference in the 5-year
DFS between CRC patients with high vs. low FGFR1 expres-
sion (p=0.404) (S7B Fig.). Multivariate survival analysis
established, FGFR1 amplification as a prognostic marker for
poor 5-year DFS, independent of KRAS mutations, lympho-
vascular invasion, and gross appearance (hazard ratio, 2.22;
95% confidence interval, 1.04 to 4.77; p=0.040) (Table 2). In
the TCGA COADREAD dataset, patients with FGFRI ampli-
fication showed a tendency of poor overall survival, althou-
gh this was not statistically significant (p=0.300) (Fig. 2C).
Moreover, in the TCGA COADREAD dataset, the clinical
outcome did not differ with FGFRI mRNA expression for
any of the cut-offs (data not shown).

6. FGFR1 expression status predicts PD173074 sensitivity
of CRC cell lines

To investigate whether FGFRI amplification or high
FGFR1 expression is a predictive marker for anti-FGFR drug
sensitivity, we performed a cell proliferation assay using the
FGFRI1 inhibitor PD173074, in CRC cell lines with FGFR1
amplification (SNU-C1), high FGFR1 expression (SNU-283,
SW620, and HCT116), and one cell line with no FGFRI amp-
lification and low FGFR1 expression (SNU-81) [14]. In the cell
proliferation assays, cell lines with FGFR1 high-expression
(SNU-283, SW620, and HCT116) showed a lower ICs for
PD173074 compared with FGFR1 amplified cell line (SNU-
C1) (Fig. 3).

Discussion

ddPCR is a third-generation PCR technology that enables
absolute measurement of nucleic acid concentrations, based
on limiting dilution, end-point PCR, and Poisson statistics
[13]. In ddPCR, the target DNA molecules are partitioned
into 15,000-20,000 lipid droplets. After amplification to the
terminal plateau phase of PCR, the droplets containing one
or more templates yield positive end-points, whereas those
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Table 2. Multivariate Cox model for 5-year disease-free survival in the SNUH Folfox dataset (n=380)

Characteristic HR (95% CI) p-value
KRAS
Mutant 2.42 (1.43-4.12) 0.001
Wild type 1
Lymphovascular invasion
Present 2.41 (1.38-4.19) 0.002
Absent 1
Gross appearance
Ulcerative 1.69 (1.00-2.85) 0.049
Fungating 1
FGFR1 copy number
Amplification 2.22(1.04-4.77) 0.040
No amplification 1
HR, hazard ratio; CI, confidence interval.
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Fig. 3. Cell viability assay using fibroblast growth factor receptor (FGFR) inhibitor, PD173074, in five colorectal cancer cell
lines. (A) Copy number of FGFRI measured by droplet digital polymerase chain reaction. (B) Western blot analysis of FGFR1
protein. (C) Dose-response curves to PD173074. (D) Summary of cell viability assay.

without a template remain negative. The number of target
DNA molecules present can be calculated from the fraction
of positive end-point reactions, using Poisson statistics with
the following equation: A=-In(1-P), where % is the average

number of target DNA molecules per replicate reaction and
P is the fraction of positive end-point reactions [23]. Recently,
a series of studies successfully detected HER2 amplification
in FFPE samples and plasma DNA from patients with breast
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and gastric cancer using ddPCR [16,24].

CNA analysis using macro-dissected samples leads to an
underestimation of copy number in FGFRI-amplified can-
cers. As the median tumor cell purity of CRC tissues obtai-
ned by manual macro-dissection is approximately 65%, a
cut-off of 3.3 for FGFR1 amplification in ddPCR is equivalent
to an FGFR1/RPPH] ratio = 2.0, as measured by FISH (0.65x
2.0 FGFR1/RPPHI in tumor cells+0.35x1.0 FGFR1/RPPH]1
in normal cells=3.3/2). An FGFR1/CEPS ratio > 2 is the
accepted value of a cut-off for FGFR1 amplification in various
type of cancers [8,25]. Therefore, a cut-off of 3.3 for FGFR1
amplification in macro-dissected samples could be accept-
able for the evaluation of FGFR1 amplification.

Little is known about the clinicopathological characteristics
of CRCs with FGFR1 gene amplification or FGFR1 high-
expression. In the present study, CRCs with FGFR1 amplifi-
cation were marginally associated with a younger age at
diagnosis in the SNUH2007 dataset. The TNM stage and
tumor differentiation were not significantly different bet-
ween the FGFRI-amplified group and the non-amplified
group. Molecular analysis revealed that FGFR1 amplification
was mutually exclusive with BRAF mutation, MSI-high,
MLH1 methylation, and CIMP-P2, in both SNUH2007 and
SNUH Folfox datasets. Congruently, this mutual exclusivity
was observed in the TCGA COADREAD dataset as well.
These results suggested that in CRCs, FGFR1 amplification
occurs in the context of CIN, rather than MSI or CIMP.

Unlike breast cancers or squamous cell carcinoma of the
lung, which show a positive correlation between FGFR1
amplification and FGFRT mRNA expression, FGFR1 ampli-
fication was not associated with FGFRT mRNA or FGFR1
protein overexpression in CRCs [7,14,22]. Analysis of geno-
me-wide DNA methylation and transcriptome data revealed
that in FGFRI-amplified cases in the TCGA COADREAD
dataset, three of the genes co-expressed with FGFR1 (AKAP-
12, GEM, and NOTCH4) showed a hypomethylation of CpG
sites located in their gene body, compared with the cases
with non-amplified FGFRI. In the TCGA BRCA and LUSC
datasets, the methylation of these CpG sites was not different
between the cases with amplified vs. non-amplified FGFRI.
Even though the exact relationship of these genes with
FGFR1 is not well known, reduced expression of these genes
could be a clue to the absence of positive correlation between
FGFR1 amplification and FGFRT mRNA or FGFR1 protein
expression in CRCs, because gene body methylation is asso-
ciated with reduced expression of corresponding genes [26].

Sato et al. [27] evaluated the FGFRT mRNA expression
using quantitative real-time PCR in 202 CRC patients and
reported that CRCs with FGFRT mRNA high-expression
were associated with liver metastasis. Goke et al. [14] evalu-
ated the pFGFR1 expression by immunohistochemistry in 99
CRC patients and reported that CRCs showing membranous
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PFGFR1 expression of cytoplasmic FGFR1 expression were
frequently observed in male patients. Moreover, they found
that the nuclear localization of pFGFR1 was associated with
lymphatic invasion and angioinvasion [14]. When we evalu-
ated the FGFR1 expression by immunohistochemistry in 382
primary CRCs from the SNUH2007 dataset, high FGFR1
expression was frequently observed in female patients.
Moreover, there was no significant difference in the TNM
stage between CRCs with high vs. low FGFR1 expression in
the SNUH2007 dataset.

The prognostic value of FGFR1 amplification in CRCs was
not well documented due to its low prevalence. In the pres-
ent study, CRCs with FGFRI amplification was associated
with a poor 5-year PFS in consecutively resected CRC
datasets. In the TCGA COADREAD dataset, FGFR1 amplifi-
cation showed a tendency of poor overall survival. More-
over, FGFR1 amplification was an independent marker of
poor 5-year DFS in patients treated with the Folfox regimen,
which is a standard adjuvant combination chemotherapy for
high-risk stage II or stage III CRCs. The prognostic value of
FGFR1 amplification should be validated in large prospective
cohorts.

Several pharmacological agents have been developed to
inhibit FGFR activity. These include multi-target receptor
tyrosine kinase inhibitors with efficacy against vascular
endothelial growth factor receptor, platelet-derived growth
factor receptor, and FGFR, as well as selective FGFR inhibi-
tors, which suppress FGFR1-3 [28]. Non-selective broad-
spectrum receptor tyrosine kinase inhibitors exhibit only a
modest bioactivity against FGFR and elicit a wide-spectrum
of off-target effects. Selective FGFR inhibitors such as AZD-
4547 and BGJ398 have tolerable side effects; however, they
did not fulfill the pre-specified efficacy end-point in phase 1
clinical trials [29]. Furthermore, it remains controversial
whether FGFRI amplification or overexpression is an appro-
priate biomarker for anti-FGFR therapy. Weiss et al. [30]
showed that a selective FGFR inhibitor, PD173074, inhibited
the growth and induced apoptosis in lung cancer cells with
FGFR1 amp-lification. However, in our present study, the
lowest ICs for PD173074 was observed in the HCT116 cell
line, which exhi-bits high FGFR1 expression. Furthermore,
BGJ398 and AZD4547 are known to have a strong anti-pro-
liferative effect in CRC cell lines with high FGFR1 expression
[14,18]. Therefore, proper selection of a biomarker that can
predict the res-ponses to FGFR-targeted therapy is much-
needed.

Our present study has several limitations. First, it is a ret-
rospective study, carried out within a single institution. Sec-
ond, even though poor clinical outcomes for FGFR1 amp-
lified CRCs were consistently found in each dataset, the val-
idation of the prognostic value of FGFR1 amplification is still
limited, due to the different clinical settings of each dataset.
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To validate the results of the present study, external valida-
tion using an independent cohort is required.

In conclusion, FGFR1 amplification could be a prognostic
indicator of poor clinical outcome in CRCs. Evaluation of
somatic CNA using ddPCR is a viable alternative diagnostic
method to FISH for clinical diagnostics.
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