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Abstract: While fibroblast growth factor receptors (FGFRs) are involved in several biological path-
ways and FGFR inhibitors may be useful in the treatment of squamous non-small cell lung cancer
(Sq-NSCLC), FGFR aberrations are not well characterized in Sq-NSCLC. We comprehensively evalu-
ated FGFR expression, fusions, and variants in 40 fresh-frozen primary Sq-NSCLC (stage IA3–IV)
samples and tumor-adjacent normal tissues using real-time PCR and next-generation sequencing
(NGS). Protein expression of FGFR1–3 and amplification of FGFR1 were also analyzed. FGFR1 and
FGFR4 median gene expression was significantly (p < 0.001) decreased in tumors compared with
normal tissue. Increased FGFR3 expression enhanced the recurrence risk (hazard ratio 4.72, p = 0.029),
while high FGFR4 expression was associated with lymph node metastasis (p = 0.036). Enhanced
FGFR1 gene expression was correlated with FGFR1 protein overexpression (r = 0.75, p = 0.0003), but
not with FGFR1 amplification. NGS revealed known pathogenic FGFR2,3 variants, an FGFR3::TACC3
fusion, and a novel TACC1::FGFR1 fusion together with FGFR1,2 variants of uncertain significance
not previously reported in Sq-NSCLC. These findings expand our knowledge of the Sq-NSCLC molec-
ular background and show that combining different methods increases the rate of FGFR aberrations
detection, which may improve patient selection for FGFRi treatment.

Keywords: fibroblast growth factor receptor; FGFR1; FGFR2; FGFR3; FGFR4; gene expression;
biomarkers; next-generation sequencing; NGS; Sq-NSCLC; squamous non-small cell lung cancer;
targeted therapy; FGFR inhibitor

1. Introduction

Lung cancer is the most common cause of cancer-related death worldwide [1]. The
squamous non-small cell lung cancer histotype (Sq-NSCLC) accounts for 20–30% of non-
small cell lung cancer. The only approved novel first line systemic therapy for Sq-NSCLC is
immune checkpoint inhibitors [2,3]. Therefore, it is important to identify effective targeted
therapies and reliable predictive molecular biomarkers for Sq-NSCLC patients.

Recent studies have indicated the potential of fibroblast growth factor receptor in-
hibitors (FGFRis) as treatment due to the high rate of fibroblast growth factor receptor
(FGFR) aberrations found in targetable oncogenic pathways [4] (reviewed in [5–7]). How-
ever, most early-phase clinical trials with FGFRis have shown only a partial response, which
may be a result of the poor predictive power of FGFR1 amplification, which was initially
the only predictive biomarker of response to FGFRis in Sq-NSCLC [7–11]. Subsequent

Int. J. Mol. Sci. 2022, 23, 10506. https://doi.org/10.3390/ijms231810506 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms231810506
https://doi.org/10.3390/ijms231810506
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1706-8290
https://orcid.org/0000-0002-2645-8779
https://orcid.org/0000-0003-1743-2961
https://doi.org/10.3390/ijms231810506
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms231810506?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 10506 2 of 20

studies revealed that FGFR mutations, fusions, or expression might provide more precise
information on potential responders. In this context, FGFR gene variants and expression
have been evaluated in several preclinical and clinical studies, albeit with conflicting re-
sults. For instance, FGFR mRNA or protein levels were reported as significant predictors
of sensitivity to AZD4547 [12], BGJ398 [13], ponatinib [12,14], and rogaratinib [15], while
others showed inconsistent results [10,16,17].

Members of the fibroblast growth factor (FGF) family, the FGFR1–4 genes, encode
four highly conserved tyrosine kinase receptors (FGFR1–4). Each FGFR consists of an
extracellular region composed of three immunoglobulin-like domains (Ig I–Ig III), a single
hydrophobic transmembrane domain, and a cytoplasmic tyrosine kinase domain. The
extracellular domains interact with FGFs, which leads to dimerization of the FGFR followed
by activation by sequential autophosphorylation of tyrosine residues [7]. FGFR signaling
activates the phosphoinositide-3-kinase (PI3K)/AKT, signal transducer and activator of
transcription (STAT), and mitogen activated protein kinase (MAPK) pathways [18]. Dereg-
ulated FGF/FGFR signaling through FGFR gene amplification, mRNA overexpression,
mutation, or gene fusion is associated with ligand-independent dimerization of FGFRs and
subsequent activation of cancer-related signaling pathways (PI3K/AKT, STAT, and MAPK),
affecting cell proliferation, survival, metabolism, migration, and the cell cycle. While
FGFR1–4 play roles in several biological pathways, simultaneous manifestation of their
aberrations and expression in Sq-NSCLC has not been well characterized. Additionally,
little is known about the clinical importance of FGFR1–4 expression. Finally, the differ-
ence between tumors and the surrounding lung tissue has not yet been comprehensively
explored, especially in squamous lung cancer.

Therefore, to expand our knowledge of the role of FGFRs in Sq-NSCLC as well as
their use as potential biomarkers for FGFRi treatment, a comprehensive evaluation of
FGFR aberrations and their clinical importance in Sq-NSCLC was conducted using real-
time PCR (RT-PCR) and next-generation sequencing (NGS) to assess gene expression,
fusions, and variants, as well as FGFR1–3 protein expression and FGFR1 amplification.
Moreover, the difference between FGFR1–4 expression levels in primary tumors and tumor-
adjacent normal tissues, as well as the predictive value of FGFR1–4 mRNA expression,
was investigated.

2. Results
2.1. FGFR1–4 mRNA Expression in Sq-NSCLC Tumors and Tumor-Adjacent Normal Tissue

FGFR1 and FGFR4 gene expression levels were significantly decreased in tumor
samples (n = 20) compared with tumor-adjacent normal tissue (n = 20): FGFR1 (p = 0.0002)
and FGFR4 (p = 0.000001) (Figure 1). Nevertheless, FGFR1 and FGFR4 expression levels
were increased and approximated to expression in tumor-adjacent normal tissue (fold-
change, ~1) in individual tumor samples: 3 (15%) and 1 (5%), respectively (Figure S1).
FGFR2 and FGFR3 mRNA expression levels were not significantly different between tumor
and tumor-adjacent normal tissues (p = 0.97 and p = 0.9, respectively). However, in
individual tumor samples, FGFR2 and FGFR3 expression levels were enhanced: fold-
changes > 2 were observed in 5 (12.5%) and 7 (17.5%) samples, respectively (Figure S1).

Additionally, since the anchored multiplex PCR followed by NGS can be used in gene
expression studies, the FGFR1-3 expression levels obtained from the RT-PCR and NGS
were compared. The analysis revealed high correlation within FGFR1, FGFR2, and FGFR3
expression assessed with both methods (r = 0.77, p = 0.000001; r = 0.86, p = 0.000001; and
r = 0.95, p = 0.000001, respectively; Figure 2 and Supplementary Figure S2) in 40 Sq-NSCLC
tumor samples.
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Figure 1. Relative expression of (a) FGFR1; (b) FGFR2; (c) FGFR3; (d) FGFR4 genes in Sq-NSCLC
tumor and tumor-adjacent normal tissues. Significant differences of FGFR1 and FGFR4 expression
are indicated in red.

Figure 2. Correlation scatter plot of the FGFR1 gene expression assessed by RT-PCR and NGS (Archer
Lung FusionPlex) in 40 Sq-NSCLC tumor samples. Corresponding figures for FGFR2 and FGFR3
gene expression are shown in Supplementary Figure S2.
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2.2. Clinical Significance of FGFR1–4 mRNA Expression

Analysis of FGFR1–4 expression and disease-free survival (DFS) revealed that the
increased level of FGFR3 mRNA was correlated with an increased risk of recurrence
(RT-PCR: hazard ratio (HR) 4.72, p = 0.029; NGS: HR 7.9, p = 0.0049). Kaplan–Meier
survival curves also showed a trend toward poorer prognosis for patients with high FGFR3
expression compared to those with low expression (Figure 3). The mean DFS time of
patients with high and low FGFR3 expression was 620 days (<2 years) and 1037 days
(~3 years), respectively. FGFR1 (RT-PCR: p = 0.44, NGS: p = 0.56), FGFR2 (RT-PCR: p = 0.22,
NGS: p = 0.19), and FGFR4 (p = 0.97) expression levels did not affect the risk of recurrence.

Figure 3. Kaplan–Meier curves of disease-free survival (DFS) obtained by stratifying Sq-NSCLC
patients with follow-up data available according to FGFR3 expression level assessed by (a) RT-PCR
with a cut-off point at the median value of 0.021; (b) NGS with a cut-off point at the median value of
0.023. The complete observations are indicated by circles and censored by vertical marks.

2.3. Association between the FGFR1–4 Expression and Clinicopathological Features

Interestingly, analysis of FGFR1–4 expression association with clinicopathological
characteristics (Table 1) revealed that the FGFR4 mRNA expression was significantly higher
in patients with lymph node metastasis (median: 0.02 vs. 0.01, p = 0.036; Figure 4), while
FGFR1–3 expression levels were not significantly related to any of the clinicopathological
features examined.

Table 1. Patient characteristics.

Patients n = 40 Frequency %

Age (Range 47–80 Years) Median (67 Years)

<67 (0) 18 45.00

≥67 (1) 22 55.00

Gender

Male (0) 30 75.00

Female (1) 10 25.00

Histological type

Squamous cell carcinoma 34 85.0

Carcinoma adenosquamous 6 15.0
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Table 1. Cont.

Patients n = 40 Frequency %

Histopathological Grade

G1.G2 (0) 25 62.5

G3.G4 (1) 15 37.5

Clinical stage

IA. IB. IIA (0) 21 52.5

IIB. IIIA. IV (1) 18 45.0

Cannot be assessed 1 2.50

pT-Primary Tumor size

≤4 cm (0) 18 45.0

>4 cm (1) 22 55.0

pN-Regional Lymph Nodes invasion

Negative (0) 28 70.0

Positive (1) 11 27.5

Cannot be assessed 1 2.50

pV-Venous Invasion

Negative (0) 24 60.0

Positive (microscopic) (1) 16 40.0

pL-Lymphatic Invasion

Negative (0) 21 52.5

Positive (1) 19 47.5

pM-Distant metastasis

Negative (0) 19 47.5

Positive (1) 1 2.50

Not available 20 50.0

pR-Residual tumor

Negative (0) 35 87.5

Positive (1) 4 10.0

Cannot be assessed 1 2.50

Actinic keratosis

Negative (0) 13 32.5

Positive (1) 25 62.5

Cannot be assessed 2 5.0

FGFR1 protein expression

Negative (0) 14 35.0

Positive (1) 4 10.0

Not assessed 22 55.0

FGFR2 protein expression

Negative (0) 17 42.5

Positive (1) 1 2.5

Not assessed 22 55.0
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Table 1. Cont.

Patients n = 40 Frequency %

FGFR3 protein expression

Negative (0) 17 42.5

Positive (1) 1 2.5

Not assessed 22 55.0

FGFR1 amplification

Negative (0) 8 20.0

Positive (1) 7 17.5

Not assessed 25 62.5

Number of patients at risk of recurrence (DFS)

1 year 3 7.5

2 year 4 10.0

3 year 9 12.5

>3 year 5 47.5

No follow up data 19 47.5

Outcome

NED 15 37.5

AWD 6 15.0

DOD - -

DOC - -

No follow up data 19 47.5
DFS—disease-free survival; NED—no evidence of disease; AWD—alive with disease; DOD—died of disease;
DOC—died of other causes; OS—overall survival.

Figure 4. Significant associations of FGFR4 expression with pN-regional lymph node metastasis.
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2.4. Analysis of FGFR1–3 Protein Overexpression and FGFR1 Amplification

FGFR1–3 protein overexpression was detected both in the cytoplasm and cell mem-
brane in 5 of 18 (27.7%) tumor samples (Figure 5). FGFR1 overexpression was observed
in four samples (M-35, M-61, M-89, and M-138), while one sample showed co-expression
of FGFR1 and FGFR2 (M-89). FGFR3 protein overexpression was observed in one sample
(M-113) (Figure 5). Comparative analysis of FGFRs mRNA and protein expression revealed
that FGFR1 protein overexpression was significantly correlated with increased mRNA
levels of FGFR1 (RT-PCR: r = 0.75, p = 0.0003; NGS: r = 0.67, p = 0.002) (Figure 6).

Figure 5. Patterns of FGFR1, FGFR2, and FGFR3 expression via immunohistochemistry (IHC) in
selected Sq-NSCLC samples (magnification, ×100; scale bars, 100 µm). Staining intensity (described
in the Materials and Methods) was stratified according to: a four-graded scale: negative (IHC = 0),
weak (IHC = 1), moderate (IHC = 2), and strong (IHC = 3); and H-score determined as follows: 0 x (%
cells with no staining [0]) + 1 × (% cells staining faint, weakly [1+]) + 2× (% cells staining moderately
[2+]) + 3 × (% cells staining strongly [3+]).
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Figure 6. Significant association between relative mRNA and protein levels of FGFR1.

FGFR1 amplification was detected in 7 of 15 (46%) samples with available fluorescence
in situ hybridization (FISH) results (Figure 7), while high FGFR1 amplification was observed
in three samples (20%) (M-37, M-61, and M-89). In two samples (M-61 and M-89), concurrent
FGFR1 amplification and protein was observed. Statistical analysis revealed no correlation
between FGFR1 amplification and mRNA (RT-PCR: p = 0.58, NGS: p = 0.37) or protein
(p = 0.47) expression levels.

Figure 7. FGFR1, FGFR2, and FGFR3 transcript and protein levels together with FGFRs variants and
FGFR1 amplification status. Heat maps illustrate the (a) FGFR1-3 relative gene expression values
(mRNA) with differentiation for RT-PCR and NGS methods; (b) FGFR1-3 protein expression levels
based on H-score; (c) FGFRs variants occurrence with differentiation for clinical significance and
FGFRs fusions; (d) FGFR1 amplification status based on FGFR1/CEN8≥ 2.0 or the average number of
FGFR1 signals per cell ≥ 6 or ≥10% of tumor cells containing ≥ 15 FGFR1 signals or large clusters; for
Sq-NSCLC samples. The largest gene expression values (a,b) are displayed in red color, intermediate
values in shades of orange and yellow, and the smallest values in light yellow. Dark colored cells in
the map (c,d) represent the variants, fusion, or an FGFR1 amplification occurrence, while no FGFRs
variants, fusion, or amplification occurrence is indicated in light yellow. Not analyzed cells are
indicated in white.
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2.5. Detection of FGFR Oncogenic Gene Fusions and Genetic Variants
2.5.1. Squamous Non-Small Lung Tumors

RNA analysis was performed for all 40 tumor and five tumor-adjacent normal sam-
ples. In the tumor group, two (5%) different (“strong” and “low confidence”) FGFR gene
fusions were detected (Table 2). The first identified fusion was previously known as the
FGFR3::TACC3 fusion (ex17::ex11) (M-20; Figure S3). Its exact breakpoint is indicated
in the Archer Quiver database, and despite the low percent structural variation reads
for GSP2 (5.49%) was categorized as “strong”. The second discovered fusion event was
the TACC1::FGFR1 fusion (ex2::ex2) (M-61; Figure S4), which was categorized as “low
confidence” because of the low percent of structural variation reads for GSP2 (4.66%). No
fusion events were found in tumor-adjacent normal tissues (M-20P, M-33P, M-61P, M-135P,
and M-138P).

Table 2. FGFR gene fusions and variants detected in 13 of 40 Sq-NSCLC clinical specimens using
RNA-based NGS.

FGFR RNA Variants

Patient
No

Sample
Name Symbol HGVSc HGVSp Consequence Clinical

Significance Depth AO AF

1 M-1 FGFR2 c.2419G>A p.(Glu807Lys) Missense Uncertain signifi-
cance/Benign 796 314 0.39

2 M-6 FGFR2 c.2211G>T p.(Met737Ile) Missense No informa-
tion/Pathogenic 700 427 0.61

3 M-11 FGFR2 c.2398dup p.(Ser800PhefsTer22) Frameshift Uncertain signifi-
cance/Pathogenic 3136 62 0.01

4 M-17 FGFR2 c.2398dup p.(Ser800PhefsTer22) frameshift Uncertain signifi-
cance/Pathogenic 2624 63 0.02

5 M-77 FGFR2 c.2398dup p.(Ser800PhefsTer22) frameshift Uncertain signifi-
cance/Pathogenic 2898 81 0.03

6 M-88 FGFR1 c.899T>C p.(Ile300Thr) missense
Uncertain signifi-
cance/Uncertain

significance
278 184 0.66

7 M-115 FGFR3 c.746C>G p.(Ser249Cys)
(S249C) missense Pathogenic/

Pathogenic 251 124 0.49

8 M-119 FGFR2 c.870G>T p.(Trp290Cys)
(W290C) missense Pathogenic/

Pathogenic 304 24 0.08

9 M-123 FGFR2 c.2398dup p.(Ser800PhefsTer22) frameshift Uncertain signifi-
cance/Pathogenic 3016 70 0.02

10 M-135 FGFR2 c.2398dup p.(Ser800PhefsTer22) frameshift Uncertain signifi-
cance/Pathogenic 1189 30 0.02

M-135P FGFR2 c.2398dup p.(Ser800PhefsTer22) frameshift Uncertain signifi-
cance/Pathogenic 643 15 0.02

11 M-138 FGFR2 c.2398dup p.(Ser800PhefsTer22) frameshift Uncertain signifi-
cance/Pathogenic 1633 40 0.02

M-138P nd
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Table 2. Cont.

FGFR RNA Variants

Patient
No

Sample
Name Symbol HGVSc HGVSp Consequence Clinical

Significance Depth AO AF

FGFR RNA Fusions

Patient
no

Sample
name Symbol SS Reads %Reads Breakpoint

12 M-20 FGFR3::TACC3 17 35 5.49 chr4:1808661.
chr4:1741429

M-20P nd

13 M-61 TACC1::FGFR1 17 25 4.66 chr8:38646337.
chr8:38315052

M-61P nd

M-X—tumors; M-XP—tumor-adjacent normal tissues; nd—no fusion and/or variant detected; SS—number of
supportive reads with unique start sites; Reads—total number of supportive reads; %Reads—percent of reads
at breakpoint supporting fusion; Breakpoint—the breakpoints associated with the event, in hg19 coordinates;
Depth—the total high quality unique molecule depth covering the variant; AO—total number of reads that
support the alternate allele; AF—the allele fraction (AF) of the reads that support the alternative allele. Clinical
Significance—clinical interpretation of sequence variants based on ClinVar* and Varsome** databases; Reference
transcripts: FGFR1: NM_023110.3, NP_075598.2; FGFR2: NM_022970.3, NP_075259.4; FGFR3: NM_000142.4,
NP_000133.1; TACC1: NM_006283.2; TACC3: NM_006342.2

FGFR variant analysis (based on the ClinVar database) revealed two pathogenic
variants (5%), three variants of uncertain significance (7.5%), and one variant with no
clinically significant information (2.5%) (Table 2). Pathogenic, missense variants of FGFR2
(c.870G>T), and FGFR3 (c.746C>G) were detected in two individual tumors (M-119 and
M-115, respectively). Among the variants of uncertain significance, the missense FGFR1
(c.899T>C, p.(Ile300Thr)) and FGFR2 (c.2419G>A, p.(Glu807Lys)) gene variants were found
in single tumors (M-88 and M-1, respectively), while the frameshift variant of FGFR2
(c.2398dup, p.(Ser800PhefsTer22)) was found in seven tumors and one tumor-adjacent
normal tissue sample. The missense variant of FGFR2 (c.2211G>T, p.(Met737Ile)) with no
clinical significance in the ClinVar database was detected in one tumor (M-6).

Correlations of described FGFRs genetic changes with FGFRs expression level in
Sq-NSCLC revealed statistically significant but weak association of FGFR2 c.2398dup
(p.(Ser800PhefsTer22)) variant with the increased FGFR2 mRNA expression level (p = 0.02,
r = 0.36).

2.5.2. Commercial Controls

We detected 12 gene fusions and 2 oncogenic isoforms (100%) in the commercially
available positive control (Seraseq) with the Archer FusionPlex Lung gene NGS panel
(Table S1). Thirteen (92.85%) met all basic recommendations for “strong” fusion detection:
number of start sites over 3, minimum of 5 unique breakpoint-spanning reads that support
the gene fusion, and minimum of 10% of total reads for GSP2 over the wild-type transcript.
The only remaining fusion, SLC45A3::BRAF, had 3.67% of reads supporting the fusion,
below the default (10.0%) threshold. The negative control for EML4::ALK, CCDC6::RET,
SLC34A2::ROS1, TPM3::NTRK1, and ETV6::NTRK3 fusions (Horizon) was identified as
fusion-negative (100%) using the NGS panel.

3. Discussion

Our findings revealed significantly decreased FGFR1 and FGFR4 mRNA expression
in tumor tissue compared with tumor-adjacent normal tissue. Meanwhile, expressions
of both genes were enhanced in selected tumor samples, reaching values similar to sur-
rounding normal tissue. FGFR2 and FGFR3 mRNA expression varied between tumor and
tumor-adjacent normal tissues and were enhanced 2–10 times in several tumor samples.
Accordingly, FGFR1 mRNA expression was lower in Sq-NCLC compared with normal
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tissues as per The Cancer Genome Atlas and Genotype-Tissue Expression data [19]. FGFR1
expression has recently been linked to the highly negative correlation between FGFR1
mRNA and methylation levels (average of three CpG sites: cg10823844, cg15791248, and
cg27646230) in tumor samples [19]. In contrast to our results, Ren et al. [13] demonstrated
that nearly 50% of tumors had an increase in FGFR1 mRNA expression compared with
tumor-adjacent normal tissue; however, in their study, FGFR1 expression was normalized
to GAPDH. Research has indicated that the choice of stable reference gene is crucial for
accurate results in gene expression studies [20–22]. Our previous results assessing reference
genes in Sq-NSCLC showed that GAPDH gene expression was diverse and unstable in
tumor and tumor-adjacent normal tissue samples, whereas POLR2A and ACTB expression
levels were the most stable among analyzed samples (Figure S5) [22].

To our knowledge, this study is the first to show significantly lower FGFR4 mRNA
expression in Sq-NSCLC compared with normal lung tissue. Huang et al. [23] as the only
one compared FGFR4 mRNA expression levels in lung tumors and adjacent normal tissues
with results inconsistent with our results, i.e., the FGFR4 mRNA level was significantly
higher in tumor tissues. Importantly, in that study [23], the detailed tumor histotype was not
mentioned and GAPDH was used for normalization. Additionally, lower FGFR4 expression
at the mRNA and protein levels was reported in lung tissues obtained from patients with
idiopathic pulmonary fibrosis (IPF) compared with control patients. The authors indicated
that the lower FGFR expression level was related to FGFR4 downregulation by pro-fibrotic
factors (TGFβ, CTGF, and ET-1) [24]. Simultaneously, our work revealed enhanced FGFR4
mRNA levels in several samples. In vitro analysis of squamous lung cancer cell lines
showed that FGFR4 overexpression leads to FGFR4 auto-activation and increased cell
growth, clonogenicity, soft agar colony formation [25], and enhanced cell proliferation,
whereas knockdown of FGFR4 can reduce proliferation [23]. Recent studies have indicated
that FGFR4 deficiency might regulate the tumor immune microenvironment by activating
the antigen presentation process and cellular immunity to the change in sensitivity to
immune checkpoint inhibitor treatment in NSCLC [26].

In the present study, we revealed a significant association between increased FGFR4 ex-
pression and lymph node metastasis in Sq-NSCLC, but there was no significant association
between FGFR1–4 mRNA expression and other clinicopathological features. A relation-
ship between FGFR4 and lymph node metastasis has been implied. High FGFR4 protein
overexpression has been correlated with lymph node metastasis in triple-negative breast
cancers [27] and gastric cancer [28,29]. Earlier studies demonstrated that FGFR4 overex-
pression may be a result of gene amplification, especially in breast cancer tumors with high
lymph node metastases, as well as in estrogen receptor- and progesterone receptor-positive
tumors [30]. Additionally, the FGFR4 p.(Gly388Arg) variant, located in the transmem-
brane domain, has been correlated with poorer overall and progression-free survival in
Sq-NSCLC patients with lymph node involvement [31]; this can be linked to increased
FGFR4 stability and sustained activation, as has been shown in prostate cancer [32].

Herein, we present the novel finding that increased FGFR3 mRNA expression might be
a negative prognostic marker in terms of the risk of recurrence of squamous cell lung cancer.
Due to the relatively small number of patients analyzed, our results should be interpreted
with caution. Nevertheless, mRNA levels of FGFR3 mRNA have been associated with
worse DFS in oropharyngeal squamous cell carcinoma (p = 0.005) [33] and in non-muscle-
invasive bladder cancer (HR 3.78, p < 0.001) [34]. The FGFR3 mRNA level is also a negative
prognostic factor for lung adenocarcinoma [35] and squamous cell laryngeal cancer [36],
where high FGFR3 expression was significantly correlated with shorter overall survival
(OS). By contrast, high FGFR3 mRNA expression was associated with better progression-
free survival in patients with primary pT1 bladder cancer (log-rank, p < 0.001) [37]. Our
study did not reveal any clinical significance of FGFR1, 2, and 4 mRNA levels in terms
of tumor relapse; however, the impact of FGFR1 mRNA level on squamous cell lung
cancer patient survival remains controversial. For instance, elevated FGFR1 expression
was reported as a negative factor that negatively impacted patient survival [38], while
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Wynes et al. [14] revealed no prognostic association with OS or DFS. OS is a widely used
endpoint for assessing the prognostic value of studied variables. However, censoring
patients at death or the date of last follow-up (for OS), especially in groups with a small
number of observations, can lead to an overestimation of OS [39]. In the present study, only
DFS (i.e., the time to cancer recurrence or death from any cause) was analyzed.

Additionally, the presented results show the usefulness of anchored multiplex PCR
followed by NGS for FGFR1–3 gene expression analysis. The high correlation (77–95%)
of FGFR expression obtained with the use of RT-PCR and an NGS panel was observed,
despite the different sets of reference genes. In RT-PCR, POLR2A and ACTB were used to
normalize expression, while the NGS panel contained CHMP2A, GPI, RAB7A, and VCP.
Thus far, use of the relative gene expression data obtained with the applied NGS panel
for genetic profiling has been described for acute myeloid leukemia [40], while it was
previously limited to determining gene fusion occurrence [41,42].

Our study confirmed that FGFR1 protein overexpression is more frequent
(6–9%) [19,43] than overexpression of FGFR2 and FGFR3 (3.4% and 6.6% [44]) in Sq-NSCLC.
Moreover, in agreement with Rooney et al. [12] and Bogatyrova et al. [19], we confirmed
the significant association between FGFR1 mRNA and protein overexpression. Remarkably,
there was no significant correlation between FGFR1 mRNA/protein expression and gene
amplification, likely due to the fact that only 31–50% of Sq-NSCLCs with an increased
FGFR1 gene copy number overexpressed FGFR1 mRNA, while FGFR1 mRNA expression
was absent in 25% of FGFR1-amplified tumors [4,14,45].

Considering that FGFR mutations and fusions are detected in Sq-NSCLC (reviewed
in [7]), we performed targeted FGFR sequencing with the use of anchored multiplex
PCR technology followed by NGS, which was previously shown to efficiently
discover genomic aberrations, including novel fusions. We found one FGFR3::TACC3
fusion (2.5%), which is the most frequent somatic translocation in Sq-NSCLC (range:
0.6–5.3%) [44,46–53]. Interestingly, mRNA expression of FGFR3 was slightly increased
(fold change = 1.5) compared with tumor-adjacent normal tissue in this sample. Nonethe-
less, previous reports have shown that this fusion event is not correlated with FGFR3
mRNA or protein overexpression in Sq-NSCLC [44], in contrast with glioblastomas [54].
Parker et al. [55] suggested that loss of the 3′ region of FGFR3 might abolish downreg-
ulation by miR-99a and lead to overexpression of the fusion gene. We also detected a
new somatic fusion event, a combination of TACC1 and FGFR1. Truncated TACC1 was
fused before the FGFR1 extracellular immunoglobulin-like domain (Ig). Because this fusion
did not cause truncation of FGFR1, its effect remains unknown. Additionally, FGFR1
amplification together with mRNA and protein overexpression were observed in this tu-
mor. Two pathogenic, missense variants of FGFR2 and FGFR3, c.870G>T (p.(Trp290Cys))
and c.746C>G (p.(Ser249Cys)), were also detected at a frequency of 5%, consistent with
previously published results [8,10,56–60]. Both variants are located in the FGFR protein ex-
tracellular domain (Ig III) and induce constitutive dimerization and receptor activation via
modest dimer stabilization in the absence of ligand [61]. Among variants of uncertain sig-
nificance (based on the ClinVar database), we identified the FGFR1 (c.899T>C, p.(Ile300Thr))
and FGFR2 (c.2419G>A, p.(Glu807Lys)) missense variants and one FGFR2 frameshift (1 bp
duplication) variant (c.2398dup, p.(Ser800PhefsTer22)). To our knowledge, this is the first
detection of these variants in Sq-NSCLC. The FGFR1 (c.899T>C) missense variant was pre-
viously reported in craniosynostosis by Wilkie et al. [62] and nonsyndromic trigonocephaly
by Kress et al. [63]. This variant results in amino acid substitution p.(Ile300Thr) located in
the extracellular domain (Ig III). However, based on in silico analysis (UniProt) available
via the VarSome database, it is unclear whether this variant causes a pathogenic or benign
effect on the protein. Clinical significance scoring (based on the American College of Medi-
cal Genetics (ACMG) guidelines for the interpretation of sequence variants [64]) showed
that it is likely a benign variant. The FGFR2 (c.2419G>A) variant results in an amino acid
substitution at the end of the cytoplasmic domain of FGFR2 (p.(Glu807Lys)), aside from the
kinase domain. Localization of this variant indicates a weak clinical relevance, confirmed
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by VarSome database scoring, suggesting a benign clinical significance. Until now, occur-
rence of this variant has been associated with Apert syndrome (acrocephalo-syndactyly
type 1) in the ClinVar database. No further information or publications are available. The
last detected variant of uncertain significance, FGFR2 (c.2398dup), results in a premature
translational stop codon in the FGFR2 gene (p.(Ser800Phefs*22)). CMG classification in
the VarSome database indicates a pathogenic clinical significance. Our results showed
slightly association with increased FGFR2 mRNA expression level, but without protein
overexpression what may arise from the issue that the frameshift is located at the end of
the cytoplasmic domain of the FGFR2 protein, next to the kinase domain, and results in
disruption of the last 23 amino acids of the FGFR2 protein. Therefore, its clinical relevance
may be weak. This variant was also detected in tumor-adjacent normal tissue, indicating
germline origin. It has not been reported previously in the literature (with the exception of
the ClinVar database where it was linked with craniosynostosis), which might be a result
of its low allelic frequency (~2.5%). We also report a new, single-nucleotide variant of
the FGFR2 gene (c.2211G>T), which causes a missense amino acid change p.(Met737Ile)
at the end of the kinase domain. ACMG classification in the VarSome database indi-
cates a likely pathogenic effect; there is no available information on its functional and
clinical significance.

Finally, presented results revealed FGFR overexpression, variants, and fusions consid-
ered as potential biomarkers of the response to FGFRi treatment. For instance, enhanced
FGFR1–3 mRNA expression levels represent promising FGFRi biomarkers since 5.6%
of patients treated with rogaratinib (NCT03762122) achieved partial response and 64%
had stable disease [65]. Interestingly, the FGFR3::TACC3 fusion is considered an FGFRi
predictive biomarker in gliomas (NCT02824133, NCT04424966) and cholangiocarcinoma
(NCT03773302) [66]. However, in Sq-NSCLC, few clinical studies, and a scarcity of available
data, mostly from individual Sq-NSCLC cases [9,67], indicate the need for further research
in this field. Clinical studies with AZD4547 (SWOG S1400D, NCT02965378, NCT00979134)
revealed Sq-NSCLC patients with FGFR3 p.(Ser249Cys) who achieved partial response
(1.5 months with ~32% tumor shrinkage) [9] or stable disease (2.6-month progression-free
survival and 12% tumor shrinkage) [10], while no significant benefit of AZD4547 [9] or
BGJ398 (NCT01004224) [8] was shown in two other patients (2–4% tumor size decrease).
Our results also identify FGFR1 and FGFR2 variants not previously described in Sq-NSCLC;
the predictive power of these variants for FGFRi treatment will require further investigation.

4. Materials and Methods
4.1. Patient and Tumor Selection

This study included patients with a lung cancer diagnosis (n = 63) (Sq-NSCLC (n = 56)
and adenosquamous carcinoma (n = 7)) who underwent a surgical procedure at the National
Institute of Tuberculosis and Lung Diseases and for whom cancer-tissue samples (formalin-
fixed, paraffin-embedded (FFPE)) were obtained during the intraoperative procedure
performed for diagnostic purposes. Tumor tissue samples, together with corresponding
tumor-adjacent normal tissue (taken from the surgical resection margin at least 5 cm from
the tumor), were snap-frozen in liquid nitrogen followed by storage at −80 ◦C until further
analysis (“fresh-frozen” tissue samples). Cryostat sections were stained with hematoxylin
and eosin and evaluated by a pathologist for cancer cell content, stromal cell contamination,
and necrosis. Only tumor samples from 46 patients containing greater than 50% cancer
cells and tumor-adjacent normal tissue samples without any cancer cells were selected.

Finally, the study group consisted of 40 cancer patients for whom a sufficient amount
of RNA was available. All tumors were uniformly reviewed and classified histologically
according to the World Health Organization guidelines [68]. Clinical stage was deter-
mined with the use of the TNM Classification of Malignant Tumors (8th edition) [69].
Clinicopathological characteristics are presented in Table 1.
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4.2. RNA Control Material for NGS

Two commercially available reference samples for fusion detection, positive control-
Seraseq®FFPE Tumor Fusion RNA Reference Material v2 (SeraCare, Milford, MA, USA)
and negative control-5 Fusion Multiplex RNA Negative Control (Horizon Discovery, Water-
beach, UK), were used. The Seraseq material contained 12 significant RNA fusions and two
oncogenic isoforms that could be detected with the Lung FusionPlex panel (Table S1). The
Horizon material was negative for five common gene fusions (EML4::ALK, CCDC6::RET,
SLC34A2::ROS1, TPM3::NTRK1, and ETV6::NTRK3).

4.3. RNA Extraction and cDNA Synthesis

Total RNA was extracted from fresh-frozen tissues with the use of RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. gDNA
Eliminator columns allowed for the elimination of genomic DNA while avoiding RNA
damage during DNase digestion. RNA quantity (260/280 ratio) was measured with the use
of a NanoDrop UV spectrophotometer (ThermoFisher, Waltham, MA, USA) and Quantus
fluorometer (Promega, Madison, WI, USA). Additionally, RNA quality was assessed by
RNA electrophoresis with the 2100 Bioanalyzer System (Agilent, Santa Clara, CA, USA). The
RNA integrity number ranged from 4.4 to 9.8 with a median value of 8.8. One microgram of
total RNA was transcribed to cDNA using the High-Capacity cDNA Reverse Transcription
Kit (ThermoFisher) with random primers according to the manufacturer’s instructions.

4.4. Real-Time Polymerase Chain Reactions (RT-PCR)

RT-PCR was run in triplicate using the TaqMan Universal PCR Master Mix with Am-
pErase™ Uracil N-Glycosylase (ThermoFisher) and approximately 10 ng of total RNA from
40 tumors and 20 corresponding tumor-adjacent normal tissue samples reverse transcribed
to cDNA. Quantitative RT-PCR was run on the 7500 Fast Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA) with the use of the FAM- and VIC-labeled TaqMan Gene
Expression Assays (ThermoFisher) for FGFR1 (Hs00241111_m1), FGFR2 (Hs01552918_m1),
FGFR3 (Hs00179829_m1), FGFR4 (Hs00242558_m1), POLR2A (Hs00172187_m1), and ACTB
(Hs99999903_m1). The RT-PCR results were averaged and FGFR1–4 gene expression lev-
els were normalized to the reference genes ACTB and POLR2A (Figure S5) [22]. Gene
expression was analyzed with the use of a relative quantification method. For the 20 pa-
tients with both tumor and corresponding tumor-adjacent normal tissue samples available,
data were expressed as a fold-change in expression between tumor and normal samples
(−2−∆∆Ct method).

4.5. Next-Generation Sequencing (NGS)

RNA from tumor tissue and tumor-adjacent normal tissue was sequenced and screened
for gene fusions, variants, and expression of 14 genes of interest (ALK, BRAF, EGFR, FGFR1–
3, KRAS, MET, NRG1, NTRK1–3, RET, and ROS1) using the FusionPlex Lung kit (Archer
Dx, Boulder, CO, USA). Briefly, RNA (68–250 ng) was transcribed to cDNA using random
priming. Next, cDNA quality was checked with the PreSeq RNA QC Assay (Archer
Dx). Only cDNA with PreSeq result CP < 28 was used for DNA library construction
according to the manufacturer’s instructions. Subsequently, concentration and quality of
obtained libraries were determined using the KAPA Universal Library Quantification Kit
(Roche Diagnostics, Basel, Switzerland). Next, libraries were normalized, multiplexed, and
sequenced using the MiSeq Reagent Kit, v3 (600 cycles) (Illumina, San Diego, CA, USA) on
the MiSeq platform. Samples were sequenced in four runs with average quality parameters:
QC30 of 85.4% and cluster density of 1324 k/mm2. The Illumina MiSeq sequencer generated
paired-end sequence reads with an average of 1.15 million (range: 0.38–3.5) reads per
sample (detailed sample statistics are shown in Table S2). NGS results were analyzed
in Archer Analysis software v6.2 (Archer Dx), which aligns sequencing data against the
human genome (version hg19) with the use of BWA (Burrows-Wheeler Alignment Tool) and
Bowtie 2 (an ultrafast, memory-efficient short read aligner) for mapping. For the quality
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check (QC metric), four control genes (CHMP2A (charged multivesicular body protein 2A),
GPI (glucose-6-phosphate isomerase), RAB7A (RAB7A, member RAS oncogene family),
and VCP (valosin containing protein)) served as reliable indicators of overall RNA quality
and content in the sample. A QC metric of at least 10 was required to support the targets of
the assay. The median QC metric of analyzed samples was 503.88 (range: 242.5–607.4).

Gene fusions were called with the following detection limits: total number of sup-
portive reads spanning the fusion junction ≥ 5; number of unique start sites for the fusion
sequence specific primer ≥ 3; and percent of supporting reads at breakpoint supporting
fusion ≥ 10%. Analysis of a control sample (described below) revealed that the percent of
reads at breakpoint supporting fusion could be lowered to 3.6%. Results of the fusion anno-
tation were split into two categories: “strong confidence” fusion and oncogenic isoform
candidates and “low confidence” fusion candidates.

Gene variants were called and listed when the altered allele frequency was ≥5%,
altered allele count was ≥10%, and read depth was ≥100 reads. Additionally, detected
variants with an allele frequency above 2% with a minimum sequencing depth of ≥100
reads and a minimum variant depth of 10% were kept and listed if they were found in
ClinVar or COSMIC databases, or had a deleterious impact on the protein. All detected
variants were reviewed manually with the use of Archer Analysis software.

The relative gene expression level was assessed based on the ratio of averaged unique
RNA reads originating from all GSP2 primers across the targeted and housekeeping genes
(CHMP2A, GPI, RAB7A, and VCP) with Archer Analysis software.

4.6. Immunohistochemistry (IHC)

FGFR1, FGFR2, and FGFR3 protein expression levels were determined in 18 tumors
(FFPE tissue samples). Immunohistochemistry (IHC) was performed according to the
manufacturer’s instructions. Slides were stained with the Dako Omnis immunostainer and
Dako EnVision Flex + reagents (Dako Omnis, Dako Agilent Technologies, Leuven, Belgium).
Tissues were incubated with the following primary antibodies: anti-FGFR1 (clone D8E4,
Cell Signaling Technology, Danvers, MA, USA), anti-FGFR2 (ab10647, Abcam, Cambridge,
UK), and anti-FGFR3 (clone B-9; Santa Cruz Biotechnology, Santa Cruz, CA, USA) as
previously described [70–72]. The IHC slides were counterstained with hematoxylin and
coverslips were applied. Staining intensity was categorized based on a four-level scale:
negative (0), weak (1), moderate (2), and strong (3). Overexpression was defined as fol-
lows: FGFR1—moderate (2) or strong (3) intensity membrane and/or cytoplasmic staining
in ≥ 10% tumor cancer cells previously described by Theelen et al. [44]; FGFR2—moderate
(2) or strong (3) complete membrane staining intensity in ≥ 10% tumor cancer cells evalu-
ated according to the HercepTest scoring guideline [73]; FGFR3—at least weak but extensive
positivity (2) or strong positivity (regardless of extent) (3), as previously described by Tom-
linson et al. [74]. Continuous variables were used according to the following formula:
H-score = 0 x (% cells with no staining [0]) + 1 x (% cells staining faint, weakly [1+]) + 2 x
(% cells staining moderately [2+]) + 3 x (% cells staining strongly [3+]).

4.7. Fluorescence In Situ Hybridization (FISH)

FGFR1 gene amplification using FISH was determined in 18 FFPE tumor samples
using in a ZytoLight SPEC FGFR1/CEN 8 Dual Color Probe (containing probes specific
for the 8p11 locus and the chromosome 8 centromere (CEN8)) (ZytoVision, Bremerhaven,
Germany) and ZytoLight FISH-Tissue Implementation Kit (ZytoVision) according to the
manufacturer’s instructions. Briefly, after pre-treatment, the slides were denatured in the
presence of 10 µL of probe for 10 min at 76 ◦C and hybridized at 37 ◦C overnight. Sixty
tumor cell nuclei were assessed by two independent observers. The criteria of FGFR1
amplification were as follows: FGFR1/CEN8 ≥ 2.0 or the average number of FGFR1 signals
per cell ≥6 or ≥10% of tumor cells containing ≥ 15 FGFR1 signals or large clusters [75].
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4.8. Statistical Analysis

Comparison of the FGFR1, FGFR2, FGFR3, and FGFR4 gene expression between
tumor and tumor-adjacent tissues was performed with the Mann–Whitney U test. Associa-
tions between FGFR1, FGFR2, FGFR3, and FGFR4 gene expression and clinicopathologi-
cal data (Table 1), FGFR1–3 protein expression, and FGFR1 amplification were analyzed
with the Kruskal–Wallis test. To estimate the association between FGFR mRNA expres-
sion level and clinical endpoint (DFS), univariate Cox proportional hazards model, the
Kaplan–Meier method and log-rank test were used. Statistical calculation of correlation and
strength of the relationship between mRNA expression levels from RT-PCR and NGS and
FGFR protein expression were performed using Spearman’s rank correlation coefficient.
mRNA expression was analyzed as a continuous variable and as a categorical variable for
Kaplan–Meier analysis (the median value of expression for the entire group was used as a
cut-off point).

A p-value < 0.05 was considered significant. All calculations were performed using
Statistica software (StatSoft, Tulsa, OK, USA).

5. Conclusions

FGFR1 and FGFR4 mRNA levels are significantly decreased in Sq-NSCLC tissue
compared with tumor-adjacent normal tissue. Furthermore, our study shows that the
increased tumor mRNA expression of FGFR3 is an unfavorable prognostic factor in terms
of the risk of recurrence for Sq-NSCLC patients and the increased FGFR4 mRNA level
is correlated with lymph node metastasis occurrence. We also confirm the association of
increased FGFR1 mRNA with protein overexpression but not with FGFR1 amplification.
Moreover, NGS revealed new and well-known FGFR variants and fusions.

FGFR mRNA and protein expression analysis in tumor and tumor-adjacent normal tis-
sues, along with the identification of fusions and variants and investigation of amplification
status, have increased our knowledge of the molecular background of Sq-NSCLC. Our data
also show that the use of different methods increases the detection of FGFR aberrations,
which may aid in the selection of patients most likely to respond to treatment with FGFRis.
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