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Fibroblast growth factors (FGFs) are a large family of protein ligands that exert a wide range
of biological effects in many organs/tissues by activating receptors (FGFRs) of the tyrosine kinase
superfamily [1,2]. They are crucial for embryonic development as well as for tissue maintenance and
repair in the adult organism [3]. Based on these physiological functions it is not surprising that FGFR
signaling is dysregulated in practically every malignancy that has been analyzed in this context [4].
The FGFR activation is common in different tumor types, but only <10% of all tumors sequenced carry
FGFR aberrations, such as gene amplifications, mutations and rearrangements [5]. Most commonly
affected (up to 32%) are specific tumor types such as urothelial, breast, endometrial and squamous cell
lung cancer. The more frequent mechanism is the upregulation of FGFs to establish autocrine and
paracrine loops [6–8]. This adds an additional layer of complexity, because the secreted factors also
affect cells of the microenvironment while FGFs produced in the microenvironment may stimulate the
cancer cells [9].

Efforts to target FGF signaling in tumors have been going on for about a decade and
produced several mostly multi-target compounds that inhibit vascular endothelial growth factor
and platelet-derived growth factor in addition to FGFRs. Several such inhibitors are already in clinical
trials or used as cancer drugs [10,11]. With regard to the FGFR family, FGFRs1-3 are so closely related
that small molecule inhibitors usually affect all 3 in a similar way. Only for FGFR4 with its distinctly
different kinase domain, a specific inhibitor has been developed [10,12].

There is still much we do not know: the intricate signaling network underlying the impact of
FGFs on the growth, survival and invasiveness of cancer cells and the interaction of FGF-signaling
with healthy cells in a paracrine manner driving angiogenesis and metastasis need to be further
elucidated to define therapeutic targets and predictive markers for cancer therapy. Since 2017 several
excellent articles about general FGFR targeting in cancer have been published, e.g., [10,13]. However,
a translational perspective of targeting FGFR signaling for specific cancer subtypes was currently
the main topic of only a limited number of review articles, e.g., for squamous cell lung cancer [14],
breast cancer [15], endometrial cancer [16], pancreatic cancer [17], prostate cancer [18], and focusing on
FGFR4 signaling in hepatocarcinogenesis [19].

This Special Issue of Cells undertakes to cover translational research on FGFR signaling from
basic science to clinical studies with strong emphasis on the improvement of knowledge for clinical
application. Our call for this special issue entitled “Fibroblast Growth Factor Receptor (FGFR) Signaling
Pathway in Tumor” resulted in a total of 15 published articles, including seven reviews.

This specific collection of seven review articles delineate expression and targeting options extending
the current knowledge about the aforementioned cancer subtypes for glioblastoma [20], gastric
cancer [21] and skin cancer [22] and provides updates about hepatocellular carcinoma and targeting
FGFR4 signaling [23,24]. It includes structural information about FGFRs important for development
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of small molecule inhibitors [25] and offers information about the regulation of FGFRs especially by
plasma membrane-embedded partner proteins that may act as coreceptors [26]. In hepatocellular
carcinomas [23], but also in some other malignancies [24], upregulation of FGFR4 is coupled to
secretion of FGF19 to form an autocrine loop and offers a promising therapeutic target— especially
as FGFR4-specific targeting compounds have been developed and are already in clinical trials [24].
Dai et al. give a comprehensive overview of the development of FGFR inhibitors and their specificities
in relation to their interaction with the FGFR kinase domains [25]. Czys reports in her review on
melanomas that alterations in FGF-signaling are not driving the malignant process, but they do increase
with tumor progression and contribute to more aggressive phenotypes and therapy resistance [22].
Consequently, targeting FGFRs is suggested for combination therapy [22]. Similar observations have
been reported for other malignancies, such as colon cancer [27,28], mesothelioma [29], and lung
cancer [30].

Of the reports on original data, two articles by Nanni et al. and Csanaky et al. contribute results on
FGFR-dependent signaling and its biological impact on autophagy and differentiation in non-malignant
in vitro cell models [31,32]. FGFR variant expression and subcellular localization are essential for
the observed biological effects that could impact carcinogenesis. For example, the expression of
mesenchymal FGFR variants, such as the IIIc alternative splicing variant in epithelial tumor cells,
may increase FGFR signaling via paracrine FGF ligand effects [33]. Szybowska et al. analyzed the
impact of FGFR2 mutations on downstream signaling and feed-back loops [34]. Santolla et al. address
the issue of tumor cell–microenvironment cross-talk, as they report on interaction with the G-protein
estrogen receptor upregulating FGF2 in cancer associated fibroblasts that in turn impacts on the FGFR1
expressing breast cancer cells [35].

More tumor type-specific aspects are taken up in four research articles. Celik-Selvi et al. studied
members of the Sprouty protein family that are well-known to inhibit FGFR signaling but some show a
tumor-promoting function in brain cancer [36]. Vlacic et al. report about the expression of FGFRs and
their prognostic significance in a very rare malignancy—malignant pleural mesothelioma [37]—and
Jomrich et al. have analyzed FGFs as prognostic markers in adenocarcinomas of the esophageal–gastric
junction [38]. Sarcomas exhibit predominant FGFR1 expression that can be specifically blocked in vitro
in human and canine cell models [39]. FGFR expression profiles and blocking capacity were identical
and support future comparative research in both species. In this Special Issue, a preclinical study
in vivo by Hanes et al. identified amplified FRS2 as the determinant of response to FGFR-inhibitors
in high-grade metastatic dedifferentiated liposarcoma, thus paving the way for clinical trials with
a pan-FGFR inhibitor that may be more potent to block FGFR signaling in this specific sarcoma
subtype [40].

In conclusion, the data presented in this Special Issue extends our knowledge on targeting
FGFR signaling for cancer therapy to new compounds/strategies and to new tumor types. They also
demonstrate the need for further translational research to decipher the complex role of FGFR signaling
for improved targeting in different cancer subtypes.
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Abstract: Even though distinctive advances in the field of esophageal cancer therapy have occurred
over the last few years, patients’ survival rates remain poor. FGF8, FGF18, and FGFR4 have been
identified as promising biomarkers in a number of cancers; however no data exist on expression of
FGF8, FGF18, and FGFR4 in adenocarcinomas of the esophago-gastric junction (AEG). A preliminary
analysis of the Cancer Genome Atlas (TCGA) database on FGF8, FGF18, and FGFR4 mRNA expression
data of patients with AEG was performed. Furthermore, protein levels of FGF8, FGF18, and FGFR4
in diagnostic biopsies and post-operative specimens in neoadjuvantly treated and primarily resected
patients using immunohistochemistry were investigated. A total of 242 patients was analyzed in this
study: 87 patients were investigated in the TCGA data set analysis and 155 patients in the analysis of
protein expression using immunohistochemistry. High protein levels of FGF8, FGF18, and FGFR4
were detected in 94 (60.7%), 49 (31.6%) and 84 (54.2%) patients, respectively. Multivariable Cox
proportional hazard regression models revealed that high expression of FGF8 was an independent
prognostic factor for diminished overall survival for all patients and for neoadjuvantly treated
patients. By contrast, FGF18 overexpression was significantly associated with longer survival rates in
neoadjuvantly treated patients. In addition, FGF8 protein level correlated with Mandard regression
due to neoadjuvant therapy, indicating potential as a predictive marker. In summary, FGF8 and
FGF18 are promising candidates for prognostic factors in adenocarcinomas of the esophago-gastric
junction and new potential targets for new anti-cancer therapies.

Keywords: FGF8; FGF18; FGFR4; adenocarcinoma of the esophagogastric junction; neoadjuvant therapy

1. Introduction

Esophageal Cancer (EC) is the eighth most common cancer worldwide. Whereas the number of
esophageal squamous cell carcinomas (ESCC) is decreasing, the number of adenocarcinomas of the
esophago-gastric junction (AEG) is increasing dramatically [1]. Despite improvements in diagnostics
and the use of multimodal approaches, combining surgical resection with perioperative chemo-(radio)
therapy, overall prognosis of AEG remains poor [2,3]. Survival rates vary considerably among patients
with AEG, and an appreciable proportion of patients with advanced stages develop recurrence, even
after initially curative resection [4,5]. Therapy response is often limited due to a number of inherent
mechanisms of resistance [6]. This problem is aggravated by the heterogeneity in malignant tumors,
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containing a small subpopulation of cancer stem-like cells (CSC), characterized by a long lifespan and
enhanced survival capacity that supports drug resistance [7,8]. Stem cell characteristics of CSCs are
governed by the activity of distinct stem cell specific regulatory pathways leading to cancer relapse
as well as chemo- and radio-resistance [9]. The role of CD133- and CD44-positive subpopulation
in EC has been described recently [10–12] and the wnt-, notch-, hedgehog-, and hippo-pathways
have been identified as stem cell specific targets driving therapy resistance and relapse [10–13].
Both CSC-specific signaling pathways and the survival capacity of a larger tumor cell pool might
influence the therapy response.

Specifically, FGFs have found their way into anti-cancer therapy as targets to overcome resistance
to chemotherapy in a number of different malignancies [14]. FGFs play a major physiological role in
embryonic development and tissue repair by mediating strong survival signals via activation of the
direct receptor substrate FRS2α, and the RAS- and PI3K-pathways [15–17]. In cancers the pathway
might be deregulated by manifold-mechanisms causing either hyperactivation or even constitutively
active FGFR-dependent survival signaling [14]. Both expression of specific receptors and up-regulation
of autocrine FGF ligands have been found to be associated with resistance to chemo-(radiation) as well
as to targeted therapy [18–22]. Previously, our group has studied a CD44-positive stem-like population
in colorectal cancer (CRC) and identified a wnt-driven FGF18-dependent autocrine-signaling loop as a
strong driver of tumor cell survival [8,23]. Furthermore, we demonstrated a progressive up regulation
of FGF18 in CRC [24]. The growth factor induces autocrine survival signaling via the FGF receptor
FGFR3-IIIc and blocking of this receptor inhibits tumor growth by inducing apoptosis [25]. Alternatively,
FGF18 effects may be mediated by FGFR4, a receptor for which a polymorphic variant exists that causes
substitution of an arginine for a glycine at position 388 in the transmembrane domain [26–28]. FGF8
is known to play an important role in embryonic development [29,30]. In tumors, overexpression of
FGF8 is associated with diminished survival based on stimulating anti-apoptotic pathways mediated
by the IIIc splice variants of FGFR1, 2, 3 as well as FGFR4 [28,31,32]. Recently, we could show that
the expression of FGF8 was strongly associated with the regression grade in neoadjuvantly treated
colorectal cancer patients [33].

Until now, little has been known about the role of FGFs and their receptors in AEG, in particular
to the best of our knowledge no data was published describing the expression of FGF 8, 18, and FGFR4
in AEG. Therefore, the aim of this study is to investigate the role of FGF 8, 18, and FGFR4 in AEG in
order to define predictive markers and possibly identify suitable new targets for multimodal therapies.

2. Materials and Methods

2.1. Preliminary TCGA (The Cancer Genome Atlas) Analysis

Data (HTSeq counts) for AEG were downloaded from the TCGA-ESCA project, preprocessed, and
normalized using the TCGABiolinks package of R [34]. Optimal cutoff values for gene expression were
determined by maximizing the log-rank statistics using the survminer package of R [35]. Differentially
expressed genes where determined using TCGABiolinks, employing the edgeR algorithm with exact
testing [36]. Gene expression of relevant KEGG pathways was visualized using pathview [37,38].

2.2. Patient Selection

Patients who underwent a resection of gastroesophageal adenocarcinomas between January
1992 and April 2012 at the Department of Surgery at the Medical University Vienna were identified
from a prospectively maintained database. Patients with distant metastasis at time of diagnosis were
excluded. The study was approved by the Ethics Committee of the Medical University of Vienna,
Austria, according to the declaration of Helsinki (EK 1652/2016). Patients with locally advanced AEG
received neoadjuvant chemotherapy according to the recommendation of the interdisciplinary tumor
board meeting. Regression grade to neoadjuvant chemotherapy was classified as defined by Mandard
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A.M. et al. [39]. The tumor stage was conducted according to the pathological tumor-node-metastasis
(TNM) classification of the Union for International Cancer Control (UICC), 7th edition.

2.3. Immunohistochemistry

Immunohistochemistry (IHC) was performed on paraffin-embedded specimens fixed in 4%
buffered formalin, using 3-μm-thick histological sections. Furthermore, per case two tissue cylinders
with a 2.0 millimeter diameter were punched from representative tissue areas to build a tissue micro
array (TMA), as described previously [40]. Expression of FGF8, FGF18, and FGFR4 was detected by
using polyclonal rabbit antibodies as follows: FGF8 antibody (Abcam, Cambridge, UK, ab203030) in a
dilution of 1:600, FGF18 antibody (Assay Biotech, Fremont, CA, USA, C12364) in a dilution of 1:500, and
FGFR4 antibody (Santa Cruz Biotechnology, Dallas, TX, USA, sc-124) in a dilution of 1:400, respectively.
Secondary antibody was biotinylated and coupled to an avidin-biotin-HRP complex (Thermo Scientific™
Lab Vision™ UltraVision™ LP, Waltham, MA, USA). 3,30-diaminobenzidine (DAB; Chromogen) was
used to visualize the staining and counterstaining was achieved with hematoxylin. Antibodies
used in this study were optimized for gastroesophageal adenocarcinomas on colorectal cancer tissue
with known expression from previously published studies [33,41]. Two observers (J.G. and H.F.)
independently reviewed all slides. For the quantitative evaluation of expression, only epithelial cells
were investigated. Immunostaining scores (0–12) of FGF8, FGF18, and FGFR4 were calculated as the
products of the staining intensity (0 = negative, 1 = weak, 2 =moderate or 3 = strong expression) and
points (0–4) were given for the percentages of tumor cells showing positive staining 0 (<1%), 1 (1–10%),
2 (10–50%), 3 (51–80%), and 4 (>80%). Tumors were considered to have high expression with final
scores exceeding the median score. Tumors showing expression equal or below the median were
considered as being low or absent.

2.4. Statistical Analysis

Statistical analysis was performed using the R Statistical Software, Vienna, Austria (Version 3.6)
with the “survival” package [42,43]. Univariable and multivariable analyses were conducted using
the Cox proportional hazard model. The graphical analysis was performed using the Kaplan-Meier
estimator. Plotting was performed using the “survminer” package [35]. The significance of differences
in survival times were determined with a log-rank test. Correlations between clinicopathological
parameters and FGF8, FGF18, and FGFR4 expression levels were analyzed with the x2 test. In order to
measure statistical dependence between FGF 8 and FGF 18 the non-parametric Kendall’s rank correlation
was used.

Overall survival (OS) was defined as the time between surgery and the patients’ death. Death
from causes other than AEG or survival until the end of the observation was considered as
censored observations.

3. Results

3.1. Preliminary TCGA (The Cancer Genome Atlas) Analysis

While investigating mRNA expression data of patients with AEG (n = 87) available from the
TCGA data base, overexpression of FGF8, FGF18, and FGFR4 was found in 64, 43, 12 cases, respectively.
No significant correlation of overexpression of FGF8, FGF18, and FGFR4 and clinicopathological
parameters (tumor stage, lymph node status and age) was found. Survival analysis using Kaplan-Meier
curves for visualization, found significantly better OS rates for patients with FGF18 overexpressing
tumors (p = 0.017). No significance could be found for FGF8 and FGFR4 (Figure 1a–c).
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Figure 1. Kaplan-Meier curves of overall survival of patients with adenocarcinomas of the esophago-gastric
junction. (a–c) Patients from TCGA data set analysis: high FGF8, FGF18, and FGFR4 expression compared
with those with low/absent FGF8, FGF18, and FGFR4 expression. (d–f) Patients from the immunohistological
analysis: high FGF8, FGF18, and FGFR4 expression compared with those with low/absent FGF8, FGF18,
and FGFR4 expression.

3.2. Immunohistochemical Analysis of Tumor Tissue Samples

A total of 155 patients (124 males, 80%) with histologically verified AEG were investigated for
this study. From 10 patients full section slides were investigated to confirm staining quality for all
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antibodies used in this study. Tissue specimens of the tumors were stained for FGF8, FGF18, FGFR4,
cytokeratin 7 (CK7) and the proliferation marker Ki67 (Figure 2). For all 3 markers staining was
predominantly seen in the cytoplasm of tumor cells. Weaker staining was also observed in the tumor
stroma. For quantification, only tumor cell staining was assessed. High expression of FGF8, FGF18,
and FGFR4 was found in 94 (60.7%), 49 (31.6%) and 84 (54.2%), respectively (Figure 3a–c) as compared
to low expressing areas (Figure 3d–f). Each marker had a distinct expression pattern with no correlation
between individual markers. Correlation of clinicopathological parameters and expression of FGF8,
FGF18, and FGFR4 in the tumor tissue revealed significant correlations of the FGF8 protein level with
tumor size ((y)pT), UICC stage, and Mandard regression grade (Table 1). FGFR4 protein level only
correlates with gender and for FGF18 no relationship with any clinical parameter could be observed
(compiled in Table 1).

Figure 2. Specimen of adenocarcinomas of the esophago-gastric junction stained for (a) FGF8,
(b) FGF18 and (c) FGFR4. Positive staining was found in the tumor cells and to a lesser degree in the
microenvironment. FGF8 and FGFR4 expression were primarily found in the nucleus, while FGF18
expression was mainly found in the cytoplasm. For quantitative evaluation, only epithelial cells were
investigated. Corresponding sections stained by CK7 (d), Ki67 (e), and negative control (f). (The bar
corresponds to 50 μm.) Original magnification ×400 all).

Figure 3. Representative high (a–c) and low (d–f) expressing tumor section of FGF8 (a and d), FGF18
(b and e), and FGFR4 (c and f).
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69 (44.5%) patients received neoadjuvant treatment. Median time of OS was 23 months (range
0.3–236.0 months) and 134 patients died during the time of observation. The rate of 3- and 5-year OS
was 38.7% and 29.7%, respectively. However, Kaplan-Meier analysis shows a significant correlation
between high FGF8 expression (p = 0.006) and reduced patients’ OS, high FGF18 expression (p = 0.026)
was significantly associated with longer patients’ OS. No significance was found for FGFR4 expression
and patients’ survival (Figure 1d–f).

Univariable Cox proportional hazard regression revealed that high expression of FGF8 (HR 0.61,
95% CI 0.43-0.87, p = 0.006), advanced tumor stage (HR 2.74, 95% CI 1.37–5.50, p = 0.005), poor tumor
differentiation (HR 0.57, 95% CI 0.39–0.83, p = 0.003), high lymph node ratio (HR 1.93, 95% CI 1.35–2.77,
p < 0.001), positive resection margin (HR 2.06, 95% CI 1.36–3.10, p < 0.001), and receiving adjuvant
treatment (HR 1.55, 95% CI 1.10–2.18, p = 0.013) were significantly associated with impaired patients
OS, whereas high expression of FGF18 (HR 0.6, 95% CI 0.45-0.95, p = 0.027), negative lymph node status
(HR 0.23, 95% CI 0.14–0.39, p < 0.001), and low UICC staging (HR 0.34, 95% CI 0.19–0.63, p < 0.001),
were significantly associated with improved OS (Table 2). Univariable subgroup analysis revealed
significant correlation for tumor size, lymph node status and UICC stage, and OS in both neoadjuvantly
treated and primarily resected patients. Tumor differentiation and resection margin were found to be
significantly associated with OS only in neoadjuvantly treated patients and lymph node ratio only in
primarily resected patients (Table 2). Further results of univariable subgroup analysis of neoadjuvantly
treated and primarily resected patients can be found in Table 2 as well.

For multivariable Cox proportional hazard regression analysis separate models for FGF8,
FGF18, and FGFR4 were used. Besides FGF8, FGF18, and FGFR4 the factors age, gender, tumor
differentiation, UICC stage, lymph node ratio, adjuvant treatment, and Mandard regression grade
(in neoadjuvantly treated patients only) were included. In multivariable analysis, high FGF8 (HR 0.68,
95% CI 0.46–0.99, p = 0.04) was identified as the only independent predictor for shorter OS. Subgroup
analysis of neoadjuvantly treated and primarily resected patients revealed that high FGF8 (HR 0.43,
95% CI 0.22–0.82, p = 0.011) and FGF18 (HR 0.44, 95% CI 0.22–0.86, p = 0.017) in neoadjuvantly treated
but not in primarily resected patients remained as independent predictors for OS (Table 3).

4. Discussion

Despite significant improvements in diagnosis, surgical techniques and multimodal perioperative
therapies over the last few years, survival rates of patients suffering from adenocarcinoma of the
esophago-gastric junction remain poor. To investigate and understand the pathophysiological
mechanisms of tumorigenesis in these cancers might be the key to better therapies and therefore to
improved survival rates.

In this study, we show the utility of FGF8 and FGF18 as independent prognostic markers in AEG
for the first time.

FGF and FGFR as targets have recently found their way into anti-cancer therapy, especially to
overcome chemo- and radio-resistance [14]. Recently, our group investigated the role of FGF8, FGF18,
and FGFR4 in colo-(rectal) and hepatocellular cancer [23,24,31,41,44]. However, data of FGF and FGFR
expression in adenocarcinomas of the esophago-gastric junction were limited until now. Therefore,
a TCGA analysis and immunohistochemistry, including tumor tissue from patients before and after
neoadjuvant treatment, was performed to investigate the prognostic role of expression of FGF8, FGF18,
and FGFR4 in adenocarcinomas of the esophago-gastric junction.
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The analysis revealed significantly shorter OS when tumors were highly abundant in FGF8 in
the cohort of all patients (p = 0.04) and the subgroup of neoadjuvantly treated patients (p = 0.011).
This goes in good accordance with published data: overexpression of androgen related FGF8 is known
to play a crucial role in prostate and colorectal cancer. Furthermore, Harpain et al. recently found
that FGF8 induced therapy resistance in neoadjuvantly treated rectal cancer patients [33,45]. In this
study FGF8 expression was found to correlate with Mandard regression grade, suggesting a role of
the growth factor in therapy response. Investigating this correlation in a larger cohort would be of
high interest.

With regard to FGF18, our observations in AEG contradict older reports: our previously published
findings on FGF18 expression demonstrated increased tumor cell survival and migration caused by
FGF18 expression in colorectal cancer [25]. In gastric cancer cell lines, Zhang et al. published data of
poor survival when tumors were high in FGF18 and related it this to ERK-MAPK signaling [23,24,46].
In contrast to these results, our data show a significantly improved OS in neoadjuvantly treated
patients with adenocarcinomas of the esophago-gastric junction when the tumors are high in FGF18.
Analysis of the TCGA data set of AEG patients showed similar results, supporting the conclusion that
FGF18 is a positive prognostic factor. Previously, we published data on ETV1 and MK2 expression in
adenocarcinomas of the esophago-gastric junction, showing that nuclear overexpression of ETV1 was
associated with significantly better patients OS [40]. A potential explanation for the protective role of
ETV1 and FGF18 overexpression might be found in the ERK-MAPK signaling pathway as mentioned
above. However, our findings remain controversial and need further investigation.

Among all the samples tested, overexpression of FGF8 and FGF18 was found in 31 (20%) cases.
However, analysis of a potential correlation between FGF8 and FGF18 overexpression in tumor tissue
found no significant correlation between these two markers (Kendall’s rank correlation).

Interestingly, no significant correlation between the overexpression of FGFR4 and OS was found in
our analysis. Based on our previously published data on the prognostic role of FGFR4 in colorectal cancer
and data on FGFR4 expression on esophageal squamous cell carcinoma, one would anticipate finding
alike results in patients with adenocarcinomas of the esophago-gastric junction [41,44,47]. However,
our findings are supported by our TCGA analysis of FGFR4 expression in patients with adenocarcinomas
of the esophago-gastric junction, showing no significant correlation between expression and OS.

Even though the results of this study demonstrate that FGF8 and FGF18 are independent
prognostic factors in patients with adenocarcinomas of the esophago-gastric junction, our study has
certain limitations: one is the potential selection bias which was inevitably associated with only
partial availability of tumor tissue, especially diagnostic biopsies before neoadjuvantly treated patients.
Another limitation might be the retrospective nature of this single center research study. This is balanced
by the fact that patient recruitment is ongoing and the patient database is maintained prospectively.
Regarding the scoring method used in this study, one potential weak point has to be mentioned.
Until now, no data exists on the expression of FGF8, FGF18, and FGFR4 on adenocarcinomas of the
esophago-gastric junction investigated by immunohistochemistry and no signifier scoring method is
available. Therefore, based on recently published recommendations for IHC scoring, conventional
visual scoring based on our previously gained experiences using these antibodies on CRC tissue was
used as appropriate [48–50]. However, further investigations on the expression of FGF8, FGF18, and
FGFR4, using other methods including digital image analysis are urgently needed.

5. Conclusions

In conclusion, this is the first study that investigated the prognostic role of FGF8 and FGF18
including a subgroup analysis of neoadjuvantly treated and primarily resected patients using a
preliminary TCGA analysis and immunohistochemistry demonstrating FGF8 and FGF18 as independent
prognostic factors in resectable AEG. Furthermore, this is the first study comparing the expression of
FGF8, FGF18, and FGFR4 in tumor tissue available before and after neoadjuvant treatment. However,
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due to the unexpected results of FGF18 overexpression and its protective nature, further investigations
evaluating FGF8 and FGF18 as potential therapeutic targets are urgently needed.
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Abstract: Malignant pleural mesothelioma (MPM) is a devastating malignancy with limited
therapeutic options. Fibroblast growth factor receptors (FGFR) and their ligands were shown
to contribute to MPM aggressiveness and it was suggested that subgroups of MPM patients could
benefit from FGFR-targeted inhibitors. In the current investigation, we determined the expression of
all four FGFRs (FGFR1–FGFR4) by immunohistochemistry in tissue samples from 94 MPM patients.
From 13 of these patients, we were able to establish stable cell lines, which were subjected to
FGFR1–4 staining, transcript analysis by quantitative RT-PCR, and treatment with the FGFR inhibitor
infigratinib. While FGFR1 and FGFR2 were widely expressed in MPM tissue and cell lines, FGFR3
and FGFR4 showed more restricted expression. FGFR1 and FGFR2 showed no correlation with
clinicopathologic data or patient survival, but presence of FGFR3 in 42% and of FGFR4 in 7% of
patients correlated with shorter overall survival. Immunostaining in cell lines was more homogenous
than in the corresponding tissue samples. Neither transcript nor protein expression of FGFR1–4
correlated with response to infigratinib treatment in MPM cell lines. We conclude that FGFR3 and
FGFR4, but not FGFR1 or FGFR2, have prognostic significance in MPM and that FGFR expression is
not sufficient to predict FGFR inhibitor response in MPM cell lines.

Keywords: malignant pleural mesothelioma; FGFR; overall survival; immunohistochemistry;
infigratinib sensitivity
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1. Introduction

Malignant pleural mesothelioma (MPM) is a devastating malignancy arising from mesothelial cells
lining the chest cavity. Asbestos is the main causative agent for MPM but the latency period between
exposure and MPM manifestation can be more than 40 years [1]. While strict regulations on the use of
asbestos have been implemented in many countries, there is still widespread use and mining of asbestos
in parts of the world leading to an ongoing rise in global incidence [2]. MPM is highly refractory to
conventional therapies and the prognosis is generally poor with a median overall survival of little
more than one year. Chemotherapy with cisplatin and pemetrexed yields a modest survival benefit,
which can be slightly improved only in selected patients by addition of bevacizumab and combination
with surgery and/or radiotherapy as additional treatment modalities [3]. Despite multiple clinical
studies investigating targeted therapies in MPM, no effective new treatments have been identified
in this area, while immunotherapy seems to be moderately effective in a subgroup of patients [3,4].
Genomic analysis of MPM has identified recurrent mutations and structural aberrations mostly in
tumor suppressor genes including BAP1, NF2, TP53, SETD2, and CDKN2A, which are difficult
to target directly [5,6]. However, there is also compelling evidence for hyperactivation of growth-
and survival-promoting signals in several pathways including the Hippo [7,8], phosphatidylinositol
3-kinase (PI3K) [9], and fibroblast growth factor receptor (FGFR) [10,11] signaling axes, that could
provide more ‘druggable’ targets. Others and we have previously reported the overexpression of
FGFR1 and several FGFs in MPM cell models and tissue specimens [10–12]. Moreover, we have
described the growth-promoting and EMT-inducing capabilities of FGF2 in MPM cells, identified
the miR-16 family members as regulators of FGFR1 and FGFR4 [13] and characterized in preclinical
models the potential benefit of combining FGFR inhibition with chemotherapy or radiation [11,14].
Recently, a link between FGFR inhibitor sensitivity, FGF9/18 mediated FGFR3 activation, and loss of
BAP1 was established [15]. Nevertheless, a comparative analysis of the expression of all four FGFRs in
MPM tissues has not been performed so far.

In the current investigation, we therefore focus on expression of the four existing FGFRs (FGFR1–4)
in MPM tissue and corresponding patient-derived cell lines as well as their relationship to MPM
prognosis and potential prediction of response to FGFR kinase inhibition.

2. Materials and Methods

2.1. Clinical Samples

Patients: 94 MPM patients were included in the study and full clinical follow_up data was
available in 81 patients, 41 from Austria (Medical University of Vienna, Vienna, Austria) and 40 from
Slovenia (University Clinic for Respiratory and Allergic Diseases Golnik, Golnik, Slovenia). All patients
were referred for diagnosis and treatment to one of the two institutions between 2006 and 2015. MPM
diagnosis was histologically confirmed during routine clinical work-up in all patients. Patients were
staged clinically and pathologically according to the IMIG staging system [16]. Details on patients’
characteristics and treatment modalities are depicted in Table 1.
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Table 1. Patient characteristics

All Patients n %

Age <60 22 27

≥60 59 73

Sex
female 22 27

male 59 73

Histology non-epithelioid 22 27

epithelioid 59 73

Stage early 28 35

late 53 65

Treatment overview

BSC 15 19

CHT 33 41

CHT + RT 3 4

CHT + S 11 14

TMT 19 23

BSC: best supportive care; CHT: chemotherapy; RT: radiotherapy; S: surgery; TMT: trimodality therapy.

Tumor samples: All tumor samples were obtained during diagnostic procedures or at the time
of surgery (macroscopic complete resection). Histological specimens were fixed in formalin and
embedded in paraffin (FFPE). One 3 μm section from a representative, tumor-rich FFPE block was
stained by hematoxylin/eosin to confirm and locate malignant areas and consecutive sections were used
for FGFR1–4 immunohistochemistry. Clinical data and tumor blocks were retrospectively collected for
all cases according to the corresponding local ethic committees (Ethical Committee of University of
Vienna; Ethical approval number: 904/2009; Date: 9 December 2019).

2.2. Immunohistochemistry

Primary antibodies against FGFR1 (sc-121-G), FGFR2 (sc-122), FGFR3 (sc-123), and FGFR4 (sc-124)
from Santa Cruz Biotechnology (Dallas, TX, USA) have been extensively used and characterized in
multiple tissues and cell models [17–19] and were used here as previously described [20]. In brief, 3 μm
sections were cut from FFPE blocks. Immunohistochemistry was performed on a Ventana Benchmark
XT (Ventana Medical Systems, Tucson, AZ, USA) for antibodies FGFR2–4. Pretreatment with CC1 for
56 min (CC1: Ventana 950-124) was performed, incubation time for primary antibody was 32 min at
37 ◦C (for FGFR4 60 min), dilution 1:50, counterstaining with hematoxylin (Ventana: 760-2021) and
bluing reagent (760-2037) was done for 4 min each. For FGFR1, incubation with primary antibody was
performed at a 1:50 dilution for 1 h at ambient temperature and subsequent processing was done with
the ImmPRESS HRP Anti goat IgG polymer detection kit (Vector Laboratories, Peterborough, United
Kingdom) as per the manufacturer’s recommendations. A semi-quantitative three tier scoring system
was used to assess the intensity of the cytoplasmic and/or nuclear staining—0 if there was no staining,
1 if there was faint positivity in at least 50% of tumor cells, and 2 if there was an unequivocally strong
positivity in at least 50% of tumor cells.

2.3. Cell Lines

Establishment of cell lines from clinical samples followed previously described protocols [21].
Cells were cultured in RPMI medium with 10% fetal bovine serum (FBS) at 37 ◦C in a
humidified atmosphere with 5% CO2. Cell line authentication was done by array comparative
genomic hybridization and STR analysis [11,22]. All cell lines were regularly checked for
mycoplasma contamination.
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2.4. Generation of Cell Blocks

Cells were grown to about 80% confluency in 10 cm dishes, washed with cold PBS and scraped
into 15 mL tubes in PBS. After centrifugation, the supernatants were discarded and the pellets were
fixed in 3 mL 10% formaldehyde for 2 h at room temperature. Afterwards, cells were centrifuged again
and excess formaldehyde was discarded. HistoGel (HG-4000-12, Thermo Fisher Scientific, Waltham,
MA, USA) was liquefied in boiling water for 5 min and cell pellets were resuspended in equal volumes
(ca. 50 μL) of HistoGel. The HistoGel cell mixture was pipetted as a single drop per sample onto a
parafilm mounted on a cold plate. After 30 min, the solidified drops were placed into 3 mL of 70%
ethanol and kept at 4 ◦C until paraffin embedding. Further processing and immunostaining were
performed using the same antibodies and procedures as for the tissue specimens.

2.5. Drug Treatment

For determining FGFR inhibitor sensitivity, 3000 cells per well were seeded into 96-well plates in
growth medium containing 10% FCS. After 24 h for recovery, cells were treated with concentrations
ranging from 0.1 to 10 μM of the FGFR1–3 inhibitor infigratinib (BGJ398) or the FGFR4-specific inhibitor
BLU9931. Controls received vehicle (DMSO) only. After 72 h, DNA content of cells was analyzed by
SYBR green detection as previously published [13]. IC50 values were determined from dose–response
curves with GraphPad Prism (GraphPad Software, San Diego, CA, USA).

2.6. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

Cells were grown in 25 cm2 flasks to about 80% confluence and total RNA was extracted with the
innuPREP RNA mini kit (Analytik Jena, Jena, Germany) according to the manufacturer´s instructions.
RNA was reverse transcribed with M-MLV reverse transcriptase (Thermo Fisher Scientific) and
the resulting cDNAs were used as templates for qRT-PCR analysis with Taqman assays (FGFR1:
Hs00913142m1, FGFR2: Hs01552918m1, FGFR3: Hs00179829m1, FGFR4: Hs01106908m1, all from
Thermo Fisher Scientific). Relative transcript levels were calculated as 2−ΔCt × 105 normalized to the
two house-keeping genes GAPDH (Hs99999905m1) and beta-actin (Hs99999903m1).

2.7. Statistical Analysis

Categorical data was compared by performing Fishers’ exact or chi-square tests. Overall survival
(OS) was defined as time between initial MPM diagnosis and date of death or last follow-up. OS was
estimated by the Kaplan–Meier method and a log rank test was used to calculate survival differences
between two groups. Pearson´s correlation coefficients were determined to explore the relationship
between two continuous variables. All results were considered statistically significant when P < 0.05
two-sided. Analyses were performed using the SPSS Statistics 23.0 package (SPSS Inc., Chicago, IL,
USA) and GraphPad Prism.

3. Results

3.1. FGFR1 and FGFR2 Show Strong Staining in MPM Tissue

Staining for FGFR1–4 was performed in tumor tissue from 94 MPM patients and evaluated
using a three-tier semi quantitative scoring system. Representative examples of staining are shown in
Figure 1A. Overall, the tumors showed a strong staining for FGFR1 and FGFR2, whereas FGFR3 and
FGFR4 showed weaker and more restricted expression (Figure 1B). The staining was mostly granular
and evenly distributed for FGFR1 and FGFR2, localized in the cytoplasm and in the nucleus with a
higher intensity in the latter. The cases that stained positive for FGFR3 and FGFR4 showed a more
scattered distribution of staining with focal areas of more intensive staining and other areas with faint
but still convincingly positive staining. A less intense—mostly cytoplasmic—reaction was occasionally
seen in some areas that appeared to be composed mostly of non-tumoral cells.
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Figure 1. Expression of FGFR1–4 in MPM tissue. (A) Representative images of MPM tissue specimens
stained for FGFR1 (score 2, epithelioid), FGFR2 (score 2, epithelioid), FGFR3 (score 1, epithelioid),
and FGFR4 (score 1, epithelioid). Scale bar = 25 μm. (B) Distribution of staining intensities of FGFR1–4
in 94 MPM tissue specimens.

3.2. Expression of FGFR3 and FGFR4 But Not of Other FGFRs Correlates with Patient Survival

Clinical follow_up data was available for 81 patients. All patients showed a strong FGFR2 staining
and therefore no correlation with clinical parameters was performed in this group. Staining for FGFR1
and FGFR3 was not correlated with age, sex, histology, stage, or type of treatment (Tables S1 and
S2), whereas FGFR4 staining was found in 4 of 22 females but only 2 of 59 males (Table S3). Due to
the small numbers of biphasic (N = 13) and sarcomatoid (N = 7) tumors, these two categories were
combined as non-epithelioid for statistical analyses. Despite the absence of significant correlations

23



Cells 2019, 8, 1091

between staining pattern and histology for any of the FGFRs, an overall trend towards low or absent
staining was observed for sarcomatoid tumors (Figure 2A, Tables S1–S3).

Figure 2. Correlation of FGFR expression with histology and patient prognosis. (A) Percentage of
epithelioid, biphasic, and sarcomatoid tumors within the different staining groups of FGFR1 (upper
panel), FGFR3 (middle panel), and FGFR4 (lower panel). (B) Kaplan–Meier curves for overall survival
of MPM patients with different staining scores of FGFR1 (upper panels), FGFR3 (middle panel),
and FGFR4 (lower panel).

FGFR1 staining intensity did not show a significant correlation with patient survival and also the
four patients with complete absence of FGFR1 staining had similar OS (Figure 2B). Only 2 patients
had a staining score of 2 for FGFR3 and therefore were pooled with the 32 patients with a staining
score of 1. Forty-seven patients showed absence of FGFR3 staining and had a significantly longer OS
(P = 0.043). FGFR4 expression, was detectable only in 6 of 81 patients (7.4%) and showed a highly
significant correlation with a shorter OS (P = 0.0027).
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3.3. FGFR Inhibitor Sensitivity in Patient-Derived Cell Lines

From 13 patients analyzed in our study, establishment of stable cell lines was successful. These cell
lines were tested for their response to the FGFR inhibitor infigratinib. Cell viability was determined
after 72 h and IC50 values were calculated from dose–response curves (Figure 3A, Table 2). Of the 13
cell lines, 3 had an IC50 value below 0.5 μM and were classified as sensitive, 4 cell lines had calculated
IC50 levels above 10 μM or showed no inhibition even at the highest concentration and were classified
as resistant. The remaining six cell lines showed intermediate sensitivity. When sensitive, resistant and
intermediate MPM cell lines were compared with respect to FGFR staining scores of the corresponding
tissue specimens, there was no correlation between FGFR inhibitor sensitivity and the score of either
FGFR1 or FGFR3 (Figure 3B, FGFR2 is not shown due to indiscriminately high staining in all samples).
A similar picture also emerged when the sum of the scores for all FGFRs (not shown) or for all FGFRs
with the exception of FGFR4 (which is poorly inhibited by infigratinib) was considered.

 
Figure 3. Sensitivity of patient-derived cell lines to the FGFR inhibitor infigratinib. (A) MPM cell lines
were incubated with increasing concentrations of infigratinib or vehicle (DMSO) as control and cell
number was determined after 72 h. Dose–response curves were calculated with GraphPad Prism.
Three sensitive cell lines (IC50 < 1 μM), one intermediate cell line (1 μM < IC50 < 10 μM), and three
resistant cell lines (IC50 > 10 μM) are shown in green, black, and red, respectively. (B) Infigratinib IC50

values of the cell lines were plotted against the IHC scores for FGFR1, FGFR3, or the sum of FGFR1–3
of the corresponding tumors from which the cell lines were established.
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Table 2. Cell line characteristics

Cell Line Histology
IC50 (μM) Cell Block IHC Score

Infigratinib FGFR1 FGFR2 FGFR3 FGFR4

Meso49 bi n.i. 2 2 1 0
Meso62 sarc 2.18 2 2 1 0
Meso84 sarc 2.39 2 2 1 0
Meso92 bi 3.53 2 2 1 0

Meso161 bi 0.41 2 2 1 0
Meso189 epi 1.34 2 2 1 0
Meso194 epi 19.76 2 2 1 0
Meso205 epi 15.47 2 2 1 0
Meso208 epi 0.46 2 2 1 0
Meso221 epi 0.39 2 2 1 0
VMC28 epi 6.71 2 2 1 0
VMC40 bi 4.06 2 2 1 0
VMC45 epi 17.24 2 2 1 0

epi: epithelioid; bi: biphasic; sarc: sarcomatoid; n.i.: no inhibition.

3.4. FGFR Expression in Patient-Derived Cell Lines

Since the staining pattern of the tumors showed considerable heterogeneity and it was unclear
whether cell lines derived from a tumor would have the same FGFR expression as the corresponding
tumor, we generated cell blocks from all 13 cell lines of our panel and stained them according to the
same protocol that had been used for the tumor specimens. Interestingly, the staining patterns of
the cell lines were much more homogenous than those of the tumors they had been derived from
(Figure 4A and Table 2). All 13 cell lines showed strong staining for FGFR1 and FGFR2, weak staining
for FGFR3 and lacked detectable levels of FGFR4 (Table 2, Figure 4A). Due to this very homogenous
protein expression pattern, it was obvious that the observed differences in sensitivity to infigratinib
cannot be explained by expression differences in FGFR receptor proteins.

Therefore, we determined mRNA levels of FGFR1–4 in the whole cell line panel to be able to
compare mRNA and protein levels and see whether FGFR mRNA levels might be better predictors
of FGFR inhibitor sensitivity of the cell lines than staining patterns. The highest mRNA levels were
found for FGFR1, whereas FGFR2, 3, and 4 were expressed at considerably lower levels (Figure 4B).
Indeed, even the lowest mRNA expression level of FGFR1 was several fold higher than the highest
level of any other FGFR. Plotting FGFR1 expression levels against infigratinib sensitivity showed
no correlation between FGFR1 mRNA level and infigratinib IC50 (Figure 4C, R2 = 0.041, P = 0.5485).
Despite their lower expression levels, we also compared FGFR2–4 mRNA expression to infigratinib
sensitivity, but no significant correlations were observed (Figure S1). There was, however, a positive
correlation between FGFR3 and FGFR4 mRNA expression and a weak inverse correlation between
FGFR1 and FGFR2 mRNA expression (Figure S2).

Finally, since FGFR4 was the only FGFR linked to shorter survival in MPM patients and since
FGFR4 is poorly inhibited by infigratinib, we also tested the FGFR4-specific inhibitor BLU9931 in our
cell line panel. Overall, IC50 values of BLU9931 were about an order of magnitude higher than those of
infigratinib, and three of the cell lines showed no inhibition (Table S4). While the correlation between
high FGFR4 mRNA and BLU9931 sensitivity did not reach statistical significance, notably, the two
cell lines with the highest FGFR4 mRNA showed the highest sensitivity towards the FGFR4 inhibitor
(Figure 4D).
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Figure 4. Expression of FGFR1–4 in patient-derived cell lines. (A) Representative images from cell
blocks stained for FGFR1 (Meso208), FGFR2 (Meso161), FGFR3 (VMC45), and FGFR4 (Meso205).
Scale bar = 100 μm in overview images and 10 μm in high magnification insets. (B) Total mRNA
was isolated from logarithmically growing cell lines and subjected to cDNA synthesis. Quantitative
RT-PCR was performed by Taqman assays for FGFR1–4. Expression levels were plotted as 2−dCt ×
105 normalized to the house-keeping genes GAPDH and beta-actin. (C) Infigratinib IC50 values were
plotted as function of FGFR1 mRNA expression level. (D) BLU9931 IC50 values were plotted as function
of FGFR4 mRNA expression levels.
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4. Discussion

Tyrosine kinase inhibitors (TKI) targeting mainly FGFRs (like infigratinib [23] or erdafitinib [24]) or
co-targeting FGFRs in addition to VEGFR and other RTKs (like nintedanib [25] or lenvatinib [26,27]) are
considered as promising therapeutic agents for a number of different malignancies. Nevertheless, it has
remained largely unclear which patients have the highest likelihood of achieving a benefit from these
agents. Gene amplifications, mutations, and translocations have been reported for FGFRs in various
malignancies. FGFR1 amplification, for instance, occurs in non-small cell lung cancer (NSCLC) and
breast cancer patients [28]. Fusion oncogenes containing parts of FGFR1–3 and a number of different
partners were found in smaller percentages of patients with glioblastoma, bladder cancer, and a number
of additional malignancies [29]. Point mutations of FGFR4 were reported in rhabdomyosarcoma [30].
While some of these genetic FGFR alterations were shown to predict for sensitivity to FGFR inhibitor
treatment [23], in other studies (e.g., in lung and breast cancer) the correlation between FGFR1
amplification and FGFR inhibitor sensitivity was less clear [31,32]. In addition to structural alterations
in FGFRs, also abberant expression patterns of the four FGFRs are being explored for associations
with disease course and response to chemotherapy and kinase inhibitors, for instance in glioblastoma,
gastric cancer, and skin cancers [33–35]. Moreover, FGFRs are also expressed on stromal cells and were
shown to mediate interaction of cancer cells and cancer-associated fibroblasts [36].

In MPM, several reports have excluded genetic aberrations in specific FGFRs to occur at
significant frequencies but have reported sensitivity of subgroups of MPM cells to FGFR inhibition by
pharmacologic and genetic approaches [10,11,15]. Results from our group show that strongly reduced
ERK and AKT phosphorylation in response to treatment with the FGFR inhibitor PD166866 occurs
only in sensitive MPM cells [11]. This suggests that repressing FGFR-dependent hyperactivation of
both pathways is one prerequisite for FGFR inhibitor sensitivity. In line with this, it was shown that
antiproliferative effects of the multikinase inhibitor sorafenib were most pronounced in tumor-initiating
mesothelioma cells which expressed high levels of FGF2, leading to autocrine activation of FGFR1 [37].
These cells showed a repression of high basal ERK and MEK phosphorylation levels by sorafenib in
the absence of detectable basal AKT phosphorylation. Marek et al. found a link between high FGFR1
protein expression determined by immunoblotting in MPM cell lines and sensitivity to the FGFR
inhibitors ponatinib and FP1039/GSK3052230 [10]. The latter inhibitor was recently tested in a phase Ib
study in MPM [38]. Quispel-Janssen et al. reported that loss of BAP1 was linked to increased FGFR
inhibitor sensitivity and elevated FGFR/FGF expression in MPM cells [15]. The multikinase inhibitor
nintedanib targeting VEGFR, FGFR, and PDGFR has shown promising results in preclinical [22] and
early clinical trials in MPM [39] but failed to show a benefit in a subsequent phase III study [40].
However, since the clinical study was intended to test nintedanib as an antiangiogenic therapy,
no biomarkers were used in this study to select patients on the basis of tumor cell expression of specific
nintedanib targets.

Our data confirm that co-expression of several FGFRs is common in MPM tissue. This is in line
for instance with hepatocellular carcinoma (HCC) [20] where recent data suggest high expression of
FGFR2 and FGFR3 as potential biomarkers for infigratinib response [41]. Our data, however, did not
reveal a connection between FGFR expression and infigratinib efficacy. The partly nuclear staining of
FGFRs in tumor cells was previously noted by others and us and has been linked to invasive behavior
for instance in breast cancer [11,42]. In contrast to the widely expressed FGFR1 and FGFR2, FGFR3
and FGFR4 staining identified subgroups of MPM patients with significantly worse prognosis. FGFR4
was previously reported as a growth driver in conjunction with FGF19 overexpression in HCC [43–45]
and has been shown to be of negative prognostic impact in NSCLC [46]. Interestingly, FGF1, FGF2,
and FGF18, which are the three most abundantly expressed FGFs in MPM cells [11], all have high
affinity for FGFR4 [47]. High FGF2 levels in serum and pleural effusions were previously shown to
correlate with poor patient survival in MPM [48], whereas for other FGFs data are largely missing.
Strategies for targeting FGFR4 are currently being developed [49,50], and, while further research is
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required, it seems encouraging in this respect that the MPM cell lines with the highest FGFR4 mRNA
expression show the strongest inhibition by the FGFR4-specific agent BLU9931.

FGFR3 was previously shown to be relevant for sensitivity to the FGFR inhibitor AZD4547 in
MPM cells by transmitting FGF9 signals [15]. Moreover, increased expression of FGFR3 was shown
in that study to be associated with mutated BAP1 in gene expression data of MPM patients. In our
data, FGFR3 expression was generally weaker and more restricted on protein and mRNA level when
compared to FGFR1 and correlated with shorter OS in MPM patients but not with infigratinib sensitivity
in cell lines. Of the three sensitive cell lines in our panel, two had a deletion or mutation in BAP1,
whereas one showed no obvious alteration. Mutated BAP1, however, was also present in one of the
three resistant cell lines [51].

An obvious discrepancy exists with respect to the strong FGFR2 staining and comparatively
low mRNA expression data in our cell lines. This could either be explained by cross-reactivity of
the antibody with additional antigens or by the presence of FGFR2 splice variants not detected by
the Taqman probe used for mRNA analysis. A notable observation of our study is the much more
homogenous staining in cell lines compared to the corresponding tumors. This could indicate that
culture conditions could favor specific expression patterns either via selection for the survival of cells
with, e.g., high FGFR1 expression or via providing a more homogenous microenvironment that leads
to a more homogenous expression.

Overall, our study demonstrates that FGFR3 and FGFR4 have prognostic value in MPM, whereas
the other FGFRs are often co-expressed but do not correlate with patient survival or clinicopathologic
parameters. Further studies in larger patient collectives will be required to clarify the prognostic value
of FGFR expression for the different histological subtypes of MPM. Our data confirm the existence of an
FGFR inhibitor sensitive subgroup of MPM cell lines, but we have not found a satisfactory predictive
capacity to identify sensitive cell lines in our panel by analyzing FGFR1–4 expression. This leads us to
postulate that additional, still undiscovered factors play a major part in controlling FGFR inhibitor
sensitivity in MPM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/9/1091/s1,
Figure S1: Correlation analysis of infigratinib sensitivity with FGFR mRNA expression levels; Figure S2: Correlation
analysis of FGFR mRNA expression levels; Table S1: Correlation of FGFR1 staining pattern with clinical and
pathology data; Table S2: Correlation of FGFR3 staining pattern with clinical and pathology data; Table S3:
Correlation of FGFR4 staining pattern with clinical and pathology data; Table S4: Sensitivity of the MPM cell lines
to BLU9931.
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Abstract: Dysregulation of receptor tyrosine kinase-induced pathways is a critical step driving the
oncogenic potential of brain cancer. In this study, we investigated the role of two members of the
Sprouty (Spry) family in brain cancer-derived cell lines. Using immunoblot analyses we found
essential differences in the pattern of endogenous Spry3 and Spry4 expression. While Spry4 expression
was mitogen-dependent and repressed in a number of cells from higher malignant brain cancers,
Spry3 levels neither fluctuated in response to serum withdrawal nor were repressed in glioblastoma
(GBM)-derived cell lines. In accordance to the well-known inhibitory role of Spry proteins in fibroblast
growth factor (FGF)-mediated signaling, both Spry proteins were able to interfere with FGF-induced
activation of the MAPK pathway although to a different extent. In response to serum solely, Spry4
exerts its role as a negative regulator of MAPK activation. Ectopic expression of Spry4 inhibited
proliferation and migration of GBM-originated cells, positioning it as a tumor suppressor in brain
cancer. In contrast, elevated Spry3 levels accelerated both proliferation and migration of these cell
lines, while repression of Spry3 levels using shRNA caused a significant diminished growth and
migration velocity rate of a GBM-derived cell line. This argues for a tumor-promoting function of
Spry3 in GBMs. Based on these data we conclude that Spry3 and Spry4 fulfill different if not opposing
roles within the cancerogenesis of brain malignancies.

Keywords: Sprouty proteins; brain cancer; FGF-mediated signaling; tumor suppressor;
tumor promoter

1. Introduction

The term brain cancer summarizes multiple subtypes of tumors originating from different tissues
of the central nervous system [1]. The most prevalent type of brain tumors are gliomas which
arise from glial or precursor cells. They include, among others, lower graded astrocytoma (AC) and
oligodendroglioma (ODG), as well as the WHO Grade IV classified glioblastoma multiforme (GBM)
and its variant gliosarcoma (GS). GBM are the most common brain tumors and patients have a poor
prognosis with a five-year survival rate of only 5.6% [2]. A group of neuronal tumors arising in the
central but also in the autonomic nervous system are the rare neuroblastoma (NB) which are the
second most common tumors in children [3]. Like in all human cancer cells, malignant transformation
in gliomas is driven by typical chromosomal changes. The Cancer Genome Atlas project identified
alterations in the network regulated by receptor-tyrosine kinases (RTK) as a frequent molecular cause of
these cancers. Important molecules responsible for transducing the signals like the epidermal growth
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factor receptor (EGFR), the phosphatidylinositol 3-kinases (PI3K), NRAS and BRAF are frequently
altered to a more efficient state, while inhibitors of their activities like neurofibromin (NF1) and the
Phosphatase and TENsin homolog (PTEN) are often deleted or less effective [4].

Sprouty (Spry) proteins which represent modulators of RTK-driven signaling pathways were
first identified as inhibitors of fibroblast growth factor (FGF)-induced signaling in Drosophila [5].
In humans, four homologues were described [6]. In contrast to the other Spry family members which
are ubiquitously expressed in all tissues [6], the Spry3 encoding gene localizes to the pseudoautosomal
region 2 and its expression is rarely documented. Only in brain and glia, Spry3 expression is doubtless
detected [7]. Spry proteins fulfill important functions in many RTK-mediated signal transduction
cascades. Primarily, they are known to interfere specifically with MAPK-ERK activation [8–10], but
in other systems they were shown to influence the PI3K pathway as well [11]. Additionally, Spry
proteins are able to interfere with phospholipase C-induced pathways [12]. In contrast to their
manifold inhibitory function on RTK-mediated pathways, Spry proteins are able to interact with
the E3-ubiquitin ligase c-Cbl and thereby constrict the degradation of some RTKs as shown for
the EGFR [13]. Considering their functions in fine tuning of the cellular response to RTK-inducing
signals, members of the Spry family are good candidates for an important role in the tumorigenesis
of different cells. Accordingly, Spry2 and/or Spry4 are shown to act as tumor-suppressors in cancer
originated from, e.g., lung [14–16], liver [17], breast [18,19], prostate [20] and bone [21]. In other types
of tumors, members of the Spry protein family fulfill a tumor-promoting task as it was demonstrated
for Spry2 in colon carcinoma [22,23] and for Spry1 in rhabdomyosarcoma [24]. In brain tumors,
repression of Spry2 has been shown to interfere with proliferation of GBM-derived cell lines and tumor
formation [25,26]. Compatible with the tumor-promoting function of Spry2 in brain, the Spry proteins
are important for other neuronal processes. Spry2 as well as Spry4 downregulation is associated with
promoted axon outgrowth [27,28], and Spry1, Spry2 and Spry4 inhibit FGF-induced processes in the
cerebellum [29]. Data generated in Xenopus document that Spry3 is important in regulating axon
branching of motoneurons [30], and the finding that Spry3 is associated with autism susceptibility
indicates a further role in the human brain [7].

In the presented study, we investigated the expression of Spry3 and Spry4 in brain cancer-derived
cells and analyzed how a modulation of their expression influences the behavior of glioblastoma-derived
cell lines.

2. Material and Methods

2.1. Cell Lines

The astrocytoma-derived cells (SW1088) and both neuroblastoma-derived cell lines (SK-N-DZ
and SK-N-FI), as well as the glioblastoma-derived cell lines DBTRG-05MG, T98G and U373 and the
oligodendroglioma-derived cell line Hs683 were purchased from the American Type Culture Collection
(ATCC). NMC-G1, a cell line established from an astrocytoma, and AM-38, a glioblastoma originated
cell line, were obtained from the JCRB cell bank. Cell lines LN40 and LN140 were kindly provided by
Dr. Tribolet (Lausanne). Cell lines BTL1529, BTL2177 and BTL53 were established from glioblastoma
diagnosed patients and BTL1376 and BTL2175 from gliosarcoma patients at the Neuromed Campus in
Linz (NML) as described [31]. The cell line VBT72 was established from a glioblastoma at the Institute
for Cancer Research [31]. These cell lines were kindly provided by Walter Berger (Medical University
of Vienna). All cells were cultured in the recommended medium containing 10% fetal calf serum (FCS)
and supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL) at 37 ◦C in 7.5% CO2.

2.2. Adenoviral Infection of Cells

The coding sequence of human Spry3 was amplified by PCR using Pfx Polymerase (Invitrogen) with
upstream primer 5-AGCTCTGGATCCATGGATGCTGCGGTGACAGAT-3 (Spry3-s) and downstream
primer 5-TAGCGAATTCCTCGAGTCATACAGACTTT-3 (Spry2-as) to add appropriate cloning
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sites. The amplified DNA fragments were subsequently cloned via BamHI/EcoRI into a pADlox plasmid
to generate pADlox-Spry3. To construct an adenovirus expressing shRNA directed against Spry3, the
CMV promoter of pADlox was exchanged by the human U6 promoter of the pSilencer Vector. Two
oligonucleotides harboring an shRNA directed against Spry3 were annealed: sh-Spry3 sense 5′-TCG
AGC GCA GCT GTT CAA TAG GCA GAA TTT GTT GAA GCT TGA ACA AAT TCT GCC TAT TGA
ACA GCT GCG CTC TTT TTT-3′ and shSpry3 as 5′-AAT TAA AAA AGA GCG CAG CTG TTC AAT
AGG CAG AAT TTG TTC AAG CTT CAA CAA ATT CTG CCT ATT GAA CAG CTG CGC-3′. The double
stranded DNA with overlapping XhoI and EcoRI sites was then inserted in the digested pAdloxU6
vector to obtain pADlox-shSpry3. To obtain a virus directed against Spry4, two oligonucleotides
(5′-TCGAGCTCAGCTCGCTACCTCCGCGGCGATGTTGAAGCTTGAACATCGCCGCGGAGGTAGC
GAGCTGAGCTGTTTTTT-3′ and 5′-AATTAAAAAACAGCTCAGCTCGCTACCTCCGCGGCGATGTT
CAAGCTTCAACATCGCCGCGGAGGTAGCGAGCTGAGC-3′) were annealed and subcloned the
same way to construct pADlox-shSpry4. The correct cloning was confirmed by sequencing analysis.
Recombinant viruses were produced as described [32]. Adenoviruses expressing Spry4 or control
proteins (luciferase, lacZ or CFP) were already generated [21,33].

The optimal concentrations of the viruses for each cell line was determined by infecting the
cells with different dilution of adenoviruses expressing Cyan Fluorescence Protein (CFP). The viral
concentration of the adenoviruses expressing different proteins were calculated according to their
OD260. For infection, viruses were diluted in serum-free medium.

2.3. Cell Signaling Assay

For analyzing ERK phosphorylation, 105 cells were seeded into Ø6 cm tissue culture plates
in DMEM medium containing 10% FCS. Twenty-four hours later, the cells were washed with and
incubated in serum-free medium. Next day cells were infected with adenoviruses and incubated for
another 2 days before 20% FCS or 10ng/mL FGF2 were added.

2.4. Scratch Assay

For the scratch assay, 6 × 105 cells were infected with adenoviruses expressing the control proteins,
Spry3 or Spry4, respectively. A total of 24 h post infection, cells were transferred into a 6-well plate.
The next day, three straight scratches per well were introduced into the monolayer using a sterile
yellow pipette tip. To remove debris, cells were washed twice with 1 x PBS. Finally, 3 mL of DMEM
supplemented with 10% FCS were added. The closing of the scratch was pictured by the VISITRON
Live Cell Imaging System (Visitron, Puchheim, Germany) at 10x magnification using VisiView Software.
The running time was set to 40 h and for monitoring a time interval of 30 min was chosen. Using ImageJ
software, gap width of three scratches were calculated every two hours. Migration velocity was
assessed by applying linear regression using GraphPad Prism software. Migration velocity of three
independent experiments were compared.

2.5. Growth Curve

Growth curves were performed and analyzed as described [21]. Each growth curve was counted
in triplicate and after assessing the continuity of the growth by depicting it in a semi-logarithmical
graph, the doubling time was calculated by applying an exponential growth equation. The calculated
doubling times of at least three independent experiments were compared to each other and differences
between two groups were calculated using an unpaired t-test.

2.6. Immunoblot

Immunoblotting was carried out as described [34]. The antisera against Spry4 and Spry3
were produced and affinity-purified as described [15]. The Spry3 antibodies were raised against
the N-terminal 200 amino acids of the human homolog. As a loading control, antibodies against
GAPDH (sc-365062) and ERK 1/2 (sc-514302) were purchased from Santa Cruz. Antibodies against
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phosphorylated extracellular signal-regulated kinase (pERK) (#9101) were received from Cell Signaling
Technology. The horseradisch peroxidase-coupled secondary antibodies were purchased from
GE Healthcare.

3. Results

3.1. In Brain Cancer-Derived Cell Lines Spry3 Protein is Commonly Expressed Independent of
Mitogen Availability

First, we investigated if Spry3 expression is influenced by the grade of malignancy or the
histological background of brain cancer-derived cells. In order to analyze Spry3 protein levels,
antibodies had to be produced, affinity-purified and their sensitivity as well as their specificity had
to be assessed. To analyze their sensitivity, U373 cells were infected with decreasing amounts of
adenovirus expressing Spry3 protein. As depicted in Figure 1A, the antibodies detected a single band
at 33 kDa and in cells infected with decreasing titers of Spry3-encoding adenoviruses, the intensity of
the detected band corresponded to the amount of introduced viruses while the cellular protein content
was comparable. To control the specificity, all four Spry proteins were ectopically expressed by using
the respective adenoviruses. Two days after infection, sufficient amounts of all Spry proteins were
expressed, but the Spry3 antibody only detected Spry3 (Figure 1B). In the subsequent experiment, we
determined the endogenous levels of Spry3 in different brain cancer-derived cell lines. To analyze
if, like it was shown for Spry2 and Spry4 [35], Spry3 protein expression is dependent on mitogens in
the cellular environment, serum was withdrawn from part of the cells (-), and their Spry3 levels were
compared to those of cells cultivated in the presence of serum (+). In only 1/17 cell lines Spry3 protein
was undetectable. Most of the cell lines express detectable amounts of Spry3 proteins which appear in
a distinguishable pattern of bands. Usually the slower migrating bands were more abundant in the
presence of serum indicating that a serum-dependent modification is applied to Spry3 (Figure 1C).
Concerning the influence of the histopathologic origin, we observed that in the more advanced
GBM-derived cell lines the expression of Spry3 was on average higher than in cells originated from the
lower graded ODG and AC (Figure 1D,E). The highest expression of Spry3 was detected in the two
NB-derived bone morrow metastases. These observations would favor rather an oncogenic than a
tumor-suppressing function of Spry3 in brain cancers. Interestingly, the serum had not the expected
influence on Spry3 expression, as half of the cell lines failed to adapt their Spry3 expression in response
to mitogen availability. In five of the cell lines, its expression even slightly increased (less than 2-fold)
if serum was withdrawn. A more pronounced change of Spry3 in response to serum in form of an
increase or decrease was only observed in one cell line each (Figure 1D,F). Therefore, it is unlikely that
mitogen-induced signals play an important role in regulating the expression of Spry3.
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Figure 1. Expression of Spry3 protein in brain cancer-derived cell lines. (A) U373 cells were infected
with decreasing amounts of adenoviruses expressing Spry3 protein and an immunoblot using Spry3
antibodies was performed. Equal loading was verified by Ponceau S staining of the immunoblot. (B)
Adenoviruses expressing Spry1, Spry2, Spry3 or Spry4 were introduced into U373 cells. A total of 48 h
post-infection cells were harvested and proteins were isolated. An immunoblot sequentially probed
with all of the indicated antibodies is depicted. (C) Logarithmically growing cell lines derived from
oligodendroglioma (ODG), astrocytoma (AC), glioblastoma (GBM), gliosarcoma (GS) and neuroblastoma
(NB) were cultured for 24 h without (-) and with (+) serum. Using Western blot, endogenous Spry3
and GAPDH proteins were determined. (D) Amounts of Spry3 proteins were measured as ratio to an
external control (MG63) by Image Quant software and normalized to GAPDH. Quantification results
of 2–3 Western blots depicted as mean ± SEM are shown in a column graph. Cell lines were sorted
according to their histopathological origin. (E) A scatterplot presenting the Spry3 expression across the
histopathological subgroups of brain cancer is shown. (F) Calculated Spry3 levels from cells grown in
serum-deprived (open circle) and –supplemented (closed circle) mediums are compared.
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3.2. Spry4 Protein Expression is Repressed in Cell Lines Derived from More Malignant Brain Tumors, but
Usually Still Serum-Dependent

In order to investigate that growth factor-induced signaling in the analyzed cell lines is able to
sufficiently influence the negative feedback loop responsible for controlling Spry protein expression,
Spry4 protein levels were determined in comparison. In some cell lines, Spry4 expression was very
prominent, but in five of them, we were not able to detect Spry4 proteins. Like in the case of Spry3,
Spry4 frequently appeared in more than one migrating form (Figure 2A). Compared to the levels
detected in cells derived from lower graded patients’ tissues, usually Spry4 expression in GBM and
GS is strongly repressed, although in few of these cell lines Spry4 protein was definitively abundant
(Figure 2B,C). Only in five of the cells lines the expression of Spry4 in serum-free conditions was
insignificantly changed when compared to the parallel in serum cultivated cell counterparts. Seven of
the brain-derived cell lines displayed a more than twofold decrease of Spry4 protein as a consequence of
serum starvation. Moreover, in three of them the detected difference between the serum and non-serum
condition exceeded a fivefold dimension (Figure 2B,D). When Spry3 and Spry4 expression in the
different brain-derived cell lines were compared (Figure 2E), we found that there was no correlation
indicating that Spry3 and Spry4 expression are regulated by independent mechanisms.
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Figure 2. Expression analysis of endogenous Spry4 protein in brain cancer cells. (A) Spry4 protein
levels in 17 brain cancer-derived cell lines which were cultured devoid of (−) and with (+) serum.
GAPDH served as loading control. (B) Quantification of Spry4 was performed using Image Quant
5.0. An external control was arbitrarily set as 1 and loading differences were adjusted to GAPDH
expression. A column graph summarizes the results of 2–3 independent experiments. (C) Spry4
expression in serum-supplemented growth condition was compared. A scattered dot-plot grouping
the cells according to the histological origin is depicted. (D) A comparison of Spry4 levels detected
in starved (open circle) and stimulated (closed circle) cells is presented. (E) Correlation of Spry3 and
Spry4 expression was calculated using GraphPad Prism.
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3.3. MAPK Activation in Response to FGF and Serum is Effectively Inhibited by Spry4 While Spry3 Failed to
Fulfill This Function in the Presence of Serum

To analyze if Spry3 and Spry4 are able to interfere with FGF-induced signaling, U373 cells were
serum-deprived for 3 days before FGF2 was added for 5, 10 and 20 min. Within the starvation period
a portion of cells were infected with viruses expressing Spry3, Spry4 or a control protein. In control
treated cells, adding of FGF induced the MAPK pathway after 10 min as measured by determining the
fraction of pERK (Figure 3A). In cells expressing excessive amounts of Spry3, like in the control cells,
activation of the MAPK pathway was also observed after 10 min, but the extent of phosphorylation
was less pronounced (Figure 3A,C). In case of ectopic Spry4 expression we detected that the proportion
of activated ERK in serum-starved conditions was clearly less distinct. The addition of FGF caused an
augmentation of the pERK levels, which was less intense than in the other two groups (Figure 3A,C).
These data evince the inhibitory role of Spry proteins on FGF-mediated signaling, but demonstrated
that Spry4 was more potent concerning interference with MAPK activation than Spry3.

In order to asses if the two Spry forms differ concerning their potential to inhibit MAPK activation
in response to serum, a respective cell signaling assay was applied. In response to serum, ERK was
immediately phosphorylated to a much higher extent (at least 10 times the value observed in starved
cells) than in FGF-treated cells (two- to threefold induction). When Spry3 was expressed, the induction
was slightly delayed but the amplitude was not significantly diminished. In contrast, Spry4 inhibited
ERK phosphorylation significantly. As already observed in case of FGF induction, the basal pERK
levels of cells cultivated in the absence of mitogens was clearly diminished, but also the maximal
levels of pERK phosphorylation were reduced in comparison to the cells expressing a control or Spry3
protein. These data demonstrate that Spry4 can potently interfere with induction of the MAPK and
indicate that Spry4 was more potent concerning interference with MAPK activation than Spry3.
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Figure 3. Influence of Spry3 and Spry4 proteins on ERK activation by FGF2 and serum. Glioblastoma
(GBM)-derived cells (U373) were serum-starved for 24 h and then infected with adenoviruses expressing
either a control protein (luciferase), Spry3 or Spry4. Two days later, cells were incubated with FGF2 (A)
or serum (B) for the indicated times. Representative immunoblots of an experiment using antibodies
recognizing pERK1/2 and total ERK1/2 are shown. Expression of Spry3 and Spry4 were verified
by the respective antibodies. Using ImageQuant 5.0, the pERK1/2 bands detected were quantified
and normalized to the corresponding values obtained for the ERK expression. The highest values
were arbitrarily set as 1. The results of the quantification for the presented blots are depicted. (C) A
summary of calculated mean values ± SEM of the pERK/ERK values from three experiments using
FGF2 to stimulate the cells is depicted. Significance between the three groups was calculated by using
a one-way ANOVA test in GraphPad prism. (D) The bands of pERK and ERK in response to serum
were densitometrically quantified using ImageQuant 5.0, and the highest values of each experiment
were set as 1. The graph summarizes three experiments. Significance was determined by a one-way
ANOVA test in using GraphPad prism software. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. In Brain Cancer-Derived Cell Lines, Spry3 and Spry4 Expressions Have an Opposing Effect on
Cell Proliferation

To investigate if Spry3 and Spry4 interfere with cell proliferation in brain cancer-derived cells,
we selected DBTRG-05MG and U373 cell lines to apply ectopic overexpression of the respective Spry
proteins. Both of these cell lines were easy to infect by adenoviruses as tested by using CFP expressing
adenoviruses (data not shown). Furthermore, in DBTRG-05MG Spry3 appears mainly in its slower
migrating form and Spry4 levels are pronounced while in U373 Spry3 mainly appears in its faster
migrating form and a shift is only detected after serum addition. Spry4 was not detected in this
cell line (Figures 1C and 2A). To measure cell proliferation, growth curve analyses were performed.
In DBTRG-05MG, Spry3 expressing cells double significantly faster (0.9 ± 0.01 doublings per day) than
control treated cells (0.8 ± 0.02) while Spry4 expression decelerate the proliferation process to only
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0.69 doublings per day (Figure 4A,B). Corroborating in U373, Spry3 accelerate cell proliferation from
0.56 ± 0.01 to 0.63 ± 0.01 doublings per day and Spry4 expression inhibits cell expansion to 0.51 ± 0.01
(Figure 4C,D). In both cell lines, Spry3 and Spry4 proteins are clearly overexpressed if the respective
adenoviruses are applied (Figure 4E).

These data demonstrate that cell proliferation is promoted by Spry3 and suppressed by Spry4
expression arguing for an opposing effect of these Spry members.

Figure 4. Influence of ectopic Spry3 and Spry4 expression on cell proliferation. Proliferation of cells
overexpressing the indicated proteins was assessed by growth curve analysis. (A) The number of
DBTRG-05MG cells were counted every 24 h for 5 days and are depicted as growth curves using a
semi-logarithmical scale. A representative growth curve of three replicates is depicted. (B) Using
GraphPad Prism, doubling times of at least three independent growth curve analyses performed
with DBTRG-05MG cells were calculated and presented as mean doublings per day ± SEM. (C) A
representative growth curve of U373 cell line is shown. (D) Using exponential growth equations,
doubling times of U373MG cells were calculated and shown as doublings per day. Significance was
assessed using an unpaired t-test in GraphPad Prism and mean ± SEM are shown. * p < 0.05; ** p < 0.01;
*** p < 0.001 (E) Overexpression of Spry3 and Spry4 in the GBM cell lines DBTRG-05MG (left) and U373
(right) were verified by immunoblotting.
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3.5. Spry3 and Spry4 Exert a Contrary Effect on the Migratory Capabilities of Brain Cells

Aberrant cell migration is another RTK-mediated process contributing to the malignancy of cancer
cells. Therefore, we next investigated if the expression of Spry3 and Spry4 proteins modulate the
closure of the gap in a scratch assay. In DBTRG-05MG, ectopic expression of the Spry3 protein has a
prominent influence on cell migration by augmenting their velocity from 26.1 ± 1.4 to 36.1 ± 0.5 μm/h.
In contrast, Spry4 expression slows down these cells to 21.3 ± 0.99 μm/h (Figure 5A,B). Both effects
were significant.

Figure 5. Influence of Spry3 and Spry4 expression on cell migration of GBM-derived cell lines.
(A) Scratch assay was performed in DBTRG-05MG cells infected with adenoviruses expressing the
indicated proteins. Representative curves of distance coverage were obtained by measuring decreasing
gap widths of three replicative scratches at every two-hour time points using ImageJ. (B) Using linear
regression, migration velocities were calculated. Means of at least three experimentations ± SEM are
summarized as column bars. (C) Representative measurements of replicative gap closure in a close
layer of U-373 MG cell expressing the indicated proteins are shown. (D) Velocities of at least three
experiments were calculated using linear regression in GraphPad Prism and summarized in a graph
depicting means ± SEM. An unpaired t-test was used to acquire significance. p < 0.05; ** p < 0.01;
*** p < 0.001.

Compared to DBTRG-05MG, U373 cells are slower migrating and the effect of the Spry proteins
was less developed. Spry3 has no significant effect on the velocity of gap closure although a slightly
faster calculated average velocity points towards a positive effect of its expression on cell migration.
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In accordance with the data obtained in DBTRG-05MG, Spry4 expression in U373 delays the closure
of the gap significantly. The control-treated cells move with a speed of 22.9 ± 1.0 μm/h towards the
opposite front, while in the presence of Spry4 as an average speed only 15.4 ± 0.5 μm/h were calculated
(Figure 5C,D).

These observations indicate that in brain cells, Spry3 and Spry4 exert different effects not only on
cell proliferation but also on cell migration.

3.6. Repressed Expression of Spry3 Inhibits Cell Proliferation and Migration

To further verify our observations, we wanted to investigate if lowered Spry expressions would
influence cell proliferation in the opposite way than their overexpression. Therefore, an adenovirus
expressing a shRNA directed against Spry3 was introduced into DBTRG-05MG and Spry3 levels were
compared to the ones in control-treated and Spry3 overexpressing cells. As depicted in Figure 6A,
expression of shSpry3 failed to modulate Spry3 levels, while the overexpression was successfully
applied. In contrast, in U373 cells, expression of shRNA targeting Spry3 mRNA resulted in clearly
lowered levels of Spry3 protein (Figure 6B). Since Spry4 is not expressed in detectable amounts in U373,
it was just useful to express shSpry4 in DBTRG-05MG, where similar to the application of shSpry3, the
endogenous expression of the protein was unaffected by expressing a shRNA directed against Spry4
(data not shown). Next, we performed a growth curve analysis using shSpry3 in U373 cells. Reduced
Spry3 expression caused an inhibition of cell proliferation while in parallel overexpression accelerated
the doubling of these cells (Figure 6C). Compared to control cells, doubling of shSpry3-treated cells
was reduced from 0.58 to 0.50 doublings per day, substantiating an oncogenic effect of Spry3 in brain
cancer (Figure 6D). To evaluate if a repression of Spry3 in addition to its interference with proliferation
is also influencing cell migration, Spry 3 levels of U373 cells were modulated by treatment with the
respective adenoviruses and a scratch assay was performed. The time to close the gap was significantly
delayed when Spry3 levels were lowered (Figure 6E). On average, cells expressing a shRNA targeting
Spry3 cover a distance of 21 μm in an hour, while control treated cells move about 1.2-fold faster,
while Spry3 overexpression had no significant influence on the velocity of gap closure (Figure 6F).
These data demonstrate that like proliferation, cell migration of GBM-derived cells is hindered if less
Spry3 proteins are present confirming the tumor-promoting function of Spry3.
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Figure 6. Verification of Spry3 impact on cell proliferation and migration by downregulation of the
endogenous protein levels. DBTRG-05MG (A) and U373 (B) cells infected with adenoviruses expressing
Spry3, shSpry3 or a control protein were analyzed concerning their Spry3 protein levels. (C) Three days
after infection with the indicated viruses a growth curve analysis was performed in U373. (D) The
doubling time of three experiments was calculated by performing an exponential growth equation and
the mean doublings per day ± SEM are depicted. (E) U373 cell expressing the indicated proteins were
cultured to form a close layer before a scratch assay was performed. Measurements of three replicative
gaps were performed every two hours and a representative experiment is shown. (F) Velocities of three
experiments were calculated using linear regression in GraphPad Prism and a summary is depicted.
Using an unpaired t-test, significance was determined. ** p < 0.01; *** p < 0.001.

4. Discussion

Deregulated signal transduction is one of the most frequent alterations contributing to malignancy
of brain cancer. In this study we provide data showing that Spry3 and Spry4 expression may be
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altered in brain cancer and affect cell proliferation and migration in opposing ways. Both Spry proteins
are expressed in most of the brain cancer-derived cell lines, and two bands with a slightly different
migration velocity can be detected. In case of Spry3, the faster migrating band is more frequently
detected in the cells cultivated in the absence of serum. Although posttranslational modification
of Spry3 is not reported, it is likely that analog to the other family members [36] the protein is
phosphorylated at serine and/or tyrosine residues and that one of these potential modification is
causing a shift in the gel.

A comparison of the Spry3 and Spry4 protein levels in the different cell lines revealed that the
expression of these two Spry family members does not correlate. While Spry3 expression was on
average elevated in cell lines originated from higher malignant tumors, Spry4 tended to be repressed in
GBM and GS compared to cells derived from lower graded cancers. In accordance with our observation,
an earlier report describes that Spry4 is often missing or deleted in gliomas [37]. Indeed, in several
of the GBMs analyzed we were unable to detect this Spry isoform. Similarly, in lung [14,38] and
breast cancer [39], a repression of Spry4 is coinciding with a postulated tumor-suppressive function.
With regard to Spry3, in normal brain tissue its expression is well documented, but due to its low
abundance in other tissues, expression data in cancers are rarely available [6,7]. To our knowledge,
only one report by Sirivatanauksorn et al. investigated the RNA level of Spry3 as well as Spry4 in
hepatocellular cancer, and comparable to our observations in the brain, Spry4 mRNA levels were
downregulated in liver cancer-associated tissue, while Spry3 expression was unaltered [40]. With
respect to Spry2, data generated on RNA level clearly points towards an upregulation of this Spry
member in GBM when compared to non-tumor tissue [25], while a study exploring protein levels in
immunohistochemistry suggests downregulation of Spry2 in higher malignant brain cancers when
compared to lower graded tumors [41]. Another obvious different variable concerning regulation of
Spry3 and Spry4 is their dependency on mitogen availability. Like Spry1 in lung cancer cells [34],
Spry3 protein levels fail to fluctuate in response to serum-withdrawal in brain cancer-derived cells. In
contrast, Spry4 expression is usually manifold augmented when serum-containing factors are supplied.
This is in accordance with observations in lung [35,42], prostate and osteosarcoma [42]. Additionally,
it is reported that in neuronal cells derived from the dorsal root ganglion, Spry4 can be induced as a
consequence of FGF2 as well as NFG supplementation [28]. Differences in Spry3 and Spry4 expression
control are furthermore reported in bovine ovarian granulosa cells where Spry4 was increased in
response to FGF1 and FGF4, while in parallel Spry3 levels were lowered [43].

Concerning their impact on the cellular behavior, we observed that ectopic expression of Spry3
is augmenting the growth and migration rate of different GBM-derived cell lines. Corroborating,
repression of its protein levels as achieved by introducing a specific shRNA resulted in diminished cell
proliferation. This would suggest that this Spry protein member exerts a tumor-promoting role in brain
cancers. Accordingly, two different reports suggest that Spry2 is advantageous for the malignancy
of GBM [25,26]. Knock-down of its expression decelerates cell proliferation of GBM cell lines [25,26]
while astrocytes were unaffected by modulated Spry2 levels [25]. Additionally Spry2 was identified as
prognostic marker for GBM patients survival [25]. Although in most tissues Spry proteins fulfill the
function of tumor-suppressors, individual Spry proteins are promoting tumorigenic potential here
and there [44]. Spry2, for example, is above its function in GBM, shown to promote colon cancer
malignancy by increasing proliferation, migration, tumor growth [23] and invasion [22] of colon cancer
cells. In case of Spry1, an oncogenic function of the protein was demonstrated in the embryonal
subtype of rhabdomyosarcoma [24].

In contrast to Spry3 and Spry2, Spry4 expression is inhibiting cell migration and proliferation
of GBM-derived cell lines and is able to inhibit ERK phosphorylation in FGF2- and serum-induced
as well as in unstimulated GBM-derived cells. An opposing role of Spry4 to other Spry proteins is
already signified in colon carcinomas. Zhou et al. [45] demonstrated that Spry4 expression interferes
with in vitro and in vivo cell proliferation of colon cancer cells. In contrast, Spry2 and Spry1 are
fulfilling oncogenic functions in these tumors [22,23,46]. Additionally, in osteosarcoma [21] and in
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ovarian cancer [47], a tumor-suppressing role for Spry2 but not Spry4 was explicitly highlighted.
Nonetheless, cell migration is specifically inhibited by Spry4 expression in prostate [48], pancreatic [49]
and endothelial cells [50]. A concordant inhibition of proliferation and migration in case of Spry4
expression is reported for breast [18] and lung cancer cells [14]. Additionally, Spry4 can fulfill a
tumor-suppressing role by interfering with angiogenic signals and thereby inhibits neovascularization
and tumor growth [51].

5. Conclusion

In summary, our study describes that Spry3 and Spry4 exert different roles in brain cancer. Spry3
potentiates the tumorigenic potential of glioblastoma cells and Spry4 functions as tumor-suppressing
protein in this entity.
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Abstract: Signaling of the epithelial splice variant of fibroblast growth factor receptor 2 (FGFR2b)
triggers both differentiation and autophagy, while the aberrant expression of the mesenchymal
FGFR2c isoform in epithelial cells induces impaired differentiation, epithelial mesenchymal transition
(EMT) and tumorigenic features. Here we analyzed in the human keratinocyte cell line, as well as in
primary cultured cells, the possible impact of FGFR2c forced expression on the autophagic process.
Biochemical and quantitative immunofluorescence analysis, coupled to the use of autophagic flux
sensors, specific substrate inhibitors or silencing approaches, showed that ectopic expression and the
activation of FGFR2c inhibit the autophagosome formation and that AKT/MTOR is the downstream
signaling mainly involved. Interestingly, the selective inhibition of AKT or MTOR substrates caused
a reversion of the effects of FGFR2c on autophagy, which could also arise from the imbalance of
the interplay between AKT/MTOR pathway and JNK1 signaling in favor of JNK1 activation, BCL-2
phosphorylation and possibly phagophore nucleation. Finally, silencing experiments of depletion
of ESRP1, responsible for FGFR2 splicing and consequent FGFR2b expression, indicated that the
switching from FGFR2b to FGFR2c isoform could represent the key event underlying the inhibition
of the autophagic process in the epithelial context. Our results provide the first evidence of a negative
impact of the out-of-context expression of FGFR2c on autophagy, suggesting a possible role of this
receptor in the modulation of the recently proposed negative loop between autophagy and EMT
during carcinogenesis.

Keywords: FGFR2c; autophagy; keratinocyte; MTOR; JNK1

1. Introduction

The fibroblast growth factor receptors (FGFR1-4) are four receptor tyrosine kinases regulating
key processes, such as cell proliferation, differentiation, migration and survival [1,2]. The alternative
splicing of the IgIII loop in FGFR1-3, generates the FGFRIIIb or the FGFRIIIc isoforms, which are mainly
expressed in epithelial and mesenchymal tissues, respectively [3]. Deregulation of FGF/FGFR signaling
can play either oncogenic or tumor suppressive roles [2,4]. In this regard, the epithelial isoform of
FGFR2 (FGFR2b) is a well-recognized regulator of epidermal differentiation and skin homeostasis [5–7]
exerting a tumor suppressive role in vitro and in vivo [8,9]. According to these studies, our group has
demonstrated that FGFR2b controls the entire program of human keratinocyte differentiation [10–12]
and that PKCδ and PKCα signaling downstream FGFR2b are involved in different steps of this
process [12]. However, we also found that, in the same epidermal tissue context, the altered FGFR2
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splicing and the aberrant expression of the mesenchymal FGFR2c isoform induces changes in the
specificity for FGFs, leading to impairment of differentiation [13], epithelial mesenchymal transition
(EMT) and early tumorigenic features [14]. The observation that FGFR2b/FGFR2c switching is also
induced in keratinocytes by the E5 oncoprotein of human papillomavirus 16 (HPV16E5) [15], which is
expressed in the early stages of virus infection, further supports the hypothesis that FGFR2c aberrant
expression might be a precocious event in epithelial tumorigenesis.

At the light of growing evidences showing that FGFs would control cell differentiation by
regulating autophagy in several tissues [16–18], we have also demonstrated that FGFR2b signaling
triggers the autophagic process in human keratinocytes, showing that FGFR2b-induced autophagy and
receptor-mediated early differentiation are interplaying events [19–21] and that JNK1 is the downstream
signaling pathway at the crossroad between them [21,22].

However, autophagy not only regulates several biological functions, such as cell differentiation,
but can also play either onco-suppressive or oncogenic roles in cancer, depending on its stage.
In particular, during the initial steps of tumorigenesis autophagy, it appears to be linked to a negative
loop to EMT, in established tumors this process has a pro-survival effect and its possible interplay
with EMT remains still debated [23–25]. Therefore, keeping in mind the role of FGFR2c in driving
EMT, here we pointed on to establish if and how the aberrant expression of FGFR2c could impact on
autophagy. The results obtained showed that FGFR2c expression and signaling in epithelial context
negatively interfere with the autophagic process, suggesting that this interference could significantly
contribute to cancerogenesis.

2. Results

2.1. FGFR2c Expression and Signaling Inhibit Autophagy in Human Keratinocytes

To analyze the effect of FGFR2c expression and signaling on autophagy and to compare it to
that previously described by us for FGFR2b [19–22], we took advantage of the human keratinocyte
HaCaT clones stably transduced with pBp-FGFR2b or pBp-FGFR2c retroviral constructs or with empty
pBp vector, as negative control [14]. Cells were left untreated or stimulated with FGF7, the specific
ligand of FGFR2b, or with FGF2, which does not bind to FGFR2b, but is able to activate other FGFRs
including FGFR2c. Western blot analysis showed that, while FGF7 stimulation increased the levels of
the band corresponding to the lipidated form of the microtubule associated protein 1 light chain 3
(MAP1LC3/LC3-II) in all clones (Figure 1A), as expected [19–22], FGF2 treatment significantly decreased
them only in cells ectopically expressing FGFR2c (Figure 1A). Both the FGFR2b-dependent induction
and FGFR2c-mediated inhibition of autophagy were abolished by the specific FGFR2 tyrosine kinase
inhibitor SU5402 (Figure 1A), demonstrating that, in both cases, the signaling of FGFR2 isoforms was
required. Since it is widely accepted that autophagy is not only a post-translationally regulated, but also
a transcriptionally controlled process [26] and we have previously shown that FGFR2b signaling plays
a role in this transcriptional control [20,21], we wondered whether FGFR2c might impact on autophagy
also by affecting the expression of LC3 gene. To this aim, the mRNA transcript levels of LC3, which
we have previously demonstrated to be increased in response to FGF7 in keratinocytes [20,21], were
estimated by real-time relative RT-PCR. The results showed that, while FGF7 stimulation increased
the expression of this gene in all clones (Figure 1B), FGF2 treatment does not affect them, even in
HaCaT-pBp FGFR2c (Figure 1B). The impact of FGFR2c aberrant expression and signaling on autophagy
was also investigated by immunofluorescence approach. Quantitative immunofluorescence analysis
showed that, while LC3 signal intensity, as well as the number of LC3 positive dots per cell, were
increased by FGF7 stimulation in all clones (Figure 1C), they appeared reduced in response to FGF2
only in HaCaT pBp-FGFR2c cells (Figure 1C). Again, all the observed effects were abolished by SU5402
(Figure 1C), confirming the requirement of FGFR2 isoform activation. Thus, the ectopic expression
of FGFR2c and its signaling, which is known to exert an oncogenic outcome in human keratinocytes,
appear also to negatively impact on autophagy.
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Figure 1. The ectopic expression of FGFR2c and its signaling inhibit autophagy in human keratinocytes.
HaCaT cells, stably transduced with pBp-FGFR2b or pBp-FGFR2c constructs or with the empty pBp
retroviral vector as control, were left untreated or stimulated with FGF7 or FGF2 in presence or absence
of the FGFR2 tyrosine kinase inhibitor SU5402 as described in Material and Methods. (A) Western
blot analysis showed that, while FGF7 stimulation increases the levels of LC3-II in all clones, FGF2
stimulation significantly decreased them only in HaCaT pBp-FGFR2c cells. All the observed effects
were abolished by the presence of SU5402. Equal loading was assessed with the anti-ACTB antibody.
For the densitometric analysis the values from three independent experiments were normalized and
expressed as fold increases and are reported as mean values ± standard deviations (SD). Student’s
t test was performed, and significance levels are defined as P < 0.05. * p < 0.05 and *** p < 0.001 vs the
corresponding FGF-unstimulated cells; ** p < 0.05 vs the corresponding SU5402-untreated cells; not
significant (NS) vs the corresponding FGF-unstimulated, SU5402-untreated cells. (B) Real-time Reverse
Transcriptase-Polymerase Chain Reaction (RT-PCR) analysis shows that while FGF7 stimulation induces
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the increases of LC3 mRNA transcripts in all clones, FGF2 treatment does not affect them. The results
observed in HaCaT pBp and pBp-FGFR2b upon FGF7 stimulation were abolished by SU5402. Results
are expressed as mean values ± SE. Student’s t test was performed, and significance levels were defined
as P < 0.05. * p < 0.01, *** p < 0.05 and NS vs the corresponding FGF-unstimulated cells; ** p < 0.05
and NS vs the corresponding SU5402-untreated-cells. (C) Quantitative immunofluorescence analysis
shows that LC3 signal intensity was increased by FGF7 stimulation in all clones, but it appears strongly
reduced upon FGF2 treatment only in HaCaT pBp-FGFR2c cells. The observed effects were abolished
by SU5402 treatment. Quantitative analysis of the fluorescence intensity and LC3 positive dots per
cell were performed as described in Materials and Methods, and the results are expressed as mean
values ± standard errors (SE). The student’s t test was performed, and significance levels were defined
as P < 0.05. * p < 0.01, *** p < 0.001 and ˆ p < 0.0001, vs the corresponding FGF-unstimulated cells;
** p < 0.001 and ˆˆ p < 0.0001 vs the corresponding SU5402-untreated cells.

2.2. The Autophagosome Formation is the Autophagic Step Impaired by FGFR2c Expression and Signaling

The amount of intracellular autophagosomes usually depends on the balance between their
formation and their lysosomal-mediated degradation. Therefore, in order to assess how the ectopic
FGFR2c could impact on the autophagic flux, the levels of the well-known autophagy substrate
SQSTM1/p62 (sequestosome 1) was estimated by Western blot analysis. The evident decrease of the
62 kDa band corresponding to SQSTM1, observed in all clones upon FGF7 stimulation (Figure 2A),
confirmed the ability of FGFR2b signaling to trigger mainly the autophagosome assembly. In contrast,
the significant increase of the SQSTM1 band, observed exclusively in HaCaT pBp-FGFR2c clones and
only in response to FGF2 (Figure 2A), indicated that FGFR2c signaling might act via the inhibition
of new autophagosome formation, rather than by accelerating their turnover. The observed effects
were abolished by SU5402 (Figure 2A), confirming the requirement of receptor isoform activation.
Since it is well known that SQSTM1 can be also transcriptionally regulated under conditions that
modulate autophagy, we also investigated its mRNA expression levels in HaCaT clones stimulated as
above. The results showed that FGF7 stimulation induced an evident decrease of SQSTM1 mRNA
transcripts in all clones (Figure 2B), while FGF2 treatment did not significantly impact on them
(Figure 2B). The ability of FGFR2c to negatively interfere with the phagosome formation, rather than
their turnover, was also investigated using fluorescence approaches, transfecting HaCaT clones with a
pDest-mCherry-EGFP-LC3 tandem construct [27]. In fact, mCherry-EGFP-LC3 is an autophagic flux
sensor, since EGFP fluorescence (green) is quenched in acidic environments, whereas mCherry (red) is
an acidic-stable fluorescent tag: The nascent autophagosomes are both red and green (yellow) labeled,
whereas the acidic autolysosomes appear red, as a consequence of the EGFP quenching. Quantitative
fluorescence analysis, performed on transfected cells left untreated or stimulated with FGFR2 ligands
as above, showed that, while FGF7 stimulation increased both yellow and red dots (corresponding to
autophagosomes and autophagolysosomes, respectively) (Figure 2C), FGF2 treatment significantly
decreased them in HaCaT pBp-FGFR2c cells (Figure 2C). These results further confirmed that FGFR2c
activation appear to inhibit new autophagosome assembly.
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Figure 2. FGFR2c expression and signaling inhibits the autophagosome formation. (A) HaCaT pBp,
pBp-FGFR2b or pBp-FGFR2c cells were left untreated or stimulated with FGF7 or FGF2 in presence or
absence of the FGFR2 tyrosine kinase inhibitor SU5402 as above. Western blot analysis shows that,
the 62 kDa band corresponding to SQSTM1 was significantly increased only in HaCaT pBp-FGFR2c
clones after FGF2 stimulation, while it decreases in all clones upon FGF7 stimulation. All the observed
effects were abolished by SU5402. Equal loading was assessed with anti-ACTB antibody. Densitometric
analysis and the student’s t test were performed as reported above. * p < 0.05 vs the corresponding
FGF-unstimulated cells; ** p < 0.05 and *** p < 0. 001 vs the corresponding SU5402-untreated cells.
(B) HaCaT clones were stimulated with FGFR2 ligands as above. Real-time RT-PCR analysis shows that
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FGF7 stimulation decreased SQSTM1 mRNA transcripts in all clones, while FGF2 treatment did not
affect them. Results are expressed as mean values ± SE. The student’s t test was performed, and
significance levels were defined as P < 0.05. * p < 0.01 vs the corresponding FGF7-unstimulated cells;
NS vs the corresponding FGF7-unstimulated cells. (C) HaCaT clones were transiently transfected with
mCherry-EGFP-LC3 construct. Cells were then left untreated or stimulated with FGF7 or FGF2 as
above. Quantitative fluorescence analysis showed that, while FGF7 stimulation increased both yellow
and red dots in HaCaT pBp and HaCaT pBp-FGFR2b cells, FGF2 stimulation decreased them in HaCaT
pBp-FGFR2c cells. Quantitative analysis was performed as described in Materials and Methods, and
results were expressed as mean values ± SE. The student’s t test was performed as reported in the
legend to Figure 1B. * p < 0.05 and ** p < 0.001 vs the corresponding FGF7-unstimulated cells; *** p < 0.01
vs the corresponding FGF2-unstimulated cells. (D) HaCaT pBp-FGFR2b and pBp-FGFR2c clones were
left untreated or stimulated with FGF7 or FGF2 in the presence or absence of bafilomycin A1 for the
last 3 h. Western blot analysis showed that the increase in the levels of LC3-II upon FGF7 stimulation
observed in HaCaT pBp-FGFR2b was further enhanced by bafilomycin while the decrease of LC3-II
observed in HaCaT pBp-FGFR2c cells upon FGF2 stimulation was not recovered in the presence of the
drug. Equal loading was assessed with anti-ACTB antibody. Densitometric analysis and the student’s
t test were performed as reported above. * p < 0.05 vs the corresponding FGF-unstimulated cells;
** p < 0.05, *** p < 0.01 and NS vs the corresponding bafilomycin-untreated cells.

Finally, we monitored the LC3-II levels in the presence or absence of the well-known inhibitor of
the autophagosome-lysosome fusion bafilomycin A1. Western blot analysis showed that the effect
of increase of LC3-II band generally induced by this drug (Figure 2D) was not found in HaCaT
pBp-FGFR2c upon FGF2 stimulation (Figure 2D). These findings demonstrated that the observed
decrease of LC3-II induced by FGF2 in HaCaT pBp-FGFR2c cannot be ascribed to an acceleration of the
autophagic flux.

Since we have previously shown that FGFR2b signaling plays a role in the transcriptional control
of several ATG genes, other than LC3 [20,21], we also assessed whether FGFR2c might impact on
autophagy by affecting some of these genes To this aim, the mRNA transcript levels of the BECN1 and
ATG5 were estimated by real-time RT-PCR. The results showed that FGF2 treatment did not affect them,
even in HaCaT-pBp FGFR2c (Figure S1). Therefore, we feel confident to conclude that the interference
exerted by FGFR2c on autophagy does not occur at the transcriptional level.

2.3. AKT/MTOR is the Downstream Pathway Responsible for FGFR2c-Mediated Inhibition of Autophagy

To search for the possible downstream signaling pathways responsible for FGFR2c-mediated
autophagic repression, MAPK/ERK1/2 and AKT/MTOR signaling were first considered, since they
represent the main pathways involved in FGFR-mediated inhibition of autophagy [16,28–30]. Western
blot analysis demonstrated that, only in cells ectopically expressing FGFR2c, FGF2 stimulation
triggered ERK1/2, as well as AKT and MTOR phosphorylation (Figure 3); these effects were abolished
by the FGFR2 kinase inhibitor SU5402 (Figure 3), confirming their dependence from FGFR2c activation.
Then, in order to assess the possible involvement of these two pathways in FGFR2c-mediated repression
of autophagy, we took advantage of specific substrate inhibitors: The ERK1/2 upstream substrates
MAP2K/MEK1/2 inhibitor PD0325901 [31], the AKT inhibitor AKT-I-1/2 [32] and the widely used
MTOR inhibitor rapamycin. The efficiency of each inhibitor was first assayed by Western blot analysis
(Figure S2A). Then, we analyzed their effects on LC3-II expression in HaCaT pBp controls and HaCaT
pBp-FGFR2c left untreated or stimulated with FGF2, as above. Surprisingly, Western blot analysis
showed that, in the presence of either AKT inhibitor or rapamycin, but not of MEK1/2 inhibitor,
the decrease of LC3-II levels induced by FGF2 stimulation in pBp-FGFR2c cells was not only recovered,
but significantly increased, compared to the corresponding unstimulated cells (Figure 4A). These results
indicated that the selective block of AKT/MTOR pathway was able to revert the effects on autophagy.
No effects of all the inhibitors were detectable in cells not stimulated with FGF2 or in pBp control cells
(Figure 4A), suggesting that, at least in our keratinocyte model, the ERK1/2 or AKT/MTOR shut-off
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did not significantly interfere with basal autophagy. The crucial role of AKT/MTOR pathway in
FGFR2c-mediated inhibition of autophagy was also confirmed by immunofluorescence approaches,
demonstrating that FGF2 stimulation dampened LC3 signal intensity, as well as reduced the LC3
positive dots per cell, only in HaCaT pBp-FGFR2c clones (Figure 4B); however, in the presence of
the AKT inhibitor or rapamycin, this effect was completely reversed, resulting in a visible increase
of the staining and number of LC3 dots (Figure 4B). Thus, AKT/MTOR is the FGFR2c downstream
pathway responsible for autophagy inhibition; nevertheless, if this pathway is selectively switched-off,
the negative effect of FGFR2c signaling cascade on autophagic process is not only recovered, but even
reversed in autophagy induction. In order to further assess the interesting outcome of AKT/MTOR
shut-off on FGFR2c-mediated autophagic effects, we carried out specific protein depletion by siRNA.
HaCaT pBp and HaCaT pBp-FGFR2c clones were transfected with MTOR siRNA or with an unrelated
siRNA, as negative control, and the efficiency of MTOR depletion was checked by Western blot analysis
(Figure S2B). After siRNA transfection, cells were left untreated or stimulated with FGF2 as above.
Western blot analysis showed that the decrease of LC3-II, evident in HaCaT pBp-FGFR2c control
siRNA cells upon FGF2 stimulation (Figure 4C), turned into a clear increase upon MTOR depletion
(Figure 4C).

Figure 3. FGF2 stimulation activates ERK1/2 and AKT/MTOR signaling pathways in HaCaT
pBp-FGFR2c. HaCaT pBp and HaCaT pBp-FGFR2c clones were left untreated or stimulated with
FGF2 in the presence or absence of the FGFR2 tyrosine kinase inhibitor SU5402, as above. Western
blot analysis performed using an antibody directed against the phosphorylated form of ERK1/2, AKT
and MTOR demonstrates the activation of each substrates only in HaCaT pBp-FGFR2c upon FGF2
stimulation. These effects were abolished by SU5402 treatment. Equal loading was assessed with
anti-ERK1/2, anti-AKT, and anti-MTOR antibodies. Densitometric analysis and Student’s t test were
performed as reported above. * p < 0.05 vs the corresponding FGF2-unstimulated cells; ** p < 0.05 and
*** p < 0.01 vs the corresponding SU5402-untreated cells.
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Figure 4. AKT/MTOR is the signaling pathway downstream FGFR2c responsible for FGFR2c-mediated
inhibition of autophagy. (A) HaCaT pBp and HaCaT pBp-FGFR2c clones were left untreated or stimulated
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with FGF2 in the presence or absence of the indicated substrate inhibitors as reported in Materials and
Methods. Western blot analysis shows that both AKT inhibitor and rapamycin increased the level
of LC3-II upon FGF2 stimulation in pBp-FGFR2c cells compared to the corresponding unstimulated
cells, while MEK1/2 inhibitor shows no effects. No effects of all the inhibitors are detectable in
pBp-FGFR2c cells not stimulated with FGF2 or in pBp control cells. Equal loading was assessed with
anti-ACTB antibody. Densitometric analysis and the student’s t test were performed as reported above.
* p < 0.05 vs the corresponding FGF2-unstimulated cells; ** p < 0.05 and NS vs the corresponding
substrate inhibitor-untreated cells. (B) HaCaT pBp and HaCaT pBp-FGFR2c clones were left untreated
or stimulated with FGF2 in the presence or absence of AKT inhibitor or rapamycin as reported in
Materials and Methods. Quantitative immunofluorescence analysis showed that both AKT inhibitor
and rapamicyn reversed the inhibitory effect of FGF2 on LC3 signal intensity and on LC3 positive dots
formation only in HaCaT pBp-FGFR2c clones. Quantitative analysis was performed as described in
Materials and Methods, and results are expressed as mean values± SE. The student’s t test was performed
as reported above. * p < 0.001 vs the corresponding FGF2-unstimulated cells. (C) HaCaT pBp and
HaCaT pBp-FGFR2c clones were transiently transfected with MTOR siRNA or an unrelated siRNA as a
control. Cells were then left untreated or stimulated with FGF2 as described in Materials and Methods.
Western blot analysis shows that the decrease of LC3-II, observed in HaCaT pBp-FGFR2c control siRNA
cells upon FGF2 stimulation, was reversed upon MTOR depletion. Equal loading was assessed with
anti-ACTB antibody. Densitometric analysis and the student’s t test were performed as reported in the
legend to Figure 1A. * p < 0.05 and ** p < 0.01 vs the corresponding FGF2-unstimulated cells.

2.4. The Reversion of the Effects of FGFR2c on Autophagy Upon the Selective Block of AKT/MTOR Pathway is
Accompanied by JNK1 Activation

Searching for the signaling events possibly involved in the reversion of autophagic response to
FGFR2c, we focused our attention on MAPK8/JNK1 pathway. In fact, it has been recently proposed
that AKT/MTOR signaling exerts an inhibitory function on JNK [33], which is the pathway involved
in the induction of autophagy mediated by various FGFRs [17], including FGFR2b [21,22]. In fact,
PI3K/AKT/MTOR and JNK signaling are not independent pathways, but a complex network playing
important biological roles in cancer [33] and cooperating in the control of different events, including
autophagy [34]. Therefore, it is reasonable to suppose that, in our cellular model of keratinocytes
ectopically expressing FGFR2c, the induction of autophagy upon AKT/MTOR shut down could be
the consequence of the imbalance of the interplay between AKT/MTOR and JNK pathways in favor
of JNK1 activation. In order to ascertain it, we checked the phosphorylation levels of JNK1 in the
presence of AKT inhibitor: Western blot analysis showed that, in cells expressing FGFR2c, the basal
phosphorylation of JNK1 was significantly decreased by FGF2 stimulation (Figure 5), but this effect
was reversed by the presence of the AKT inhibitor (Figure 5). Overall, these results suggested that
FGFR2c-induced repression of autophagy involves the AKT/MTOR pathway, which also inhibits JNK1
signaling. In fact, upon the selective block of AKT/MTOR pathway, JNK1 phosphorylation/activation
increases and contributes to autophagy stimulation.
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Figure 5. AKT signaling is required for FGFR2c-mediated inhibition of JNK e BCL-2 phosphorylation.
HaCaT pBp and HaCaT pBp-FGFR2c clones were left untreated or stimulated with FGF2 in the presence
or absence of AKT inhibitor as reported in Materials and Methods. Western blot analysis performed
using antibody directed against the phosphorylated form of JNK and BCL-2, demonstrated that FGF2
stimulation decreases the basal phosphorylation of both substrates, while AKT inhibitor reverses this
effect. Densitometric analysis and the student’s t test were performed as reported in the legend to
Figure 1A. * p < 0.05 and *** p < 0. 01 vs the corresponding FGF2-unstimulated cells; ** p < 0.05 vs the
corresponding AKT inhibitor-untreated cells.

It is well known that JNK1 signaling triggers the autophagic step of phagophore nucleation
via BCL-2 phosphorylation and consequent BECN1 release from the BCL-2/BECN1 inhibitory
complex [35–37]. This mechanism has been described for the autophagy triggered by FGFR4 [17]
and FGFR2b [21]. Therefore, we wondered if FGFR2c activation, which inhibits JNK1 downstream
signaling, could also negatively impact on BCL-2 phosphorylation. Western blot analysis showed
that the basal phosphorylation of BCL-2 in HaCaT pBp-FGFR2c clones appeared decrease by FGF2
stimulation (Figure 5), but the presence of AKT inhibitor reversed this effect (Figure 5). Thus,
while FGFR2c signaling appears to repress autophagy via AKT/MTOR phosphorylation/activation,
which also negatively impact on JNK1-mediated phosphorylation of BCL-2, the selective block of
AKT/MTOR pathway appears to redirect it toward JNK1 activation, BCL-2 phosphorylation and
possibly phagophore nucleation.

2.5. Switching From the Epithelial FGFR2b to the Mesenchymal FGFR2c Isoform Underlies the FGF2-Mediated
Inhibition of Autophagy in Epithelial Context

The epithelial splicing regulatory proteins (ESRPs), and in particular, the ESRP1 isoform are
responsible for the FGFR2 splicing and consequent expression of the epithelial FGFR2b isoform [15,38].
Therefore, in order to assess if the FGFR2b versus FGFR2c isoform switching could represent a key
event responsible for FGF2-induced inhibition of the autophagic process in epithelial context, we forced
this event in keratinocytes, performing ESRP1 depletion by siRNA approach. HaCaT cells where
transfected with ESRP1 siRNA (HaCaT ESRP1 siRNA) or with an unrelated siRNA (HaCaT control
siRNA), as control, and then stimulated with FGF7 or FGF2 in the presence or not of the FGFR2 kinase
inhibitor SU5402, as reported above. The efficiency of ESRP1 depletion was verified through either
molecular (Figure 6A, left panel) and biochemical approaches (Figure 6A, right panel), while its effect
on FGFR2 isoform expression was quantitated by real-time relative RT–PCR, using human fibroblasts
(HFs) as positive control for FGFR2c expression. The results showed that ESRP1 depletion led to a
significant decrease of FGFR2b expression (Figure 6B, left panel) and to the appearance of FGFR2c
(Figure 6B, right panel), indicating that the correct splicing of the FGFR2 gene, occurring in epithelial
context, had been impaired. Then, we focused our attention on the autophagic events. Western blot
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analysis showed that, the increase of LC3-II in response to FGF7, visible in HaCaT control siRNA cells
(Figure 6C) and attributable to FGFR2b activation and signaling, was abolished by ESRP1 depletion
(Figure 6C). In contrast, in response to FGF2 stimulation, these HaCaT ESRP1 siRNA cells showed
a rate of LC3-II decrease (Figure 6C), as well as of MTOR phosphorylation/activation (Figure 6D)
comparable to that observed in HaCaT pBp-FGFR2c cells (see Figures 1A and 3). These results were also
confirmed in parallel experiments, using skin-derived primary human keratinocytes (HKs) transfected
with ESRP1 siRNA or control siRNA and stimulated with FGF7 or FGF2 as above. Molecular and
biochemical approaches were used to verify the efficiency of ESRP1 depletion (Figure 6E), as well as
its ability to lead FGFR2b down-regulation and ex-novo expression of FGFR2c (Figure 6F). Finally,
Western blot analysis confirmed that ESRP1 depletion was able to abolish the autophagic response of
HKs to FGF7 and to sensitize them to FGF2, inducing an LC3-II decrease (Figure 6G) and a MTOR
phosphorylation/activation (Figure 6H) comparable to that observed in HaCaT ESRP1 siRNA cells.
These results suggested that an altered FGFR2 splicing and the consequent switch from FGFR2b to
FGFR2c in epithelial context might drive to autophagy inhibition.

Figure 6. Cont.
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Figure 6. ESRP1 depletion by siRNA in haCaT cells results in aberrant FGFR2 splicing and
FGF2-mediated inhibition of autophagy. (A) HaCaT cells were transiently transfected with ESRP1
siRNA or an unrelated siRNA as a control. Cells were then left in complete medium (left panel).
Alternatively, cells were left untreated or stimulated with FGF7 or FGF2 in the presence or absence
of the FGFR2 tyrosine kinase inhibitor SU5402 as above (right panel). Real-time RT-PCR analysis
(left panel) and Western blot analysis (right panel) show the efficiency of ESRP1 depletion. Results are
expressed as mean values ± SE. The student’s t test was performed, and significance levels are defined
as P values of ± 0.05. * p < 0.01 vs the corresponding control siRNA cells. For the Western blot analysis,
equal loading was assessed with anti-ACTB antibody. (B) HaCaT cells were transiently transfected
with ESRP1 siRNA or an unrelated siRNA as a control and then left in complete medium. Real-time
RT-PCR analysis shows that ESRP1 depletion leads to a significant decrease of FGFR2b expression
(left panel) and to the appearance of FGFR2c (right panel). Results are expressed as mean values ± SE.
The student’s t test was performed, and significance levels are defined as P values of 0.05. * p < 0.05 vs
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the corresponding control siRNA cells. (C) HaCaT cells were transiently transfected with ESRP1 siRNA
or an unrelated siRNA as a control. Cells were left untreated or stimulated with FGF7 or FGF2 in the
presence or absence of the FGFR2 tyrosine kinase inhibitor SU5402 as above. Western blot analysis
shows that ESRP1 depletion abolishes the increase of LC3 induced by FGF7 while it induces a decrease
of LC3 upon FGF2 stimulation. Equal loading was assessed with anti-ACTB antibody. Densitometric
analysis and the student’s t test were performed as reported in the legend to Figure 1A. * p < 0.05
and ** p < 0.01 vs the corresponding FGF-unstimulated cells; *** p < 0.01 and **** p < 0.05 vs the
corresponding SU5402-untreated cells. (D) HaCaT cells were transiently transfected with ESRP1 siRNA
or an unrelated siRNA as a control and then left untreated or stimulated with FGF2 in presence or
absence of SU5402 as above. Western blot analysis performed using antibody directed against the
phosphorylated form of MTOR shows the phosphorylation of this substrates upon FGF2 stimulation
in HaCaT ESRP1 siRNA cells. Equal loading was assessed with anti-ACTB antibody. Densitometric
analysis and the student’s t test were performed as reported in the legend to Figure 1A. * p < 0.05
vs the corresponding FGF-unstimulated cells; ** p < 0. 001 vs the corresponding SU5402-untreated
cells. (E) HKs cells were transiently transfected with ESRP1 siRNA or an unrelated siRNA as a control
and left in complete medium (left panel) or stimulated with FGF7 or FGF2 as above (right panel).
Real-time RT-PCR analysis (left panel) and Western blot analysis (right panel) showed the efficiency of
ESRP1 depletion. Results are expressed as mean values ± SE. The student’s t test was performed, and
significance levels are defined as P values of ± 0.05. * p < 0.05 vs the corresponding control siRNA cells.
For the Western blot analysis, equal loading was assessed with anti-ACTB antibody. (F) HKs cells were
transiently transfected with ESRP1 siRNA or an unrelated siRNA as a control and then left in complete
medium. Real-time RT-PCR analysis showed that ESRP1 depletion lead to a significant decrease of
FGFR2b expression (left panel) and to the appearance of FGFR2c (right panel). Results are expressed as
mean values ± SE. The student’s t test was performed, and significance levels are defined as P values of
± 0.05. * p < 0.01 vs the corresponding control siRNA cells. (G) HKs cells were transiently transfected
with ESRP1 siRNA or an unrelated siRNA as a control. Cells were left untreated or stimulated with
FGF7 or FGF2 as above. Western blot analysis shows that ESRP1 depletion abolished the increase of
LC3 induced by FGF7 while it induced a decrease of LC3 upon FGF2 stimulation. Equal loading was
assessed with anti-ACTB antibody. Densitometric analysis and the student’s t test were performed as
reported in the legend to Figure 1A. * p < 0.05 vs the corresponding FGF-unstimulated cells. (H) HKs
cells were transiently transfected with ESRP1 siRNA or an unrelated siRNA as a control and then left
untreated or stimulated with FGF2. Western blot analysis performed using antibody directed against
the phosphorylated form of MTOR shows that ESRP1 depletion induces the phosphorylation of this
substrates upon FGF2 stimulation. Equal loading was assessed with anti-ACTB antibody. Densitometric
analysis and the student’s t test were performed as reported in the legend to Figure 1A. * p < 0.05 vs the
corresponding control siRNA cells.

3. Discussion

The human genome consists of 20,000–25,000 genes, 95% of which undergo alternative splicing,
ensuring the higher proteome diversity [39]. Isoforms arising from the splicing events show distinct
and often opposing functions and several studies have suggested that the aberrant splicing represents
a crucial event in cancer [39]. The high frequency of splicing aberrations in neoplastic diseases has
made necessary new strategies for therapeutic approaches pointed on targeting the aberrant variants
and their signaling.

In agreement with the proposed central role of the aberrant splicing in tumorigenesis, the altered
splicing of FGFR2 and the consequent appearance of the mesenchymal FGFR2c isoform was observed in
several carcinomas [40–44]. Consistent with this clinical evidence, recent studies from our group have
demonstrated that the FGFR2 isoform switching and aberrant expression of the mesenchymal FGFR2c
isoform in human keratinocytes induces impaired differentiation [13] and EMT [14,15]. The initiation
of a pathological type III EMT is also accompanied by the appearance of tumorigenic features [14]
indicating that FGFR2 aberrant splicing might represent the precocious event driving the early step
of carcinogenesis.
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Very recently it is emerging that EMT and autophagy are tumor cell responses to microenvironment
stresses occurring in different stages of cancer progression [24,25]. These responses appear to be
mutually exclusive and they regulate each other in a complex negative loop [24,25]. However, still
many open questions remain to be answered to clarify how tumor cells decide whether to enter
one or the other cell stress response. To address tumor cell heterogeneity, the identification of hub
molecules able to regulate this intricate interplay appears a promising goal for cancer therapy.Starting
from our recent results dealing with the ability of the epithelial FGFR2b isoform in promoting
autophagy [19–22], we speculated that the ectopic FGFR2c might play a central role in the regulation of
the negative crosstalk between EMT and the autophagic process in epithelial context. Consistent with
this hypothesis, using biochemical, molecular and immunofluorescence approaches, we demonstrated
here that the ectopic expression of FGFR2c in normal human keratinocytes efficiently counteracts
autophagy. Moreover, forcing the aberrant splicing of FGFR2 in keratinocytes via ESRP1 depletion
by siRNA approach, we found that the switching from the epithelial FGFR2b to the mesenchymal
FGFR2c isoforms could be the specific event underlying the negative impact on autophagy in epithelial
context. This is consistent with the fact that dysregulations in RNA alternative splicing is linked to
EMT induction and tumor development [39]. In this regard, RNA splicing regulators, such as ESRPs,
are emerging as key proteins playing both oncogenic and tumor suppressive roles via the modulation
of RNA isoforms involved in oncogenic signaling pathways [45]. Therefore, we might speculate
that, at least in the epidermal context, the down-regulation of ESPRs proteins, responsible for FGFR2
isoform switching, would be the molecular event crucial not only for EMT induction [15] but also for
autophagy repression.

Since our results also provide elements to assume that FGFR2c-induced inhibition of the autophagic
process is not transcriptionally regulated, we further progressed on the identification of the molecular
mechanisms underlying FGFR2c-mediated inhibition of autophagy, identifying AKT/MTOR as the
crucial pathway involved (Figure 7). We also observed that the selective inhibition of AKT or MTOR,
but not that of MEK1/2, was able not just to dampen, but even to reverse the effects of FGFR2c signaling
on autophagy (Figure 7). Interestingly, this unexpected event was accompanied by JNK1 activation.
JNK1 signaling is known to be involved in the induction of autophagy mediated by various FGFRs [17],
including FGFR2b [21,22] and proceeds via BCL-2 phosphorylation, which in turn allows phagophore
nucleation [35–37]. Indee, our results showed that both JNK1 and BCL-2 phosphorylation appeared
repressed by FGFR2c activation, but strongly activated upon AKT/MTOR shut-off. These findings are
in agreement with previous observations of a cooperative crosstalk between PI3K/AKT/MTOR and
JNK pathways in the regulation of autophagy also in different cellular contexts, such as PC12 cells
and various cancer cell lines [34,46]. In addition, increasing evidences revealed that AKT and JNK
pathways interact with each other and that AKT signaling inhibits JNK and different mechanisms
have been proposed [33]: In fact, AKT would counteract JNK activation antagonizing the formation of
the MAPK8IP1/JIP1-JNK complex [47,48], as well as interfering with the activation of JNK upstream
kinases, such as MAP3K5/ASK1, MAP2K4/7/MKK4/7 and MLK [33]. However, since the PI3K/AKT
pathway plays essential roles in cancer [33], understanding the molecular mechanisms regulating
its crosstalk with JNK may essentially contribute to clarify the specific involvement of each of these
pathways in tumor development. Moreover, since autophagy and EMT negatively regulate each
other in tumor cells, it is reasonable to suppose that AKT/MTOR inhibition would be able not only to
restore autophagy, but also to reverse FGFR2c-induced EMT and tumorigenic features: Further future
investigations will be performed in order to address this topic.

Overall, since FGFR2c is simultaneously responsible for the unbalance of the negative crosstalk
between autophagy and EMT in favor of this latter, as well as for impairment of differentiation and
induction of tumorigenic features, we can conclude that this receptor, expressed as a consequence of an
altered splicing event, could be one of the crucial molecular drivers of epithelial deregulation during
tumorigenesis. On the other hand, the selective inhibition of specific pathways downstream FGFR2c,
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such as AKT/MTOR, could represent an effective tool to interfere with the oncogenic autophagy/EMT
crosstalk and consequently to counteract the early steps of carcinogenesis.
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Figure 7. Schematic drawing of the proposed role of FGFR2c and its signaling in the regulation of
autophagy and EMT interplay. FGFR2c inhibits autophagy via AKT/MTOR pathway, which also
negatively interferes with JNK1 signaling.

4. Materials and Methods

4.1. Cells and Treatments

The human keratinocyte cell line HaCaT, stably expressing FGFR2c (pBp-FGFR2c), overexpressing
FGFR2b (pBp-FGFR2b) or the empty vector (pBp) were cultured in Dulbecco’s modified eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum (FBS) plus antibiotics. Primary cultures
of human keratinocytes and human fibroblasts derived from healthy skin (HKs and HFs, respectively)
were obtained from patients attending the Dermatology Unit of the Sant’Andrea Hospital of Rome;
all patients were extensively informed and their consent for the investigation was given and collected in
written form in accordance with guidelines approved by the management of the Sant’Andrea Hospital.
The research was done in agreement with the guidelines of the Helsinki declaration, according to
a protocol study approved by the Ethical Committee of Sant’Andrea University Hospital (Prot. CE
n. 1591/2013). Primary cells were isolated and cultured as previously described [49,50].

HaCaT clones were transiently transfected with the pDest-mCherry-EGFP tandem expression
vector containing LC3 (HaCaT mCherry-EGFP-LC3) [27].

For RNA interference and MTOR or ESRP1 silencing, cells were transfected with MTOR small
interfering RNA (MTOR siRNA) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; SC35409),
ESRP1 siRNA (Santa Cruz Biotechnology, SC77526), or an unrelated siRNA as a control, using
Lipofectamine 2000 transfection reagent (Life Technologies, Carlsbad, CA, USA; 11668-019) or Fugene
HD (Promega, Madison, WI, E2311) according to the manufacturer’s protocol.

For growth factors stimulation, cells were left untreated or incubated with FGF7 (Upstate
Biotechnology, Lake Placid, NY, 01-118) or with FGF2 (PeproTech, London, BFGF 100-188) 100 ng/mL
for 24 h at 37 ◦C. To induce activation and signaling of FGFR2 isoforms, cells were serum starved and
incubated with FGF7 or FGF2 100 ng/mL for 10 min at 37 ◦C. For inhibition of FGFR2b and FGFR2c
tyrosine kinase activity, cells were pre-incubated with a specific FGFR2 tyrosine kinase inhibitor, SU5402
25 μM (Calbiochem, Nottingham, UK; 572630) for 1 h before treatments with growth factors (GFs).
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To inhibit ERK, AKT, or MTOR cells were incubated with the MEK1/2-specific inhibitor PD0325901
(1 μM; Sigma-Aldrich, Saint Louis, MO, USA; PZ0162) AKT-specific inhibitor Akt-I-1/2, (1 μM;
Calbiochem, 124005), or with the specific MTOR inhibitor rapamycin (100 nM; Cell Signaling Technology,
Beverly, MA, USA; 9904) respectively, for 1 h at 37 ◦C before being treated with FGF2 in the presence of
each inhibitor.

To irreversibly block the fusion between autophagosomes and lysosomes, cells were incubated
with bafilomycin A1 (20 nM; Sigma-Aldrich, B1793) for 3 h at 37 ◦C after treatment with GFs in the
presence of the inhibitor.

4.2. Immunoflurescence

HaCaT clones, grown on coverslips, were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 30 min at 25 ◦C, followed by treatment with 0.1 M glycine for 20 min at 25 ◦C and
with 0.1% Triton X-100 for an additional 5 min at 25 ◦C to allow permeabilization. Cells were then
incubated for 1 h at 25 ◦C with the following primary antibodies: Mouse monoclonal anti-LC3 (1:100
in PBS, 5F10 Nanotools, Teningen, Germany, 0231). The primary antibodies were visualized using
goat anti-mouse IgG-Alexa Fluor 488 (1:200 in PBS, Life Technologies, Carlsbad, CA, A11001) for
30 min at 25 ◦C. Nuclei were stained with DAPI (1:1000 in PBS; Sigma-Aldrich, D9542). Coverslips
were finally mounted with Mowiol (Sigma) for observation. Fluorescence signals were analyzed by
scanning cells in a series of sequential sections with an ApoTome System (Zeiss) connected with an
Axiovert 200 inverted microscope (Zeiss); image analysis was performed by the Axiovision software
(Zeiss) and images were obtained by 3D reconstruction of the total number of the serial optical sections.
Quantitative analysis of the fluorescence intensity was performed by the Axiovision software (Zeiss),
analyzing 10 different fields randomly taken from 3 independent experiments. Quantitative analysis of
LC3-positive dots per cell was performed analyzing 100 cells for each sample in 5 different microscopy
fields from 3 different experiments. Results are shown as means ± standard error (SE). The student’s
t test was performed and significance levels have been defined as p < 0.05.

4.3. Western Blot Analysis

Cells were lysed in a buffer containing 50 mM HEPES, pH 7.5, 150 mM NaCl, 1% glycerol, 1%
Triton X-100, 1.5 mM MgCl2, 5 mM EGTA, supplemented with protease inhibitors (10 g/mL aprotinin,
1 mM phenylmethylsulfonyl fluoride [PMSF], 10 μg/mL leupeptin) and phosphatase inhibitors (1 mM
sodium orthovanadate, 20 mM sodium pyrophosphate, 0.5 M NaF). A range of 20 to 50 μg of total
protein was resolved under reducing conditions by 8 or 12% SDS-PAGE and transferred to reinforced
nitrocellulose (BA-S 83; Schleicher & Schuell, Keene, NH, USA; BA-S83). The membranes were blocked
with 5% nonfat dry milk (Bio-Rad Laboratories, Hercules, CA, USA, 170-6404) in PBS 0.1% Tween 20
(Bio-Rad, 170-6531) and incubated with anti-SQSTM1 (BD Bioscience, San Josè, CA, USA, 610833),
anti-phospho-JNK (anti-p-JNK) (Thr183/Tyr185, Cell Signaling, 9255S), anti-p-MTOR (Ser 2448, Cell
Signaling, 5536S), monoclonal antibodies or with anti-LC3 (MBL, Woburn, MA, PD014), anti ESRP1
(Sigma-Aldrich, HPA023719), anti-p-p44/42 mitogen-activated protein kinase (MAPK) (p-ERK1/2)
(Thr202/Tyr204; Cell Signaling, 9101S), anti-p-AKT (Ser 473; Cell Signaling, 9271), anti-p-BCL2 (Ser 70;
Cell Signaling, 2827) polyclonal antibodies, followed by enhanced chemiluminescence (ECL) detection
(Thermo Scientific, Rockford, IL, USA; 34580).

The membranes were rehydrated by washing in PBS/Tween-20, stripped with 100 mM
mercaptoethanol and 2% SDS for 30 min at 55◦C and probed again with, anti-AKT (H-136; Santa Cruz
Biotechnology, sc-8312), anti-p44/42 MAPK (ERK1/2) (137F5, Cell Signaling, 4695S), anti-JNK (Cell
Signaling, 9252S), anti-α-TUBA (Cell Signaling, 2148S) polyclonal antibodies or with anti-MTOR (7C10,
Cell Signaling, 2983S), anti-ACTB (Sigma-Aldrich, A5441) monoclonal antibody to estimate the protein
equal loading.

Densitometric analysis was performed using Quantity One Program version 4.6.8 (Bio-Rad).
The resulting values from three different experiments were normalized, expressed as fold increase
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respect to the control value and reported in graph as mean values ± standard deviation (SD).
The student’s t test was performed and significance levels have been defined as p < 0.05.

4.4. Primers

Oligonucleotide primers necessary for target genes and the housekeeping gene were chosen
by using the online tool Primer-BLAST [51] and purchased from Invitrogen (Invitrogen, Carlsbad,
CA, USA). The following primers were used: For the MAP1LC3B target gene: 5′-CGCACCTTCGAACA
AAGAG-3′ (sense) and 5′-CTCACCCTTGTATCGTTCTATTATCA-3′ (antisense); for the BECN1
target gene: 5′-GGATGGTGTCTCTCGCAGAT-3′ (sense) and 5′-TTGGCACTTTCTGTGGACAT-3′
(antisense); for the ATG5 target gene: 5′-CAACTTGTTTCACGCTATATCAGG-3′ (sense) and 5′-CAC
TTTGTCAGTTACCAACGTCA-3′ (antisense); for ESRP1 target gene: 5′-GGCTCGGATGAGAAGGA
GTT-3′ (sense), 5′-GCACTTCGTGCAACTGTCC-3′ (antisense), for FGFR2b target gene: 5′-CGTGGA
AAAGAACGGCAGTAAATA-3′ (sense), 5′-GAACTATTTATCCCCGAGTGCTTG-3′ (antisense); for
FGFR2c target gene: 5′- TGAGGACGCTGGGGAATATACG-3 (sense), 5′-TAGTCTGGGGAAGCTGT
AATCTCCT 3′ (antisense); for the SQSTM1 target gene: 5′-AGCTGCCTTGTACCCACATC-3
(sense), 5′- CAGAGAAGCCCATGGACAG-3′ (antisense); for the 18S rRNA housekeeping
gene: 5′-CGAGCCGCCTGGATACC-3′ (sense) and 5′-CATGGCCTCAGTTCCGAAAA-3′ (antisense).
For each primer pair, we performed no-template control and no-reverse-transcriptase control (reverse
transcription [RT]-negative) assays, which produced negligible signals

4.5. RNA Extraction and cDNA Synthesis

RNA was extracted using the TRIzol method (Invitrogen, Carlsbad, CA, USA; 15596018) according
to the manufacturer’s instructions and eluted with 0.1% diethylpyrocarbonate (DEPC)-treated water.
Each sample was treated with DNase I (Invitrogen, 18068-015). The total RNA concentration was
quantitated by spectrophotometry; 1 μg of total RNA was used for reverse transcription using the
iScriptTM cDNA synthesis kit (Bio-Rad, 170-8891) according to the manufacturer’s instructions.

4.6. PCR Amplification and Real-Time Quantitation

Real-time RT-PCR was performed using the iCycler real-time detection system (iQ5 Bio-Rad) with
optimized PCR conditions. The reactions were carried out in a 96-well plate using iQ SYBR green
supermix (Bio-Rad, 1708882), adding forward and reverse primers for each gene and 1 μl of diluted
template cDNA to a final reaction mixture volume of 15 μl. All assays included a negative control and
were replicated three times. The thermal cycling program was performed as described previously [52].
Real-time quantitation was performed with the help of the iCycler IQ optical system software, version
3.0a (Bio-Rad), according to the manufacturer’s manual. Results are reported as mean values ± SE
from three different experiments in triplicate. The student’s t test was performed, with significance
levels defined as P values < 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/7/653/s1,
Figure S1: FGFR2c-induced inhibition of autophagy is not transcriptionally regulated, Figure S2: Biochemical
evaluation of the efficiency of specific signaling pathway substrate inhibitors and siRNAs.
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Abbreviations

ATG5 autophagy-related 5
BCL-2 BCL2 apoptosis regulator
BECN1 Beclin 1, autophagy-related
DAPI 4′,6-diamidino-2-phenylindole
EGFP enhanced green fluorescent protein
EMT epithelial-mesenchymal transition
ESRP Epithelial Splicing Regulatory Protein
FGF2 fibroblast growth factor 2 (basic)
FGF7/KGF fibroblast growth factor 7
FGFR fibroblast growth factor receptor
GAPDH glyceraldehyde-3-phosphate dehydrogenase
HaCaT human adult skin keratinocytes propagated under low calcium
HFs Human fibroblasts
HKs human keratinocytes
HPV16 human papillomavirus type 16
MAP1LC3/LC3 microtubule-associated protein 1 light chain 3
MAP2K/MEK mitogen-activated protein kinase kinase
MAP2K4/MKK4 mitogen-activated protein kinase kinase 4
MAP2K7/MKK7 mitogen-activated protein kinase kinase 7
MAPK/ERK mitogen-activated protein kinase
MAPK8/JNK mitogen-activated protein kinase 8
ACTB actin beta
MAP3K5/ASK1 mitogen-activated protein kinase kinase kinase 5
MAPK8IP1/JIP1 mitogen-activated protein kinase 8 interacting protein 1
MLK mixed-lineage kinase
MTOR mechanistic target of rapamycin
NS not significant
PI3K class I phosphoinositide 3 kinase
PKC protein kinase C
SD standard deviation
SE standard error
SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis
RT-PCR Reverse Transcriptase-Polymerase Chain Reaction
siRNA small interfering RNA
SQSTM1/P62 sequestosome 1
TUBA α-tubulin
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Abstract: Tight regulation of signaling from receptor tyrosine kinases is required for normal cellular
functions and uncontrolled signaling can lead to cancer. Fibroblast growth factor receptor 2 (FGFR2)
is a receptor tyrosine kinase that induces proliferation and migration. Deregulation of FGFR2
contributes to tumor progression and activating mutations in FGFR2 are found in several types of
cancer. Here, we identified a negative feedback loop regulating FGFR2 signaling. FGFR2 stimulates
the Ras/MAPK signaling pathway consisting of Ras-Raf-MEK1/2-ERK1/2. Inhibition of this pathway
using a MEK1/2 inhibitor increased FGFR2 signaling. The putative ERK1/2 phosphorylation site at
serine 780 (S780) in FGFR2 corresponds to serine 777 in FGFR1 which is directly phosphorylated by
ERK1/2. Substitution of S780 in FGFR2 to an alanine also increased signaling. Truncated forms of
FGFR2 lacking the C-terminal tail, including S780, have been identified in cancer and S780 has been
found mutated to leucine in bladder cancer. Substituting S780 in FGFR2 with leucine increased FGFR2
signaling. Importantly, cells expressing these mutated versions of S780 migrated faster than cells
expressing wild-type FGFR2. Thus, ERK1/2-mediated phosphorylation of S780 in FGFR2 constitutes
a negative feedback loop and inactivation of this feedback loop in cancer cells causes hyperactivation
of FGFR2 signaling, which may result in increased invasive properties.
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1. Introduction

Tight regulation of receptor tyrosine kinase signaling is required for specific cellular responses,
such as cell growth, differentiation, migration, and apoptosis. Inadequate regulation of signaling is a
common event in cancer development and enhanced receptor signaling promotes tumor growth [1].
The receptor tyrosine kinase, FGFR2 (fibroblast growth factor receptor 2) is a transmembrane, cell-surface
localized receptor that belongs to a family of four related receptors [2]. FGFR2 is activated by FGF
ligands and induces various downstream signaling molecules. Deregulation of FGFR2 contributes
to tumor progression and activating mutations in FGFR2 have been found in different types of
cancer, like gastric cancer, breast cancer, and endometrial carcinoma [3,4]. In addition, activating
mutations have been found in skeletal disorders, like Apert syndrome and Crouzon syndrome [5].
Clearly, precise regulation of FGFR2 signaling is important to prevent diseases.
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Upon ligand binding, FGFRs dimerize. This, in turn, activates the tyrosine kinase domain of the
receptor by trans-autophosphorylation [2]. FGFRs mediate signaling by recruiting specific molecules
that bind to phosphorylated tyrosines, triggering a number of signaling pathways. The docking
protein FRS2 (FGFR substrate 2) is phosphorylated by the activated receptor, creating phosphotyrosine
docking sites for proteins containing SH2-domains. By binding to FRS2, the adaptor protein Grb2
(growth factor receptor-bound protein 2) activates the Ras/mitogen-activated protein kinase (MAPK)
pathway and the phosphoinositide 3-kinase (PI3K)/Akt pathway [2]. Ras activates the kinase activity of
Raf, which phosphorylates MEK1/2. MEK then phosphorylates ERK1/2 (extracellular signal-regulated
kinase) which activates 90 kDa Ribosomal S6 Kinase 2 (RSK2), among other downstream targets.
Activated FGFRs also recruit and phosphorylate phospholipase Cγ (PLCγ), which culminates in the
activation of protein kinase C (PKC) [2].

In comparison to the well-studied activation of FGFRs, the mechanisms leading to deactivation
of the receptor are not fully understood. It is known that the signal from the activated receptor
can be attenuated by internalization and degradation in lysosomes [6,7]. After internalization,
FGFR ubiquitination marks the receptor for degradation [6,8]. Depending on the receptor type,
the bound ligand, and possibly also the cell type and the context, FGFRs might also be recycled back to
the cell surface instead of being transported to lysosomes, which may result in prolonged signaling [7].

FGFR signaling is also regulated by phosphatases. Recently, we have shown that a phosphatase,
PTPRG, directly dephosphorylates activated FGFRs [9]. Proteins that regulate FGFR signaling, such as
MAPK phosphatase 3 (MKP3) and Sprouty 1/2, are negative regulators that are induced or activated
by FGF signaling and act on downstream signaling molecules [10]. In addition, FGFR signaling can be
regulated by inhibitory phosphorylation, forming negative feedback loops that attenuate the signals. It has
been shown that active ERK1/2 can phosphorylate FRS2 on threonine residues. This leads to reduced
tyrosine phosphorylation of FRS2 and therefore reduced downstream signaling [11]. On the receptor
level, two such negative feedback loops have been identified for FGFR1 [12,13]. It has been shown that
upon FGFR1 activation/tyrosine phosphorylation, the receptor is also phosphorylated at serine 777 (S777)
directly by activated ERK1/2. S777 phosphorylation reduces the tyrosine phosphorylation in the kinase
domain of the receptor and thus also reduces signaling [12]. In addition, the serine/threonine kinase RSK2,
which is activated through the Ras-MAPK pathway, can also bind to FGFR1 and phosphorylate FGFR1 at
serine 789 [13]. This phosphorylation seems to be required for proper endocytosis and ubiquitination of
FGFR1. Preventing RSK2 activation or mutation of S789 leads to increased signaling [13]. It is not clear if
the other FGFRs are also regulated by such negative feedback loops.

Here, we have investigated whether a similar negative feedback loop mediated by ERK1/2 also exists
for FGFR2. Inhibition of the ERK1/2 signaling pathway, using a MEK1/2 inhibitor (U0126), led to sustained
FGFR2 phosphorylation. Moreover, substitution of serine 780 (S780) in FGFR2 for alanine also resulted
in sustained FGFR2 activation. S780 in FGFR2 is equivalent to the ERK1/2 substrate S777 in FGFR1.
Several truncated forms of FGFR2 lacking the C-terminal tail, including S780, have been identified in
cancer. In addition, S780 has been found mutated to leucine in a patient with bladder cancer. Substituting
S780 in FGFR2 with leucine also increased FGFR2 signaling. More importantly, cells expressing the
mutated versions of S780 were migrating faster than cells expressing wild-type FGFR2. Possibly, the lack
of MAPK-dependent negative feedback gives FGFR2-expressing cancer cells an advantage. These results
also indicate that care should be taken when the MAPK-pathway is inhibited in cancer.

2. Materials and Methods

2.1. Materials, Antibodies, and Compounds

The following antibodies were used: Mouse anti-phospho-ERK1/2 (Thr202/Tyr204) (#9106),
rabbit anti-ERK1/2 (#9102), mouse anti-phospho-FGFR (Tyr653/654) (#3476), rabbit anti-FGFR2
(#11835), rabbit anti-FGFR2 (N-terminal) (#23328), rabbit anti-FGFR1 (#9749), rabbit anti-FGFR3 (#4574),
rabbit anti-FGFR4 (#8562), rabbit anti-phospho-PLCγ (Tyr783) (#14008), and rabbit anti-phospho-RSK2
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(Ser 227) (#3556) from Cell Signaling Technology (Leiden, The Netherlands) and mouse anti-γ-tubulin
(T6557) from Sigma-Aldrich (St. Louis, MO, USA). Fluorescently labelled secondary antibodies
were from Jackson ImmunoResearch Laboratories (Cambridgeshire, UK). HRP-conjugated secondary
antibodies were from Jackson ImmunoResearch Laboratories and Agilent (Santa Clara, CA, USA).

U0126 (1144) was from Tocris Bioscience (Bristol, UK). PD173074 was from Calbiochem (San Diego,
CA, USA). Cycloheximide, recombinant EGF, mowiol, heparin, and protein-G-sepharose were from
Sigma Aldrich. Restriction enzymes were from New England Biolabs (Ipswich, MA, USA). Adenosine
triphosphate [γ-32P] 3000 Ci/mmol EasyTides was purchased from PerkinElmer (Norwalk, CT, USA).
PhosSTOP phosphatase inhibitor cocktail and cOmplete EDTA-free protease inhibitor cocktail were
from Roche (Basel, Switzerland). Hoechst 33342, DyLight 550 NHS Ester, and recombinant active ERK1
with glutathione S-transferase (GST) tag (#PV3311) were from Thermo Fisher Scientific (Waltham, MA,
USA). Recombinant FGF1 was prepared as previously described [14]. FGF1 was labelled with DyLight
550 (DL550-FGF1) following the manufacturer’s procedures.

2.2. Plamids and siRNAs

cDNA encoding full-length human FGFR2 (IIIc) (NCBI: NM_000141) was cut out from the
pCMV6-XL4 cDNA clone (Origene Technologies, Rockville, MD, USA) as an EcoRI-XbaI fragment
and ligated into pcDNA3 (Thermo Fisher Scientific, Waltham, MA, USA). The resulting plasmid
was further cut with KpnI to remove the upstream untranslated region. To remove the untranslated
region downstream of the gene, the plasmid was partially cut with Tth111I, followed by cutting
with XbaI. The plasmid was furthermore treated with T4 DNA polymerase (New England Biolabs,
Ipswich, MA, USA) to make blunt ends and then ligated. Note that the XbaI and the Tth111I sites
were destroyed. After sequencing, a point mutation in the N-terminal region was discovered (G183V).
This point mutation was mutated back (generating a glycine at the 138 position) using site-directed
mutagenesis with the following primer: 5-CGCTGCCCAGCCGGGGGGAACCCAATGCCAACC-3.
pcDNA3 hFGFR2 was used as a template to generate pcDNA3 hFGFR2 S780A, S780D, and S780L. The
following primers were used: S780A; 5-CCTCTCGAACAGTATGCACCTAGTTACCCTGAC-3, S780D;
5-CCTCTCGAACAGTATGACCCTAGTTACCCTGAC-3, S780L; and 5-CCTCTCGAACAGTATCTACC
TAGTTACCCTGAC-3. All constructs were verified by sequencing (Eurofins Genomics, Ebersberg,
Germany). pcDNA3 hFGFR1 and pcDNA3 hFGFR4 have been described previously [7,15] and pcDNA3
hFGFR3 was a generous gift from Dr. A. Yayon (ProChon Biotech, Ness Ziona, Israel).

2.3. Cell Lines and Transfection

To generate U2OS cells stably expressing FGFR2, FGFR2 S780A, FGFR2 S780D, and FGFR2 S780L,
Fugene 6 transfection reagent (Promega, Madison, WI, USA) was used according to the manufacturer’s
protocol. Clones were selected with 1 mg/mL geneticin and then the clones were chosen based on their
receptor expression levels analyzed by immunofluorescence and Western blotting. Throughout the
paper, clone #1 of the particular stable cell line is used if nothing else is stated.

The cells were propagated in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin in a 5% CO2 atmosphere at 37 ◦C.

Transient transfection was performed using Fugene 6 transfection reagent according to the
manufacturer’s protocol. Cells were analyzed 16–24 h after transfection.

2.4. Western Blotting

Cells were treated as indicated and then lysed in Laemmli sample buffer (Bio-Rad, Oxford, UK).
Proteins in the cell lysates were separated on a gradient (4–20%) sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then blotted onto a membrane using the TransBlot® Turbo Transfer
system (Bio-Rad). Membranes were then incubated with indicated primary antibodies followed by
corresponding secondary antibody coupled to HRP. Bands were visualized by chemiluminscence
using SuperSignal™ West Dura Extended Duration Substrate (Thermo Fisher Scientific, Waltham,
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MA, USA) or SuperSignal™West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).
In some cases, antibodies were stripped from the membranes using Pierce Stripping buffer and the
membranes were reprobed. The images were prepared using ImageLab Software (Bio-Rad) and Adobe
Illustrator CS4 14.0.0 (San Jose, CA, USA). Quantification of bands of interest was performed in Fiji
ImageJ software [16]. Lane normalization factor (LNF) was determined by dividing the intensity of the
γ-tubulin bands on its highest signal in each blot.

2.5. Microscopy

Cells, seeded onto coverslips, were treated as indicated and fixed in 4% formaldehyde. The cells
were then permeabilized with 0.1% triton X-100, stained with indicated antibodies and Hoechst 33342
and mounted in mowiol. Confocal images were acquired with a 63X objective on a Zeiss confocal Laser
Scanning Miscroscope (LSM) 780 (Jena, Germany). Images were prepared in Fiji Image J software and
Adobe Illustrator CS4 14.0.0. Images for quantification of p-FGFR and DL550-FGF1 signal intensities were
taken with identical settings and the quantification was performed with Fiji Image J software. The same
threshold was used for all images in the same experiment. Due to background staining in the nuclei,
p-FGFR intensities in the nuclei were subtracted from the total intensities in the corresponding cell.

2.6. In Vitro Phosphorylation Assay

The cells were starved for 2 h in serum-free media and lysed in lysis buffer (20 mM phosphate-Na
pH 7.4, 150 mM NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, protease
inhibitors). The receptors were immunoprecipitated for 1 h using anti-N-terminal-FGFR2 antibodies
pre-bound to protein-G-sepharose, washed 3 times with 1 M NaCl and treated with 1 μM PD173074
for 30 min. The kinase reaction was performed on beads using 50 ng recombinant active ERK1 and
50 μCi ATP-γ-32P (per 100 μL reaction) in 50 mM HEPES-Na pH 7.5, 20 mM MgCl2, 5 mM Ethylene
Glycol Tetraacetic Acid (EGTA), and phosphatase inhibitors for 30 min at 30 ◦C. The reaction was
quenched with 20 mM EDTA. Then, the immunoprecipitated receptors were washed 3 times (25 mM
HEPES-Na pH 7.5, 1 mM EDTA) and released from the beads in SDS-loading buffer by 15 min at 95 ◦C
and subjected to SDS-PAGE before analysis with autoradiography and immunoblotting.

2.7. Cell Migration

Cells sparsely seeded in IncuCyte Image Lock 96-well plates (Essen BioSciences, Hertfordshire,
UK) were imaged every 10 min for 21 h by IncuCyte® S3 Live Cell Analysis System with IncuCyte®

S3 Software (V2018B) (Essen BioSciences). In all experiments, cells were either left untreated or
treated with FGF1 (100 ng/mL) and heparin (20 U/mL). Images were analyzed with IncuCyte® S3
Software (V2018B) and Fiji ImageJ software with Manual Tracking and Chemotaxis and Migration Tool
(ibidi GmbH, Planegg, Germany).

3. Results

3.1. Inhibition of MEK1/2 Increases FGFR2 Signaling

Signaling from FGFRs is regulated by mechanisms such as endocytic trafficking [6,7] and
dephosphorylation by phosphatases (PTPRG) [9]. Recently, we identified a negative feedback loop that
involves direct phosphorylation of serine 777 (S777) in the C-terminal tail of FGFR1 by active ERK1/2 [12].
Phosphorylation of S777 in FGFR1 is necessary for proper attenuation of FGFR1 signaling and treatment
of cells with U0126, a MEK1/2 inhibitor, leads to increased activation of FGFR1. To investigate if a
similar ERK1/2-mediated negative feedback loop also exists for FGFR2, we treated cells with U0126
MEK1/2 inhibitor and investigated tyrosine phosphorylation status of FGFR2 at different time-points
after addition of FGF1. Since FGFR levels are low in many cells and endogenous FGFRs can be difficult
to detect, we generated U2OS cells stably expressing FGFR2 IIIc (U2OS-R2). In contrast to parental
U2OS cells, our U2OS-R2 cells endocytose detectable amounts of DL550-FGF1 (FGF1 labelled with
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DyLight550) and are strongly stained with anti-FGFR2 antibodies (Figure 1a). U2OS cells do not
express detectable levels of any of the four FGFRs (Figure S1a and [17]) and, although the antibody
that we use against phosphorylated FGFR (p-FGFR antibody) recognizes all four receptors, only the
ectopic FGFR in the stably transfected U2OS cells is detected.

First, we investigated which doses of the MEK1/2 inhibitor (U0126) efficiently inhibit ERK1/2
activation upon FGF1 stimulation in U2OS-R2 cells (Figure 1b). MEK1/2 is upstream of ERK1/2
in the Ras/MAPK signaling pathway. Incubating the cells with increasing concentrations of U0126
demonstrated that 20 μM U0126 efficiently blocked ERK1/2 activation. Next, we treated the cells
with 20 μM U0126 and compared the receptor activation in treated cells versus untreated cells.
The levels of tyrosine-phosphorylated FGFR2 were increased in U0126 treated cells compared to
untreated cells (Figure 1c). Similar effects were observed in two additional clones of U2OS-R2
(Figure S1b). To investigate this effect further, we also stained cells with antibodies against tyrosine
phosphorylated FGFR (p-FGFR) and compared the intensity of p-FGFR staining between indicated
treatments (Figure 1d). When resting cells or cells treated with FGF1 together with FGFR inhibitor
(PD173074) were stained with p-FGFR antibodies, we could detect a bright signal in the nucleus.
We considered this as unspecific staining by the antibody. Thus, upon quantification, the intensity
of the nuclear p-FGFR antibody staining was subtracted from that of the total cell. Interestingly, in
cells treated with FGF1, we observed a clear increase in p-FGFR antibody intensity in the cytosol
compared to resting cells or PD173074 treated cells. As expected, we could also observe a high degree
of co-localization between DL550-FGF1 and p-FGFR antibody staining (Figure 1d, second panel).
When cells were treated with FGF1 and U0126 (to prevent ERK1/2 signaling), we detected an increase
in p-FGFR antibody staining compared to FGF1 treatment alone. Taken together, our data indicates
that a similar feedback mechanism as to that found for FGFR1 might also exist in the case of FGFR2.
We conclude that ERK1/2 signaling is required for attenuation of FGFR2 signaling.

Since ERK1/2 signaling can be activated by other receptor tyrosine kinases as well, we investigated
if activation of ERK1/2 prior to FGFR2 activation would influence the response to FGF1. To test this,
we treated cells with EGF 30 min prior to stimulation with FGF1 and compared the levels of FGFR2
tyrosine phosphorylation to that in cells not pretreated with EGF. First, we investigated whether EGF
activates ERK1/2 signaling in U2OS-R2 cells. We observed a peak of ERK1/2 phosphorylation 10–20
min after addition of EGF. Indeed, ERK1/2 is active in U2OS-R2 cells during this 30 min period of
stimulation with EGF (Figure 2a).

Next, we stimulated cells for 30 min with EGF before activation of FGFR by addition of FGF1.
Interestingly, reduced levels of tyrosine-phosphorylated FGFR2 was observed in cells pretreated with
EGF (Figure 2b). These data indicate a dual role for the ERK1/2 signaling-mediated feedback loop in
FGFR2 signaling. Not only does it function to ensure proper attenuation of FGFR2 signaling, it also
ensures accurate responses to FGF1 stimulation. In an environment where the ERK1/2 pathway is
activated by other receptor tyrosine kinases, the response to FGF1 is less pronounced than in resting
cells. In this way, different receptors may cross-talk to prevent excess signaling.
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Figure 1. Inhibition of the ERK1/2 pathway prolongs FGFR2 signaling. (a) U2OS cells or U2OS cells stably
transfected with FGFR2IIIc (U2OS-R2) were treated with 200 ng/mL DL550-FGF1 in the presence of heparin
(50 U/mL) for 30 min. The cells were then fixed, stained with anti-FGFR2 antibodies and Hoechst, and
analyzed by confocal microscopy. The images were taken at fixed intensity settings, and brightness/contrast
was adjusted in the same way for all images. Representative images are shown. Scale bar: 5 μM. (b) U2OS-R2
cells were kept in serum-free media for 2 h prior to stimulation for 30 min with 200 ng/mL FGF1 in the
presence of heparin (20 U/mL) and increasing concentrations of U0126. Cells were then lysed and the
lysates were analyzed by immunoblotting using the indicated antibodies. A p in front of the name of the
antibody indicates that it recognizes the phosphorylated form of the protein. One representative experiment
is shown. (c) U2OS-R2 cells were kept in serum-free media for 2 h before addition of 100 ng/mL FGF1 and
heparin (20 U/mL) in the presence or absence of U0126 (20 μM) for indicated periods of time. Cycloheximide
(10 μg/mL) was added at the beginning of the starvation period and kept throughout the experiment. After
lysis, the cellular material was analyzed with immunoblotting using the indicated antibodies. A p in front of
the name of the antibody indicates that it recognizes the phosphorylated form of the protein. Quantifications
of three independent experiments are presented in the graph. The bands corresponding to phosphorylated
receptor were normalized to Lane normalization factor (LNF) (γ-tubulin). Error bars denote the standard
deviation. The difference between U0126 treated cells versus untreated cells was significant (p ≤ 0.001, 3-way
ANOVA, Holm-Sidak test, n = 3). (d) U2OS-R2 cells were kept in serum-free media for 2 h before addition of
200 ng/mL DL550-FGF1 and heparin (50 U/mL) for 30 min. The cells were pretreated with U0126 (20 μM)
or PD173074 (50 nM) 30 min before addition of FGF1 as indicated. The cells were then fixed, stained with
anti-p-FGFR antibodies and Hoechst, and analyzed by confocal microscopy. Scale bar: 5 μM. Quantifications
of two independent experiments were performed as described in materials and methods and are presented in
the graph. In total, 60 cells treated with FGF1 alone, 60 cells treated with FGF1 and U0126, and 38 cells treated
with FGF1 and PD173074 were quantified. Outliers were removed according to the 1.5*IQR outlier rule. Error
bars denote the standard error of the mean (SEM), n = 2. Due to a general variation in the intensity between
the two experiments, the means in each experiment were normalized to the mean of cells treated with FGF1
alone (no inhibitor) in the corresponding experiment. (* p ≤ 0.05, two-sided t test on normalized data, n = 2).
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Figure 2. Pretreatment with EGF reduces the response to FGF1. (a) U2OS-R2 cells were kept in
serum-free media for 2 h and then 100 ng/mL EGF or 100 ng/mL FGF1 was added to the cells. The cells
were lysed after the indicated periods of time. A p in front of the name of the antibody indicates that it
recognizes the phosphorylated form of the protein. (b) U2OS-R2 cells were kept in serum-free media
for 2 h. Then, EGF (20–100 ng/mL) was added to the samples as indicated. After 30 min, the cells were
stimulated with 20 ng/mL FGF1 and heparin (10 U/mL) and lysed after the indicated periods of time.
Cycloheximide (10 μg/mL) was added at the beginning of the starvation period and kept throughout
the experiment. After lysis, the cellular material was analyzed by immunoblotting using the indicated
antibodies. A p in front of the name of the antibody indicates that it recognizes the phosphorylated
form of the protein. Quantifications of three independent experiments are presented in the graph.
The time-point of 30 min is only from two experiments. The bands corresponding to phosphorylated
receptor were normalized to LNF (γ-tubulin). Error bars denote the standard deviation. The difference
between EGF-pretreated cells versus cells not treated with EGF was significant at the time point of 15
min (* p ≤ 0.05, 1-way ANOVA, Tukey test, n = 3).

3.2. Mutation of Serine 780 in FGFR2 Leads to Increased FGFR2 Activity

Since the phosphorylation site of ERK1/2 in FGFR1 (S777) is already identified, we wanted to
investigate if the corresponding serine in FGFR2 is important for proper downregulation of FGFR2
signaling. By sequence alignment, we identified S780 in FGFR2 to correspond to FGFR1 S777 (Figure 3a).
Interestingly, in both receptors, the particular serine is followed by a proline and thus forms an ERK1/2
phosphorylation motif (pS/T-P) [18]. We therefore decided to substitute serine 780 in FGFR2 with
alanine. Alanine represents a site that cannot be phosphorylated. Next, we prepared U2OS cells stably
expressing FGFR2 S780A (U2OS-R2 S780A).

We then investigated whether FGFR2 S780A is expressed to similar levels as the wild-type receptor
and if it maintained normal FGFR2 properties. We therefore stimulated cells with FGF1 and analyzed
the lysates using Western blotting. First of all, the levels of FGFR2 wild-type and FGFR2 S780A seem
comparable in the two clones (Figure 3b). Secondly, we noticed that FGFR2 S780A is able to activate
the main downstream signaling pathways similarly to wild-type FGFR2 (Figure 3b). In addition, the
mutated receptor was able to bind FGF1 at the cell surface and internalize FGF1 into early endosomes
similarly to wild-type FGFR2 (Figure 3c). Comparable results were confirmed in two additional clones
of U2OS-R2 wild-type and U2OS-R2 S780A (Figure S2a,b). Moreover, FGFR2 S780A co-localizes with
DL550-FGF1, similarly to FGFR2 wild-type (Figure 3d).

We then analyzed the level of FGFR tyrosine phosphorylation over time in FGFR2 S780A-expressing
cells. Compared to wild-type expressing cells, FGFR2 activation was sustained in U2OS-R2 S780A
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(Figure 4a and Figure S3). This effect was similar to the effect observed upon U0126 treatment. It is
therefore likely that this serine, also in the case of FGFR2, is phosphorylated by ERK1/2.

Figure 3. Characterization of cell lines stably expressing FGFR2 S780A mutant. (a) A pairwise sequence
alignment tool from EMBL-EBI was used to align the C-terminal tails of FGFR2 and FGFR1. S780 in
FGFR2 corresponds to S777 in FGFR1 (labelled in red in the figure). Numbers refer to the amino acid
numbering used for human FGFR2 (NCBI: NM_000141). (b) U2OS-R2 cells or U2OS-R2 S780A cells
were kept in serum-free media for two hours and then treated or not with 100 ng/mL FGF1 for 15 min
in the presence of heparin (20 U/mL). After lysis, the cellular material was analyzed by immunoblotting
using the indicated antibodies. A p in front of the name of the antibody indicates that it recognizes the
phosphorylated form of the protein. One representative experiment is shown. (c) U2OS-R2 or U2OS-R2
S780A cells were kept at 4 ◦C with DL550-FGF1 for one hour in the presence of heparin (50 U/mL).
Next, the cells were either fixed directly (upper panel) or incubated for 30 min at 37 ◦C before fixation
(lower panel). The cells were then stained with anti-EEA1 antibodies and Hoechst and analyzed by
confocal microscopy. Representative images are shown. Scale bar: 5 μM. (d) U2OS-R2 or U2OS-R2
S780A cells were treated with 200 ng/mL DL550-FGF1 in the presence of heparin (50 U/mL) for 30 min.
The cells were then fixed, stained with anti-FGFR2 antibodies and Hoechst, and analyzed by confocal
microscopy. Representative images are shown. Scale bar: 5 μM.
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Figure 4. Signaling from FGFR2 S780A is prolonged compared to wild-type FGFR2. (a) U2OS-R2
wild-type or U2OS-R2 S780A cells were kept for two hours in serum-free media before addition of 100
ng/mL FGF1 and heparin (20 U/mL) for the indicated periods of time. Cycloheximide (10 μg/mL) was
added at the beginning of the starvation period and kept throughout the experiment. After lysis, the
cellular material was analyzed by immunoblotting using the indicated antibodies. A p in front of the name
of the antibody indicates that it recognizes the phosphorylated form of the protein. Quantifications of
five independent experiments are presented in the graph. The bands corresponding to phosphorylated
receptor were normalized to γ-tubulin and within each experiment to the time point of 15 min. Error
bars denote the standard deviation. The difference between FGFR2 wild-type and the S780A mutant was
significant (p ≤ 0.001, 3-way ANOVA, Holm-Sidak test, n = 5). (b) U2OS-R2 wild-type (wt) or U2OS-R2
S780A (m) cells were kept for two hours in serum-free media before addition of indicated concentrations
of FGF1 in the presence of heparin (20 U/mL) for 15 min. After lysis, the cellular material was analyzed by
immunoblotting using the indicated antibodies. A p in front of the name of the antibody indicates that it
recognizes the phosphorylated form of the protein. Quantifications of three independent experiments
are presented in the graph. The bands corresponding to the phosphorylated receptor/ERK1/2/PLCγ were
normalized to LNF (γ-tubulin). Error bars denote the standard deviation. The difference between FGFR2
wild-type and S780A mutant was significant (** p ≤ 0.01, *** p ≤ 0.001, 3-way ANOVA, Holm-Sidak test, n
= 3). (c) Internalization of DL550-FGF1 in FGFR2 and FGFR2 S780A cells is reduced upon U0126 treatment.
U2OS-R2 and U2OS-R2 S780A cells were incubated with 200 ng/mL DL550-FGF1 and heparin (50 U/mL)
for 30 min. The cells were pretreated as indicated with U0126 (20 μM) for 30 min before addition of FGF1.
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The cells were then fixed, stained with Hoechst, and analyzed by confocal microscopy. The images
were taken at fixed intensity settings, and brightness/contrast was adjusted in the same way for
all images. Scale bar: 5 μM. Quantifications of four independent experiments were performed as
described in materials and methods and are presented in the graph. In total, 269 U2OS-R2 cells,
262 U2OS-R2 cells treated with U0126, 247 U2OS-R2 S780A cells, and 213 U2OS-R2 S780A cells
treated with U0126 were quantified. Outliers were removed according to the 1.5*IQR outlier rule.
Error bars denote the SEM (n = 4). Due to a general variation in the intensity between experiments,
the means of U0126 treated cells for each cell line in each experiment were normalized to the mean of
the corresponding cell line in the same experiment (** p ≤ 0.05, * p ≤ 0.05, two-sided t test, n = 4). (d)
In vitro phosphorylation of FGFR2 by active recombinant ERK1. Lysates from U2OS, U2OS-R2, and
U2OS-R2 S780A cells were subjected to FGFR2 immunoprecipitation (IP). The immunoprecipitated
materials were next incubated with [γ-32P]-labelled adenosine triphosphate and recombinant
active ERK1 (rec. ERK1) in the presence of PD173074. After washing, the samples were subjected
to SDS-PAGE and analyzed by autoradiography and immunoblotting (IB). One representative
experiment is shown.

In the previous experiments, higher concentrations of FGF1 were used to activate the receptor.
We wanted to test if increased FGFR activity also occurred at lower concentrations of FGF1. We treated
U2OS-R2 and U2OS-R2 S780A with different concentrations of FGF1 starting at 0.02 ng/mL (Figure 4b).
Tyrosine phosphorylation of the receptor and its main downstream signaling pathways were then
analyzed with Western blotting. We observed a slight increase in the levels of tyrosine-phosphorylated
FGFR2 as well as in the levels of phosphorylated ERK1/2 and PLC-γ in S780A-expressing cells compared
to wild-type cells with low concentrations of FGF1. This experiment was performed after 15 min of
FGF1 treatment where the effect is not at its highest. However, although the increase in signaling in
FGFR2 S780A cells was modest, it was consistent at all concentrations tested. We therefore conclude
that the negative feedback loop is operational at both lower and higher concentrations of ligand and at
early time points.

Increased signaling can be a result of reduced receptor endocytosis. In Figure 1d, we detected
more surface staining and less uptake of DL550-FGF1 in cells treated with U0126 (MEK1/2 inhibitor).
This indicates a decrease in endocytosis when MEK1/2-ERK1/2 signaling is inhibited. However, from our
previous work on FGFR1, despite a decrease in endocytosis upon MEK1/2-ERK1/2 inhibition, this effect
was not due to lack of ERK1/2 phosphorylation of the receptor but rather a lack of a second serine
phosphorylation event in FGFR1 mediated by RSK2 [13]. To investigate this, we compared the uptake
of DL550-FGF1 in U2OS-R2 wild-type and U2OS-R2 S780A mutant cells in the presence of U0126
(Figure 4c). Upon U0126 treatment, the uptake of DL550-FGF1 was reduced similarly in both cell lines.
Thus, the lack of phosphorylation on S780 is probably not the reason for the reduced endocytosis upon
MEK1/2 inhibition. Other phosphorylation events mediated by components of the MAPK signaling
pathways might be important for proper FGFR2 endocytosis.

Next, we wanted to test if ERK1/2 directly phosphorylates FGFR2. We therefore immunoprecipitated
FGFR2 from cell lysates and incubated the immunoprecipitated receptor with recombinant active ERK1 and
radioactive [γ-32P]-labelled adenosine triphosphate (ATP). The experiment was performed in the presence
of PD173074 (FGFR inhibitor) to prevent autophosphorylation of the receptor. Using autoradiography,
we could observe a band representing phosphorylated FGFR2 in the presence of active ERK1 (Figure 4d).
This band was somewhat reduced in the sample from FGFR2 S780A cells. Thus, it seems that ERK1
directly phosphorylates FGFR2 on S780A. Since the phosphorylation of FGFR2 S780A is only partially
reduced, we cannot exclude that other sites in FGFR2 might be phosphorylated by ERK1.

In order to study the role of S780 in FGFR2 further, we also prepared cell lines stably expressing
FGFR2 S780D. The negatively charged aspartic acid might mimic constitutive phosphorylation of
the residue. First, we verified that U2OS-R2 S780D cells were able to activate the main signaling
pathways as wild-type FGFR2 (Figure S4a). We then investigated the tyrosine phosphorylation
levels of FGFR2 upon FGF1 stimulation in U2OS-R2 S780D cells. Unfortunately, we observed the
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same effect of serine 780 mutated to an aspartic acid as we observed for FGFR2 S780A (Figure S4b).
This is not surprising, as the mimicry of a phosphorylated serine by an aspartic acid often fails to
reproduce the function of the phosphorylated serine [19]. We think that, instead of mimicking a
constitutively phosphorylated serine, FGFR2 S780D rather displays a site that has lost its ability to
become phosphorylated. Thus, FGFR2 S780D acts similarly to FGFR2 S780A and shows increased
FGFR2 tyrosine phosphorylation.

3.3. Possible Role of Serine 780 in FGFR2 in Cancer Progression

We next investigated if the ERK1/2-mediated negative feedback loop possibly could play a role
in cancer progression. By exploring databases reporting known alterations in cancer (cBioPortal;
http://www.cbioportal.org and COSMIC (Catalogue of Somatic Mutations in Cancer); http://cancer.
sanger.ac.uk) [20–22], we found several alterations that might influence the negative feedback loop in
FGFR2 (Figure 5a). First, several truncated versions of FGFR2 lacking the C-terminal tail, including
S780, have been identified in thyroid, skin, endometrial, and gastric cancers. In these cases, the negative
feedback loop will not be operational and the receptor signaling may not be properly attenuated.
This could potentially contribute to cancer progression. Secondly, several mutations in the close
proximity of S780 have also been identified, including the glutamic acid at position 777 to a lysine and
tyrosine 779 to a cysteine (Figure 5a). It is possible that these mutations influence S780 phosphorylation
and receptor activity. Especially, the exchange of a negatively charged glutamic acid to a positively
charged lysine might affect the properties of this region. Interestingly, serine 780 in FGFR2 has been
found mutated to leucine in a patient with bladder cancer (Figure 5a). We decided to investigate the
effect of this mutation further.

First of all, we generated U2OS cells stably expressing FGFR2 S780L (U2OS-R2 S780L) and
confirmed that FGFR2 S780L cells were able to activate signaling pathways similarly to wild-type
FGFR2 (Figure 5b and Figure S5a). Moreover, the levels of FGFR2 wild-type and FGFR2 S780L seem
comparable and the mutated receptor is able to bind FGF1 at the cell surface and internalize FGF1 into
early endosomes similarly to wild-type FGFR2 (Figure 5c and Figure S5b). In addition, the internalized
DL550-FGF1 co-localizes well with anti-FGFR2 staining (Figure 5d).

We then analyzed the levels of FGFR2 tyrosine phosphorylation over time in FGFR2
S780L-expressing cells stimulated with FGF1. Compared to wild-type expressing cells, FGFR2 activation
was prolonged in U2OS-R2 S780L (Figure 6a). Similar results were observed in two additional clones
of U2OS-R2 S780L (Figure S6).

Clearly, the mutation of serine 780 to leucine leads to increased receptor signaling, which may
be an advantage for cancer cells. Most cancer deaths (~90%) are caused by metastasis [23]. In order
to metastasize and spread to distant organs, cancer cells need to be mobile and able to migrate.
We therefore tested the mobility of U2OS cells stably expressing wild-type or S780 mutants. Since clonal
variations might occur, we tested three different clones of each. Cells were seeded sparsely to allow
for random migration and then imaged every 10 min for 21 h. We observed that stimulation of
cells with FGF1 increased the migration velocities of all cell lines (Figure 6b and Videos S1 and S2).
Moreover, U2OS cells expressing either of the mutant forms of S780 (A/L) migrated significantly faster
than wild-type expressing cells in the presence of FGF1 (Figure 6b and Videos S2–S4). Preventing the
negative feedback loop in FGFR2 by mutation of S780 causes increased signaling and, as a consequence,
increased cell migration. In a cancer setting, this might contribute to disease progression.
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Figure 5. FGFR2 S780 is mutated in cancer. (a) The sequence of the C-terminal tail of FGFR2. Variations
that might influence S780 phosphorylation and have been identified in cancer patients are indicated.
An asterisk indicates a stop codon. Numbers refer to the amino acid numbering used for human
FGFR2 (NCBI: NM_000141). The variations are reported in cBioPortal and COSMIC. (b) U2OS-R2 cells
or U2OS-R2 S780L cells were kept in serum-free media for two hours and then treated or not with
100 ng/mL FGF1 for 15 min in the presence of heparin (20 U/mL). After lysis, the cellular material
was analyzed by immunoblotting using the indicated antibodies. A p in front of the name of the
antibody indicates that it recognizes the phosphorylated form of the protein. One representative
experiment is shown. (c) U2OS-R2 S780L cells were kept at 4 ◦C with DL550-FGF1 for one hour.
Next, the cells were either fixed directly (upper panel) or incubated for 30 min at 37 ◦C before fixation
(lower panel). The cells were then stained with anti-EEA1 antibodies and Hoechst and analyzed by
confocal microscopy. Representative images are shown. Scale bar: 5 μM. (d) U2OS-R2 S780L cells were
treated with 200 ng/mL DL550-FGF1 in the presence of heparin (50 U/mL) for 30 min. The cells were
then fixed, stained with anti-FGFR2 antibodies and Hoechst, and analyzed by confocal microscopy.
Representative images are shown. Scale bar: 5 μM.
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Figure 6. Lack of S780 phosphorylation increases the biological response to FGF1. (a) U2OS-R2 wild-type
or U2OS-R2 S780L cells were kept in serum-free media for two hours before addition of 100 ng/mL
FGF1 and heparin (20 U/mL) for indicated periods of time. Cycloheximide (10 μg/mL) was added at the
beginning of the starvation period and kept throughout the experiment. After lysis, the cellular material
was analyzed by immunoblotting using the indicated antibodies. A p in front of the name of the antibody
indicates that it recognizes the phosphorylated form of the protein. Quantifications of three independent
experiments are presented in the graph. The bands corresponding to phosphorylated receptor were
normalized to γ-tubulin and within each experiment to the time point of 15 min. Error bars denote
the standard deviation. The difference between FGFR2 wild-type and S780L mutant was significant
(p ≤ 0.001, 3-way ANOVA, Holm-Sidak test, n = 3). (b) Three different clones of U2OS-R2 wild-type,
U2OS-R2 S780A, and U2OS-S780L cells were seeded into Image Lock 96-well plates. The cells were left
untreated or stimulated with FGF1 (100 ng/mL) in the presence of heparin (20 U/mL) and imaged every
10 min over a period of 21 h by IncuCyte® S3 Live Cell Analysis System. The graph represents the
mean velocities normalized to U2OS-R2 clone #1 with FGF1 of three independent experiments. The total
number of cells tracked: U2OS-R2 #1 (-/+): 138/140, #2 (-/+): 111/138, #3 (-/+): 106/141, U2OS-R2 S780A
#1 (-/+): 139/167, #2 (-/+): 135/142, #3 (-/+): 128/142, U2OS-R2 S780L #1 (-/+): 97/174, #2 (-/+): 110/153,
#3 (-/+): 121/139. Error bars denote the SEM (n = 3). The difference between the wild-type and S780
mutants were significant (*** p ≤ 0.001, * p ≤ 0.05, student t test, n = 3).

4. Discussion

We have identified a negative feedback loop, mediated by the ERK1/2 pathway that regulates
FGFR2 signaling. First, we found that inhibition of the ERK1/2-pathway leads to sustained FGFR2
signaling. Next, we found that substituting serine 780 in FGFR2 with alanine or leucine results
in increased signaling. Serine 780 in FGFR2 is followed by a proline and thus forms an ERK1/2
phosphorylation motif (pS/T-P). In addition, S780 in FGFR2 corresponds to S777 in FGFR1. S777 in
FGFR1 has previously been shown to be phosphorylated directly by ERK1/2. Taken together, we propose
that ERK1/2-mediated phosphorylation of S780 in FGFR2 acts as a negative feedback loop to prevent
excess signaling. This was evident when cells were pretreated with EGF to activate ERK1/2 prior
to FGF1 stimulation. In activated cells, the response to FGF1 was lower than in resting cells. The
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feedback loop may function to fine-tune FGFR2 signaling in an environment where signaling is
already on, preventing a further increase in signaling. We observed that cells lacking S780 (mutated to
alanine or leucine) migrate faster than wild-type expressing cells. Since migration is important for
spreading of cancer cells and metastasis, clearly the lack of this negative feedback loop gives cancer
cells an advantage. Indeed, S780L has been identified in a patient with bladder cancer. In addition,
several truncated forms of FGFR2 lacking S780 have also been identified in cancer. Maintaining
the negative feedback loop ensures accurate signaling and preventing the feedback loop (either by
mutation of S780 in FGFR2 or by inhibition of ERK1/2 signaling) could cause cancer progression.

Aberrant signaling through the Ras-Raf-MEK1/2-ERK1/2 pathway has been implicated in many
types of cancer and is a promising therapeutic target. Although BRaf- and MEK-inhibitor mono-
or combination-therapy have shown promising effects in cancer patients, many patients develop
resistance and experience disease progression [24]. These resistance mechanisms include reactivation
of the MAPK and/or the PI3K/Akt pathway. Examples of common resistance mechanisms include
NRas mutation, BRaf v600 amplification, loss of PTEN, PI3KCA mutation, and RTK activation [24].
Since ERK1/2 is the only activator in the pathway with the ability to stimulate a wide variety of
downstream substrates, it has emerged as an attractive therapeutic target. Despite the discovery of
ERK1/2 many decades ago, ERK1/2 inhibitors have so far not been successfully implemented in the
clinic [25]. One possible reason is that activated ERK1/2 stimulates inhibitory phosphorylation of many
upstream factors and kinases, such as MEK, Raf, and different RTKs (including FGFR2), which prevent
extensive signaling [25,26]. It is therefore worth considering that sole inhibition of the ERK1/2 signaling
pathway in cancer could give rise to increased FGFR signaling through other signaling pathways
(for example PI3K/Akt). Indeed, a recent study showed an increase in FGFR signaling upon MEK
inhibition in KRas-driven lung cancer [27]. Therefore, caution should be taken when considering the
use of MEK/ERK pathway inhibitors in cancer patients with FGFR2 expression.

Interestingly, a similar negative feedback loop involving ERK1/2-mediated phosphorylation has
been identified for EGFR. In this case, ERK1/2-mediated signaling phosphorylates EGFR at threonine
669 (T669) [28,29]. Phosphorylation of this residue, which is localized in the juxtamembrane region
of the receptor, was shown to reduce the tyrosine phosphorylation levels of EGFR. It seems that the
T669-phosphorylated juxtamembrane region in EGFR has a reduced ability to cross-activate the other
receptor of the dimer [30]. Although S780 is located in the C-terminal tail of FGFR2, it is possible that
local conformational changes introduced by the phosphorylation at S780 reduce its cross-activation.
It is also possible that a local conformational change in the receptor, caused by phosphorylation of
S780, makes FGFR2 a better substrate for tyrosine dephosphorylation. Another attractive possibility is
that phosphorylated S780 directly recruits a negative regulator such as a phosphatase or a scaffolding
protein. Interestingly, serine 779 (S782 according to our numbering) in FGFR2 is phosphorylated
by active PKCε and provides a docking site for the adaptor protein 14-3-3 [31]. However, in this
case, phosphorylation of S779 (S782) seems to be required for sustained ERK1/2 activation and thus
does not function as a negative feedback loop. It will be interesting to understand how these two
phosphorylation events at S779 (S782) and S780 in FGFR2 work in partnership. It is also possible that
S780 phosphorylation plays a role in receptor endocytosis and degradation. Previously, we found that
S789 in FGFR1 is phosphorylated by RSK2 and seems to be required for proper internalization [13].
Interestingly, when we treated FGF1 stimulated cells with U0126 and stained for p-FGFR, we observed
increased p-FGFR staining close to the cell surface (Figure 1d). We also observed less FGF1 internalized.
However, when U2OS-R2 S780A cells were treated with U0126, the uptake of DL550-FGF1 was reduced
to a similar extent as in U2OS-R2 wild-type cells (Figure 4c). It is possible that an RSK2-mediated
feedback loop similar to that observed for FGFR1 exists also for FGFR2. U0126 inhibits both ERK1/2 and
its downstream target, RSK2. There are also other examples of receptors that are serine-phosphorylated
similarly to FGFR2, FGFR1, and EGFR. The Met receptor is phosphorylated by active PKCδ/ε at serine
985 in the juxtamembrane region [32]. Substitution of serine 985 by alanine resulted in increased
tyrosine phosphorylation of Met. Similarly to FGFR2 and FGFR1, it is not clear what causes the reduced
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tyrosine phosphorylation in this case. Taken together, serine and threonine phosphorylation of receptor
tyrosine kinases might be a common event that regulates receptor activity. A better understanding of
these events will provide useful information when targeting receptor tyrosine kinases in cancer.

Although the mutation of serine 780 in FGFR2 to leucine clearly increases FGFR2 tyrosine
phosphorylation levels and FGF1-stimulated cell migration, the role of this mutation in cancer is not
clear. The mutation was found in a patient with bladder cancer. Although increased signaling and
increased migration are traits that normally would benefit cancer cells, the role of FGFR2 signaling
in bladder cancer is not fully understood and the FGFR2b isoform has been suggested to act as a
tumor suppressor in the urothelium. It has been reported that reduction of FGFR2b levels in urothelial
cancer samples correlate with decreased survival [33] and the chromosomal arm 10q, where the
FGFR2 gene is located, is often lost in advanced bladder cancer [34]. It should be noted that 10q also
contains the tumor suppressor PTEN [35]. Moreover, expression of FGFR2b in urothelial cells lacking
endogenous FGFR2 led to reduced proliferation and reduced tumorigenicity in nude mice [36]. On the
other hand, increased FGFR2c expression has been reported in a model of epithelial-to-mesechymal
transition (EMT) in bladder cancer cells [37] and recently, the U.S. Food and Drug Administration
(FDA) approved Balversa (Erdafitinib), a pan FGFR-inhibitor for clinical use in patients with locally
advanced or metastatic urothelial carcinoma with FGFR2 and FGFR3 aberrations [38]. This is the first
targeted-FGFR therapy approved for clinical use and the first targeted therapy in advanced urothelial
carcinoma. Alongside the approval of the drug, the FDA approved an RT-PCR-based diagnostic
test to identify patients with FGFR3 mutations or FGFR2 fusions. It is possible that FGFR2 plays a
tumor-suppressing role in earlier stages of bladder cancer, but could have tumor-promoting effects in
certain patients with advanced bladder cancer.

The S780L mutation is only reported once in the COSMIC database and at such low frequency
that the significance is questionable. On the other hand, truncated versions of FGFR2 lacking S780
have been identified in cancer patients (Figure 5a). In addition, an alternatively spliced form of FGFR2,
FGFR2IIIb-C3, is also lacking S780 [39]. In contrast to full-length FGFR2IIIb, FGFR2IIIb-C3 is only
identified in human cancer samples. Aberrant expression of FGFR2IIIb-C3 in SUM-52 breast cancer
cells resulted in sustained signaling leading to transformation [40]. A tyrosine phosphorylation site
(corresponding to Y766 in FGFR1) is also lacking in FGFR2IIIb-C3 and could explain the increased
signaling and transformation capabilities of FGFR2IIIb-C3. However, mutation of only this tyrosine in
full-length FGFR2 did not lead to increased signaling [41]. Thus, loss of other mechanisms maintained
by the C-terminal tail of FGFR2 might cause the increased signaling and transforming potential of
FGFR2IIIb-C3. We propose that lack of S780 in FGFR2IIIb-C3 could promote its transforming capabilities.
Interestingly, a patient with endometrial cancer was identified with the activating mutation N549H in
FGFR2 and a truncated C-terminal tail (cBioPortal; http://www.cbioportal.org) [20,21]. This combination
of alterations in FGFR2 will clearly impact signaling output and could be even more cancer-promoting
than versions with either mutation alone.

In summary, we have identified an ERK1/2-mediated negative feedback-loop in FGFR2. We propose
that lack of this feedback loop could give cancer cells an advantage and, indeed, variants of FGFR2
lacking the feedback loop have been identified in several human cancers. We conclude therefore that, in
addition to the previously reported activating mutations in the kinase domain of FGFRs [4], mutations
in the C-terminal tail of FGFR2 may also cause hyperactivation of the receptors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/6/518/s1,
Figure S1: Inhibition of ERK1/2 prolongs FGFR2 signaling in several U2OS-R2 clones. Figure S2: Characterization
of U2OS-R2 S780A clones. Figure S3: Signaling from FGFR2 S780A is prolonged compared to wild-type FGFR2.
Figure S4: FGFR2 S780D mutant is not phosphomimetic. Figure S5: Characterization of U2OS-R2 S780L clones.
Figure S6: Signaling from FGFR2 S780L is prolonged compared to wild-type FGFR2. Video S1: Migration of
U2OS-R2 cells in the absence of FGF1. Video S2: Migration of U2OS-R2 cells stimulated with FGF1. Video S3:
Migration of U2OS-R2 S780A cells stimulated with FGF1. Video S4: Migration of U2OS-R2 S780L cells stimulated
with FGF1.
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Abstract: The intracellular transport of receptor tyrosine kinases results in the differential
activation of various signaling pathways. In this study, optogenetic stimulation of fibroblast
growth factor receptor type 1 (FGFR1) was performed to study the effects of subcellular targeting
of receptor kinases on signaling and neurite outgrowth. The catalytic domain of FGFR1
fused to the algal light-oxygen-voltage-sensing (LOV) domain was directed to different cellular
compartments (plasma membrane, cytoplasm and nucleus) in human embryonic kidney (HEK293)
and pheochromocytoma (PC12) cells. Blue light stimulation elevated the pERK and pPLCγ1 levels in
membrane-opto-FGFR1-transfected cells similarly to ligand-induced receptor activation; however,
no changes in pAKT levels were observed. PC12 cells transfected with membrane-opto-FGFR1
exhibited significantly longer neurites after light stimulation than after growth factor treatment, and
significantly more neurites extended from their cell bodies. The activation of cytoplasmic FGFR1
kinase enhanced ERK signaling in HEK293 cells but not in PC12 cells and did not induce neuronal
differentiation. The stimulation of FGFR1 kinase in the nucleus also did not result in signaling changes
or neurite outgrowth. We conclude that FGFR1 kinase needs to be associated with membranes to
induce the differentiation of PC12 cells mainly via ERK activation.

Keywords: optogenetics; FGF2; ERK; AKT; receptor kinase; neurite outgrowth; HEK293; PC12

1. Introduction

The fibroblast growth factor receptor (FGFR) family comprises four closely related receptors
(FGFR1-4) consisting of a signal peptide, three extracellular immunoglobulin (Ig)-like domains, an
acidic box, a single transmembrane helix, and an intracellular split tyrosine kinase domain [1].
The binding of FGF ligands results in receptor dimerization and autophosphorylation of the cytoplasmic
kinase domains. Following the recruitment of various adapter molecules, several intracellular
signaling pathways are activated, of which, the Ras/extracellular signal-regulated kinase (ERK) and
phosphatidylinositol-3 kinase (PI3K)/AKT signaling cascades play a key role in neuronal differentiation
and axon growth [2]. All FGFR subtypes drive the same signaling cascades but with different
strengths [3].

Activated FGFR complexes are endocytosed and partly recycled to the plasma membrane or
transported to late endosomes/multivesicular bodies followed by degradation in lysosomes [4].
The internalization of activated FGFR1 does not implicate the inactivation of the receptor or attenuation
of signaling, but allows ongoing and even stronger signaling activities particularly of the ERK pathway.
In neurons, ERK1/2 activation requires receptor internalization, while AKT activation does not [5].
We and others have demonstrated that the extent of the stimulation of the major signaling pathways
involved in neuronal differentiation and axon outgrowth is crucially dependent on the amount and
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localization of activated kinase domains. For example, leupeptin, a tripeptide inhibitor of cysteine and
aspartic acid cleaving proteases, prevents the lysosomal degradation of FGFR1 and promotes basic
fibroblast growth factor (FGF2)-induced axon regeneration by enhanced receptor recycling [6].

In addition to its membrane localization, FGFR1 is constitutively found in the cytoplasm and
nucleus [7]. The nuclear translocation of FGFR1 is importin-dependent [8] and results in the binding
of the receptor to transcriptionally active chromatin which drives the gene expression of FGF2 and
tyrosine hydroxylase [9]. Furthermore, interaction with RSK1 promotes FGFR1 release from the
pre-Golgi compartments to the cytoplasm, increases the mobile population of FGFR1 and facilitates
the nuclear accumulation of FGFR1 [10,11]. Nerve growth factor (NGF) has also been suggested to
utilize integrative nuclear FGFR1 signaling (INFS) for its gene-activating functions [12]. In addition,
INFS is apparently involved in the dendritic outgrowth of sympathetic neurons treated with bone
morphogenetic protein [13].

The plethora of FGFR-dependent biological effects is not only explained by differences in
subcellular receptor targeting but also by the differential expression of adapter proteins and other
signaling components. Since the duration and kinetics of receptor activation play a decisive role in
determining the functional and morphological outcome [14], FGFR1 represents an ideal object for
optogenetic manipulation.

Recently, light-activatable FGF receptors that are incapable of ligand binding were developed [15].
Chimeric opto-fibroblast growth factor receptors (opto-FGFRs) exhibiting the catalytic domain
were fused to the algal light-oxygen-voltage-sensing (LOV) domain for light-induced dimerization.
These constructs lack the extracellular receptor domain and are, therefore, insensitive to endogenous
or exogenous ligands. Short pulses of blue light induce LOV domain dimerization which results in
the transphosphorylation of two receptor kinase molecules. Receptor phosphorylation diminishes
rapidly after light stimulation and is followed by the inactivation of the main signaling pathways.
Thus, intracellular FGFR activity can be externally controlled by repeated light stimulation. In this
study, plasma membrane-targeted (mem-opto-FGFR1), cytoplasmic (cyto-opto-FGFR1) and nuclear
FGFR1 (nucl-opto-FGFR1) were produced and studied with regard to signal pathway activation and
neurite outgrowth.

2. Materials and Methods

2.1. Plasmid Construction

Mem-opto-FGFR1, which is in the pcDNA3.1(−) plasmid backbone, was described previously [15].
To clone cyto-opto-FGFR1, the myristoylation signal (MYR) of mem-opto-FGFR1 was replaced by
the Kozak sequence using reverse PCR. Three nuclear localization sequences (NLSs) were inserted
into cyto-opto-FGFR1 to obtain nucl-opto-FGFR1. Fluorescently labeled versions of opto-FGFR1 were
produced by inserting mVenus (mV) (Figure 1). All plasmids that were generated were verified
by sequencing.
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Figure 1. Design of light-controlled opto-fibroblast growth factor receptors (FGFR1s) and their
molecular architecture: sequence of the different FGFR1 coding genes, spatial relation of FGFR1s
to the surface membrane and nucleus, and their activation/dimerization. (A) Naturally occurring
full-length FGFR1 consists of the extracellular ligand-binding (LBD), transmembrane (TM), kinase
(KD) and C-terminal tail (CTD) domains. (B) Artificial mem-opto-FGFR1 is anchored to the plasma
membrane with an N-terminal myristoylation signal (MYR) followed by the KD, CTD and LOV domain
(mV-mem-opto-FGFR1 is inserted into the plasma membrane by incorporation of the transmembrane
domain of p75). Fluorescent mVenus and the light-oxygen-voltage-sensing (LOV) protein are separated
to avoid non-specific activation of the LOV domain by mVenus (by Förster resonance energy transfer).
mVenus can be detected by excitation with green light (514 nm) that does not activate the LOV domain.
(C) Cyto-opto-FGFR1 consists of only the KD and the LOV domain. (D) Three nuclear localization
sequence (NLS) signals are inserted into nucl-opto-FGFR1 with or without mVenus.

2.2. Cell Culture and Transfection

Human embryonic kidney cells (HEK293, ATCC, Manassas, VA, USA) were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma, St. Louis, MI, USA) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA, TFS) and 1% antibiotic–antimycotic
solution (100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin, TFS). Rat adrenal
pheochromocytoma (PC12) cells (Sigma) were grown in RPMI (Roswell Park Memorial Institute)
1640 (TFS) supplemented with 10% horse serum, 5% FBS, and 1% antibiotic–antimycotic solution on
dishes coated with 50 μg/mL collagen type I (Merck, Kenilworth, NJ, USA). Human glioblastoma
cells (U251) were cultivated in RPMI 1640 cell culture medium supplemented with 5% FBS and 1%
antibiotic–antimycotic solution. All cell lines were grown under standard conditions in humidified
atmosphere at 37 ◦C, with 5% CO2. Transient transfections were performed with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.

2.3. Confocal Laser Scanning Microscopy

For the localization of mV-opto-FGFR1s in HEK293 cells, 4 × 105 cells were seeded on #1.5 coverslips
and co-transfected with 1 μg mV-opto-FGFR1 and 1 μg LifeAct–mCherry (Addgene #40908). Six hours
after transfection, 25 μM importazole (Sigma) was added to the cells overnight to prevent nuclear
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import of the mV-nucl-opto-FGFR1 construct. Cells were fixed in 4% formaldehyde solution (made
from paraformaldehyde; PFA), stained with Hoechst 33258 dye, mounted in ProLong Diamond Antifade
Mountant (TFS) and imaged using SP8 confocal laser scanning microscopy (Leica, Wetzlar, Germany).

2.4. Immunogold Electron Microscopy

For immunogold electron microscopy, Tokuyasu cryosection and cryo-based pre-embedding
immunogold labelling were applied [16–18]. HEK293 cells were transfected with 1 μg
mV-mem-opto-FGFR1 in 10-cm diameter dishes and kept overnight in DMEM supplemented with 10%
FBS and 1% antibiotic–antimycotic solution. Cells were fixed with 4% (w/v) buffered formaldehyde
solution for >3 days at room temperature (RT). Ultra-thin cryosections were labelled with goat
anti-GFP (#600-101-215, 1:500, Rockland, Limerick, PA, USA), followed by rabbit anti-goat IgG
15-nm colloidal gold conjugates (#EM.RAG15, 1:50, British Biocell Intl., Cardiff, UK). U251 cells
were cultured on sapphire coverslips (Ø 3 mm), transfected with 0.2 μg mV-mem-opto-FGFR1 and
kept overnight in RPMI 1640 supplemented with 5% FBS and 1% antibiotic–antimycotic solution.
Samples were then subjected to high-pressure freezing, freeze-substitution, and rehydration, followed
by pre-embedding labelling. Primary antibodies were goat anti-GFP (#600-101-215, 1:2000, Rockland),
secondary antibodies were Nanogold®-Fab’ rabbit anti-goat IgG (H+L) (#2006; 1:700), followed
by silver enhancement (SE) with HQ-Silver® (#2012, all from Nanoprobes) and standard plastic
embedding. Sections were analyzed by transmission electron microscopy.

2.5. Stimulation and Immunoblot

HEK293 cells were seeded on 6-well dishes (1 × 106 per dish, Corning, NY, USA) and transfected
with either 2 μg opto-FGFR1 or 2 μg FGFR1–eGFP [19]. Six hours after transfection, the medium
was replaced with reduced serum medium (0.5% FBS) and the cells were incubated overnight.
One day after transfection, opto-FGFR1-transfected cells were stimulated for 5 min by 2.5 μW/mm2

blue light in a reptile egg incubator (PT2499, Exo Terra, Hagen, Holm, Germany) equipped with
300 light-emitting diodes. The blue light intensity was measured with a digital power meter connected
to the Microscope Power Sensor Head (Thorlabs, Newton, NJ, USA). Cells that were kept in the dark
(wrapped in aluminum foil) in the same incubator served as controls. FGFR1–eGFP-transfected cells
were stimulated by treating them with 100 ng/mL FGF2 (Stemcell, Vancouver, BC, Canada) and
1 μg/mL heparin sulfate (HepS, Sigma) for 5 min.

The lysis of light-stimulated cells was performed in the incubator under blue light. The dark
samples were lysed under non-stimulating red light. Cells were harvested in 50 μL lysis buffer on ice,
sonicated and centrifuged (13,000 rpm, 20 min, 4 ◦C). To prevent ERK signaling, 50 μM MAPK kinase
inhibitor (PD98059; Sigma) was added to the cells 2 h prior to light activation or FGF2 stimulation.
For the measurement of ERK kinetics, the ligand was washed out two times with PBS and lysates
made after 5, 15 and 30 min. In the case of opto-FGFR1-transfected cells, the lysates were obtained after
5, 15 and 30 min of dark period. A total of 30 μg protein per lane was separated by SDS-PAGE and
transferred to Immobilon-FL PVDF membranes (Merck, Kenilworth, NJ, USA). Blots were incubated
with primary antibodies in Odyssey Blocking Buffer (LI-COR) overnight at 4 ◦C (pFGFR1, #3476,
1:1000; ERK1/2, #9107, 1:1000; pERK1/2, #9101, 1:2000; AKT, #2920, 1:1000; pAKT, #4060, 1:2000;
pPLCγ1, #2821, 1:2000, all from Cell Signaling Technology/CST, Danvers, MA, USA; PLCγ1, #16955,
1:1000, Abcam; GAPDH, sc-32233, 1:500, Santa Cruz Biotechnology, Dallas, TX, USA). Secondary
antibodies (IRDye 800CW goat anti-rabbit IgG, #926-32231, and IRDye 680RD goat anti-mouse IgG,
#926-68070, both 1:20.000, LI-COR, Lincoln, NE, USA) were applied for 1 h at RT. Signals were recorded
with an infrared fluorescence detection system (Odyssey Fc Imaging System).

Long-term light and ligand stimulation for neurite outgrowth assay and immunocytochemistry
pheochromocytoma (PC12) cells was used for neuronal differentiation experiments. Cell lines enriched
with mV-mem-opto-FGFR1-, mV-cyto-opto-FGFR1- or mV-nucl-opto-FGFR1-transfected cells were
obtained as follows. Cells with a low passage number (<P10) were seeded on 6-well plates (BD) and
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transiently transfected with 1 μg of plasmids. After 24 h, the culture medium was replaced by a
medium containing 300 μg/mL Geneticin (G418, TFS), which was changed every other day. When
sufficient numbers of resistant cell colonies were observed, the cells were triturated with fire-polished
Pasteur pipettes for 10 min and then transferred to collagen-coated culture dishes. For microscopic
analysis, cells were plated on 35-mm diameter collagen-coated imaging dishes (IBIDI). PC12 cells
were also transiently transfected with 1 μg FGFR1–eGFP. After 6 h, cells were cultured in RPMI 1640
supplemented with 10% horse serum, 5% FBS, and 1% antibiotic–antimycotic solution overnight
followed by a starvation medium supplemented with 2 mM L-glutamin, 1% antibiotic–antimycotic
solution, and N2 supplement (100×, TFS) for 2 h. FGFR1–eGFP-transfected cells and naive PC12 cells
were then treated for 48 h with 100 ng/mL FGF2 + 1 μg/mL HepS and with 100 ng/mL nerve growth
factor (NGF), respectively. For light stimulation, the dishes were placed in a humidified atmosphere
at 37 ◦C with 5% CO2 in an incubator with light-emitting diodes as described above. The blue light
intensity was measured with a digital power meter and set to 2.5 μW/mm2. The control cells were
kept in the dark in the same incubator during stimulation. A repetitive 5 min ON and 55 min OFF
cycle was used for stimulation over 48 h.

Cells were then fixed with 4% PFA for 15 min and their neurites were visualized by
immunocytochemistry. Neuron-specific class III beta-tubulin (1:1000, 1 h at RT; R&D system) and
Alexa 568 goat anti-mouse IgG (1:1000, 2 h at RT; TFS) were applied as the primary and secondary
antibody, respectively. Inverted fluorescence microscopy (AxioVert, Zeiss, Oberkochen, Germany) at
40× magnification was used for imaging. Neurite outgrowth was defined if cells exhibited at least one
process of more than one cell body diameter length.

For immunocytochemistry, PC12 cells enriched with mV-opto-FGFR1-transfected cells were used.
Following serum starvation, light stimulation and fixation, cells were incubated overnight with primary
antibodies (pERK1/2, #9101, 1:400, CST; pAKT, #4060, 1:400, CST) followed by incubation at RT for 2 h
with Alexa 546 goat anti-rabbit IgG (1:1000, TFS). SP8 confocal laser scanning microscopy (Leica) was
used for cell imaging. Controls included the omission of primary antibodies (negative) and stimulation
of cells with NGF (positive).

2.6. Quantification of Results and Statistical Analysis

The total neurite length (TNL, sum of the length of all neurites extending from the cell body),
maximal distance (MD, length of longest neurite) and number of neurites per cell were quantified
(Figure S1). Metamorph software version 4.6 (Visitron Systems, Puchheim, Germany) was used for the
quantification of neurite outgrowth and immunocytochemistry. Band intensities of the Western blots
were densitometrically quantified using Image Studio LiteVer 5.2. GraphPad Prism software was used
for statistical analysis (two-way ANOVA with Sidak correction).

3. Results

3.1. Localization of mV-opto-FGFR1s

In HEK293 cells, mV-mem-opto-FGFR1 localized predominantly to the plasma membrane and
to endosomes (Figure 2A1–A4), while mV-cyto-opto-FGFR1 diffused freely in the cytoplasm and
nucleus (Figure 2B1–B4). The mV-nucl-opto-FGFR1 construct was found exclusively in the nucleus
with enrichment of the protein in presumptive nuclear speckle domains (Figure 2C1–C4). Inhibition
of the importin β transport receptors with 25 μM importazole resulted in diffuse cytoplasmic yellow
fluorescence of mV-nucl-opto-FGFR1, indicating a partial block of the nuclear import (Figure S2).
Immunogold electron microscopy of the thawed cryosections revealed mV-mem-opto-FGFR1 in the
plasma membrane, in (late) endosomes/multivesicular bodies (MVBs) and lysosomes of HEK293 cells
(Figure 2D1–D3). These data were further confirmed by a complementary immunogold labeling
method applied to a different cell line (U251 glioblastoma cells) in which the same subcellular
distribution of mV-mem-opto-FGFR1 was found (Figure S3).
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Figure 2. Light and electron microscopic localization of mV-opto-FGFR1s in human embryonic kidney
(HEK293) cells. (A–C) Immunofluorescence microscopy of cells co-transfected with mV-opto-FGFR1s
and LifeAct–mCherry to visualize cell bodies and all cytoplasmic processes. (A1) mV-mem-opto-FGFR1
is observed in the plasma membrane (white arrows) and in endosomes (inset; cyan arrows) indicating
endosomal receptor internalization. (B1) mV-cyto-opto-FGFR1-transfected cells reveal diffuse yellow
fluorescence in the cytoplasm and nucleus of transfected cells. (C1) mV-nucl-opto-FGFR1 is only located
in the nucleus (nuclear speckle domains are indicated by green arrows). Fixed cell nuclei are stained
with Hoechst (blue) and A4–C4 represent overlays. Scale bars for all images are 10 μm. (D) Immunogold
electron microscopy of the thawed cryosections reveals mV-mem-opto-FGFR1 in the plasma membrane
(arrowheads in D1 and D2) and in the limiting membrane as well as inside various endocytic compartments
(arrows in D2 and D3); MVB = multivesicular body, LE = late endosome, LY = lysosome.

3.2. Opto-FGFR1-Dependent Signaling Pathway Activation in HEK293 Cells

For all quantitative signaling assays, the levels of active FGFR1 (pFGFR1) and the control
protein (GAPDH) were determined to normalize for different transfection efficiencies (Figure 3A,B).
Immunoblot results showed that serum starvation (naive state) significantly reduced the basal level of
pERK but not the basal levels of pAKT or pPLCγ1 in HEK293 cells. The overexpression of FGFR1–eGFP
induced ERK and AKT activation which was further increased by adding FGF2 for 5 min. No marked
changes in pPLCγ1 levels were observed following FGF2 treatment.

96



Cells 2019, 8, 243

Figure 3. Immunoblot analysis of light- and FGF2-induced activation of key signaling molecules
in HEK293 cells. (A) Representative examples of Western blots for pFGFR1/GAPDH, pERK/tERK,
pAKT/tAKT and pPLCG1/tPLCG1 are shown. (B–E) Average intensities of ERK, AKT, and PLCG1
phosphorylation were quantified after normalization for pFGFR1/GAPDH to control for differences
in plasmid expression levels. All ratios are relative to FGFR1–eGFP (=1) and calculated from three
independent experiments (mean ± SEM).

The overexpression of mem-opto-FGFR1 alone (without light stimulation) resulted in receptor
autoactivation, as indicated by increased pERK and pPLCγ1 but unchanged pAKT levels (Figure 3A).
Autoactivation was not observed after cyto-opto-FGFR1 or nucl-opto-FGFR1 transfection. Blue light
stimulation for 5 min following mem-opto-FGFR1 or cyto-opto-FGFR1 transfection elevated the pERK
levels (Figure 3C). Ligand-induced ERK activation lasted longer, whereas light-induced ERK activation
was terminated faster (30 min versus 5–15 min, Figure S4). Minimal ERK activation was observed
after transfection with nucl-opto-FGFR1. Unexpectedly, the pAKT levels remained unchanged after
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blue light stimulation of HEK293 cells following transfection with any of the opto-FGFR1 constructs
(Figure 3D). On the other hand, the pPLCγ1/tPLCγ1 ratio slightly increased after blue light stimulation
of mem-opto-FGFR1- but not of cyto- or nucl-opto-FGFR1-transfected cells (Figure 3E).

3.3. Immunocytochemistry of mV-opto-FGFR1-Transfected PC12 Cells

Immunocytochemistry was performed instead of protein blotting to visualize signaling
pathway activation in PC12 cells (due to their lower transfection rate). Similarly to HEK293 cells,
mem-opto-FGFR1-transfected pheochromocytoma cells exhibited increased pERK levels, as indicated
by intense pERK immunolabeling in the cytoplasm (Figure 4A2/A6,G). As with HEK293 cells,
no AKT activation was observed following intermittent blue light stimulation (Figure 4B2/B6,H).
Furthermore, the pERK and pAKT levels were unchanged in stimulated mV-cyto-opto-FGFR1
(Figure 4C2/C6,D2/D6) or mV-nucl-opto-FGFR1-expressing PC12 cells (Figure 4E2/E6,F2/F6).

Figure 4. Light-induced ERK and AKT activation in mV-opto-FGFR1-transfected PC12 cells.
Although mV-mem-opto-FGFR1-transfected cells exhibit short neurite extensions (sprouts) in the dark
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(A1), blue light induces neuronal differentiation with long, slender neurites in transfected
cells (A5). (A) Significantly increased cytoplasmic pERK levels following light stimulation of
mV-mem-opto-FGFR1-transfected cells, while non-transfected cells show no changes. (C,E) The pERK
level is unchanged after stimulation of mV-cyto- and nucl-opto-FGFR1-transfected cells. (B,D,F) The
fluorescence intensities of pAKT signals are similar in mV-opto-FGFR1-transfected and non-transfected
cells in the dark and no changes are observed after blue light stimulation. Images are acquired using
the same laser intensity for both dark and light in each fluorescent channel and presented without
adjusting contrast or subtracting background. (G,H) Quantification of average fluorescence intensities.
Results are calculated from two independent experiments and presented as mean ± SEM (30 < n < 60),
**** p < 0.0001. Scale bars = 10 μm.

3.4. Neuronal Differentiation of PC12 Cells Induced by Blue Light

PC12 cells exhibited no spontaneous or FGF2-induced neurite outgrowth, suggesting that the
clone used in the present study does not express significant levels of endogenous FGF receptors
(Figure 5A and Figure S5). In fact, all four FGFR mRNAs are endogenously expressed but the levels are
low, particularly for FGFR1 (Figure S5E). Two days after treatment with NGF, neuronal differentiation
was observed (Figure 5B; 120 ± 11.9 μm total neurite length, TNL, Figure 5K; 52.7 ± 4 μm of maximal
neurite length, MD, Figure 5L; 2.6 ± 0.12 processes extending from the cell body, Figure 5M).
Cells transiently transfected with FGFR1–eGFP revealed significantly longer neurites compared
to naive cells (Figure 5C) and increased neurite initiation (Figure 5M). FGF2 treatment further
enhanced neuronal differentiation with long neurites (Figure 5D). Although the autoactivation of
mV-mem-opto-FGFR1 induced mild neurite outgrowth in the dark state (Figure 5E), blue light
stimulation resulted in dramatically increased neuronal differentiation (Figure 5F,K) which was
significantly inhibited by prior PD98059 treatment (Figure S6). A significant increase in the number
of neurites extending from mV-mem-opto-FGFR1-transfected cells after blue light stimulation was
observed as well as significantly longer neurites when compared to NGF and FGF2 treatment
(Figure 5L,M). Cells expressing either mV-cyto-opto-FGFR1 or mV-nucl-opto-FGFR1 showed flattened,
spindle-shaped morphology with short cytoplasmic extensions but failed to grow processes longer
than one cell body in diameter (Figure 5G–J).
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Figure 5. Ligand- and light-induced neurite outgrowth by pheochromocytoma (PC12) cells.
(A–J) Inverted immunofluorescence images following neuron-specific class III β-tubulin staining
to identify neurites (red nuclei in nucl-opto-FGFR1 cells allow identification of transfected cells in
I/J). (K–M) Quantification of morphological parameters (total neurite outgrowth, longest process and
number of processes per cell; see Figure S1 for details). Results are calculated from three independent
experiments and presented as mean ± SEM (50 < n < 100), * p < 0.05, **** p < 0.0001. Scale bars = 50 μm.

4. Discussion

Light-sensitive G-protein-coupled receptors (e.g., rhodopsin) occur naturally, whereas
light-sensitive receptor tyrosine kinases (RTKs) need to be artificially produced. Recent studies have
been aimed at subcellular targeting of opto-TrkA and light-gated adenylate cyclase [20,21]. In addition,
various membrane-associated opto-RTK constructs were synthesized, such as opto-TrkB [22] and three
different opto-FGFR1 constructs [15,23,24]. One of the light-activated FGFR1 proteins (through the
homointeraction of cryptochrome 2) induced cell polarization and directed cell migration through
changes in the actin–tubulin cytoskeleton [23]. Furthermore, opto-FGFR1 was applied for light-induced
sprouting of human bronchial epithelial cells [15].

The opto-FGFR1 constructs used here were designed for specific targeting of the kinase
domain to only the plasma membrane, cytoplasm, and nucleus, respectively, to investigate the
possible effects of subcellular FGFR kinase activation on signal pathway induction and neurite
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outgrowth as a biological read-out. Similarly to full-length FGFR1, immunoelectron microscopy
revealed that mV-mem-opto-FGFR1s were anchored to the plasma membrane, internalized and
transported to multivesicular bodies (MVBs)/late endosomes and lysosomes [25,26]. Although our
construct was expected to only attach to membranes (plasma membrane, endosomal/lysosomal),
mV-mem-opto-FGFR1 was also occasionally observed in the cytoplasm and nucleus. It is known that
internalized full-length FGFR1 may be released from endosomes and travels to the nucleus through
importin β-mediated translocation and that newly synthetized FGFR1 may enter the nucleus directly
as well [27–30].

Intranuclear FGFR1 is localized within nuclear matrix-attached speckle domains in the form
of large discrete spots [31–33]. In this study, such fluorescence patterns were also observed in
mV-nucl-opto-FGFR1-transfected cells exhibiting the split kinase domain of FGFR1 coupled to three
NLSs. Biologically active, soluble kinase fragments are also created by cleavage at the transmembrane
domain [34,35]. Similarly to these natural cytoplasmic FGFR1 fragments, mV-cyto-opto-FGFR1
constructs lacking specific targeting signals diffuse freely in the cytoplasm.

In this study, the activation of ERK but not of AKT was observed in cells expressing
membrane-associated or, to a lesser extent, cytoplasmic opto-FGFR1 after blue light stimulation.
The light-induced activation of both pathways has been described in connection with membrane-localized
opto-TrkA and -TrkB receptors and with cytoplasmic opto-TrkA [20,22]. Moreover, significant ERK
phosphorylation was observed after targeting active kinase domains of FGFR1, FGFR3 and FGFR4 to the
plasma membrane [36]. Our findings are consistent with these and earlier studies from our own group
demonstrating that FGFR1, in contrast to TrkA, exerts a significantly stronger influence on the ERK than
on the AKT pathway [37–39].

Opto-constructs provide additional advantages such as that activation ceases shortly after
switching off the light stimulus. In contrast to ligand-dependent RTK signaling, light-induced
stimulation is terminated faster. In other studies, ERK nuclear translocation and immunoblot assays
indicated similar ERK phosphorylation kinetics following light-induced Raf1 and Ras recruitment,
as observed in our experiments [40,41]. However, although PI3K/AKT was expected to be activated
after FGFR phosphorylation, we did not observe changes in the pAKT levels after light stimulation of
opto-FGFR1s in transfected HEK293 and PC12 cells. These variations in signal pathway activation
between different cell lines and different modes of induction may be explained by the differential
expression of signaling adapters and possible crosstalk, particularly of the ERK- and AKT-dependent
pathways [42,43].

PC12 cells are widely used to study neuronal differentiation. NGF induces biochemical,
electrophysiological and morphological changes in these cells, recapitulating many characteristic
features of differentiated sympathetic neurons [44,45]. The optogenetic activation of Trk receptors
and stimulation of the Raf–MEK–ERK cascade have also been demonstrated to induce neuronal
differentiation [41]. Due to the selective activation of ERK in the latter study, the neurites were
longer than those of NGF-treated cells which could be explained by multiple downstream pathway
activation including PI3K/AKT-mediated process branching. Taken together, we suggest that repetitive
ERK stimulation acts as the primary driver of neurite extension, whereas AKT-dependent pathways
primarily stimulate the formation of branches [46].

In this study, PC12 cells transfected with mV-mem-opto-FGFR1 exhibited longer neurites than
NGF- or FGF2-treated cells and significantly more neurites extended from the cell body. Interestingly,
light-induced stimulation of mem-opto-FGFR1 did not increase pAKT levels as compared to dark
control cells, suggesting that the effects on neurite outgrowth are mainly, if not exclusively, dependent
on the ERK pathway. Our immunocytochemistry results showed intense pERK immunolabeling in the
cytoplasm, but only weak fluorescence in the nucleus 55 min after blue light stimulation. In contrast
to other cell lines, the activated ERK2 variant (ERK2–MEK1 fusion protein) diffusely localized to the
cytoplasm and to extending cellular processes. This localization pattern suggests that ERK2 is involved
in promoting neurite formation, not only through its actions on gene transcription but also through
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effects at the site of neurite extension [47]. Light-induced neuronal differentiation was not observed
in mV-cyto- or in nucl-opto-FGFR1-transfected cells, corroborating earlier studies by Donoghue and
his coworkers who achieved differentiation from plasma membrane-bound FGFR kinase domains
in PC12 cells [36,48]. However, the full-length FGFR1 targeted to the nucleus also induced PC12 cell
differentiation [12,49]. As discussed above, the binding of nuclear FGFR1 to CREB-binding protein
(CBP) or to ribosomal S6 kinase isoform 1 (RSK1) may be involved in nuclear FGFR1 signaling [49,50].
Nevertheless, the activated kinase domain alone does not appear to be sufficient to modify gene
expression, resulting in neuronal differentiation.

In summary, we demonstrated that only membrane-bound opto-FGFR1 constructs are capable of
activating the ERK pathway sufficiently to induce neuronal cell differentiation in PC12 cells. We assume
that fully functional signaling platforms only form in association with membranes. Active RTKs
apparently recruit different adaptors and scaffold proteins in plasma membranes as compared
to endosomal and other membranes which exhibit different curvatures and phosphatidylinositol
compositions. Finally, the present study provides further evidence that FGFR1-dependent signaling
pathways and neurite outgrowth can be controlled and manipulated optogenetically, which allows the
study of subcellular receptor activation with spatial and temporal precision.
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Abstract: The FGF2/FGFR1 paracrine loop is involved in the cross-talk between breast cancer cells
and components of the tumor stroma as cancer-associated fibroblasts (CAFs). By quantitative PCR
(qPCR), western blot, immunofluorescence analysis, ELISA and ChIP assays, we demonstrated that
17β-estradiol (E2) and the G protein estrogen receptor (GPER) agonist G-1 induce the up-regulation
and secretion of FGF2 via GPER together with the EGFR/ERK/c-fos/AP-1 signaling cascade in
(ER)-negative primary CAFs. Evaluating the genetic alterations from METABRIC and TCGA datasets,
we then assessed that FGFR1 is the most frequently amplified FGFRs family member and its
amplification/expression associates with shorter survival rates in breast cancer patients. Therefore,
in order to assess the functional FGF2/FGFR1 interplay between CAFs and breast cancer cells,
we generated the FGFR1-knockout MDA-MB-231 cells using CRISPR/Cas9 genome editing strategy.
Using conditioned medium from estrogen-stimulated CAFs, we established that the activation of
FGF2/FGFR1 paracrine signaling triggers the expression of the connective tissue growth factor
(CTGF), leading to the migration and invasion of MDA-MB-231 cells. Our findings shed new light
on the role elicited by estrogens through GPER in the activation of the FGF2/FGFR1 signaling.
Moreover, our findings may identify further biological targets that could be considered in innovative
combination strategies halting breast cancer progression.

Keywords: cancer-associated fibroblasts; GPER; breast cancer; estrogen; FGFR1; FGF2

1. Introduction

Cross-talk between stromal and epithelial cells plays an important role in diverse
pathophysiological conditions, including malignant diseases [1–3]. In this regard, it has been largely
reported that the acquisition of an aggressive phenotype does not depend exclusively on the intrinsic
cancer cell properties, but also on stromal features [4]. For instance, cancer-associated fibroblasts
(CAFs), one of the most abundant cell types within the tumor microenvironment, coordinate
a multifaceted biochemical program that promotes cancer cell proliferation, migration, invasion,
epithelial-mesenchymal transition (EMT), and angiogenesis [5]. Indeed, it has been shown that paracrine
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mediators secreted by CAFs, such as cytokines and growth factors, exert an important role in the
acquisition of malignant features [6,7].

The fibroblast growth factor (FGF)-FGF receptor (FGFR) axis is one of the major signal
transduction pathways mediating the interaction between tumor stroma and cancer cells [8,9].
FGFRs family includes four highly conserved transmembrane receptor tyrosine kinases (FGFR1-4)
and one receptor that binds to FGF ligands, although it lacks the intracellular kinase domain
(FGFR5, also known as FGFRL1) [10]. FGFRs can be activated either in an autocrine fashion by
FGFs produced by the tumor cells or in a paracrine manner by FGFs secreted by the stromal
components [11]. The activation of FGFRs triggers the phosphorylation of extracellular signal-regulated
kinase (ERK), phosphatidylinositol 3-kinase (PI3K), and other transduction pathways, regulating
many physiological processes including embryogenesis, tissue homeostasis, and angiogenesis [12,13].
Abnormal activation of the FGFR1-mediated signaling pathway can be caused by translocation, point
mutation and amplification of the FGFR1 gene, hence leading to malignant transformation and cancer
progression [9,14,15]. Likewise, increased FGF2 levels have been observed in plasma samples of
patients affected by diverse malignancies, such as leukemia and lung and breast cancers, especially
when metastases are present [16,17]. Among diverse stimuli, FGF2 expression and secretion can be
regulated by estrogens [18,19], which act mainly through the classical estrogen receptors (ER)α and ERβ
leading to the proliferation, migration and survival of breast cancer cells [20]. The G protein estrogen
receptor (GPER, also called GPR30) has been identified as a further receptor able to mediate the action
of estrogens in numerous pathophysiological conditions [21,22]. GPER activation induces a network
of signal transduction pathways including activation of the epidermal growth factor receptor (EGFR),
intracellular cyclic adenosine monophosphate (AMP) accumulation, calcium mobilization, activation of
ERK1/2 and PI3K [23]. Moreover, GPER triggers the expression of various genes involved in the growth
and migration of diverse estrogen-responsive tumors [24–27]. Of note, the stimulatory action mediated
by estrogenic GPER signaling has been also evidenced in breast primary CAFs revealing the existence
of a functional cooperation between these important components of the tumor stroma and cancer
cells [28–31]. Recent studies have shown that a functional interaction between ER and FGFR-mediated
pathways may occur toward breast cancer progression, indicating that the simultaneous inhibition
of both receptors could be considered in more comprehensive treatments [11,32,33]. GPER was also
involved in the estrogen-induced regulation of FGF2 toward the autocrine stimulation of the cognate
receptor FGFR1 in astroglial cells [19].

Here, we provided novel insights into the ability of estrogens to regulate a feedforward
FGF2/FGFR1 activation between the ER-negative CAFs and breast cancer cells. On the basis of
our findings, GPER may be included among the factors facilitating the estrogen-activated cross-talk
within the tumor microenvironment toward breast tumor progression.

2. Materials and Methods

2.1. Reagents

We purchased (1-[4-(-6-bromobenzol [1,3] diodo-5-yl)-3a,4,5,9b-tetrahidro3H5cyclopenta[c]
quinolin-8yl]-ethanone) (G-1), (3aS,4R,9bR)-4-(6-Bromo-1, 3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta
[c]quinolone (G15) from Tocris Bioscience (Space, Milan, Italy); 17β-Estradiol (E2), Wortmannin (WM)
from Sigma-Aldrich (Milan, Italy); PD173074 from Selleckchem (DBA, Milan, Italy); PD98059 from
Calbiochem (DBA, Milan, Italy); tyrphostin AG1478 from Biomol Research Laboratories (Milan, Italy)
and recombinant human Fibroblast Growth Factor (FGF2) 100-18B, from PEPROTECH (SIAL, Rome,
Italy). All compounds were solubilized in dimethyl sulfoxide (DMSO), except for FGF2, which was
dissolved in aqueous buffer (0.1% BSA).
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2.2. Cell Cultures

MDA-MB-231, MCF-7, and SkBr3 breast cancer cells were obtained from the ATCC (Manassas,
USA). MDA-MB-231 and MCF-7 cells were maintained in DMEM/F12 (Life Technologies, Milan,
Italy), 10% fetal bovine serum (FBS) and 1% of penicillin/streptomycin, while SkBr3 cells were
maintained in RPMI-1640 (Life Technologies, Milan, Italy), 10% fetal bovine serum (FBS), and
1% of penicillin/streptomycin (Life Technologies, Milan, Italy). Cells were used less than six
months after resuscitation and mycoplasma negativity was tested monthly. CAFs were extracted
from invasive mammary ductal carcinomas obtained from mastectomies, while normal fibroblasts
(NFs) were isolated from a non-cancerous breast tissue at least 2 cm from the outer tumor margin,
as previously described [25,28,34]. Primary cells cultures of breast fibroblasts were characterized by
immunofluorescence. Cells were incubated with anti-vimentin (V9, sc-6260), anti-cytokeratin 14 (LL001
sc-53,253) and anti-fibroblast activated protein α (FAPα) (H-56) antibodies that were obtained from
Santa Cruz Biotechnology (DBA, Milan, Italy) (Supplementary Figure S1). All cells were grown in a
37 ◦C incubator with 5% CO2 and switched to medium without serum and phenol red the day before
treatments to be processed for immunoblot and quantitative PCR (qPCR) assays.

2.3. Gene Expression Studies

Total RNA was extracted and complementary DNA (cDNA) was synthesized by reverse
transcription as described in our previous work [35]. Quantitative PCR (qPCR) assays were
performed using platform Quant Studio7 Flex Real-Time PCR System (Life Technologies, Milan, Italy).
Gene-specific primers were designed using Primer Express version 2.0 software (Applied Biosystems).
For FGF2, FGFR1, c-fos, CTGF and the ribosomal protein 18S, which was used as a control gene to
obtain normalized values, the primers were: 5′-AGTGTGTGCTAACCGTTACCT-3′ (FGF2 forward) and
5′-ACTGCCCAGTTCGTTTCAGTG-3′ (FGF2 reverse); 5′- CCCGTAGCTCCATATTGGACA-3′ (FGFR1
forward) and 5′- TTTGCCATTTTTCAACCAGCG-3′ (FGFR1 reverse); 5′-CGAGCCCTTTGATGACT
TCCT-3′ (c-fos forward) and 5′-GGAGCGGGCTGTCTCAGA-3′ (c-fos reverse); 5′-ACCTGTGGGATG
GGCATCT-3′ (CTGF forward) and 5′-CAGGCGGCTCTGCTTCTCTA-3′ (CTGF reverse); 5′- GGCGT
CCCCCAACTTCTTA-3′ (18S forward) and 5′-GGGCATCACAGACCTGTTATT-3′ (18S reverse).
Assays were performed in triplicate and the results were normalized with control mRNA levels
of 18S. Relative mRNA levels were calculated using the ΔΔCt method comparing to control group.

2.4. Gene silencing Experiments and Plasmids

Cells were transfected by X-treme GENE 9 DNA Transfection Reagent (Roche Diagnostics,
Sigma-Aldrich, Milan, Italy) for 24 h before treatments with a control vector and a specific
shRNA sequence for each target gene. The short hairpin (sh)RNA constructs to knock down the
expression of GPER and CTGF, and the unrelated shRNA control constructs have been described
previously [24,30,36]. The plasmid DN/c-fos, which encodes for c-fos mutant that heterodimerizes
with c-fos dimerization partners but does not allow DNA binding, was a kind gift from Dr C. Vinson
(NIH, Bethesda, MD, USA).

2.5. CRISPR/Cas9-Mediated FGFR1 Knockout

Short guide RNA (sgRNA) sequence targeting human FGFR1 was designed using the E-CRISP
sgRNA Designer (http://www.e-crisp.org/E-CRISP/) and cloned into the pSpCas9 (BB)-2A-Puro
(PX459) vector (kindly provided by Dr. W.T. Khaled, University of Cambridge, UK) according
to the protocol described in Ran et al. [37]. The FGFR1 sgRNA sequence is as follows: sgFGFR1:
5′-CGGCCTAGCGGTGCAGAGTG-3′. Then, the plasmid with sgRNA was transiently transfected
into MDA-MB-231 cells using Lipofectamine LTX (Life Technologies, Milan Italy). Two days after
transfection the cells were selected via growth in a medium contained 1 μg/mL puromycin
dihydrochloride (Sigma-Aldrich, Milan, Italy). After puromycin selection, the puromycin-resistant
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colonies were picked and expanded in regular medium. Then, immunoblots for FGFR1 protein were
performed to evaluate the efficiency of the FGFR1 knockout.

2.6. Immunofluorescence Microscopy

50% percent confluent cultured grown on coverslips were serum deprived for 24 h and then
treated for 6 h with E2 and G-1 alone and in combination with G15, as indicated. Where required, cells
were previously transfected for 24 h with shRNA or shGPER (as described above) and then treated
for 6 h with E2 and G-1. Next, cells were fixed in 4% paraformaldehyde in PBS, permeabilized with
0.2% Triton X-100, washed 3 times with PBS and incubated at 4 ◦C overnight with a mouse primary
antibody against FGF2 (C-2) (Santa Cruz Biotechnology, DBA, Milan, Italy). After incubation, the slides
were extensively washed with PBS, probed with donkey anti-mouse IgG-FITC (1:300; purchased
from Alexa Fluor, Life Technologies, Milan Italy) and 4, 6-diamidino-2-phenylindole dihydrochloride
(DAPI) (1:1000; Sigma-Aldrich, Milan, Italy). Then, the images were obtained using the Cytation 3 Cell
Imaging Multimode reader (BioTek, AHSI, Milan Italy) and analyzed by the Gen5 software (BioTek,
AHSI, Milan Italy).

2.7. Conditioned Medium Derived from CAFs

CAFs were cultured in regular growth medium, then washed twice with PBS and transferred
in medium without serum for 24 h. Next, CAFs were treated for 6 h with E2 and G-1 alone
and in combination with G15, as indicated; then, cells were washed twice with PBS and cultured
for additional 12 h with fresh serum-free medium. Thereafter, the supernatants were collected,
centrifuged at 3500 rpm for 5 min to remove cell debris and used as conditioned medium in the
appropriate experiments.

2.8. Western Blot Analysis

CAFs and MDA-MB-231 cells were processed to obtain protein lysates for western blot analysis as
previously described [29]. Primary antibodies were as follows: GPER (AB137479) (Abcam, Euroclone
Milan, Italy); CTGF (TA806803) (OriGene Technologies, DBA, Milan, Italy); FGFR1 (#9740) and p-FGFR1
(#3476) (CST, Euroclone Milan, Italy); c-fos (E8), phosphorylated extracellular signal-regulated kinase
(ERK) (E-4), ERK2 (C-14), p-AKT1/2/3 (Ser 473)-R, AKT/1/2/3 (H-136) and β-actin (AC-15) (Santa Cruz
Biotechnology, DBA, Milan, Italy). Proteins were detected by horseradish peroxidase-linked secondary
antibodies (Biorad, Milan, Italy) and revealed using the chemiluminescent substrate for western blotting
Westar Nova 2.0 (Cyanagen, Biogenerica, Catania, Italy).

2.9. Enzyme-Linked Immunosorbent Assay

The concentrations of FGF2 in conditioned medium collected from CAFs were measured using
human FGF2 ELISA Kit (Thermo Fisher Scientific, Monza Italy), according to the manufacturer’s
instructions. Briefly, after incubation with conditioned media for 2 h at room temperature (RT),
the plates were washed four times using 1X wash buffer, then 100 μL Hu FGF2 Biotin conjugate
solution were added into each well, except the chromogen blanks, for 1 h at RT. Next, the plates were
washed four times using 1X wash buffer and then 100 μL 1X Streptavidin-HPR solution were added
into each well for 30 min at RT. Following incubation, plates were washed four times using 1X wash
buffer and a colour-substrate solution was added to each well. After incubation in the dark for 30 min
at RT, 100 μL of stop solution was used to stop reaction. Then, the plates were read at 450 nm on a
Microplate Spectrophotometer Epoch™ (BioTek, AHSI, Milan Italy).
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2.10. Chromatin Immunoprecipitation (ChIP) Assay

Chip experiments were performed as previously described [29]. The primers used to amplify
a region containing an AP-1 site located into the FGF2 promoter sequence were: 5′-GTTTCTA
CAAGGAGGCACGTC-3′ (Fw) and 5′-GAGATGCCAAATCTGATGCCA-3′ (Rv). qPCR data were
normalized respect to unprocessed lysates (Input DNA) and the results were reported as fold changes
respect to nonspecific IgG.

2.11. Analysis of Public Datasets from METABRIC and TCGA and Kaplan-Meier Plotter

Images of genomic alterations in Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) and The Cancer Genome Atlas (TCGA) databases were captured from cBioPortal (http:
//www.cbioportal.org) [38,39]. Prognostic values of mRNA expression or copy-number (CN) gains of
FGFR1 from METABRIC [40,41] breast cancer samples were analyzed by Kaplan-Meier survival curves.
Long-rank test was used for statistical analysis. The mRNA expression z-Scores of FGFR1 and CTGF
were retrieved from METABRIC [40,41] breast cancer samples analyzed for gene expression using
Illumina Human v3 microarray. Data were processed using the Python programming language to
identify correlation patterns among different genes. In particular, pairwise linear regressions of mRNA
levels between FGFR1 and CTGF were calculated. The Pearson correlation coefficients measured the
magnitude of the linear relationship between genes.

2.12. Polarization Assay

FGFR1 (WT) and FGFR1 (KO) MDA-MB-231 cells were serum deprived for 24 h and then exposed
for 8 h to conditioned media collected from CAFs or to FGF2, as indicated. Then cells were processed
as previously described [28,42].

2.13. Scratch Assay

FGFR1 (WT) and FGFR1 (KO) MDA-MB-231 cells were seeded into 12-well plates and they
were allowed to grow in regular growth medium until they were 70–80% confluent. Next, cells were
switched in medium without serum and after 24 h a p200 pipette tip was used to create a scratch of
the cell monolayer. Cells were washed twice with PBS and then incubated at 37 ◦C with conditioned
media collected from CAFs or with FGF2 for 24 h, as indicated. Pictures were photographed at 0 h
and 24 h after scratching using inverted phase contrast microscope (5×magnification). The rate of cell
migration was calculated by quantifying the % of wound closure area using the WCIF ImageJ software,
according to the formula:

% of wound closure = [(At = 0 h) - (At = Δ h)/(At = 0 h)] × 100%

2.14. Transwell Migration and Invasion Assays

Transwell 8 μm polycarbonate membrane (Costar, Sigma-Aldrich, Milan, Italy) was used to
evaluate in vitro migration and invasion of FGFR1 (WT) and FGFR1 (KO) MDA-MB-231 cells.
5 × 104 cells in 300 μL serum-free medium were seeded in the upper chamber, coated with (invasion
assay) or without (migration assay) Corning® Matrigel® Growth Factor Reduced (GFR) Basement
Membrane Matrix (Biogenerica, Catania, Italy) at a 1:3 dilution. Medium containing 10% FBS was then
added into the lower chamber as a chemoattractant. 4 h after seeding, cells on the upper surface of the
membrane were removed by wiping with Q-tip, and invaded or migrated cells were fixed with 100%
methanol, stained with Giemsa (Sigma-Aldrich, Milan, Italy), photographed using Cytation 3 Cell
Imaging Multimode Reader (BioTek, AHSI, Milan Italy) and counted using the WCIF ImageJ software.
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2.15. Statistical Analysis

Data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons, where applicable,
using GraphPad Prism, 6.01 (GraphPad Software, Inc., San Diego, CA, USA). (*) p < 0.05 and (**) p < 0.01
were considered statistically significant.

2.16. Ethics Approval and Consent to Participate

All procedures are conformed to the Helsinki Declaration for the research on humans. Signed
informed consent was obtained from all patients and the experimental research has been performed
with the ethical approval provided by the “Comitato Etico Regione Calabria, Cosenza, Italy”
(approval code: 166, 2 December 2016).

3. Results

3.1. GPER Mediates the Induction of FGF2 Expression by E2 and G-1 in Breast Cancer-Associated
Fibroblasts (CAFs)

Previous studies have shown that estrogens acting either through ER or GPER up-regulate
FGF2 expression and secretion in both normal and cancer cells [19,32,43]. In order to provide novel
insights into the FGF2 regulation by estrogens within the tumor microenvironment, we sought to
address whether estrogens may regulate FGF2 levels in ER-negative/ GPER-positive CAFs isolated
from breast tumor patients (see material and methods section). Worthy of note, both E2 and G-1
induced the expression of FGF2 at the mRNA (Figure 1a,b) and protein levels (Figure 1c) in CAFs.
However, the response to E2 and G-1 was no longer observed after GPER silencing (Figure 1d,
Supplementary Figure S2) or using the GPER antagonist G15 (Figure 2a,b). In contrast, E2 and
G-1 were not able to elicit FGF2 up-regulation in fibroblasts derived from noncancerous breast
tissue (data not shown). By performing ELISA experiments, we then observed that the secretion of
FGF2 in CAFs medium upon treatments with E2 and G-1 is abrogated treating cells with the GPER
antagonist G15 (Figure 2c). As GPER activation induces the stimulation of diverse transduction
pathways [23], we also found that FGF2 up-regulation prompted by E2 and G-1 was prevented either
by the EGFR tyrosine kinase inhibitor AG1478 (AG) or the MEK inhibitor PD98059 (PD), but not by
the PI3K inhibitor Wortmannin (WM) (Supplementary Figure S3a,b). Taken together, these findings
indicate that, in CAFs, both E2 and G-1 induce FGF2 expression through the GPER-EGFR-ERK1/2
signaling cascade.
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Figure 1. E2 and G-1 induce FGF2 expression through GPER in CAFs. 10 nM E2 (a) and 100 nM G-1 (b)
induced FGF2 mRNA expression, as evaluated by quantitative PCR (qPCR). Values were normalized
to 18S expression and shown as fold changes of FGF2 mRNA expression upon E2 and G-1 treatments
respect to cells exposed to vehicle (). Each column represents the mean ± standard deviation (SD)
of three independent experiments performed in triplicate. (**) indicates p < 0.01 and (*) indicates
p < 0.05. (c,d) FGF2 protein expression by immunofluorescence in CAFs transfected for 24 h with
control shRNA (panels 1–9) or sh G protein estrogen receptor (shGPER) (panels 10–18) and then treated
for 6 h with vehicle, 10 nM E2 and 100 nM G-1, as indicated. FGF2 accumulation is shown by the green
signal, nuclei are stained by 4, 6-diamidino-2-phenylindole dihydrochloride (DAPI) (blue signal), scale
bar = 100 μm. Images shown are representative of two independent experiments.
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Figure 2. GPER mediates the up-regulation and the secretion of FGF2 by E2 and G-1 in CAFs. FGF2
protein expression by immunofluorescence in CAFs treated for 6 h with vehicle, 10 nM E2 and 100 nM
G-1, alone (panels 1–9) (a) and in combination with 100 nM GPER antagonist G15 (panels 10–18)
(b). FGF2 accumulation is shown by the green signal, nuclei are stained by DAPI (blue signal), scale
bar = 100 μm. Images shown are representative of two independent experiments. (c) ELISA of FGF2
levels in supernatants collected from CAFs treated for 18 h with vehicle (-), 10 nM E2 and 100 nM G-1
alone and in combination with 100 nM GPER antagonist G15. Each column represents the mean ±SD
of three independent experiments performed in triplicate. (**) indicates p < 0.01.

3.2. c-fos is Involved in the FGF2 up-Regulation Induced by Estrogenic GPER Signaling in CAFs

As the activation of GPER-EGFR-ERK1/2 transduction pathway leads to c-fos expression [22,29],
we determined c-fos response at both mRNA and protein levels upon E2 and G-1 exposure in
CAFs (Figure 3a–c). Then, we established that both ligands trigger the recruitment of c-fos to the
AP-1 site located within the FGF2 promoter region (Figure 3d,e). Further supporting these results,
the up-regulation of FGF2 protein expression induced by E2 and G-1 was prevented transfecting CAFs
with a dominant negative form of c-fos (DN/c-fos) (Figure 3f,g). Collectively, the abovementioned
findings suggest that, in CAFs, GPER along with the EGFR-ERK1/2-c-fos-AP-1 signaling pathway
mediates FGF2 expression in response to E2 or G-1.
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Figure 3. The oncogene fos (c-fos) is involved in the up-regulation of FGF2 by E2 and G-1 in CAFs.
10 nM E2 (a) and 100 nM G-1 (b) induced c-fos mRNA expression, as evaluated by qPCR. Values
were normalized to 18S expression and shown as fold changes of c-fos mRNA expression upon E2
and G-1 treatments respect to cells exposed to vehicle (-). (c) The treatment for 3 h with 10 nM E2
and 100 nM G-1 up-regulated c-fos protein, which is recruited to the AP-1 site located within the
FGF2 promoter region (-1060/-848; the transcriptional start site is indicated as + 1), as ascertained by
Chromatin Immunoprecipitation (ChIP)-qPCR assay (d,e). Data were normalized to the input and
reported as fold changes respect to Immunoblobulin G (IgG). Each column represents the mean ±SD
of three independent experiments performed in triplicate. In immunoblot experiments β-actin served
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as a loading control, side panels show densitometric analysis of the blot normalized to the
loading control. (*) indicates p < 0.05 and (**) indicates p < 0.01. (f) FGF2 protein expression by
immunofluorescence in CAFs transfected for 18 h with a vector (panels 1–9), or (g) with a construct
encoding for a dominant negative form of c-fos (DN/c-fos) (panels 10–18) and then treated for 6 h with
vehicle, 10 nM E2 and 100 nM G-1, as indicated. FGF2 accumulation is evidenced by the green signal,
nuclei are stained by DAPI (blue signal), scale bar = 100 μm. Images shown are representative of two
independent experiments.

3.3. Conditioned Medium (CM) from Estrogens-Stimulated CAFs Activates the FGFR1-ERK1/2-AKT
Transduction Pathway in MDA-MB-231 Cells

Previous studies have shown that the activation of the FGF2-FGFR1 autocrine and/or paracrine
loop plays an important role toward the migration and invasion of cancer cells [44–46]. Moreover,
FGFR1 has been found highly amplified in breast cancer patients and associated with endocrine
resistance [11,14]. In accordance with these observations, a large-scale genomic analysis of METABRIC
and TCGA databases allowed us to assess not only that FGFR1 represents the most amplified receptor
of the FGFRs family members but also that FGFR1 amplification occurs in nearly 14% of breast cancer
patients (Figure 4a,b) [38,39]. Of note, breast cancer patients with either higher expression or copy
number (CN) gains of FGFR1 are associated with shorter overall survival rates respect to the rest of
the cohort (Figure 4c,d). Taken into account the aforementioned results, we focused on FGF2-FGFR1
signaling in the context of paracrine communication between CAFs and breast cancer cells. In this vein,
we used MDA-MB-231 cells as model system because these cells did not express FGF2 [47], but rather
displayed high expression levels of FGFR1 (Supplementary Figure S4). In order to better investigate
the role of FGFR1 in our experimental model, we used CRISPR/Cas9 genome editing technology
to generate FGFR1 knockout (KO) MDA-MB-231 cell line (Figure 4e,f). Given that both E2 and G-1
stimulate the expression and the secretion of FGF2 in CAFs (see Figure 1; Figure 2), we then ascertained
that CM from E2 and G-1 treated-CAFs induces FGFR1 phosphorylation in MDA-MB-231 cells, as well
as the stimulation of the two main pathways downstream FGFR1 activation, such as ERK1/2 and
AKT [11,48] (Figure 5a–c). Next, in parallel experiments, the FGFR1 inhibitor PD173074 was found
to abolish both ERK1/2 and AKT phosphorylation (Figure 5a–c). Accordingly, CM obtained from E2
and G-1 treated-CAFs did not induce ERK1/2 and AKT activation in FGFR1 (KO) MDA-MB-231 cells
(Figure 5d–g).
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Figure 4. Analysis of METABRIC and TCGA datasets and CRISPR/Cas9-mediated FGFR1 knockout
(KO) in MDA-MB-231 cells. (a,b) The OncoPrint of genomic alteration of FGFRs members showed
that FGFR1 is the most amplified receptor of the family in human breast cancer patients. Each row
represents a gene and each column represents a tumor sample. Red bars indicate gene amplifications,
blue bars deep deletions and grey bars no alterations. (c,d) Kaplan-Meir plots show the overall survival
(OS) from METABRIC dataset between patients with normal or high FGFR1 mRNA expression or
between patients with copy number (CN) gains or without (neutral). Statistical analysis was performed
using the long-rank test. (e) Schematic representation of the pX459 plasmid and the sgRNA sequence
used to generate FGFR1 (KO) MDA-MB-231 cells. (f) Immunoblots of lysates generated from FGFR1
(WT) and FGFR1 (KO) MDA-MB-231 cells. β-actin served as loading control. Immunoblots shown are
representative of three independent experiments.
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Figure 5. Conditioned medium (CM) from estrogen-stimulated CAFs induces the activation of
FGFR1- signaling pathway in MDA-MB-231 cells. (a–c) Phosphorylation of FGFR1, ERK1/2, AKT
in MDA-MB-231 cells exposed for 1 h to CM from CAFs treated for 18 h with vehicle [CM/CAFs
(+vehicle)], 10 nM E2 [CM/CAFs (+E2)] or 100 nM G-1 [CM/CAFs (+G-1)], alone and in the presence
of 1 μM FGFR1 inhibitor PD173074. (d,e) Activation of ERK1/2 and AKT in FGFR1 (WT) MDA-MB-231
cells upon exposure for 1 h to CM from CAFs treated for 18 h with 10 nM E2 [CM/CAFs (+E2)], 100 nM
G-1 [CM/CAFs (+G-1)]; (f,g) In FGFR1 (KO) MDA-MB-231 cells cultured in the same conditions as
described above, the activation of ERK1/2 and AKT was no longer observed. FGF2 at 25 nM was used
as positive control. FGFR1, ERK2, AKT and β-actin served as loading control, as indicated. Side panels
show densitometric analysis of the blots normalized to the loading controls. Immunoblots shown are
representative of three independent experiments. (*) indicates p < 0.05.

3.4. FGF2/FGFR1 Paracrine Activation Up-Regulates CTGF Expression in MDA-MB-231 Cells

A synergic action between FGF2 and connective tissue growth factor (CTGF) may occur in diverse
pathophysiological conditions [49–51]. Hence, we analyzed the mRNA levels of FGFR1 and CTGF
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in METABRIC breast cancer patients database [40,41] and we found a positive correlation between
FGFR1 and CTGF expression (Figure 6a). Therefore, we investigated the involvement of FGF2/FGFR1
paracrine activation by estrogen-stimulated CAFs on CTGF expression in MDA-MB-231 cells. Worthy
of note, CM collected from E2 and G-1 treated-CAFs triggered CTGF expression at both mRNA
(Figure 6b) and protein levels (Figure 6c,d) in FGFR1 (WT) MDA-MB-231 cells but not in FGFR1 (KO)
MDA-MB-231 cells. Next, the up-regulation of CTGF protein levels observed in the aforementioned
conditions was also abrogated in the presence of the FGFR1 inhibitor PD173074, the MEK inhibitor
PD98059 as well as the PI3K inhibitor Wortmannin (WM) (Figure 6e–g). Altogether, these findings
suggest that FGF2/FGFR1 paracrine activation induced by estrogen-stimulated CAFs prompts CTGF
expression through the involvement of ERK1/2 and AKT signaling cascades in MDA-MB-231 cells.

Figure 6. Conditioned medium (CM) from estrogen-stimulated CAFs up-regulates CTGF levels through
FGFR1 signaling pathway in MDA-MB-231 cells. (a) Pairwise linear regressions of FGFR1 versus CTGF
mRNA levels were performed on METABRIC dataset of 1904 breast tumor samples. Scatter plot shows
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positive correlation between FGFR1 and CTGF expression. (b–d) CTGF mRNA and protein levels
in FGFR1 (WT) and FGFR1 (KO) MDA-MB-231 cells exposed for 3 h to CM from CAFs treated for
18 h with vehicle [CM/CAFs (+vehicle)], 10 nM E2 [CM/CAFs (+E2)] or 100 nM G-1 [CM/CAFs
(+G-1)], or exposed to 25 nM FGF2, as positive control, evaluated by qPCR and western blot. In RNA
experiments, values were normalized to the expression of 18S and shown as fold changes of CTGF
mRNA expression upon CM from CAFs treated with E2 and G-1 respect to cells exposed to CM from
CAFs treated with vehicle. Each column represents the mean ±SD of three independent experiments
performed in triplicate. (e–g) Up-regulation of CTGF protein expression in MDA-MB-231 cells exposed
for 3 h to CM from CAFs treated for 18 h with vehicle [CM/CAFs (+vehicle)], 10 nM E2 [CM/CAFs
(+E2)], or 100 nM G-1 [CM/CAFs (+G-1)] was no longer observed in the presence of 1 μM FGFR1
inhibitor PD173074, 10 μM MEK inhibitor PD98059 or 100 nM PI3K inhibitor Wortmannin (WM).
β-actin served as loading control. Side panels show densitometric analysis of the blots normalized
to the loading controls. Immunoblots shown are representative of three independent experiments.
(**) indicates p < 0.01 and (*) indicates p < 0.05.

3.5. FGF2/FGFR1 Paracrine Activation Induces Cell Migration and Invasion Through CTGF in
MDA-MB-231 Cells

Upon FGF2/FGFR1 activation, breast cancer cells may acquire invasive phenotype features
modulating the expression of cell junction proteins, promoting a spindle-like morphology and
increasing cell motility [52–54]. Recapitulating the abovementioned results, CM collected from E2 and
G-1 treated-CAFs increased spindle-like morphology in FGFR1 (WT) MDA-MB-231 cells, but not in
FGFR1 (KO) MDA-MB-231 cells as evaluated by the polarity index (Figure 7a,b). Performing scratch
(Supplementary Figure S5a,b) and transwell assays (Figure 7c,d), we then observed that the migration
and invasion of FGFR1 (WT) MDA-MB-231 cells promoted by CM from E2 and G-1 treated-CAFs were
no longer evident in FGFR1 (KO) MDA-MB-231 cells as well as using the FGFR1 inhibitor PD173074
(data not shown). Next, we found that, in MDA-MB-231 cells, CTGF silencing prevents the migratory
and invasive effects triggered by CM obtained from E2 and G-1 treated-CAFs (Figure 8a,b). Taken
together, these results suggest that CTGF is involved by FGF2/FGFR1 paracrine activation toward
important biological features elicited in MDA-MB-231 cells.
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Figure 7. FGFR1 paracrine activation promotes migration and invasion in MDA-MB-231 cells.
(a) FGFR1 (WT) and (b) FGFR1 (KO) MDA-MB-231 cells were cultured for 8 h in CM from CAFs
treated for 18 h with vehicle [CM/CAFs (+vehicle)], 10 nM E2 [CM/CAFs (+E2)] or 100 nM G-1
[CM/CAFs (+G-1)], or exposed to 25 nM FGF2, as positive control. Lines traced on cells were used to
calculate the Polarity Index (PI). White lines define the migratory axis and black lines the transversal
axis. PI = 1.0 indicates a polygonal shape, whereas a value > 1.0 defines ranges of migratory shapes.
Scale bar = 30 μm. Images shown are representative of 30 random fields acquired in three independent
experiments. Transwell assays were used to assess cell migration (c) and invasion (d) in FGFR1 (WT)
and FGFR1 (KO) MDA-MB-231 cells cultured for 8 h in CM from CAFs treated for 18 h with vehicle
[CM/CAFs (+vehicle)], 10 nM E2 [CM/CAFs (+E2)] or 100 nM G-1 [CM/CAFs (+G-1)], or exposed to
25 nM FGF2, as positive control. Cells were counted in at least 10 random fields at 10× magnification,
in three independent experiments performed in triplicate. Scale bar = 200 μm, (**) indicates p < 0.01.
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Figure 8. CTGF is required for migration and invasion induced by FGFR1 paracrine activation in
MDA-MB-231 cells. Transwell assays were used to assess cell migration (a) and invasion (b) in
MDA-MB-231 cells transfected for 24 h with control shRNA or shCTGF and then cultured for 8 h in
CM from CAFs treated for 18 h with vehicle [CM/CAFs (+vehicle)], 10 nM E2 [CM/CAFs (+E2)] or
100 nM G-1 [CM/CAFs (+G-1)]. Cells were counted in at least 10 random fields at 10× magnification,
in three independent experiments performed in triplicate. Scale bar = 200 μm, (**) indicates p < 0.01.

4. Discussion

In the current study, we provide novel evidence regarding the role of GPER in the regulation
of FGF2 expression triggered by estrogens within the tumor microenvironment. In particular, using
primary patient-derived breast CAFs, we ascertained that both E2 and the selective GPER agonist G-1
induce the expression and secretion of FGF2 activating the GPER/EGFR/ERK/c-fos/AP-1 signaling
cascade. Analyzing publicly available databases, we then showed that FGFR1 is the most frequently
amplified receptor of the FGFRs family along with its association with shorter survival rates in breast
cancer patients [38–41]. In addition, focusing on the FGF2/FGFR1 functional interaction that occurs
between CAFs and breast cancer cells, we determined that FGF2 secretion by estrogens-treated CAFs
prompts the up-regulation of CTGF expression through the FGFR1-ERK1/2-AKT signaling cascade in
MDA-MB-231 cells. As biological counterpart, we found that cell motility and invasiveness triggered
by the FGF2/FGFR1 paracrine activation are abrogated by CTGF silencing.

In recent years, considerable attention has been deserved to the involvement of the tumor stroma
toward cancer development [55]. In this regard, it has been shown that the interactions between tumor
cells and the associated stroma represent a solid relationship that impacts disease initiation, progression,
and patient prognosis [56]. For instance, CAFs acting as main players within the tumor stroma, provide
a supportive microenvironment for aggressive features of cancer cells [57–60]. Indeed, CAFs are able
to sustain cancer cell growth together with the invasion and metastasis via paracrine actions elicited
by cytokines and growth factors released in the tumor microenvironment [6,61]. To date, in breast
malignancies ~80% of stromal fibroblasts acquire the activated landscapes of CAFs that boost the
proliferation of cancer cells at both the primary and the metastatic sites [62]. Additionally, CAFs may
increase the in situ estrogen production, which contributes to the development of breast carcinomas
through a multifaceted interactions among different transduction pathways [18,63]. In this vein,
several lines of evidence have shown that cancer cells may acquire aberrant growth and invasion
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properties through the dysregulation of the FGF/FGFR signaling [8,64], as highlighted in large-scale
analyses of human cancer genomes [65–68]. Moreover, the up-regulation and secretion of FGF2 toward
the stimulation of FGFR1 signaling in breast cancers was reported to occur upon estrogen stimulation
through the classical ER [32,43]. GPER has been also involved in the stimulatory effects exerted
by estrogens and its expression was associated with the tumor size, the distant metastasis, and the
recurrence of breast malignancies [21–23]. Likewise, the role of GPER has been ascertained in CAFs
toward the proliferation, migration, and spreading of breast tumor cells [22]. In accordance with
these findings, our current results provide new data showing that GPER mediates the expression
and secretion of FGF2 in breast CAFs leading to the paracrine activation of the FGFR1-ERK1/2-AKT
transduction signaling along with important biological responses in MDA-MB-231 cells.

Metastasis, the leading cause of mortality for breast cancer patients, is a complex and multi-stage
process that comprise cellular transformation and tumor growth, angiogenesis, and invasion of target
organs [69,70]. In this context, it has been reported that EMT may prompt diverse processes of the
metastatic cascade [71,72]. Accordingly, recent studies have shown that FGFR1 activation promotes
EMT and metastasis through different signaling pathways in various tumors as prostate, breast,
and lung cancers [17,46,73]. High FGF2 expression and secretion have been found in triple-negative
breast cancer cell lines, in particular in those showing a mesenchymal phenotype [47,74]. In addition,
several factors including vascular endothelial growth factor (VEGF), PC-cell-derived growth factor
(PCDGF), epidermal growth factor (EGF), and CTGF were demonstrated to confer migratory and
metastatic properties to breast cancer cells [75,76]. As CTGF is concerned, mechanical stresses,
cytokines, and growth factors stimulations have been reported to be able to alter its expression
levels toward the cytoskeletal reorganization and migratory features in breast cancer cells [24,75,77,78].
Previous studies have also suggested a correlation between FGF2 levels and CTGF-activated signaling
in different pathophysiological conditions [49–51]. Further corroborating these findings, in the present
study a positive correlation between FGFR1 and CTGF expression was assessed by a bioinformatic
analysis on 1904 breast tumor samples retrieved from METABRIC dataset. Next, we demonstrated that
the paracrine activation of the FGF2/FGFR1 transduction pathway prompts the expression of CTGF,
which was involved in the migratory and invasive responses observed in MDA-MB-231 cells.

5. Conclusions

Our findings indicate that GPER mediates a feed-forward FGF2/FGFR1 engagement within the
tumor microenvironment linking CAFs to breast cancer cells toward tumor progression. Moreover, on
the basis of the present data GPER may be included among the transduction mechanisms involved in
the FGF2/FGFR1 paracrine activation that may contribute to breast cancer development.
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Abstract: Background: FGFR inhibition has been proposed as treatment for dedifferentiated
liposarcoma (DDLPS) with amplified FRS2, but we previously only demonstrated transient cytostatic
effects when treating FRS2-amplified DDLPS cells with NVP-BGJ398. Methods: Effects of the more
potent FGFR inhibitor LY2874455 were investigated in three DDLPS cell lines by measuring effects
on cell growth and apoptosis in vitro and also testing efficacy in vivo. Genome, transcriptome and
protein analyses were performed to characterize the signaling components in the FGFR pathway.
Results: LY2874455 induced a stronger, longer-lasting growth inhibitory effect and moderate level
of apoptosis for two cell lines. The third cell line, did not respond to FGFR inhibition, suggesting
that FRS2 amplification alone is not sufficient to predict response. Importantly, efficacy of LY2874455
was confirmed in vivo, using an independent FRS2-amplified DDLPS xenograft model. Expression of
FRS2 was similar in the responding and non-responding cell lines and we could not find any major
difference in downstream FGFR signaling. The only FGF expressed by unstimulated non-responding
cells was the intracellular ligand FGF11, whereas the responding cell lines expressed extracellular
ligand FGF2. Conclusion: Our study supports LY2874455 as a better therapy than NVP-BGJ398 for
FRS2-amplified liposarcoma, and a clinical trial is warranted.

Keywords: FRS2; FGFR; NVP-BGJ398; LY2874455; sarcoma

1. Introduction

Sarcomas are rare cancers of mesenchymal origin, accounting for approximately 1% of
all solid cancers, and can be classified into more than 50 distinct histological subtypes [1].
Liposarcomas (LPS), which resemble adipose tissue, are further classified into three main subtypes,
well-differentiated/dedifferentiated liposarcoma (WD/DDLPS), myxoid/round cell liposarcoma,
and pleomorphic liposarcoma [2]. The heterogeneity makes clinical research and trials challenging.
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However, all together rare cancers comprise one of the largest patient groups, which is in great need of
new therapeutic approaches. Therefore, a deeper mechanistic understanding is needed to be able to
identify and validate new potential targets. In a previous study, we identified amplifications of multiple
genes in the 12q14.1-q15 region in the DDLPS cell line NRH-LS1 and investigated several of these as
therapeutic targets [3]. One of these, FRS2, is generally co-amplified with MDM2 in WD/DDLPS [4].
FRS2 codes for an important component of the FGF receptor (FGFR) signaling pathway, which plays
crucial roles in multiple biological processes, such as cell growth, survival and differentiation, as well
as tumor development and progression [5,6]. FRS2-dependent FGFR signaling is induced through
FGFR activation by FGF ligands, and consecutive phosphorylation of FRS2 triggers an intracellular
signaling cascade involving RAS/MAPK/ERK and PI3K/AKT [7], leading to oncogenic pro-survival
and anti-apoptotic properties and increased proliferation and migration. To date, there are no drugs
available that can target FRS2 directly, but attenuating the signal from FGFR, upstream of FRS2,
with FGFR inhibitors has been shown to be growth inhibitory in such cells [3,8].

NVP-BGJ398, which is in phase II clinical trials, has been shown to be a potent and selective FGFR
inhibitor in a wide panel of cancer cell lines [9]. NVP-BGJ398 has been reported to selectively inhibit
FGFR1, –2 and –3 with IC50s of 0.9 nM, 1.4 nM and 1.0 nM, respectively, whereas the IC50 for FGFR4
is 60 nM [10]. Another pan-FGFR inhibitor, LY2874455, recently completed a phase I clinical trial [11],
and has been reported to selectively inhibit FGFR1, –2, –3, and –4 with IC50s of 2.8 nM, 2.6 nM, 6.4 nM
and 6 nM, respectively [12].

In this study, we have investigated the therapeutic potential of LY2874455 with the aim to improve
efficacy for FRS2-amplified DDLPS.

2. Materials and Methods

2.1. Cell Line and Culture Conditions

The DDLPS cell lines NRH-LS1, established from a patient-derived xenograft as previously
described [3] and LPS510 and LPS853, kindly provided by Dr. Jonathan Fletcher, were
cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
FBS (Sigma-Aldrich), 1% L-alanyl-L-glutamine (Sigma-Aldrich) and 1% penicillin-streptomycin
(Sigma-Aldrich) and grown at 37 ◦C, 5% CO2. Short tandem repeat DNA profiling was performed on
all cell lines to confirm identity. Cells were negative for mycoplasma using the VenorGeM Mycoplasma
Detection Kit (Minerva Biolabs, Berlin, Germany).

2.2. Drugs

LY2874455 (#S7057) (Selleck Chemicals, Munich, Germany) was dissolved in DMSO
(Sigma-Aldrich) according to the manufacturer’s recommendation. For each experiment the
appropriate control (referred to as untreated) was used, with a DMSO concentration corresponding to
that used with the highest drug concentration. The concentration of DMSO in the control for 100 nM
LY2874455 and NVP-BGJ398 was 0.01% and for 1 μM LY2874455 and NVP-BGJ398 0.1%.

2.3. Drug Treatment and Cell Proliferation Assay

The cellular proliferation rate was measured using a live-cell imaging system, IncuCyte ZOOM
(Essen Bioscience, Birmingham, UK) with the corresponding software application (version 2013BRev1),
(Essen Bioscience, Birmingham, UK). Cells were seeded into 96-well plates, and drug treatment
initiated after 16h, in triplicates. Each drug treatment was performed over a period of 1–2 weeks and
done at least three times. Proliferation rate was measured as cell confluence over time every third hour.

2.4. Apoptosis

Apoptosis assays were done with the IncuCyte ZOOM. To measure apoptosis, the CellPlayer
96-Well Kinetic Caspase-3/7 reagent containing DEVD-NucViewTM488 (Essen Bioscience) at a
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concentration of 2 μM was added at the same time as the drug. Total numbers of apoptotic cells
were counted in the green channel (488 nm). After 96 h, cells were incubated for 30 minutes with 4 μM
of Nuclear-ID Red DNA stain (Enzo Life Sciences, Farmingdale, NY, USA), and total cell count was
measured in the red channel (566 nm). The percentage of apoptotic cells per well was calculated as the
number of apoptotic cells relative to the total number of nuclei.

2.5. Viability Assay for Dose-Response Curve and IC50 Calculations

Cell viability was measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madison, WI, USA). 5 × 103 cells per well were seeded onto a 96-well flat and clear bottom polystyrene
treated microplate (Corning, Corning, NY, USA). The drug treatment was initiated 16 h after seeding
and was applied at concentrations ranging from 0.1 nM to 1000 nM. After 72, 96 and 120 h, ATP levels
were used as a measure of viability. Relative IC50 for 120 h was calculated using a four-parameter
logistic function [13] based on non-linear regression analysis using SigmaPlot (Systat Software Inc,
San Jose, CA, USA) version 12.5.0.38.

2.6. In Vivo Assay

Animal experiments were performed according to protocols approved by the National Animal
Research Authority (Mattilsynet) in compliance with the European Convention of the Protection
of Vertebrates Used for Scientific Purposes (ID 10175). The LS70x xenograft (established directly
from a DDLPS tumor) was implanted into the flank of immunodeficient NOD-scid IL2rγnull (NSG)
mice [14]. When tumors reached 150 mm3, animals were randomized into two groups, each of six
mice, and treated twice per day with either 3 mg/kg LY2874455 or vehicle only (2% (v/v) DMSO,
30% (v/v) PEG 300, 5% (v/v) Tween 80 in sterile water), administered by oral gavage. Treatment was
performed for 28 days, or until the tumor reached a size of 1 cm3. Tumor growth was measured by
caliper measurements twice per week for the duration of treatment. Unpaired two-tailed t-test was
performed to detect significant differences in tumor volumes (p ≤ 0.05 was considered significant).

2.7. Western Blots

Cells were treated for 24 h with either 100 nM LY2874455, 100 nM NVP-BGJ398 or control-treated
with the corresponding concentration of DMSO and the last 15 min with or without 15 ng/ml of
recombinant human FGF1 [15] and 10 U/mL of Heparin. In vitro cells were washed with PBS and
dissolved in SDS lysis buffer. Xenografts were cut into smaller pieces and snap frozen. Proteins were
extracted with T-Per lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA), supplemented with
protease and phosphatase inhibitors (both from Thermo Fischer Scientific), using the TissueLyser
LT (QIAGEN, Venlo, Netherlands). DTT was added to the lysates before boiling. Proteins were
separated in a 4–12% Novex PAGE gel in MOPS running buffer, and transferred to PVDF membranes
(Thermo Fisher Scientific). The following antibodies were used: pFRS2-TYR436 (#3861), AKT (#9272),
pAKT-SER473 (#9271), ERK (#9102), pERK-T202/Y204 (#4370), PLCγ1 (#5690), pPLCγ1-TYR783 (#2821)
(all from Cell Signaling Technology, Danvers, MA, USA), FRS2 (#SC8318) (Santa Cruz Biotechnology,
Dallas, TX, USA) and α-Tubulin (#CP06) (Merck KGaA, Darmstadt, Germany). All antibodies
were diluted 1:1000, except FRS2 (1:500) and α-Tubulin (1:2000). Secondary antibodies were rabbit
anti-mouse immunoglobulins/HRP (#P0260) and goat anti-rabbit immunoglobulins/HRP (#P0448)
(Dako, Glostrup, Denmark) at a concentration of 1.3 g/L and 0.25 g/L respectively. The Western blots
were developed using the Supersignal Western Dura substrate (Thermo Fisher Scientific), and detected
and quantified on a Syngene G-Box (Synoptics Group, Cambridge, UK) with the GeneSnap (version
7.12, Synoptics Group) and the GeneTools (version 4.3.7.0, Synoptics Group) programs, respectively.

2.8. Quantitative Real-Time PCR-Based Copy Number Assay

DNA was isolated from cells using the AllPrep DNA/RNA Mini Kit (QIAGEN) according to the
manufacturer’s protocol. Quantitative real-time PCR was performed based on absolute quantitation
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using the Applied Biosystems 7900HT fast real-time PCR system (Applied Biosystems, Foster By, CA,
USA). The copy numbers of FRS2 (Hs02860563_cn), ALB (Hs05929625_cn) and LSAMP (Hs05902664_cn)
were determined using TaqMan copy number assays from Applied Biosystems, ALB and LSAMP were
used as endogenous controls, as these have low level of DNA copy number changes in a large panel of
liposarcoma samples [16]. The copy numbers were determined using the CopyCaller Software v2.1
program (Applied Biosystems) as described by the manufacturer, and the FRS2 data were normalized
to LSAMP. The copy numbers were validated using ALB as another endogenous reference gene (data
not shown).

2.9. Quantitative Real-Time PCR Based Expression Assay

RNA was isolated from cells using the AllPrep DNA/RNA Mini Kit (QIAGEN) according to
the manufacturers protocol. cDNA was prepared using 1 μg of RNA and the SuperScript VILO
Master Mix (Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR was performed based on
ΔΔCt relative quantitation using the Applied Biosystems 7900HT fast real-time PCR system (Applied
Biosystems). The expression levels of FRS2 were determined using TaqMan gene expression assays
(Hs00183614_m1) with human B2M (VIC®/MGB probe) (Applied Biosystems) as internal control for
normalization. The relative expression levels were determined using the comparative ΔΔCt method as
described by the manufacturer. Human Adipose Tissue Total RNA was used as reference (Clontech,
Mountain View, CA, USA).

2.10. RNA Sequencing

RNA was isolated from the cell lines using the AllPrep DNA/RNA Mini Kit (QIAGEN). mRNA
sequencing libraries were prepared using 100 ng of total RNA and the Illumina TruSeq Stranded mRNA
Library Prep kit for NeoPrep following the supplier’s instructions. The libraries were sequenced on
a NextSeq 500 Illumina sequencer (Illumina, San Diego, CA, USA) using a High Output v2 kit
chemistry, generating 2 × 75 bp paired-end sequence reads. RNA-Seq reads were aligned using
STAR aligner (v.2.5.0b) against the human reference genome (UCSC hg19, RefSeq and Gencode gene
annotations), and FPKM estimation was generated by Cufflinks 2 using the RNA-seq alignment app at
Illumina BaseSpace.

3. Results

3.1. Improved Efficacy Using LY2874455

When treating NRH-LS1 cells at equivalent concentrations, LY2874455 inhibited growth of the
cells more efficiently than did NVP-BGJ398 (Figure 1A). NRH-LS1 cells exposed to 100 nM of LY2874455
were completely growth inhibited after 72 h (Figure 1A), while treatment with 100 nM NVP-BGJ398
gave only partial growth inhibition at that time point. In contrast to NVP-BGJ398, we found that
LY2874455 induced apoptosis in a subpopulation of NRH-LS1 cells (Figure 1B). Furthermore, 100 nM
LY2874455 induced, on average, four times higher levels of apoptosis after 96 h, as compared to cells
treated with 100 nM NVP-BGJ398 (Figure 1C). As shown in Figure 2, LY2874455 inhibited cell growth
in a dose-dependent manner (Figure 2A), with the full effect at approximately 100 nM. The IC50 for
LY2874455 in NRH-LS1 cells was estimated to 7 nM compared to 47 nM for NVP-BGJ398 (Figure S2),
based on viability after 120 h of treatment (Figure 2B).
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Figure 1. Comparison of the effect of NVP-BGJ398 and LY2874455 on proliferation and apoptosis of
NRH-LS1 cells. (A) Proliferation of NRH-LS1 cells after inhibition of FGFR with either NVP-BGJ398 or
LY2874455; one representative experiment is shown (n = 3), error bars represent the standard error of
the mean (SEM) of technical replicates; (B) The number of cells with active caspase 3/7 during 96 h of
treatment with either 100 nM of NVP-BGJ398 or 100 nM LY2874455, one representative experiment
is shown (n = 3); (C) The percentage of apoptotic cells after 96 h of treatment with NVP-BGJ398 or
LY2874455; the mean of experiments is shown (n = 3), error bars represent the standard deviation (SD)
of the experiments. Representative images show apoptotic cells outlined in purple based on measured
apoptotic signal. For all experiments untreated is with DMSO concentration corresponding to that of
the highest drug concentration.
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Figure 2. The effect of LY2874455 on the proliferation and viability of NRH-LS1, LPS510 and LPS853
cells. (A) Proliferation of NRH-LS1 cells at different concentrations of LY2874455; one representative
experiment is shown (n = 3), error bars represent the standard error of the mean (SEM) of technical
replicates; (B) The IC50 was estimated at 7 nM based on NRH-LS1 cell viability after 120 h of treatment
with LY2874455; Proliferation of LPS510 (C) and LPS853 (D) cells in the presence of LY2874455. (E) The
number of LPS510 cells with active caspase 3/7 during 96 h of treatment with 100 nM of LY2874455;
(C–E) One representative experiment is shown (n = 3), error bars represent the standard error of the
mean (SEM) of technical replicates; (F) The percentage of apoptotic LPS510 cells after 96 h of treatment
with 100 nM of LY2874455. The mean of experiments is shown (n = 4), error bars represent the standard
deviation (SD) of the experiments. Representative images show apoptotic cells outlined in purple
based on measured apoptotic signal. For all experiments untreated is with DMSO concentration
corresponding to that of the highest drug concentration.

3.2. The Response to FGFR Inhibition in FRS2-Amplified Cell Lines Is Variable

We next investigated the effect of LY2874455 in two additional FRS2-amplified DDLPS cell lines,
LPS510 and LPS853, which have FRS2 copy number and gene expression levels comparable to NRH-LS1
(Figure S1). The expression levels of FRS2 were 10–20 fold higher in all three cell lines compared to
both human adipocyte tissue and an undifferentiated immortalized mesenchymal progenitor cell line
(iMSC#3), [17] (Figure S1). LY2874455 inhibited the growth of LPS510 similar to NRH-LS1 (Figure 2C),
with IC50 values of 5.5 and 6.9 respectively (Figure S2). In contrast, LPS853 was only modestly inhibited
at 100 nM (Figure 2D). Similar levels of apoptosis were observed for both LPS510 and NRH-LS1 after
treatment with 100 nM LY2874455, with 9% for LPS510 cells (Figure 2E,F) and 13% for NRH-LS1
(Figure 1C) at 96 h.
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3.3. LY2874455 Induces Long-Lasting Growth Inhibition

In order to assess duration of the growth inhibitory effects of LY2874455 and NVP-BGJ398, we
discontinued drug treatment after 96 h or 264 h. In contrast to NVP-BGJ398, the growth inhibition of
NRH-LS1 and LPS510 was strong after withdrawal of LY2874455, although it was quite significant with
LPS510 cells, especially at the highest doses (Figure 3A–D). Both LPS510 and NRH-LS1 maintained
growth arrest within the time-frame of the experiment after 264 h of treatment with LY2874455.

Figure 3. NRH-LS1 and LPS510 cells resume proliferation after withdrawal of treatment with
NVP-BGJ398, but not LY2874455. Proliferation of NRH-LS1 (A,B) or LPS510 (C,D) cells treated with
100 nM of NVP-BGJ398 (A,C) or LY2874455 (B,D) continuously or upon withdrawal of the drug after
96 h or 264 h of treatment. One representative experiment is shown (n = 3), error bars represent the
standard error of the mean (SEM) of technical replicates. For all experiments untreated with DMSO
concentration corresponding to that of the highest drug concentration.

3.4. Both FGFR Inhibitors Inactivate MEK/ERK-Dependent Signaling in FRS2-Amplified Cells

To determine whether the different effects of these drugs could be attributed to the activation
or inhibition of different signaling components in the FGFR pathway, we investigated the status
of several signaling proteins downstream of FGFR and FRS2 in NRH-LS1 cells upon stimulation
with FGF and treatment with NVP-BGJ398 or LY2874455 (Figure 4, quantified in Figure S4A).
Although phosphorylation of FRS2 was expected to drive growth in these cells, we only detected
phosphorylated FRS2 upon stimulation with exogeneous FGF, probably because pFRS2 levels in
unstimulated cells were below the detection limit of the pFRS2 antibody used in this western blot
assay. An increased phosphorylation of the downstream signaling protein ERK was also found upon
stimulation with FGF1. When NRH-LS1 cells were treated for 24 h with either 100 nM LY2874455 or
100 nM NVP-BGJ398, FGF1-induced phosphorylation of FRS2 was completely abolished (Figure 4A),
supporting the expected drug action, and also endogenous pERK was reduced. Stimulation with
FGF1 also induced phosphorylation of PLCγ1, an FRS2-independent component of the FGFR pathway,
which was completely abolished by the treatment with either FGFR inhibitor. The expression and
phosphorylation of AKT was unaffected by FGF1 stimulation or FGFR inhibition (Figure 4A). Thus,

135



Cells 2019, 8, 189

no clear differences in FGF signaling could be seen that explained the difference in growth inhibition
of the two inhibitors in NRH-LS1.

Figure 4. Signaling pathway analysis after FGFR stimulation and inhibition in NRH-LS1, LPS510 and
LPS853. Western blots showing (A) The level of phosphorylated and total protein for the indicated
proteins in NRH-LS1 cells treated for 24 h with 100 nM of LY2874455 or 100 nM NVP-BGJ398, with or
without FGF stimulation as indicated; (B) The level of phosphorylated and total protein for the indicated
proteins in NRH-LS1, LPS510 and LPS853 cells treated for 24 h with 100 nM of LY2874455, with or
without FGF as indicated. In all Western blot experiments α-tubulin was used as a loading control.

We further compared the effect of LY2874455 on the same proteins on the three cell lines to
understand their difference in sensitivity to FGFR inhibition (Figure 4B, quantified in Figure S4B).
The western blots confirmed that FRS2 protein was expressed in all three cell lines, while pFRS2 was
below detection in unstimulated cells. Phosphorylation of FRS2, PLCγ1, and ERK was induced by
stimulation with FGF1 and was inhibited upon treatment with LY2874455 in all three cell lines, showing
the ability of these cell lines to respond to FGF stimulation and FGFR inhibition. The phosphorylation
levels of AKT were higher in both LPS510 and LPS853 compared to NRH-LS1 but remained unaffected
by stimulation or inhibition of FGFR signaling (Figure 4B).

3.5. The Expression of FGF Receptors Varies in FRS2-Amplified LPS Lines

In order to investigate why only two out of three LPS cell lines responded to the treatment
with FGFR inhibitors and whether this could be explained due to a differential expression of some
components of the FGFR pathways, we analyzed transcriptome sequencing data of NRH-LS1, LPS510,
and LPS853 for expression of FGFR signaling components upstream of FRS2. Similar relative expression
(FPKM) values of 52.0, 51.8 and 44.3 for FRS2 were found in NRH-LS1, LPS510 and LPS853, respectively.
All three cell lines also had similar expression levels for FGFR1 with FPKMs of 41.5, 51.5 and 36.1,
while FGFR4 was comparably higher expressed in LPS853 with an FPKM of 77.5, compared to 1.2
and 0 in NRH-LS1 and LPS510, respectively. All the cell lines had very low expression of FGFR2 and
FGFR3. FGFRL1 is another member of the fibroblast growth factor receptor family, however it lacks
the cytoplasmic tyrosine kinase domain and can act as a negative regulator of FGFR signaling [18].
Interestingly, FGFRL1 was higher expressed in LPS853 than in LPS510 and NRH-LS1, with FPKM
values of 50.0, 25.8 and 11.1, respectively.

We also found FGF2 to be higher expressed in NRH-LS1 and LPS510 with FPKM values of 19.6
and 21.0 respectively, compared to LPS853 with FPKM of 0.5. In turn, FGF11 expression was higher in
LPS853 with FPKM of 24.5, compared to NRH-LS1 and LPS510 with values of 0.4 and 1.2 respectively.
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A heat map that shows the expression of FGF receptors and ligands, as well as adapter proteins,
is provided in Figure S3.

3.6. LY2874455 Inhibits Tumor Growth In Vivo

Having observed promising therapeutic potential in vitro for two out of three FRS2-amplified
LPS cell lines treated with LY2874455, we investigated the effect in vivo. Patient-derived xenograft
(PDX) models derived directly from patient material are more representative for drug responses, but
the NRH-LS1 PDX model, from which the cell line is derived, grows slowly and was not suitable
for preclinical testing. Rather than making a less representative cell line-derived PDX from LPS510,
we used the DDLPS patient-derived LS70x PDX [14], which also provided an additional independent
model. LS70x has amplification and increased expression of FRS2 comparable to the three cell lines
(Figure S1), and grows reasonably well in NSG mice. When tumors reached 150 mm3, mice were
treated with 3 mg/kg twice per day. Already from day 4 of treatment we observed significant inhibition
of tumor growth compared to control-treated mice (Figure 5A). To confirm that LY2874455 reduced
FGFR signaling in vivo, we performed a kinetic study of FGFR signaling proteins. Tumors were
harvested at 3, 24 and 48 h after last treatment (end of study) and protein lysates were subjected to
Western blotting to analyze the phosphorylation levels of FRS2 and ERK. The endogenous level of
phosphorylated FRS2 in the LS70x tumors was, as in the cell lines, below detection (data not shown).
However, ERK phosphorylation was clearly reduced 3 h after treatment and remained reduced for at
least 24 h (Figure 5B, quantified in Figure S4C).

Figure 5. Growth inhibitory effect of LY2874455 in vivo on LS70x, a FRS2-amplified xenograft.
(A) in vivo study with FRS2-amplified tumors of LS70x xenografts (n = 6) treated twice per day (BID)
with LY2874455 3 mg/kg or control vehicle for up to 28 days until tumor size reaches a limit of 1 cm3.
Data shown as means ± SEM *** p ≤ 0.001; unpaired two-tailed t-test treated versus vehicle treated;
(B) Western blots showing the level of phosphorylated and total ERK in lysates extracted from LS70x
tumors treated in vivo with vehicle or LY2874455 until endpoint. The tumors were harvested at the
indicated time after last treatment. α-tubulin is used as loading control.

4. Discussion

WD/DDLPS tumors almost invariably have FRS2 amplified [8] and are in great need of new
therapies. We cannot expect many new drugs specific for rare cancers, therefore the possibility to
repurpose existing drugs for these patients deserves thorough consideration. FGF receptor inhibitors
have shown tolerable toxicities in rodent and patients [10,11], thus showing efficacy in preclinical
models could pave the way to clinical trials on sarcoma patients.

Our previous in vitro study demonstrated limitations of NVP-BGJ398, since the drug was
only transiently cytostatic and the cells quickly regained growth capacity when drug was
removed [3]. In this study we further investigated the potential of FGFR inhibition as treatment
for FRS2-amplified DDLPS.
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Results were more promising using the FGFR inhibitor LY2874455, which gave improved efficacy
in vitro. LY2874455 is reported to have a similar potency against all four FGFRs in biochemical assays
and has shown potent activity against FGFR signaling in preclinical studies of several cancer types
such as lung, gastric, bladder and multiple myeloma [12]. This drug had a stronger effect on the
growth of NRH-LS1 cells, and induced apoptosis more efficiently than NVP-BGJ398 did. Interestingly,
LY2874455 had a long-lasting effect on the responding cell lines, with cell growth inhibited several
days after the drug treatment was discontinued. The observed effect and higher potency of LY2874455
compared to NVP-BGJ398 could potentially be due to off-target inhibition, since LY2874455 was shown
to act as a multi-kinase inhibitor and consequently inhibits a wide range of different kinases [19].
However, the similarity of the response of FGFR signaling by the two inhibitors indicates a similar
mode of action.

We hypothesized that amplified FRS2 would potentiate FGFR signaling and drive growth of
FRS2-amplified DDLPS. Thus, FRS2 amplification could be a biomarker predicting sensitivity to FGFR
inhibitors. Although the three FRS2 amplified cell lines had similar levels of FRS2, LPS853 was resistant,
suggesting that FRS2 amplification alone is not sufficient as predictive biomarker. The lack of response
of one cell line out of four independent models might not be representative of the patient population,
but more refined biomarkers detecting such tumors would be valuable. To identify possible differences
in FGFR signaling that could explain the different responses to FGFR inhibition, we analyzed the status
of FGFR signaling pathway proteins. The basal level of phosphorylated FRS2 in unstimulated cells was
undetectable but was drastically increased upon addition of FGF1 for all the three cell lines, confirming
functional FGFR signaling. Both AKT and ERK are downstream of FRS2 and the strong inhibition of
ERK phosphorylation when cells were treated with FGFR inhibitor indicated that the FGFR pathway
is the predominant activator of ERK in these cells. This is consistent with a study in human bladder
cancer, which showed dephosphorylation of FRS2 and ERK by NVP-BGJ398 [10]. We could not detect
significant changes in levels of AKT or phosphorylated AKT, which is also consistent with previous
studies [20].

We did not observe any FGFR mutations or translocations that could explain the different response
to FGFR inhibition (data not shown). Although we observed equal expression of FGFR1 among the
cell lines, the non-responding LPS853 cells had considerably higher expression of FGFR4. Furthermore,
LPS853 also had a high expression of FGFRL1, which lacks the kinase domain and has been suggested
to be a negative regulator of FGFR1 signaling [21]. Although LPS853 cells do not respond to FGF
inhibitors with reduced proliferation, FGFR inhibition still prevents endogenous and FGF1-induced
ERK phosphorylation in these cells. This implies that FGFR signaling is maintained in LPS853 cells,
but that these cells are not dependent on phosphorylated ERK for proliferation. This is known for
other cell types as well. Only a subset of KRAS mutated colon, pancreatic and lung cancer depends on
MEK/ERK signaling for proliferation, although the cells responds to MEK inhibition with reduced
pERK [22]. Often this is due to other rescuing mechanisms. This could explain why LPS853 cells grow
independent of this pathway, and also why they respond to higher doses of LY2874455, but not to
high doses of NVP-BGJ398 (data not shown) [3], since LY2874455, unlike NVP-BGJ398, has a similar
potency against all four FGF receptors in biochemical assays [12,23].

We expect the levels of FGFs in fetal calf serum to be low, but the responding cell lines may
produce autocrine FGFs, as was indeed indicated by the RNA-seq data. NRH-LS1 and LPS510 had
high expression of FGF2, a ligand for several of the FGF receptors, while LPS853 had high expression of
the intracellular FGF11. While the function of FGF11 is not fully known, FGF2 is known to be secreted
by adipocytes and to stimulate proliferation upon binding to FGFR1. We hypothesize that the lack of
expression of any extracellular FGF ligands in LPS853 cells indicate that they grow independently of
FGFR in vitro, but we cannot exclude that they depended on exogeneous FGF in vivo and have adapted
to conditions without FGF in vitro. Further functional investigations including knock-down of the
different ligands and receptors might solve these issues.
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In summary, our results support LY2874455 as a better drug candidate than NVP-BGJ398 for
treatment of FRS2-amplified liposarcoma. LY2874455 also showed significant efficacy in vivo, which is
an important finding, since the FGF-regulatory landscape in tissues is different from cell cultures.
Whether efficacy of LY2874455 can also be translated to other sarcomas with aberrations in the FGFR
pathway, such as amplified, fused or mutated FGFR genes [24], needs to be investigated. We hope
these studies could result in a clinical trial for DDLPS patients in great need of new treatments now
that phase I clinical trials have shown tolerable toxicities [11].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/2/189/s1,
Figures S1–S4.
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Abstract: Glioblastoma is the most lethal brain cancer in adults, with no known cure. This cancer is
characterized by a pronounced genetic heterogeneity, but aberrant activation of receptor tyrosine
kinase signaling is among the most frequent molecular alterations in glioblastoma. Somatic mutations
of fibroblast growth factor receptors (FGFRs) are rare in these cancers, but many studies have
documented that signaling through FGFRs impacts glioblastoma progression and patient survival.
Small-molecule inhibitors of FGFR tyrosine kinases are currently being trialed, underlining the
therapeutic potential of blocking this signaling pathway. Nevertheless, a comprehensive overview of
the state of the art of the literature on FGFRs in glioblastoma is lacking. Here, we review the evidence
for the biological functions of FGFRs in glioblastoma, as well as pharmacological approaches to
targeting these receptors.
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1. Introduction

Fibroblast growth factors (FGFs) were first isolated from bovine brain extracts in 1939 and
characterized by their ability to induce proliferation of fibroblasts [1]. It took another 50 years to
discover and clone the first of their cognate receptors [2]. FGFRs control many biological functions,
including cell proliferation, survival, and cytoskeletal regulation (for review, see [3]). FGFR signaling
is important during embryonal development of the CNS, and as a survival mechanism for adult
neurons and astrocytes [4–6]. Furthermore, FGFR signaling was found to promote self-renewal and
fate specification of neural stem cells [7].

In many cancers, FGFR aberrations have been implicated in tumor development and progression [8,9],
and include FGFR overexpression, amplification, mutations, splicing isoform variations, and FGFR
translocations [10,11]. While FGFR genomic alterations have been identified in many solid tissue
cancers, such events remain rare in glioblastoma (GBM) (Table 1) [12]. Nonetheless, FGFR expression
changes in astrocytes can lead to malignant transformation and GBM progression due to the activation
of mitogenic, migratory, and antiapoptotic responses [13–15]. Of note, fusions between FGFR and TACC
(transforming acidic coiled-coil containing proteins) genes were shown to be oncogenic in GBM [16],
and occur in about 3% of GBM patients [12]. Whole-genome analyses of patient samples have revealed
that the number of FGFR mutations and amplifications are generally very low in GBM (FGFR1: 51/3068
samples, FGFR2: 12/2662; FGFR3: 16/2887; FGFR4: 9/2456; cancer.sanger.ac.uk; [17]). Not only are
oncogenic mutations in FGFRs rare in GBM, the lack of FGFR passenger mutations (i.e., mutations
not providing a survival benefit) suggests that these are selected against, and that the maintenance of
dynamic FGFR signaling is important for the development and/or progression of GBM.
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Table 1. Common FGFR genomic aberration in solid tumors. FGF signaling deregulation is involved in
the development of many different human cancers. Four FGFR genomic alterations are represented
in this table: gene amplification, point mutations, chromosomal translocations, and FGFR splicing
isoforms. Each FGFR alteration is linked with the most significant cancers that contain those alterations.
The role of the majority of the discovered point mutations in FGFR is unknown in cancer. Adapted
from [10,18].

Gene
Gene

Amplifications
Point Mutations

Chromosomal
Translocations

Splice Variants

FGFR1
Breast, ovarian,

bladder, and lung
cancer

Majority of cancers.
Example: Melanoma

Stem cell
leukemia/lymphoma

(SCLL), GBM

IIIc: small cell lung
carcinoma

Iβ: breast cancer and GBM

FGFR2 Breast, gastric, lung
cancer

Majority of cancers.
Example: Endometrial

carcinoma

IIIb: breast, endometrial,
cervical, lung, pancreatic

and colorectal cancer
IIIc: prostate cancers

FGFR3 Bladder cancer Majority of cancers.
Example: bladder cancer

GBM, T-cell lymphoma
and bladder IIIc: bladder cancer

FGFR4 Colorectal cancer

Majority of cancers.
Example: metastatic

breast cancer and
rhabdomyosarcoma

We hypothesize that the neurodevelopmental and cell survival functions of this signaling pathway
are at least partly conserved in GBM. Thus, dynamic FGFR signaling needs to be maintained for
the survival of GBM cells, and therefore evolutionary pressure selects against both activating and
inactivating mutations. Here, we review the current literature on FGFRs in GBM, and the evidence for
differential functions of individual FGFRs in brain tumor progression.

2. FGFR Structure

There are four known FGFRs, FGFR1–4, which are membrane-bound receptor tyrosine kinases
(RTKs). A fifth member of the FGFR family, FGFRL1, is lacking a transmembrane domain and is
therefore soluble. FGFRL1 acts as an antagonist to FGFR signaling [19,20]. Structurally, FGFR1–4 consist
of three different domains: an extracellular ligand binding domain, a transmembrane domain, and an
intracellular domain that interacts with cytoplasmic molecules and transduces FGFR signaling [8,21,22]
(Figure 1).

The extracellular domain can bind FGF ligands, heparan sulfate (HS), and extracellular matrix
molecules, which can act as a scaffold to enable receptor binding of specific FGFs. It is divided into three
immunoglobulin-like (Ig) loops: Ig-I, Ig-II, and Ig-III (also called D1, D2, and D3) [23]. Ig-I is linked to
Ig-II by a stretch of 30 acidic residues called the acid box, a unique region of FGFRs [10,24]. Ig-I and
the acid box have receptor auto-inhibitory functions [25–27] while the Ig-II and Ig-III subdomains form
the ligand binding site of the receptor [3,15,18,28,29]. Ig-II contains the heparin/HS binding region
and FGF binding activity site, while the junction between Ig-II and Ig-III controls heparin and FGF
affinity [21,30–33] (Figure 1).

Multiple FGFR isoforms are generated by alternative splicing of the region encoding for the
extracellular domain. This modifies the affinity and sensitivity of the receptors for different FGF
ligands [34,35]. Thus, an array of FGFR isoforms is created that can fine-tune the response of cells to
the large number of potential FGF ligands available in their specific environment. FGF sensitivity is
further modified by co-receptors, such as Klotho family members, which are required for binding of
endocrine FGFs [36–38].
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Figure 1. Domain structure of FGFRs: an extracellular domain containing ligand binding site is followed
by a single transmembrane domain, and an intracellular domain containing split tyrosine kinases. Left
panel: organization of the FGF–FGFR complex at the cell surface. The FGF–FGFR complex is stabilized
by a heparin/HS chain of the HS proteoglycan (HSPG). Right panel: The extracellular domain of the
receptor is composed of three Ig-like domains: Ig-I, Ig-II, and Ig-III. Ig-I has autoinhibitory capacity
while Ig-II and Ig-III form the ligand binding domain. Ig-II contains the heparin/HS binding site (HBS)
and is separated from Ig-I by an acid box (AB). The cytoplasmic domain is formed by two tyrosine
kinases: tyrosine kinase 1 (TK1) and tyrosine kinase 2 (TK2). Image created with biorender.com.

Alternatively-spliced β isoforms of FGFR1 or FGFR2 are produced by the exclusion of the Ig-I
domain, which is encoded by exon 3. Due to the auto-inhibitory function of the Ig-I domain, the β

isoform has considerably higher affinity for FGFs, and is oncogenic [39,40]. Retention of the Ig-I
domain creates FGFR α isoforms [28].

Additionally, alternative splicing generates two isoforms of the Ig-III domain, known as Ig-IIIb
and Ig-IIIc, in FGFR1–3, but not FGFR4 [10,41–43]. Ig-IIIb and Ig-IIIc are generated by exon skipping,
and are encoded by exons 8 and 9, respectively (Figure 2). By contrast, exon 7, encoding Ig-IIIa,
is present in all splice variants. Different splice-regulatory proteins have been identified that control the
splicing of Ig-IIIb, such as regulatory RNA-binding protein (RBP), and the epithelial splicing regulatory
proteins (ESRP1/2) [32,40,44].

The expression of FGFR splice variants is tissue-dependent. For example, the Ig-IIIb isoform is more
prevalent in epithelial tissues, while Ig-IIIc is preferentially expressed in mesenchymal ones [22,24,32].
Switching of epithelial and mesenchymal isoforms occurs during epithelial–mesenchymal transition,
which is known as the IIIb/IIIc switch. Hence, FGFR isoform expression is also related to tissue
plasticity, and changes during tissue growth, proliferation, and remodeling [45].

The FGFR transmembrane domain is crucial for transferring the signal from the extracellular to the
intracellular domain, the latter consisting of a juxtamembrane domain, two tyrosine kinase domains,
and the C-terminal tail [10,32,46,47]. FGFR domains are highly conserved among receptors, and the
tyrosine kinase domain shares the highest homology. The Ig-III domain is also highly conserved,
especially between FGFR1 and FGFR2 [48].

The binding of FGF ligands to HSPGs causes FGFR dimerization and activation in the
-COOH receptor tail of the cytoplasmic tyrosine residues by phosphorylation [49,50]. For instance,
autophosphorylation of FGFR1 tyrosine (Y) residues occurs in three steps. Firstly, phosphorylation
of Y653 leads to a 50–100-fold increase of the catalytic core activation of the intracellular domain.
Secondly, Y583, Y463, Y766, and Y585 sites are consequently phosphorylated, and finally, the second
tyrosine kinase domain phosphorylation increases the tyrosine kinase activity 10-fold. This sequence of
autophosphorylation follows a specific and controlled order that, if deregulated, can induce malfunction
of the pathway [49].
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Figure 2. Schematic representation of FGFR splice isoforms. The Ig-III domain of FGFR1–3 is encoded
by exons 7–9. Exon 7 encodes Ig-IIIa, which consists of the N-terminal half of the Ig-III loop. The
C-terminal half is formed by the IIIb or IIIc sequence, which is generated by the selective inclusion of
exons 8 or 9, respectively. Truncation of the Ig-I loop creates FGFRβ isoforms (dotted line), while the
full-length receptor is termed FGFRα. Image created with biorender.com.

Different models have been proposed for FGFR dimerization depending on the ligand–heparin–
receptor complex, specificity between the ligand and the receptor, and the heparin length required
for the binding [21,24]. In the first model, HS increases the association between the receptor and the
high affinity binding site of the ligand, forming a ternary complex (1:1:1 FGF–HS–FGFR) that then
interacts with a second receptor, inducing FGFR dimerization through the FGF low affinity binding site
(2:1:1 FGFR–HS–FGF). On the other hand, the symmetrical model suggests that two individual ternary
complexes are formed. The FGFR dimerization will then occur by FGFR–FGFR direct interaction,
FGF ligand interaction, or by HS–HS link (2:2:2 FGFR–HS–FGF). In this model, HS enhances FGFR
dimerization, but it is not crucial. Finally, according to the asymmetric model, HS attaches to two
FGF–FGFR complexes, binding both FGFs but only one of the receptors (2:1:2 FGFR–HS–FGF) [21].
Therefore, although different models have been suggested, more research is needed to clarify the
stoichiometry of FGFR dimerization [21,24,51].

3. FGFR Signaling Cascade

FGF–FGFR stimulates cell signaling pathways related to cell proliferation, survival, cytoskeletal
regulation, and FGFR degradation [10]. Cell proliferation is mainly induced by RAC/JNK and
RAS–MAPK signaling pathways [3]. RAC kinases can be activated by the transient phosphorylation of
CRK, which simultaneously stimulates RAC phosphorylation trough DOCK1 or SOS/RAS [10]. RAC
kinases promote proliferation by the activation of JNK and p38. Alternatively, the RAS/RAF/MEK/ERK
signaling pathway can be activated by the FRS2–GRB2–SOS–SHP2 complex assembly or byPKC
activation through PLC phosphorylation [18,22].

Cell survival is mainly promoted by phosphorylation of PI3K/AKT signaling through the
FRS2–GRB2–GAB1 complex. Finally, FGFRs are also implicated in cytoskeletal regulation, as PLC
phosphorylation leads to the hydrolysis of PIP2 into IP3, inducing calcium release [18] (Figure 3).
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Figure 3. FGFR signaling pathway. After ligand binding, FGFRs dimerize and activate multiple
signal transduction pathways. Each pathway induces the expression of specific target genes related
to cell proliferation (STATs, RAS/p38/JNKs, and RAS/MAPK/ERK), survival (STATs and PI3K/AKT),
and cytoskeleton regulation (PLC/Ca2+). Kinases are color-coded according to their specific signaling
pathway. Image created with biorender.com.

Because FGFR signaling acts upon many biological functions, a regulatory system that controls
its timing, spread, and balances its activation is required. This is important as the activation of the
signaling cascade depends on FGFR expression and localization to the cell membrane. Therefore,
receptor availability depends on the balance between its recycling and degradation rate, which differ
among receptors. One of these regulatory systems is FGFR internalization or constitutive endocytosis.
FGFR synthesis occurs at a higher level than its internalization. However, after ligand-binding, FGFR
internalization from the plasma membrane accelerates [52]. FGFR internalization is primarily mediated
by clathrin-dependent endocytosis and requires the SRC–FRS2 complex [53]. The internalization rate
depends on the receptor type—FGFR1 has the highest internalization rate and FGFR3 the lowest.
Endocytosis of activated FGFRs involves detachment from the SRC complex [54]. FGFRs can then
re-translocate to the cytosol, mitochondria, nucleus (to directly regulate gene expression), or to the
endosomal compartment for receptor degradation [52]. The latter requires interaction between the
FRS2–GRB complex and CBL, and is receptor-independent [22] (Figure 4). Indeed, FGFR1 has more
ubiquitination sites than FGFR4, so its degradation rate is likely higher [10].

Other regulatory systems of FGFR signaling are the negative regulators SEF, SPRY1/SPRY4, and
MKP1/MKP3. The activation of cell proliferation is counterbalanced by SEF, which negatively regulates
ERK and AKT activation [18]. Similarly, SPRY1/SPRY4 reduce proliferation by directly interacting
with RAS/RAF kinases or by blocking the FRS2–GRB2–SOS–SHP2 complex. MKP1 and MKP3 also
attenuate FGFR signaling by dephosphorylating MAPK and ERK [10] (Figure 4).

FGF signaling is also negatively regulated by the autoinhibitory (Ig-I) domain of the receptors. This
is controlled by the electrostatic interactions between the negatively charged acid box with the highly
basic heparin binding site in Ig-II [25]. This complex blocks the heparin–FGF binding, minimizing
FGFR activation. The auto-inhibitory capacity is crucial for the modulation of the pathway, as the
high amount of HSPGs from the cell surface and the extracellular matrix increases the probabilities of
FGF–heparin binding and activation of the RTK cascade [24].
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Figure 4. FGFR signaling pathway regulation. FGFR signaling is negatively regulated, partly by CBL
(inducing FGFR degradation after receptor internalization), by SEF, SPRY, MKP1, and MPK3 (which
negatively regulate proliferation and survival related pathways). FGFRs can also regulate their own
activation due to the autoinhibitory function of Ig-I. Image created with biorender.com.

Other factors involved in FGFR pathway regulation are the ligand affinity for the receptor and
the ligand amount and availability. Extracellular FGFs are protected and stored by HS proteoglycans.
Heparanases are directly involved in FGF signaling regulation, as they cleave the HS chain, thus releasing
FGFs in the vicinity of cells. Depending on the cell type and the growth factor released, heparanases
are therefore involved in cell growth, differentiation, or stemness maintenance [55]. Likewise, sufficient
amounts of ligand and heparin/HSPGs are necessary for stabilizing FGFR dimerization. The necessary
ligand concentration is dependent on the ligand-binding affinity of the FGFRs, which depends on the
FGFR splice isoforms [3,8,42]. For example, FGF2 activates both FGFR1 IIIb and IIIc isoforms, while it
has a higher affinity for the isoform IIIc in FGFR2 and FGFR3 [42].

4. Crosstalk between FGFRs and Other Cell Surface Molecules

FGFRs can be modulated independently of their ligands by integral cell membrane proteins,
such as G-protein-coupled receptors (GPCRs), cell adhesion molecules (CAMs), and other RTKs,
which play a crucial role in the induction of specific cell responses and fate during development and
cancer [56]. GPCRs can transactivate FGFRs by promoting the activation of matrix metalloproteinases,
resulting in cleavage of FGFs, or by directly interacting with FGFRs [57]. GPCR-mediated FGFR1
transactivation is associated with neuronal differentiation, neurite growth, and synaptic plasticity [56].
FGFR1 modulation by GPCRs (e.g., CB1A, 5-HT1A, and mAChR) involves the activation of the
SRC-ERK1/2 pathway [57–59]. In C6 glioma cells, crosstalk between the mu-Opioid receptor and
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FGFR1 was shown to activate this signaling cascade, but the specific mechanism is not yet completely
understood [60].

FGFR activity is also modulated by CAMs, cell surface proteins that regulate cell–cell interactions
and motility. Importantly, the FGFR acid box region is required for the CAM/FGFR interaction [61],
hence the FGFR β isoforms cannot be transactivated by CAMs. CAMs of the integrin, cadherin,
and immunoglobulin (e.g., NCAM and L1-CAM) superfamilies signal through FGFRs to induce
neurite outgrowth, cell survival, and oncogenesis [61–66]. Integrins signaling can activate cell
proliferation, survival, and invasion [67], and integrin α6 [68] and α7 [69] have been linked to
GBM cancer stem cells (GSCs). A recent study suggested that integrin α6 regulates the expression
of FGFR1 through ZEB1 and YAP transcription factors [70]. N-cadherin stabilizes FGFR1 and
decreases its internalization, thus promoting invasion in breast cancer cells, and N-Cadherin/FGFR
crosstalk promotes neurite outgrowth [71]. Of note, the stem cell transcription factor ZEB1 regulates
N-Cadherin expression, which is associated with EMT and invasion. It is tempting to speculate that
N-Cadherin/FGFR1 interactions could constitute a positive feedback loop in GSCs through the activation
of ZEB1 and subsequent induction of N-Cadherin and FGFR1 expression [70,72] (see also Section 5.1).
NCAMs physically associate with FGFRs and inhibit the high-affinity binding between these receptors
and their canonical ligands [56,73]. Furthermore, polysialic acid-NCAM (PSA-NCAM) has been
described as a marker of GBM patient prognosis [74]. This study showed that a targeted expression of
PSA-NCAM in C6 glioma cells resulted in increased levels of Olig2, a transcription factor associated
with GSCs [75]. While it remains unclear whether this was the result of FGFR transactivation by
PSA-NCAM, we have recently shown that OLIG2 can be induced by FGFR1 signaling [72]. Furthermore,
the L1-CAM/FGFR1/Anosmin-1 complex regulates neurite branching [76–78] and L1-CAM-mediated
FGFR1 transactivation induces glioma cell proliferation and motility [79].

Crosstalk between FGFRs and other RTKs, such as EPHs and PDGFRs, has been identified in Y2H
screens and endothelial cells [80,81]. FGFR/RTKs form a heterocomplex in which the tyrosine kinase
domain of the FGFR is phosphorylated by the other receptor [56]. EPHA4 transactivated FGFR1 in
the U251 glioma cell line, promoting cell growth and migration, and EPHA4 expression is increased
in glioma [82]. Less is known about potential crosstalk between other RTKs and FGFRs in GBM.
In summary, FGFR activity can be modulated non-canonically by other cell surface proteins, resulting
in the activation of intracellular signaling pathways and cell responses associated with FGFR signaling.

5. Expression and Functions of FGFRs in Glioblastoma

Gene expression analysis of TCGA data (GBM 540) revealed profound heterogeneity of FGFR1–4
expression across GBM patients [72]. Below, we discuss the evidence for the functions of individual
FGFRs in glioma.

5.1. FGFR1

Yamaguchi et al. found that expression of FGFR1 increases with WHO grade in astrocytomas [39],
and increased FGFR1 levels in GBM are not due to amplification of the FGFR1 gene [83].

In addition to the increased expression of FGFR1 in malignant gliomas, the ratio of alternatively
spliced FGFR1 α/β isoforms changes with progression to more aggressive brain cancers. While FGFR1
α is the predominant isoform in normal brain and low-grade gliomas, high-grade gliomas show a shift
towards the expression of FGFR1 β [13,39]. Loss of the FGFR1 α exon increases the receptor–ligand
affinity [28], thus, changes in alternative splicing may contribute to GBM malignancy by increasing the
sensitivity of tumor cells to FGFs present in their environment.

Functionally, FGFR1 expression in malignant glioma has been associated with increased migration
of cancer cells [82]. In this study, a high expression of EPHA4 in glioma cells was found to potentiate
FGF2–FGFR1 signaling and promoted cell growth and migration through the AKT/MAPK and
RAC1/CDC42 pathways, respectively. Data from our lab support that FGFR1 loss results in reduced
tumor invasion in vivo (Jimenez-Pascual and Siebzehnrubl, unpublished observation).
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Loilome and colleagues identified FGFR1 as a potential transducer of FGF2 effects on glioma
cell proliferation [84], but whether other FGFRs also contribute was not directly tested. Nevertheless,
the pharmacological inhibition of FGFR signaling significantly reduced tumor cell growth in a range of
established and patient-derived glioma lines.

The malignancy-promoting effects of FGFR1 were further demonstrated in a study that found
FGFR1 signaling promoting radioresistance in glioma cell lines through PLC1γ and HIF1α [85]. FGFR1
expression is regulated by the stem-cell associated transcription factor ZEB1 [70], suggesting that
FGFR1 may be associated with GBM cancer stem cells. We recently performed a comprehensive
analysis of the functions of FGFR1-3 in GBM and found that FGFR1 indeed is preferentially expressed
on GSCs, where it regulates the expression of the critical stem cell transcription factors SOX2, OLIG2,
and ZEB1, thereby promoting tumorigenicity in vivo [72]. In summary, FGFR1 is a key regulator of
tumor growth, invasion, therapy resistance, and cancer stemness in malignant glioma.

5.2. FGFR2

While FGFR1 is mainly expressed on neurons [6], FGFR2 is the primary FGFR on astrocytes [5]. In
contrast to FGFR1, FGFR2 expression decreases with glioma grade [43]. Reduced expression of FGFR2,
as well as its IIIb and IIIc isoforms, is associated with a higher tumor grade and poorer survival in
glioma patients [43]. Tumors with a higher expression of FGFR2 showed significantly less proliferation,
as identified by Ki-67 staining, but whether there is a direct link between FGFR2 signaling and slowing
or exiting the cell cycle remains unclear. By contrast, experimental tumors derived from in vivo
implantation of C6 glioma cells exhibited decreased tumor growth after inhibition of FGFR2 signaling
by a dominant negative construct [86].

Our recent analysis of cell-surface FGFR expression patterns in GBM stem cell lines indicates that
FGFR2 is nevertheless highly prevalent on GBM cells in vitro [72], but it remains to be tested whether
FGFR2 loss results in increased proliferation and/or tumorigenicity. Loss of FGFR2 is associated with a
loss of Chr. 10q, which in and of itself carries an unfavorable prognosis [87]. It is therefore conceivable
that FGFR2 loss is not causally linked to reduced patient survival, and further work is needed to clarify
the functional relevance of FGFR2 signaling in GBM.

5.3. FGFR3

In a small subset of GBM patients, fusion of the FGFR3 and TACC3 genes generates an
oncogenic FGFR3 form [16]. In rare cases, fusion between FGFR1 and TACC1 can occur as well [88].
In FGFR3–TACC3, the FGFR tyrosine kinase domain is fused to the TACC coiled-coil domain, resulting
in constitutive activation of the fused receptor. Small-molecule FGFR inhibitors were effective at
blocking tumor growth where FGFR–TACC fusion occurred, indicating that the fused receptor is
causally linked to tumor development. Overall, FGFR–TACC fusions are found in ~3% of gliomas and
are mutually exclusive with EGFR amplifications. Recently, it has been shown that FGFR–TACC fusions
affect cell metabolism, activating oxidative phosphorylation and mitochondrial activity [89]. Of note,
we have recently found that GSCs preferentially utilize oxidative phosphorylation and mitochondrial
respiration [90], and therefore it would be interesting to investigate whether FGFR–TACC fusions also
affect stemness pathways in GBM.

Whether FGFR3 has specific functions that differ from FGFR1 or -2 in GBM, and/or whether
signaling through FGFR3 activates specific downstream signaling pathways remains unclear. Of note,
global transcriptomic analysis of TCGA and CGGA datasets found increased expression of FGFR3
in the classical and neural subtypes of GBM [91]. Gene ontology analysis showed an association of
FGFR3 expression with biological processes of cell differentiation in this study.

A recent study investigating gene expression using single-cell RNA-Seq in GBM patients found
that FGFR3 expression is five-fold higher in invasive GBM cells compared to the tumor core [92].
Indeed, FGFR3 was the second highest differentially expressed gene between invasive and tumor
core GBM cells. While this suggests that FGFR3 may be functionally associated with tumor invasion,
whether FGFR3 signaling is driving GBM invasion remains to be shown.
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5.4. FGFR4

Very little evidence exists of the expression of FGFR4 in GBM. An early study found increased
expression of the FGFR4 protein, but not mRNA, with increasing grade in astrocytoma [93]. Another
study demonstrated the expression of FGFR4 across different GBM cell lines [84]. We recently
investigated FGFR protein expression in GBM cells [72]. In our study, FGFR4 was not detectable by
western blot in primary patient-derived GBM cells, and analysis of GBM patient data in the TCGA
dataset showed heterogeneous, but overall low expression of FGFR4. Moreover, we could not find
differences in survival when stratifying patients for FGFR4 high or low expression. More research is
needed to fully characterize whether FGFR4 is expressed on subsets of GBM cells, and whether it is
functional in these cancers.

6. FGFRs as Therapeutic Targets in GBM

Oncogenic FGFR signaling promotes malignancy in many cancers, including CNS malignancies.
Thus, pharmacological targeting of FGFRs may be therapeutically beneficial. A number of RTK
inhibitors have been developed that show selectivity of FGFRs over other RTKs [18]. While some
small-molecule inhibitors also target non-FGFR RTKs (e.g., dovitinib, levatinib, brivanib), others are
selective for FGFR1–3 (e.g., PD173074, BGJ398, AZ4547, JNJ-493). To date, no small-molecule inhibitors
exist with good selectivity for individual FGFR subtypes or isoforms [18].

Recently, a study identified FGFR signaling as a potential therapeutic target in pediatric glioma
using a large-scale shRNA screen [94]. In this study, FGFR inhibitors (AZ4547, dovatinib, PD173074,
ponatinib) were more effective in reducing the growth of pediatric glioma cells in vitro than the first-line
chemotherapeutic agent Temozolomide.

The selective FGFR inhibitors AZ4547 and BGJ398 have been tested in clinical phase I/II
(NCT028224133) and phase II trials (NCT01975701), respectively. AZ4547 was trialed in patients with
recurrent IDH wild-type gliomas with FGFR1–TACC1 or FGFR3–TACC3 fusions, but this trial was
suspended after analysis of the data from the first 12 patients. A trial of BGJ398 in malignant glioma
patients with FGFR1–TACC1 or FGFR3–TACC3 fusion, and/or activating mutation in FGFR1, -2, or -3,
was completed, but so far, no results have been published.

A phase I/II trial of the irreversible FGFR inhibitor TAS-120 (NCT02052778) is currently recruiting
patients with advanced solid tumors, including brain tumors. As with the AZ4547 and BGJ398 trials,
the focus of this trial is on patients with FGFR gene fusions or activating mutations.

Due to the prevalence of FGFRs on many CNS cells, and the importance of FGFR signaling for CNS
cell survival, as well as the apparent intratumoral and intertumoral heterogeneity of FGFR expression
in GBM, it will be interesting to see whether FGFR inhibitors are successful as monotherapy. Based on
the evidence implicating FGFR1 as a GSC regulator, it is further tempting to speculate whether the
targeted inhibition of FGFR1 in combination with conventional chemo/radiotherapy could prevent or
delay recurrence in GBM.

7. Conclusions

Gene expression profiling and whole-genome sequencing data indicate that all four FGFRs are
expressed to varying degrees in GBM, underlining the heterogeneity of this disease. Several studies
have documented that high-grade gliomas show an increased expression of FGFR1, and decreased
expression of FGFR2 [13,39,43,72,83], but in almost all cases, FGFR expression was detected at a
global level, and limited or no effort was made to further identify FGFR splice isoforms. A recent
report investigating gene expression at the single-cell level [92] found that FGFR3 was expressed the
second-highest in invasive GBM cells. This illustrates that much more research is needed to unravel
the functions of individual FGFRs and their splice isoforms in brain cancers in general, and GBM
in particular.
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To what extent signaling through individual FGFRs contributes to disease progression, and whether
individual FGFRs and/or isoforms activate specific pathways linked to different pathobiological aspects
of these cancers (e.g., invasion, tumor initiation, therapy resistance) remains largely unknown. Yet, the
fact that FGFR subtypes are differentially expressed on cellular subpopulations within the same tumor
suggests that individual FGFRs may have divergent functions in GBM [72,92].

The strongest evidence by far indicates that FGFR1 is an important contributor to poor outcome
in GBM, and FGFR1 signaling is linked to cancer stemness, invasion, and radioresistance [70,72,85].
However, recent evidence from TCGA datasets highlights that FGFR1–4 are expressed to varying
degrees and in different combinations in patient samples [72]. This calls for a more detailed analysis of
FGFR distribution across GBM patients and within individual tumors. It is conceivable that different
combinations of FGFR subtypes and splice isoforms mediate and/or modulate different aspects of FGF
signaling in GBM cells. Only a comprehensive analysis of the cell-surface expression of FGFRs at the
single-cell level will dissect the intratumoral heterogeneity of these receptors, and thus provide the
foundation for new, targeted approaches to blocking FGFR signaling for glioma therapy.
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Abstract: Gastric cancer (GC) is one of the most wide-spread malignancies in the world. The oncogenic
role of signaling of fibroblast growing factors (FGFs) and their receptors (FGFRs) in gastric
tumorigenesis has been gradually elucidated by recent studies. The expression pattern and clinical
correlations of FGF and FGFR family members have been comprehensively delineated. Among
them, FGF18 and FGFR2 demonstrate the most prominent driving role in gastric tumorigenesis
with gene amplification or somatic mutations and serve as prognostic biomarkers. FGF-FGFR
promotes tumor progression by crosstalking with multiple oncogenic pathways and this provides
a rational therapeutic strategy by co-targeting the crosstalks to achieve synergistic effects. In this
review, we comprehensively summarize the pathogenic mechanisms of FGF-FGFR signaling in
gastric adenocarcinoma together with the current targeted strategies in aberrant FGF-FGFR activated
GC cases.
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1. Introduction

Gastric cancer (GC), the third leading cause of cancer death globally, is considered a heterogeneous
disease. Although the prevalence has declined over the past decades, more than half of newly
diagnosed cases are found to possess local advancement or metastasis [1,2]. Late diagnosis and
lack of effective therapeutics still make GC a challenge globally. For decades, researchers have been
dedicated to uncover the mysteries behind GC, not only the medication strategies to alleviate or cure
the disease, but the key factors for detecting the challenging disease at its early stage. It has been
proven that environmental, etiological, and genetic factors largely contribute to GC development, for
example, high salt diets, H. pylori infections [3], and CDH1 mutations [4,5]. Systematically, in-depth
and comprehensive mechanistic studies revealed the crosstalk of oncogenic signaling pathways during
GC progression as well as pre-cancerous gastric lesion development [6–9]. Of note, inactivation of the
Hippo pathway has been substantially demonstrated in the pathogenesis of GC, via the accumulation
of nuclear YAP1 in an uncontrollable manner [10–12]. Moreover, recent studies have further uncovered
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the emerging roles of fibroblast growing factors (FGFs) and their receptors (FGFRs) in the carcinogenesis
of some GC subtypes, owing to their molecular characteristics [13]. It has been well documented that
the FGF and FGFR families are important regulators for biological development [14,15]. Aberration of
FGF-FGFR signaling substantially results in skeletal disorders as well as cancer development, including
GC [16]. Since genetic aberrations of FGFR2 have been recently defined, it serves as a diagnostic
marker and clinical drug target for GC [17–19]. However, development of FGFR2-targeted therapy has
been largely decelerated due to recently reported disadvantages. Thus, further investigation of the
FGF-FGFR must be continued in order to identify drug targets for GC therapy. This review aims to
summarize the updated discoveries and discuss the further prospects of FGF-FGFR signaling in GC
pathogenesis and therapy development.

2. Emerging Role of FGF-FGFR in Solid Tumors

2.1. FGF Family Induces Tumor Growth

FGFRs belong to the receptor tyrosine kinases (RTKs) superfamily. Most of the RTKs are membrane
receptors with high affinity to multiple growth factors, cytokines, and hormones, and they contain
intracellular domains with tyrosine kinase activity. Canonically, FGFRs are monomers in their
inactivation state. Dimerization of the intracellular part occurs after binding with their ligand FGFs.
Functional binding of FGF and FGFR leads to cross-phosphorylation and activation of the receptor.
Activated FGFRs then transduce biochemical signals into cytosolic activities [20]. Indeed, the FGF
family comprises 22 secreted factors that are generally divided into seven subgroups in terms of their
phylogenetic relation, homology, and biochemical function [21]. As reported, five FGF subfamilies are
released in paracrine and autocrine manners, including FGF1 (FGF1, FGF2), FGF4 (FGF4, FGF5, FGF6),
FGF7 (FGF3, FGF7, FGF10, FGF22), FGF8 (FGF8, FGF17, FGF18), and FGF9 (FGF9, FGF16, FGF20).
In contrast, the FGF15 (FGF15, FGF19, FGF21, FGF23) subfamily is secreted through endocrine glands
as a hormone for metabolic modulation with α- and β-Klotho family proteins. Nevertheless, there
are intracellular FGFs (FGF11, FGF12, FGF13, FGF14) that lack secretory N-terminal peptides, which
execute their functions independent of FGFRs [22].

FGFs not only show regulatory roles in cell fate and survival, but also exerts biological
functions in tissue regeneration and repair [23,24]. In the last few decades, clinical reports have
highlighted the importance of FGFs in tumorigenesis, including excessive cell growth and angiogenesis.
For example, basic fibroblast growth factor (bFGF) promotes angiogenesis for hepatoma progression [25],
and a follow-up study suggested serum bFGF as a biological indicator for invasive and recurrent
hepatocellular carcinoma (HCC) [26]. The clinical significance of bFGF was first recognized in patients
who received surgical removal of colorectal cancer (CRC) at serological and pathological levels,
where expression of bFGF indicated the independency in lymphatic invasion [27]. In addition, FGF
amplification rated 10% in human malignancies, as overproduction of FGFs enables the communication
between epithelial cells and stromal cells in the tumor microenvironment for tumorigenesis [28,29].

2.2. FGFR Family Drives Oncogenesis

2.2.1. Functional Structures of FGFR

Interestingly, FGF ligands interact with only four FGFRs (FGFR1–4), which are highly conserved
in mammals, although FGFs harbor many family members. In general, FGFRs can be classified into
three major domains based on their location relative to the cell membrane: (1) a ternary extracellular
immunoglobulin (Ig) (domain I, II, III) that is in charge of binding with ligands; (2) a signal-pass
transmembrane helix that acts as a connection; and (3) an intracellular tyrosine kinase (TK) that conveys
the signals [30,31]. Generally speaking, the extracellular part of the FGFR provides binding sites
for ligand binding, while the intracellular part is responsible for potentiating the relevant signaling
pathways. Between the extracellular domains I and II, there is an acidic box region for the FGFR to
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interact with some molecules other than FGFs, while domains II and III possess the heparin binding site
and FGF binding site [32]. The Ig domain III in FGFR1-3 has alternative splicing sites. The domain IIIa
remains invariant while the other half varies according to the encoded exon IIIb or IIIc, which are based
on tissue-dependent expression [33,34]. This means that the FGFRs only differ between certain parts of
the Ig that governs the affinity and specificity of their ligands. There is a single-pass transmembrane
domain connecting the Ig domains and the intracellular FGFR domains. The intracellular part of the
FGFR includes a juxtamembrane domain for phosphotyrosine binding of adaptors, and two tyrosine
kinase (TK) domains. As soon as the TK domains are phosphorylated, the downstream cascades
are activated to further expand the signal [35]. Special FGFRs devoid of TK activity, namely FGFR5
or FGFRL1, have been identified and proposed as decoys, interfering with downstream signaling
pathways [36]. Due to the diversity of receptor structure and transcript sequence, there are a number of
FGFR variants that have been identified. For example, the FGFR2 IIIb isoform has high binding affinity
to FGF3, FGF7, and FGF10, while its IIIc form is much preferable to FGF2, FGF4, and FGF20 [20,29].
Further investigation may lead to the discovery of a potential FGFR variant for GC management.

2.2.2. Mechanisms of FGFR in Driving Cancer

Recently, the oncogenic roles of FGFRs have been extensively demonstrated, and somatic alterations
and differential expression patterns of FGFR have been seen in different human cancers. Helsten et al.
recently depicted a landscape of FGFR aberrations from a large-cohort high-throughput sequencing of
cancer patients. In total, FGFR aberrations were detected in 7.1% of the malignancies, including gene
amplification (66%), mutations (26%), and rearrangements (8%), suggesting the occurrence of FGFR
aberration in most cancer types [37]. Mechanistically, FGFR disorder drives oncogenesis mainly via the
following mechanisms: (1) FGFR gene amplification: It makes up the majority of the genetic alterations
and results in abundant membrane FGFRs, which further augment the activation of its downstream
signaling. Gene amplification is common in FGFR1, followed by FGFR2, but rare in FGFR3 and
FGFR4. (2) Activating mutations: Most of the mutations exist in the extracellular receptor domains and
cause constitutive activation of FGFRs automatically, without the participation of ligands. Activating
mutations are frequently found in FGFR2 and FGFR3. (3) FGFRs fusion protein via chromosomal
translocation: In this mechanism, the final exon at the C-terminus of the FGFR is replaced by another
gene, which results in increasing dimerization and constitutive kinase activity, while ligands are also
not required in this manner. (4) Hyperactivation of FGFRs under FGF overproduction from cancer
and stromal cells: Additionally, the alternative splicing reconstitutes FGFRs from IIIb to IIIc isoforms,
the binding specificity and affinity between FGF and FGFR is altered accordingly. (5) Apart from the
genetic alterations of FGF and FGFR, more and more evidence supports that the differential expression
of their downstream partners also evidently contributes to the oncogenic progression in multiple
cancers [35].

2.3. Partner Proteins Mediate FGF-FGFR Signal Transduction

Signal transduction of FGF-FGFR cannot proceed without the participation of partner proteins.
Cell adhesion molecules (CAMs), other types of RTKs, and G-Protein-Coupled Receptors (GPCRs) have
been found to interact with FGFR family members and regulate a broad range of cell behaviors [38].
Intrinsically, FGFs can be anchored to the extracellular matrix by heparan sulfate proteoglycans
(HPSGs) and thus avoid degradation by proteases. FGFs then bind to certain cell-surface FGFRs to
form a ternary complex FGF-FGFR-HPSG [39,40]. Otherwise, a deficiency of HPSG results in the
enhanced FGF ligand diffusion and failure of the FGF-FGFR signal transduction, which imposes a
restriction on cell polarity and motility [41]. As the complex is formed, intracellular tyrosine kinases of
FGFR dimerize and cross-phosphorylate on their tyrosine residues at the activation chain. The main
intracellular substrates of FGFR are known as phospholipase C (PLCγ) (FRS1), FGFR substrate 2
(FRS2α), and FGFR substrate 3 (FRS2β) [42,43]. These proteins function as adaptors and are directly
phosphorylated by the activating FGFRs [44,45]. FRS2 is a lipid-anchored protein and is located on the
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juxtamembrane domain to recruit signaling components toward the receptor in response to stimulation
by ligands [46]. The functional domain of the FRS2 recruits growth factor receptor-bound 2 (GRB2) by
four main phosphorylation sites (Tyr196, Tyr306, Tyr349, Tyr392) [47]. GRB2 then enrolls either the
guanine nucleotide exchange factor son of sevenless (SOS) or the GRB2-associated binding protein
1 (GAB1) [42]. These proteins form a scaffold for initiating downstream signaling and compose a
significant part for signal transduction of the FGF-FGFR signaling. It is noted that some negative
regulators exist on the cell surface to counteract the effect of FGFR. One such family is called similar
expression to FGF (SEF), members of this family interact with the intracellular domain of FGFRs and
inhibit downstream responses. In tumors, the expression of SEF is significantly decreased [48,49].

2.4. Signaling Pathways Respond to FGF-FGFR Activation

Upon the recruitment and activation of the FGF-FGFR complex, extracellular signals are turned into
intracellular events. Cytosolic signaling pathways aroused by the FGF-FGFR complex are recognized as
downstream of FGF-FGFR. It has been well-defined that the Ras-dependent mitogen-activated protein
kinase (RAS-MAPK), Ras-independent phosphoinositide 3-kinase (PI3K-Akt), PLCγ-Ca2+-PKC, and
Janus kinase-signal transducers and activators of transcription (JAK-STAT) act as canonical downstream
signaling pathways of FGF-FGFR [50–53]. On one hand, phosphorylation of FRS2 and GRB2 further
initiates the RAS-MAPK and PI3K-AKT signaling pathways by recruiting SOS and GAB1 to the protein
complex, respectively. RAS phosphorylates a series of MAPKs such as extracellular signal-regulated
kinase 1 (ERK1) and ERK2, which potentiate E26 transformation-specific (ETS) transcription factors to
interact and regulate their target genes related to cell proliferation, survival, and transformation [50,54].
As a feedback, inhibitory factors can also be induced by FGF signals. Sprouty (SPRY) interrupts the
activation of GRB2, and MAPK phosphatase 3 (MKP3) dephosphorylates ERK1/2 [15]. The PI3K-AKT
signaling pathway works differently. After FGF stimulation, GRB2 phosphorylates PI3K-AKT and
then inhibits nuclear localization of a pro-apoptotic effector, promoting expression of genes associating
with cell survival [55]. In contrast, inhibiting FGFR impairs the function of this pathway and leads
to retardation of tumor growth and metastasis [51]. On the other hand, phosphorylation of PLCγ

by the FGFR kinase domain hydrolyzes phosphatidylinositol 4,5-bisphosphate to produce inositol
triphosphate (IP3) and diacylglycerol (DAG), which support intracellular calcium release and activate
protein kinase C (PKC), respectively [56]. Moreover, it has been suggested that amplification of FGFR
is required for the signal transducers and activators of transcription-3 (STAT3) activation in cancers.
The interaction of FGFR and STAT3 depends on the involvement of JAK [57]. It should be noted that
FGF-FGFR signaling cascades also cooperate with other signaling pathways, including Notch [58],
Wnt [59], Hedgehog [60], and BMP signaling [61]. Fine-tuning of the cascades ensures homeostasis
among normal cells, but their dysfunction may induce multiple diseases and even cancers.

3. Deregulation of the FGF-FGFR Signaling in Gastric Carcinogenesis

3.1. Significance of FGFR2 in Gastric Tissues

FGF-FGFR signaling exerts multiple biological functions and effects. FGFR2 isoforms IIIb and
IIIc are predominantly expressed in the epithelial and mesenchymal tissues [62–64]. Along with the
understanding of FGFR2, their FGF ligands have been gradually identified. Structurally, FGFR2-IIIb
bonds to FGF1, FGF3, FGF7, FGF10, and FGF22 in epithelial tissues; while FGFR2-IIIc responds
to a number of FGFs (i.e., FGF1, FGF2, FGF4, FGF5, FGF6, FGF8, FGF9, FGF16, FGF17, FGF18,
FGF19, and FGF20) in mesenchymal cells [65,66]. Interestingly, different FGFs will result in various
downstream effects via FGFR activation. In gastric tissue, FGFR2 is involved in early epithelial
growth before differentiation, and FGF10 and FGFR2-IIIb promote proliferation and patterning of the
forestomach. In contrast, silence of both FGF10 and FGFR2 severely induces abnormal lining of gastric
epithelium [67].
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3.2. Aberrant FGF-FGFRs Advance Gastric Tumorigenesis

FGFR2 not only has physiological roles in normal gastric tissue, but also contributes to the
development and progression of GC. Indeed, FGFR2 amplification was detected in GC cells three
decades ago [68,69]. The understanding of FGFR2 is extensive, especially in terms of its abnormal
genetic alterations that are rare in other FGFR members. FGFR amplification is the main genetic
alteration in GC, accounting for up to 9% in western populations and 1.2–4.9% in Asian cohorts [13,70].
Nevertheless, mutation and fusion genes are rare in GC patients. From tissue-based studies, incidence
of FGFR2 amplification is equivalent to that of ERBB2 and KRAS, ranging from 2% to 9% according
to different methodologies and geographies. Clinical data also manifest that the frequency of FGFR2
amplification basically contributes to diffuse-type GC [71–74]. In addition, amplification of FGFR2
in GC is mutually exclusive with HER2 and KRAS amplification by FISH assay [18,75], suggesting
they are independent prognostic biomarkers. Gene amplification is a common cause for mRNA
overexpression. In fact, a recent in situ analysis showed that FGFR2 mRNA is highly correlated with
FGFR2 amplification in primary cases clinically, where a high expression level of FGFR2 is associated
with poor survival rate of GC patients [76]. Recently, FGFR2 overexpression has been detected in
a great portion of GC cases by immunohistochemistry staining, the high level FGFR2-IIIb isoform
predicts poor overall survival in patients [19]. A retrospective study revealed that FGFR2 expression
was negatively associated with relapse-free survival in a Japanese diffuse-type GC cohort. In that
study, although association between FGFR2 expression and survival outcomes in patients with stage
II/III GC after surgery and S-1 chemotherapy was insignificant, patients with recurrence after five
years of treatment made up a relatively large proportion of the high FGFR2 levels, implying the FGFR2
overexpression may be relevant to GC development [77]. FGFR2 may also contribute to drug resistance
of GC. A GC model with FGFR2 amplification was sensitive to a FGFR inhibitor AZD4547. However,
another study questions the efficacy and safety of AZD4547 in GC patients since their progression-free
survival rate did not significantly improve with AZD4547 monotherapy compared with paclitaxel,
which may due to the intratumor heterogeneity of the FGFR2 copy-number aberration [78]. Based
on these studies, aberrant FGFR2 is largely involved in gastric tumorigenesis and is a candidate to
be a diagnostic marker and has the potential to be a therapeutic target for GC treatment. However,
challenges will exist until the complexity of the FGFR2 signaling network is resolved.

Autocrine and paracrine FGFs constitute an important functional role in the FGFR2 signaling
cascade. In the last two decades, FGF ligands have been reported in multiple cancers, but only a
few FGFs were investigated in GC. For example, gastric fibroblast-derived FGF7 increases scirrhous
GC cell proliferation in a paracrine manner. Although intrinsic levels of FGF7 are low in GC cells,
its corresponding receptor FGFR2 is highly expressed. Subsequently, FGF7 was reported to interact
with FGFR2 to promote cell migration and invasion in GC [79,80]. On the other hand, a study
found that FGF9 triggers proliferation and inhibits apoptosis of GC cells in an autocrine manner
in a Chinese GC cohort [81]. At the genetic level, amplification of FGF genes may lead to their
overproduction in GC, specifically, FGF10 amplification has been reported in 3% of GC and in 5.7% of
gastric adenocarcinomas [82,83]. FGF10 is correlated to GC cell invasion and has been suggested as a
prognostic biomarker and potential drug target in gastric adenocarcinoma [84]. In our recent study, we
explored the FGF mRNA profiling in 10 GC cell lines by microarray analysis, where FGF18 showed
the highest expression among all the FGF members. This study also identified clinical correlation
of FGF18 and highlighted FGF18 as a potent diagnostic indicator in GC. Upon FGF18 stimulation,
cell growth is facilitated by activation of SMAD2/3 and suppression of ATM signaling [85]. Nevertheless,
the molecular network of FGF-FGFRs responsible for GC progression remains to be revealed.

3.3. FGFR2 Crosstalk in GC

It is believed that the FGFR2 aberration fundamentally contributes to GC development, but how
FGFR2 coordinates with other regulatory signaling remains unclear. Investigations of FGFR2 and other
oncogenic signaling have been conducted to decipher the comprehensive network.
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The amplification of FGFR2 has been implied to facilitate cell growth in GC through crosstalking
with other RTKs. It is reported that activated epidermal growth factor receptor (EGFR), human
epidermal growth factor receptor 3 (HER3), and MET correlate with drug hyposensitivity of GC cells
with FGFR2 amplification. Interestingly, a combination of an FGFR2 inhibitor and EGFR neutralizing
antibody partially enhanced drug sensitivity of GC in vitro and in vivo, suggesting these RTKs may
cause drug resistance in cancer cells under FGFR2 inhibition. Eventually, a novel mechanism was
identified whereby RTKs can coexpress with FGFR2 and synergistically promote the growth of GC [86].
In contrast, another study reported that HER2, MET, and FGFR2 are mutually exclusive oncogenic
drivers, where a large number of HER2-negative patients were highly sensitive to the MET- and
FGFR2-targeted therapies [87]. However, these contradictory conclusions may be attributable to the
differences of the GC cohorts and the experimental models applied in the studies. One possible reason
is that the former study focused on FGFR2 amplification cases where patients were hyposensitive to
AZD4547, while the later one concerned both gene amplification and overexpression. Nevertheless,
these results examined the potential relationship between FGFR2 and other RTKs, though the underlying
molecular mechanisms are not fully understood. Combined therapy for targeting both FGFR2 and
RTKs may be a new strategy for clinically treating GC.

In addition, several signaling pathways have been highlighted as downstream of FGFR2 that may
also be involved in GC development (Figure 1). Lau et al. revealed a survival mechanism for developing
acquired-resistance under FGFR inhibition. They established drug resistance on both primary and
patient derived xenograft (PDX) models of various GCs with different FGFR2 amplification levels by
applying FGFR2 inhibitors. Interestingly, they observed that MAPK and AKT signaling pathways
were dispensable for drug resistance, but the constitutive inhibition of GSK3β, which depends on
activation of PKC, was required for cell survival [88]. Therefore, the FGFR2-PKC-GSK3β axis is
considered as the main mechanism causing resistance in GC during anti-FGFR2 therapy. Additionally,
PI3K-Akt-mTOR signaling contributes to the oncogenic activity of FGFR signaling in GC. Huang et al.
recently suggested that FGFR2 signaling promotes GC by regulating the expression of Thrombospondin
1 (THBS1) and THBS4 via the PI3K-Akt-mTOR pathway. They indicated that FGF7-FGFR2 signaling
upregulates THBS1, while THBS4 is decreased by the FGFR2-Akt cascade [80,89]. These studies
established that PI3K-Akt signaling partially contributes to the tumor-promoting function of FGFR2
in GC, although the contribution of the THBS family to GC is still not fully understood. Therefore,
further studies are required to reveal the detailed mechanisms. Moreover, epithelial mesenchymal
transition (EMT) is a well-known mechanism that facilitates tumor cell transformation and distant
metastasis during oncogenic progression. FGF-FGFR signaling has been shown to potentiate EMT [20].
The basic components of EMT, WNT signaling, and Twist-related protein 1 (Twist1) have been found
to upregulate FGFR2 in GC cell lines. In turn, FGFR2 further amplifies Twist1 mediated EMT and cell
invasion, implying dual inhibition of these pathways is needed for GC therapy [90]. Of note, under the
FGFR2 signaling cascade, nuclear accumulation of β-catenin and EMT transcription factors, such as
SNAIL, have also been proposed [91].

Current findings have uncovered the complicated interactions between FGFR2 signaling and
other RTKs and oncogenic signaling pathways in GC. These signaling networks trigger primary
and secondary resistance of GC cells under treatment and eventually lead to the advanced stage of
disease. Fortunately, a better understanding of the FGFR signaling network will gradually help in the
development of novel therapeutic options for GC.
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Figure 1. The FGF-FGFR cascade interplays with the downstream signaling network in GC progression.
Firstly, FGFR is aberrantly activated in GC cells. FGFs can be released mainly in two ways, in a paracrine
manner by gastric fibroblasts, and in an autocrine manner from cancer cells. Gene amplification of
FGFs and FGFRs leads to overproduction of FGFs and FGFRs. FGFs are stabilized and bind to FGFR via
HSPG. Alternative splicing of FGFR induces two isoforms that highly are expressed in GC. The isoforms
show different affinity to FGFs and contribute to diverse cellular processes. The intracellular region of
the FGFR has tyrosine kinase (TK) activity. FGF stimulation leads to dimerization, phosphorylation, and
activation of FGFR. The inhibitory effect of SEF is attenuated in GC cells. Secondly, after FGFR activation,
adaptor proteins are recruited and also activated by phosphorylation. FRS2 further recruits GRB2,
GAB1, and SOS to form a complex. The complex activates RAS-MAPK and PI3K-Akt-mTOR signaling
pathways and transduces FGF stimulation into transcriptional regulation to forward tumorigenesis.
The inhibitory effects of SPRY and MKP3 are abrogated in GC cells. PLCγ hydrolyzes PIP2 to IP3,
increases Ca2+ levels, triggers DAG-PKC signaling, and phosphorylates GSK3β. Then, GSK3β is
decreased and β-catenin is released to the nuclei. β-catenin and other EMT transcription factors, SNAIL
and TWIST, initiate expression of oncogenes that are required for GC progression. Besides, JAK-STAT3
is activated by FGFR and contributes to transcriptional regulation of GC progression. (Arrows represent
the activation or release routes; dash dots indicate the weakening of inhibitory effects).

4. Targeting Aberrant FGF-FGFR Activation in GC by Specific Antibodies or Small Molecules

As the FGF-FGFR singling plays an oncogenic role in tumorigenesis by crosstalking with or
regulating multiple crucial other pathways, targeting of FGF-FGFR by specifically designed therapeutic
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agents has shed light on the precision of medicine [92]. These agents include specific anti-FGFR
monoclonal antibodies, FGF traps [93], non-selective RTK inhibitors, and selective RTK inhibitors.

4.1. Specific Antibodies and FGF Traps

In the aberrant FGF-FGFR-activation GC cases, anti-FGF (FGF traps) or anti-FGFR monoclonal
antibodies might exert anti-cancer effects for the treatment (Table 1). Compared with tyrosine kinase
inhibitors, the specific antibodies targeting FGFs or FGFRs have more specificity and less toxicity
because they can avoid the off-target effects.

Table 1. A list of anti-FGFR monoclonal antibodies and FGF traps potentially employed in GC.

Monoclonal Antibodies Targets References

GAL-FR21 and GAL-FR22 FGFR2 [94]
FPA144 (Bemarituzumab) FGFR2 amplification or overexpression [98]

BAY 1179470 FGFR2 amplification or overexpression [95]

FGF traps

GSK3052230 FGFs [93,96]
NSC12 FGFs [97]

The specific monoclonal antibodies generated and effectively employed for targeting FGFRs in GC
research are quite limited [22]. They include GAL-FR21 and GAL-FR22 antibodies. GAL-FR21 binds
only the FGFR2IIIb isoform, whereas GAL-FR22 and GAL-FR23 can directly bind to both the FGFR2IIIb
and FGFR2IIIc isoforms, with binding regions respectively in the D3, D2-D3, and D1 domains of FGFR2.
GAL-FR21 and GAL-FR22 block the binding of FGF2, FGF7, and FGF10 to FGFR2IIIb. GAL-FR21
inhibits FGF2- and FGF7-induced phosphorylation of FGFR2, and both antibodies dramatically
down-modulate the activation of FGFR2 in SNU16 cells (with FGFR2 amplification). These monoclonal
antibodies also effectively inhibit the tumor growth of established SNU16 and OCUM-2M xenografts
in mice [94]. Another FGFR2b-specific antibody, FPA144, can not only treat GC patients with FGFR2
amplification, but also patients with FGFR2b overexpression who lack FGFR2 gene amplification.
FPA144 is still being evaluated in a phase III clinical trial of GC. Another novel antibody-drug
conjugate (ADC), namely BAY 1179470, provides preclinical efficacy. It consists of a fully human FGFR2
monoclonal antibody, which binds to the FGFR2 isoforms FGFR2-IIIb and FGFR2-IIIc, conjugated
through a noncleavable linker to a novel derivative of the microtubule-disrupting cytotoxic drug
auristatin (FGFR2-ADC). Functional studies demonstrated that FGFR2-ADC administration leads
to a significant tumor growth inhibition or tumor regression of cell line-based or patient-derived
xenograft models of human gastric or breast cancer. Similar to FPA144, FGFR2 amplification or mRNA
overexpression predicted high response to BAY 1179470 treatment [95].

As some FGF members, such as FGF18, are abundant in gastric carcinogenesis, using FGF ligand
traps is another strategy to neutralize FGF and quench malignancies [85]. An FGF “ligand trap” is
comprised of a fusion protein of an immunoglobulin Fc fragment and a soluble FGFR extracellular
domain that competitively binds with FGF1, 2, 3, 7, and 10 to suppress ligand-dependent FGFR
signaling [93]. For example, the FGF traps FP-1039 (GSK3052230) and sFGFR3 are soluble proteins that
contain the extracellular regions of FGFR1 and FGFR3, respectively [96], thus they can successfully
neutralize the oncogenic role of FGFs. Another good example is NSC12, acting as an extracellular FGF
trap. It can be employed in anti-angiogenic and anti-vascular endothelial growth factor therapy as an
FGF antagonist [97].

4.2. Small Molecules: Non-Selective and Selective FGFR Inhibitors

Apart from the antibodies or traps, small molecules can also generally and effectively inhibit
tyrosine kinase receptor-related signaling (non-selective FGFR inhibitors). SOMCL-085 is a novel
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FGFR-dominant multi-target kinase inhibitor. This compound can simultaneously inhibit the
angiogenesis kinases such as vascular endothelial growth factor receptor (VEGFR) and platelet-derived
growth factor receptor (PDGFR). SOMCL-085 potently inhibits FGFR1, FGFR2, and FGFR3 kinase
activity, with IC50 values of 1.8, 1.9, and 6.9 nmol/L, respectively [99]. In the FGFR1-amplified lung
cancer cell line H1581-xenograft mice and FGFR2-amplified GC cell line SNU16-xenograft mice,
oral administration of SOMCL-085 for 21 days substantially inhibited tumor growth without loss of
body weight. Nintedanib, a triple-angiokinase inhibitor, is a potent and selective inhibitor for tumor
angiogenesis through the blocking of the tyrosine kinase activities of VEGFR1-3, PDGFR-alpha and
-beta, together with FGFR1-3 [100]. In combination with docetaxel, nintedanib has been approved for
the second-line treatment of adenocarcinoma non-small cell lung cancer (NSCLC). In human GC cell
lines driven by an FGFR2 amplification, such as KatoIII, nintedanib is also confirmed to be highly
effective. Regorafenib has also demonstrated survival benefits in patients with metastatic colorectal
and gastrointestinal stromal tumors. More importantly, FGFR2 amplification was the only genetic
alteration associated with in vitro sensitivity to regorafenib. Regorafenib induces G1 phase cell cycle
arrest in SNU16 and KATOIII GC cells and suppresses their xenograft formation abilities [101]. S49076
is a novel and potent inhibitor of MET, AXL/MER, and FGFR1/2/3. S49076 potentially blocks cellular
phosphorylation of MET, AXL, and FGFRs and inhibits downstream signaling pathways in vitro and
in vivo. S49076 alone can cause tumor growth arrest in bevacizumab-resistant cancer cells. Based on
the favorable and novel pharmacologic profile of S49076, a phase I study is currently being conducted in
patients with advanced solid tumors [102]. Ponatinib (AP24534), an oral multitargeted tyrosine kinase
inhibitor, has been explored in a pivotal phase II trial in patients with chronic myelogenous leukemia
due to its potent ability against BCR-ABL. It has also been shown to inhibit the in vitro kinase activity
of all four FGFRs. In a panel of 14 cell lines representing multiple tumor types (endometrial, bladder,
gastric, breast, lung, and colon) and containing FGFRs dysregulated by amplification, overexpression, or
mutation, ponatinib inhibited FGFR-mediated signaling with IC50 values below 40 nmol/L, supporting
it as a potent pan-FGFR inhibitor in patients with FGFR-driven cancers [103].

To avoid the off-target effects of non-selective inhibitors, novel selective FGFR inhibitors were
generated and employed for specifically blocking the FGF-FGFR cascade in GC. Among all the selective
FGFR inhibitors, AZD4547 is the most famous [17]. It is a selective FGFR1, 2, 3 tyrosine kinase inhibitor
with potent preclinical activity in FGFR2-amplified gastric adenocarcinoma SNU16 and SGC083
xenograft animal models, together with the patient-derived cells (PDCs) [104]. The randomized phase
II SHINE study (NCT01457846) investigated whether AZD4547 improved clinical outcome versus
paclitaxel as a second-line treatment in patients with advanced gastric adenocarcinoma displaying
FGFR2 polysomy or gene amplification detected by fluorescence in situ hybridization (FISH). However,
the final results indicated AZD4547 failed to significantly improve progression-free survival compared
with paclitaxel in GC patients with FGFR2 amplification or polysomy [78]. The related molecular
mechanism needs to be further addressed. LY2874455, a potent oral selective pan-FGFR inhibitor, was
investigated for its efficacy in a phase I clinical trial. LY2874455 was gradually absorbed and generally
showed linear pharmacokinetics. The effective half-life span was approximately 12 h. In 15 GC
patients, one patient had a partial response, while 12 patients had stable disease. Thus, LY2874455
has a recommended phase II dosing of 16 mg BID in solid-organ cancer patients [105]. However,
in FGFR2-amplified GC patients, some will eventually develop an acquired LY2874455 resistance
due to a novel FGFR2-ACSL5 fusion protein that is formed [106]. Based on the structure, medicinal
chemistry optimization, and unique ADME assays of a covalent drug discovery program, a novel
compound, namely PRN1371, was discovered to serve as a highly selective and potent FGFR1-4
inhibitor [107]. In combination with the de novo synthesis program ‘SYNOPSIS’ to generate high
scoring and synthetically accessible compounds, alofanib (RPT835) was found to be an effective inhibitor
of the FGF/FGFR2 pathway. RPT835 potently inhibited growth of KATOIII GC cells with a GI50 value
of 10 nmol/L [108]. ARQ 087 is a novel, ATP competitive, small molecule, multi-kinase inhibitor with
potent in vitro and in vivo activity against FGFR-addicted cell lines and tumors. It exhibited IC50
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values of 1.8 nM for FGFR2, and 4.5 nM for FGFR1 and 3. ARQ 087 has anti-proliferative activity
in cell lines driven by FGFR dysregulation, including amplifications, fusions, and mutations, such
as the SNU16 cell line. It is currently being investigated in a phase I/II clinical trial [109]. BGJ398,
a pan-FGFR inhibitor, was also investigated in a GC model. In vitro, FGFR inhibition was most
effective in KKLS cells (high FGFR1, FGFR2IIIc, no FGFR2IIIb expression) with inhibition of growth
and motility. BGJ398 also showed partial activity in MKN45 cells (intermediate FGFR1, high FGFR2IIIb,
low FGFR2IIIc expression), while TMK-1 cells (low FGFR1, no FGFR2IIIb and FGFR2IIIc expression)
showed a negative response to this drug [110]. Some of the non-selective and selective FGFR inhibitors
that have been investigated in gastric adenocarcinoma are listed in Table 2.

Table 2. The list of non-selective and selective FGFR tyrosine kinase inhibitors reported in GC.

Non-Selective FGFR Inhibitors Main Targets References

SOMCL-085 FGFR, VEGFR, and PDGFR [99]
Nintedanib FGFR, VEGFR, and PDGFR [100]
Regorafenib FGFR2, VEGFR1-3, PDGFR, c-Kit, and RET [101]

S49076 MET, AXL/MER, and FGFR1-3 [102]
Ponatinib BCR-ABL, VEGFR2-3, and FGFR1-4 [103]

Selective FGFR inhibitors

AZD4547 FGFR1, FGFR2 and FGFR3 [17,78]
LY2874455 FGFR1, FGFR2, FGFR3 and FGFR4 [105]
PRN1371 FGFR1, FGFR2, FGFR3 and FGFR4 [107]
RPT835 FGFR2 [108]

ARQ 087 FGFR1, FGFR2 and FGFR3 [109]
BGJ398 FGFR1, FGFR2 and FGFR3 [110]

5. Conclusions and Future Directions

Although we have made great progress in understanding the molecular mechanisms and crosstalk
of FGF-FGFR in gastric carcinogenesis, and are even trying to employ small molecules or specific
antibodies to block the oncogenic-driven role of FGF-FGFR signaling, several important issues need
to be addressed urgently in future studies. First of all, GC can be subgrouped into intestinal and
diffuse type from the histological classification, and it can also be stratified as four molecular subtypes
according to TCGA molecular classification, Epstein-Barr virus (EBV)-positive tumors, microsatellite
instable (MSI) tumors, genomically stable (GS) tumors, and tumors with chromosomal instability
(CIN) [13]. Each subtype has its distinct molecular features and the etiology together with pathological
processes are quite different among the subtypes. Thus, we need to re-evaluate the genetic and
epigenetic changes and clinical correlations in a large cohort of FGF-FGFR for each subgroup to
confirm the impact of different genetic backgrounds on FGF-FGFR activation. For example, in a
small size cohort study, high FGFR4 expression correlated with tumor progression and survival
in both diffuse and intestinal GC, whereas high expression of FGFR1 and 2 correlated with tumor
progression and survival only in diffuse type GC [111]. Secondly, as FGF-FGFR crosstalks with
multiple signaling pathways, such as the RAS-MAPK pathway, PI3K-Akt-mTOR pathway [112],
and PKC-GSK3β pathway, we need to stratify our primary samples again according to different
crosstalks by the immunohistochemistry method combined with FISH analysis. We will re-evaluate the
clinical significance and perform co-administration of multiple anti-cancer drugs to achieve synergistic
effects. The successful development of highly specific anti-FGFR personalized strategies will rely
on our deeper knowledge of the key alterations that drive oncogenesis in GC [113]. Based on the
identification of novel key downstream effectors of the FGF-FGFR cascade in gastric carcinogenesis,
we aim to effectively and accurately target FGFR-related signaling in this precision medicine era.
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Abstract: Fibroblast growth factor receptors (FGFRs) are a family of receptor tyrosine kinases expressed
on the cell membrane that play crucial roles in both developmental and adult cells. Dysregulation of
FGFRs has been implicated in a wide variety of cancers, such as urothelial carcinoma, hepatocellular
carcinoma, ovarian cancer and lung adenocarcinoma. Due to their functional importance, FGFRs have
been considered as promising drug targets for the therapy of various cancers. Multiple small molecule
inhibitors targeting this family of kinases have been developed, and some of them are in clinical
trials. Furthermore, the pan-FGFR inhibitor erdafitinib (JNJ-42756493) has recently been approved
by the U.S. Food and Drug Administration (FDA) for the treatment of metastatic or unresectable
urothelial carcinoma (mUC). This review summarizes the structure of FGFR, especially its kinase
domain, and the development of small molecule FGFR inhibitors.

Keywords: fibroblast growth factor receptors; structure; kinase inhibitor; targeted therapy

1. Introduction

The human fibroblast growth factor receptor (FGFR) family consists of four members: FGFR1
to FGFR4. Despite being encoded by separate genes, the four members share high homology, with
their sequence identity varying from 56% to 71% [1]. Similar to other receptor tyrosine kinases (RTKs),
FGFRs are expressed on the cell membrane and can be stimulated and activated by extracellular signals.
The native ligand of FGFRs is fibroblast growth factors (FGFs) [2–4]. The binding of FGFs drives the
dimerization of FGFRs; subsequently, a transautophosphorylation event of the intracellular kinase
domain is induced, followed by the activation of downstream transduction pathways [5,6]. Through
triggering downstream signaling pathways, FGFRs participate in various vital physiological processes,
such as proliferation, differentiation, cell migration and survival [7–9].

Aberrant expression of FGFRs has been shown in various kinds of solid tumors, and moreover,
the aberrancy is considered an oncogenic signaling pathway [10–12]. It is believed that small molecules
that competitively bind to the adenosine triphosphate (ATP) pocket of aberrant FGFRs while exhibiting
little or no toxicity provide limitless prospects for the treatment of relevant tumors. The structure
of FGFRs, especially the kinase domain, and the design of small molecular inhibitors have attracted
intensive study in the past two decades. Multiple small molecule inhibitors have been developed,
and some of them are currently being used in clinical trials, such as FGF401, which targets FGFR4 for
the treatment of hepatocarcinoma (HCC) [13]; AZD4547, which targets FGFR1-3 for the treatment of a
variety of tumors [14]. Moreover, erdafitinib (JNJ-42756493) [15] has been approved recently by U.S.
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Food and Drug Administration (FDA) for the treatment of mUC. More than 20 FGFR kinase/inhibitor
complex structures have been determined to-date, and these structures have yielded extensive insights
into the understanding of inactivation of FGFRs for related disease therapy.

2. Organization of FGFR

FGFRs share a canonical RTK architecture. From the N- to the C-terminus, all four FGFR members
contain a large extracellular ligand-binding domain that comprises three immunoglobulin (Ig)-like
subunits (D1, D2 and D3) followed by a single transmembrane helix and an intracellular tyrosine
kinase domain [1,16] (Figure 1A). The linker region between D1 and D2 contains a highly conserved
motif that is rich in aspartate acids, called the acid box [17]. The detailed function of those structural
units will be further introduced below.

Figure 1. Schematic diagram of FGFRs and the structure of the FGFR extracellular domain.
(A) Organization of FGFRs. Important functional elements are highlighted. (B) Crystal structure of the
FGF2:FGFR1:heparin ternary complex (PDB ID 1FQ9). The two copies of FGFR1 molecules are colored
in green and light blue respectively. Heparin molecules are shown in red stick representation; FGF2
(colored in orange) and FGFR1 are shown in cartoon representation.

FGFs are the native ligand for this family of kinases. Through its extracellular domain, FGFR
recognizes and is stimulated by specific FGFs. The FGF binding pocket is formed by the D2 and D3
subregions [18]. There have been contradicting views regarding the stoichiometry of the FGF/FGFR
complex. Schlessinger, J. et al. solved the ternary complex structure of FGF2/FGFR1/heparin [19]. With
the help of heparin, FGFR1 was dimerized after the binding of FGF2 to form the complex at a symmetric
2:2:2 stoichiometry ratio; both the FGF2 and heparin molecules simultaneously contacted the two
FGFR1 monomers (Figure 1B). In the FGF1/FGFR2/heparin crystal structure solved by Pellegrini et al.,
the complex was assembled by asymmetric 2:2:1 stoichiometry [20]. By utilizing nuclear magnetic
resonance, Saxena et al. studied the interactions of FGF1(FGF2)/FGFR4/HM (HM: heparin mimetics)
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complex, and their results supported the formation of the symmetric mode of FGF/FGFR dimerization in
solution [21]. Interestingly, although all FGFs have a heparin sulfate binding site on their surface [22,23],
endocrine FGFs such as FGF21 and FGF23 show a lower binding affinity to heparin sulfate [23] and
require Klotho coreceptors instead to act as cofactors for FGFR activation [24–26].

In addition to acting as the ligand sensor, the extracellular domain also undertakes an autoinhibitory
role, which relies on regulation by D1 and the acid box [27,28]. Several studies have proposed that the
acid box could competitively bind to the heparin binding site of D2 to suppress heparin binding, while
D1 forms intramolecular contacts with D2-D3, thus blocking the binding of FGFs [28–30]. Nevertheless,
the mechanisms of autoinhibition need to be further clarified.

3. Structure of FGFR Kinase Domain

The intracellular tyrosine kinase domain is the most well studied region of the FGFR protein.
This domain exhibits the canonical bilobed architecture of protein kinases [31–35]. The fold of the
N-terminal small lobe (N-lobe, ~100 amino acid residues) consists of a five-stranded antiparallel
β-sheet (β1–β5) and the αC-helix, an important regulatory element. The C-terminal large lobe (C-lobe,
~200 amino acid residues) predominately comprises seven a helices (αD, αE, αEF, αF-αI) (Figure 2A).
The active site, which is responsible for ATP and substrate protein binding, is located in a clef between
the two lobes (Figure 2B).

Figure 2. Structure of the FGFR kinase domain. (A) Overall crystal structure of FGFR4 in cartoon
representation. The five β-sheets of the N-lobe are labeled in cyan, and the helixes of the C-lobe are colored
in salmon. The αC helix (red), P-loop (blue), catalytic loop (magenta), activation loop (bright orange) and
hinge (green) are highlighted. (B) Surface presentation of FGFR4. The ATP binding pocket located between
the N- and C-lobe is indicated by the dashed circle. (C) DFG-out conformation of the FGFR4 activation
loop. The side chains of D630 and F631 are shown in stick representation. (D) DFG-in status of the FGFR4
activation loop. (A–C) were prepared from PDB ID 4UXQ; (D) was prepared from PDB ID 5JKG.
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The C-lobe folds tightly with the αF-helix to form a hydrophobic core, around which the other
secondary segments are packed. In addition to the primary helixes, the C-lobe contains a short helix
located between the activation loop (A-loop) and the αF-helix named the αEF-helix, which is conserved
among all FGFR members as well as other protein kinases [36]. Two short β-strands (β7 and β8)
(Figure 2A) between the catalytic loop and activation loop (introduced below) interact with each
other and are believed to participate in the regulation of FGFR activation [37]. In contrast to the
C-lobe, the N-lobe folds in a more flexible manner, which benefits the binding and release of ATP/ADP
and substrates.

There are several functionally important loops in both lobes. The loop betweenβ8 and theαEF-helix
is an activation loop (A-loop), which is essential for kinase activation [38–40]. The conformation of
the highly conserved Asp-Phe-Gly motif (DFG-motif) in the A-loop is an indicator of kinase activity
status [39,41]. Generally, the DFG-motif exists in two states: the active DFG-in and inactive DFG-out
conformations [42,43] (Figure 2C,D). In the DFG-in state, the aspartate residue of the DFG-motif plays
an essential role in ATP binding through the coordination of all three phosphate groups of ATP, either
directly or via magnesium ions, while these interactions are sterically impossible when the motif is
flipped into the DFG-out conformation. Phosphorylation is catalyzed by the conserved aspartate of
the His-Arg-Asp (HRD) motif in the catalytic (αE–β7) loop [44]. The glycine rich P-loop (also called
the nucleotide binding loop), located between the β1- and β2-strands, folds over to enclose ATP for
phosphotransfer [45]. The so-called molecular brake located at the hinge region that connects the N-
and C-lobes plays a critical role in the regulation of autoinhibition and activation [46].

The catalytic activity of the kinase domain is precisely controlled. There are two general
conformations for all protein kinases, including those of the FGFR family. Activation typically involves
changes in the orientation of the αC-helix in the small lobe and the activation loop in the C-lobe. During
the catalytic cycle, the active kinase toggles between open and closed conformations. In the open form,
the kinase binds MgATP and the protein substrate, while during catalysis, the kinase adopts the closed
form. Once catalysis is completed, the MgADP and phosphorylated substrate are released, and the
enzyme recovers to the open conformation, preparing for the next catalytic cycle [16,47].

4. Characteristics of FGFR/Inhibitor Interaction

As noted above, aberrantly expressed FGFRs have been implicated in various tumors. Therefore,
extensive work has been performed on the development of FGFR inhibitors. The inhibitors that are in
clinical trials or approved by the FDA for clinical use are summarized in Table 1, and the chemical
structures of those inhibitors are shown in Figure 3.

Table 1. FGFR inhibitors that are in clinical trials or approved by the FDA.

Inhibitor
Name

Binding
Features

IC50 (nM) PDB ID
Clinical Trial

Phase/Number
Reference

JNJ-42756493
(Erdafitinib)

Pan-FGFR
Reversible

Type I

FGFR1: 1.2
FGFR2: 2.5
FGFR3: 3.0
FGFR4: 5.7

n/a FDA approved [15]

AZD4547
Pan-FGFR
Reversible

Type I

FGFR1: 0.2
FGFR2: 2.5
FGFR3: 1.8
FGFR4: 165

4V05 Phase I/II
NCT02824133 [14,34]

Ly2874455
Pan-FGFR
Reversible

Type I

FGFR1: 2.8
FGFR2: 2.6
FGFR3: 6.4
FGFR4: 6

5JKG Phase I
NCT01212107 [33,48]
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Table 1. Cont.

Inhibitor
Name

Binding
Features

IC50 (nM) PDB ID
Clinical Trial

Phase/Number
Reference

CH5183284
Pan-FGFR
Reversible

Type I

FGFR1: 9.3
FGFR2: 7.6
FGFR3: 22

FGFR4: 290

5N7V Phase II/III
NCT03344536 [49]

NVP-BGJ398
Pan-FGFR
Reversible

Type I

FGFR1: 0.9
FGFR2: 1.4
FGFR3: 1

FGFR4: 60

3TT0 Phase II
NCT02706691 [50]

INCB054828
Pan-FGFR
Reversible

Type I

FGFR1: 0.4
FGFR2: 0.5
FGFR3: 1.2
FGFR4: 30

n/a Phase II
NCT03011372 [51]

Rogaratinib
Pan-FGFR
Reversible

Type I

FGFR1:
12–15

FGFR2: <1
FGFR3: 19
FGFR4: 33

n/a Phase II/III
NCT03410693 [52]

PRN1371
Pan-FGFR

Irreversible
Type I

FGFR1: 0.6
FGFR2: 1.3
FGFR3: 4.1
FGFR4: 19.3

n/a Phase I
NCT02608125 [53]

TAS-120
Pan-FGFR

Irreversible
Type I

FGFR1: 3.9
FGFR2: 1.3
FGFR3: 1.6
FGFR4: 8.3

6M2Q Phase I/II
NCT02052778 [54]

BLU-554

FGFR4
selective

Irreversible,
Type I

FGFR1: 624
FGFR2:

1202
FGFR3:

2203
FGFR4: 5

n/a Phase I
NCT02508467 [55]

H3B-6527

FGFR4
selective

Irreversible,
Type I

FGFR1: 320
FGFR2:

1290
FGFR3:

1060
FGFR4:
<1.2

5VND Phase I
NCT02834780 [56]

FGF401

FGFR4
selective

Reversible
Covalent,

Type I

FGFR1-3:
>10,000

FGFR4: 1.1
6JPJ Phase I/II

NCT02325739 [13,57]

n/a stands for not available.

FGFR inhibitors can generally be divided into two groups according to their binding behaviors,
namely, type I and type II inhibitors [58,59]. Type I inhibitors bind FGFRs in the DFG-in enzymatic
active conformation in an ATP-competitive manner, while the binding of type II requires the DFG-motif
to be flipped to the DFG-out state [60,61]. The X-ray crystallographic structures of AZD4547 (PDB ID
4V05) [34] and PD173074 (PDB ID 2FGI) [62] bound to FGFR1 demonstrate that these two inhibitors
are type I inhibitors. Taking the FGFR1/AZD4547 structure as an example, the AZD4547 occupying the
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ATP pocket of FGFR1 forms a hydrogen bond with the backbone nitrogen atom of the DFG aspartate
(Asp641) and forms three hydrogen bonds with the hinge residues [34] (Figure 4A). In contrast,
both the DFG-motifs of FGFR4 and FGFR1 are flipped out into an inactive conformation in the
FGFR4/ponatinib (PDB ID 4UXQ) and FGFR1/ponatinib (PDB ID 4V04) structures [34]. In addition to
the basal interactions, a hydrogen bond formed between ponatinib and the side chain of the strictly
conserved glutamate from the αC-helix (Glu520 in FGFR4 and Glu531 in FGFR1) was also observed,
which is characteristic of a type II inhibitor [61] (Figure 4B). Thus, these structures reveal ponatinib to
be a type II inhibitor for FGFRs. As a consequence, the flip of the phenylalanine side chain breaks the
regulatory spine and creates an additional induced-fit hydrophobic pocket that allows deeper binding
of the inhibitor and provides better selectivity [34,43] as well as slower dissociation kinetics [34,63].

 
Figure 3. Chemical structure of FGFR small molecule inhibitors.

The interaction between a small molecule inhibitor and protein kinase can be covalent (irreversible)
or noncovalent (reversible) [64,65]. Typically, covalent inhibitors have a functional group known as
the warhead, which can improve binding affinity and selectivity through covalent interaction with a
certain residue of the target kinase [65,66]. Moreover, a well-designed warhead could provide better
performance against drug resistance than reversible inhibitors [67,68]. The reported covalent reactive
residues in protein kinases include cysteine [69], aspartic acid [70], lysine [71] and others [72]. For
FGFRs, the conserved cysteine of the P-loop (C488 in FGFR1, C491 in FGFR2, C482 in FGFR3 and
C477 in FGFR4) and the unique C552 in FGFR4 from the hinge region are the covalent binding sites.
The FGFR4/FIIN-2 complex structure (PDB accession number 4QQC) is the first solved irreversible
structure, where FIIN-2 formed a covalent bond through its reactive acrylamide group with the
hydrosulfonyl side chain of FGFR4 C488 [73] (Figure 4C).
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Figure 4. FGFRs/inhibitor interaction features. All inhibitors are presented in yellow stick representation.
(A) Structure of AZD4547 bound to FGFR1. The side chains of A564, E562 and D641, which directly
form hydrogen bonds with the inhibitor and F642 of the DFG-motif, are shown. The hydrogen bonds
are indicated by dashed lines. AZD4547 binds FGFR1 into DFG-in status, the side chain of F642 points
out from the ATP pocket. (B) The structure of FGFR4 in a complex with ponatinib. The DFG-motif of
FGFR4 flipped to an out conformation with F631 benzene ring flipped into the ATP-pocket and D630
point out from the pocket. (C) Covalent interaction of FIIN-2 and FGFR4. The side chains of A553 and
C477, which interact with ponatinib, are shown in stick representation. Covalent bond formed between
C477 and the acrylamide group of FIIN-2. (D) Sequence alignment of the FGFR hinge region. The C552
in FGR4 is replaced by a tyrosine in the other 3 members. The gatekeeper residues which locate at the
kinases hinge region and play an essential role in determining pocket accessibility for inhibitors are
highlighted in green. (E) Structure of BLU-9931 in complex with FGFR4. Unlike the pan-FGFR covalent
inhibitors, BLU-9931 targets the unique C552 of FGFR4 to form covalent interactions.

5. Current Status of Small Molecule FGFR Inhibitor Development

Designing specific small molecule inhibitors targeting protein kinases is challenging because the
ATP binding pockets of the human kinome are similar [74,75]. Inhibitor research for FGFRs has gone
through several stages. Initially, nonselective multiple-kinase inhibitors were developed to treat FGFR
aberrations. Those nonselective inhibitors, including ponatinib [76], dovitinib [77] lucitanib [78] and
nintedanib [79] (see Table 1 for details), were originally designed for other kinases and then proved
to have potent inhibition activity toward FGFRs. For instance, the type II inhibitor ponatinib was
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originally developed to overcome the BCR-ABL T315I gatekeeper mutant and showed single-digit
nanomolar binding strength to FGFR1-4 in later researches [76]. Although nonselective inhibitors
might be clinically beneficial and achieve therapeutic success to some extent, the development of those
inhibitors has been restricted due to the undesirable off-target toxicities [80,81].

To overcome the off-target effects of nonselective inhibitors, efforts have been made to develop
FGFR-selective inhibitors (pan-FGFR inhibitors). In the earlier stage, multiple noncovalent pan-FGFR
inhibitors were developed, including the well-known AZD4547 [14] and LY2874455 [48] (see Table 1
for details). Those pan-FGFR inhibitors are typically type I inhibitors. For example, AZD4547 is
capable of potently inhibiting FGFR1-3 but shows negligible binding affinity to FGFR4. AZD4547
is currently in phase II clinical trials. However, preclinical data show that AZD4547 is not able to
overcome the gatekeeper mutation V555M in FGFR3 [82]. Unlike AZD4547, the inhibitor LY2874455
shows inhibition efficacy against all 4 FGFRs, and the crystal structure as well as in vitro and vivo
experiments confirmed that this inhibitor maintained equal inhibitory ability against the gatekeeper
mutant V550M/V550L of FGFR4 [32].

Given that covalent inhibitors confer better binding kinetics and selectivity than noncovalent
ones, developing irreversible inhibitors of FGFRs has attracted intensive pharmaceutical and academic
attention in recent years. Since the first covalent inhibitor FIIN-1 [83], this field has achieved much
progress. A number of FGFR covalent inhibitors have been developed, and some of those agents
are already in clinical trials (see Table 1 for details). Moreover, several irreversible inhibitor/FGFR
structures have been revealed by crystal structures, including FGFR4/BLU9931 (PDB ID: 4XCU) [84],
FGFR4/FIIN-3 (PDB ID: 4R6V) [73], FGFR4/FIIN-2 (PDB ID: 4QQ5) [85], FGFR4/CGA159527 (PDB ID:
5NUD) [86], FGFR1(Y563C)/H3B-6527 (PDB ID: 5VND) [86], and FGFR1/TAS-120 (PDB ID: 6MZW) [54].

The kinase domains of FGFRs are highly homologous, with sequence identity varying from 74%
to 77% [34]. Unexpectedly, most of the reported pan-FGFR reversible inhibitors tend to bind FGFR1-3
but exhibit greatly reduced potency toward FGFR4 [87]. The underlying mechanism is not quite clear.
Tucker et al. proposed that the innate flexibility of the FGFR4 kinase domain might be responsible
for the decrease in binding ability [34]. This feature, together with the unique C552 of FGFR4, which
replaces a tyrosine in FGFR1-3, confers the opportunity to develop FGFR4-selective inhibitors [88,89]
(Figure 4D). Indeed, H3B-6527 [56], BLU-9931 [84], BLU-554 [84] and FGF401 [90] were developed
as FGFR4-selective covalent inhibitors that target C552 for irreversible binding (Figure 4E). Among
these four molecules, FGF401 is the most interesting because the covalent bond it forms is reversible,
which reduces the off-target effect and prolongs the residence time [91,92]. The crystal structure of
FGF401/FGFR4 was recently reported by our laboratory (PDB ID 6JPJ) [57], and its potential utility is
currently under intensive research.

In addition to the kinase domain, the ectodomains of FGFRs have also attracted intensive interests
for drug discovery. Unlike the highly conserved kinase domain, the ectodomains of FGFRs are
less conserved; targeting this domain may offer better isoform selectivity. The dominant strategy
to target FGFR ectodomains is using monoclonal antibody/antibody-drug conjugate [93]. Several
anti-FGFR monoclonal antibodies have been developed, and some of them are in clinical trials [94–98].
In addition, efforts have been made in the development of small molecule inhibitor targeting FGFR
ectodomains. An inhibitor, SSR128129E, which allosterically binds to the ectodomain of FGFR in a
non-FGF competitive manner, has been reported to inhibit FGF-induced signaling [99,100].

6. FGFR Gatekeeper Mutation and Drug Resistance

The long-term efficacy of kinase inhibitors in cancer treatment is often disturbed by acquired
resistance. One common mechanism of resistance is generated by mutating the so-called gatekeeper
residue of the kinase domain [101]. The gatekeeper mutation has been reported in various kinases,
such as Bcr-Abl (T315I) [102], EGFR (T790M) [68], PDGFR (T674I) [103], FGFR1 (V561M) [104] and
FGFR2 (V565I) [105]. The gatekeeper residue lies at the beginning of the hinge region and controls the
accessibility of the hydrophobic pocket. Most protein kinases harbor a threonine that plays a major
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role in the interaction with the inhibitor by forming a critical hydrogen bond via its side chain hydroxyl
oxygen. The mutation of this residue to a bulky hydrophobic amino acid, either Met or Ile, breaks the
hydrogen interaction and introduces steric hindrance for inhibitor binding [76,106].

The drug resistance of FGFR gatekeeper mutations has been extensively verified, both in vitro
and in vivo. For instance, the V564M mutation of FGFR2 confers the ability to resist dovitinib and
BGJ398 [107]. Furthermore, an array of FGFR gatekeeper mutations have been identified in clinical
samples. For example, the FGFR4 V550M mutation was detected in 13% of neuroendocrine breast
carcinomas [108]. In FGFRs, the gatekeeper residue is a valine (Figure 4D); as a consequence, its side
chain cannot form hydrogen interactions with inhibitors (see above context), and the resistance thus
arises mainly through the introduction of steric hindrance. Several FGFR inhibitors have been shown
to have the ability to overcome FGFR gatekeeper mutations. For example, Ly2874455 has almost equal
binding affinity to wild-type FGFR4, FGFR4 (V550M), FGFR4 (V550L) FGFR1 (V561M), FGFR2 (V564F)
and FGFR3 (V555M) [32]; FGF401 has similar affinity to wild-type FGFR4, FGFR4 (V550M) and FGFR4
(V550L) [57]; FIIN-2 shows a binding affinity loss of ~10-fold for FGFR4 (V550L) compared with the
wild-type kinase [85].

7. Conclusions

Increasing evidence indicates that aberrant Fibroblast growth factor receptors (FGFR)signaling
plays a crucial role in tumorigenesis and progression. Now, small molecule inhibitors targeting FGFRs
offer a novel and effective strategy for the therapy of cancers caused by FGFR aberrations. Efforts and
progress have been made in the field of FGFR inhibitor development. Some small molecules show
promising antitumor activity and are evaluated in clinical trials. Recently, the pan-FGFR inhibitor
erdafitinib has been approved by the Food and Drug Administration for the treatment of mUC, making
it the first approved FGFR-targeted drug. However, there are still challenges in the field of FGFR
inhibitor development, such as the need for more potent and selective FGFR inhibitors, and inhibitors
with the ability to overcome gatekeeper mutations. Most FGFR inhibitors currently under evaluation
are typical type I inhibitors that occupy only the ATP binding pocket. Development of type II FGFR
inhibitors, which could be inserted deeper into the pocket, could confer better potency and selectivity.
In addition, the development of covalent irreversible or covalent reversible FGFR inhibitors might be
another strategy to improve safety and efficacy for cancer treatment.
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Abstract: Fibroblast growth factor (FGF)/Fibroblast growth factor receptor (FGFR) signaling regulates
various cellular processes during the embryonic development and in the adult organism. In the skin,
fibroblasts and keratinocytes control proliferation and survival of melanocytes in a paracrine manner
via several signaling molecules, including FGFs. FGF/FGFR signaling contributes to the skin surface
expansion in childhood or during wound healing, and skin protection from UV light damage. Aberrant
FGF/FGFR signaling has been implicated in many disorders, including cancer. In melanoma cells, the
FGFR expression is low, probably because of the strong endogenous mutation-driven constitutive
activation of the downstream mitogen-activated protein kinase-extracellular signal-regulated kinase
(MAPK-ERK) signaling pathway. FGFR1 is exceptional as it is expressed in the majority of melanomas
at a high level. Melanoma cells that acquired the capacity to synthesize FGFs can influence the
neighboring cells in the tumor niche, such as endothelial cells, fibroblasts, or other melanoma cells.
In this way, FGF/FGFR signaling contributes to intratumoral angiogenesis, melanoma cell survival,
and development of resistance to therapeutics. Therefore, inhibitors of aberrant FGF/FGFR signaling
are considered as drugs in combination treatment. The ongoing LOGIC-2 phase II clinical trial aims to
find out whether targeting the FGF/FGFR signaling pathway with BGJ398 may be a good therapeutic
strategy in melanoma patients who develop resistance to v-Raf murine sarcoma viral oncogene
homolog B (BRAF)/MEK inhibitors.

Keywords: FGF; fibroblast growth factor; FGFR; autocrine signaling; skin; melanoma; squamous and
basal cell carcinoma; seborrheic keratosis; targeted therapy; resistance

1. Introduction

Receptor tyrosine kinases (RTKs) are cell membrane proteins comprising about 20 families with
nearly 60 members. The Fibroblast Growth Factor Receptor (FGFR) family of human RTKs consists
of four highly conserved transmembrane receptors (FGFR1–4) and one FGF receptor without an
intracellular domain (FGFR5). FGFRs are mainly localized at the cell surface; however, they are
also present inside of the cells, in the nucleus and mitochondria [1]. The common structure of
cell membrane-localized FGFRs consists of a large ligand-binding extracellular region with three
immunoglobulin-like (Ig-like) domains, a transmembrane helical region, and a cytoplasmic region with
a catalytically active tyrosine kinase domain. The alternative splicing of the third Ig-like domain results
in a variety of FGFR isoforms with different ligand specificities [2,3]. FGFR activity is modulated in
diverse ways, including posttranslational modifications and formation of complexes with selected
ligands and other cell membrane proteins [4]. Over 20 distinct fibroblast growth factors (FGFs) have been
identified as the ligands of FGFRs. Binding of FGFs to FGFRs is assisted by cofactors, heparin sulfate
proteoglycans (HSPGs) in paracrine FGF signaling, or Klotho coreceptor in endocrine signaling [5].
It triggers the dimerization of receptor monomers in the membrane and cross-autophosphorylation
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of tyrosine residues in the cytoplasmic kinase domain, which is followed by binding of various
downstream effector molecules, including phospholipase C gamma (PLCγ), fibroblast growth factor
receptor substrate 2 (FRS2), son of sevenless (SOS), and growth factor receptor-bound 2 (GRB2). FRS2 is
an adaptor/scaffold protein, which acts downstream of a limited number of RTKs, including FGFR [6].
FRS2 was annotated as amplified in skin-derived tumors in the Cancer Genome Project dataset [7,8]
and emerged as a potential therapeutic target in melanoma [9]. Binding of adaptor proteins induces
the activation of several signaling pathways, such as protein kinase C (PKC), mitogen-activated protein
kinase-extracellular signal-regulated kinase (MAPK-ERK), phosphoinositide 3-kinase/protein kinase
B (PI3K/AKT), and signal transducer and activator of transcription 3/5 (STAT3/5) signaling pathway
(Figure 1).
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Figure 1. Fibroblast growth factor receptors (FGFRs) are highly conserved transmembrane receptors
consisting of three extracellular immunoglobulin-like (Ig-like) domains, a transmembrane helical region,
and a cytoplasmic region with kinase activity. The fibroblast growth factor (FGF) ligand and its cofactor
heparin sulfate proteoglycan (HSPG) bind to FGFR monomers, leading to dimerization and tyrosine
cross-autophosphorylation of the cytoplasmic domain. This induces various signaling pathways,
resulting in cellular proliferation, survival, migration, angiogenesis, and cell fate determination in
embryogenesis and in response to microenvironmental signals, including therapeutics. FGF/FGFR
signaling can be stimulated in a paracrine manner, mainly in physiological settings, or in an autocrine
manner as demonstrated in various cancers. In melanoma, FGF/FGFR signaling is largely suppressed
by mutation-driven enhanced activity of the RAS (Rat sarcoma oncogene)/BRAF (v-Raf murine sarcoma
viral oncogene homolog B)/MEK (mitogen-activated protein kinase)/ERK (extracellular signal-regulated
kinase) pathway (red framed). Melanoma cells that acquire the ability to secrete FGFs and stimulate
FGFR in a paracrine or autocrine manner can contribute to angiogenesis and cell-fate decisions involving
transitions between different phenotypes, including phenotypes resistant to targeted therapies (grey
framed). Dab, dabrafenib; DUSP, dual-specificity phosphatase; FRS2, FGFR substrate 2; GAB1,
GRB2-associated binding protein 1; GRB2, growth factor receptor protein 2; JAK, Janus kinase; PKC,
protein kinase C; PLC-γ, phospholipase C gamma; SOS, son of sevenless; SEF, similar expression to FGF;
SPRY, Sprouty; STAT, signal transducer and activator of transcription; Tra, trametinib; Vem, vemurafenib.

FGFR triggered signaling pathways play crucial roles in morphogenesis during embryonic
development [10]. Signaling from FGFR is also important for controlling the nervous system,
angiogenesis, metabolism, endocrine function, wound healing, and tissue repair in the adult organism.
FGF signaling regulates expression of genes by modulating microRNA abundance [11,12]. Besides being
involved in normal development, abnormal activities of FGRFs has been documented in hereditary
diseases and a wide range of cancers [13–17]. In the recently performed large-scale high-throughput
study, the dysregulation of FGFRs was found in 7% of cancers [18].

Melanoma belongs to a group of highly lethal cancers. Several signaling pathways are constitutively
activated in melanoma [19]. Recently developed technologies, including next-generation sequencing
(NGS), led to a new genetic-based classification of melanoma [20,21]. The activity of the MAPK
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signaling pathway, comprising the cascade of RAS (Rat sarcoma oncogene)/RAF (v-Raf murine sarcoma
viral oncogene homolog B)/MEK (mitogen-activated protein kinase kinase)/ERK, is very frequently
altered in melanoma by somatic mutations [22]. About 50% of melanoma patients harbor activating
mutations in BRAF with BRAFV600E as the main protein product, whereas NRAS is mutated in about
15–20% of cases [23,24]. The constitutive activity of the MAPK signaling pathway results in elevated
proliferation rate and enhanced survival potential of melanomas. Therefore, in addition to the
development of immunotherapies, the main effort is focused on targeted therapies with BRAFV600 and
MEK inhibitors [25]. Several drugs have been accepted by the FDA (Food and Drug Administration)
and EMA (European Medicines Agency) for the treatment of melanoma patients in unresectable stages
of tumor development [25–29]. Although targeted therapies are very promising, they are challenged
by intrinsic resistance and the development of acquired resistance in approximately one-half of the
melanoma patients within a few months [30–37].

Depending on the tumor type and its major driving oncogenes, the FGF/FGFR signaling can
be differently utilized by tumor cells to maintain their malignancy and can be variably affected
by therapeutics, especially those targeting tumor-specific oncoproteins [16,38]. This review article
summarizes the current knowledge on the fibroblast growth factor receptor signaling in skin cancers
with a focus on melanoma.

2. Fibroblast Growth Factor Receptor Signaling Pathway in Normal Skin

The skin is a complex organ. The epidermal layer is composed of keratinocytes, melanocytes,
and inflammatory cells. The dermal layer is made up of fibroblasts, hair follicles, blood vessels, sweat
glands, nerve endings, monocytes/macrophages, and T cells. Melanocytes are neural crest-derived cells,
and mature melanocytes are anchored to the basement membrane, which holds together epidermis and
dermis. Under physiological conditions, receptor signaling pathways are tightly controlled to provide
skin homeostasis. Melanocytes produce pigment-containing melanosomes and transport them through
dendrites to keratinocytes [39]. Melanocytes are under control of keratinocytes, and each melanocyte
is connected with more than 30 keratinocytes to form the melanin unit protecting the skin from UV
light. Several secreted factors, such as FGF2 (also known as bFGF, basic fibroblast growth factor), stem
cell factor (SCF), hepatocyte growth factor (HGF), melanocyte stimulating hormone (MESH), and
endothelin (ET), have been detected in the normal skin [40]. When secreted in response to ultraviolet
(UV) light, they contribute to the stimulation of pigmentation and melanocyte proliferation via their
receptors on melanocytes, e.g., FGF2 is secreted by UVB-exposed keratinocytes [41]. In general,
melanocytes rarely undergo mitosis. Melanocytes mainly proliferate during the expansion of the skin
surface in childhood or wound healing, and at a low rate upon stimulation by sunlight exposure.
To undergo mitosis, they detach from keratinocyte and the basement membrane, and their dendrites
are drawn out. After division, they migrate along the basement membrane to form a new melanin
unit with keratinocytes. In normal skin, FGF2 is secreted by fibroblasts in the dermal layer and
keratinocytes in the epidermis. FGF2 is highly mitogenic for melanocytes in vitro [41–43]. FGF2 could
induce a transformed phenotype in melanocytes [44]; however, in another study, overexpression
of FGF2 in skin xenografts induced hyperpigmentation and proliferation of melanocytes but no
malignant transformation [45]. Melanoma-like lesions appeared when FGF2 overexpression was
combined with UVB but not UVA [45,46]. FGF2 was also shown to be a melanocyte survival factor [47].
It was demonstrated that dermal nevus cells were able to survive in 3D type 1 collagen culture,
whereas normal melanocytes underwent apoptosis unless the collagen culture was supplemented
with FGF2 [47]. It was suggested that the higher level of FGF2 in the microenvironment of dermal
nevus-derived melanocytes allowed melanocytes to adapt to grow in the dermis, which might be
important for the development of melanoma.
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3. Fibroblast Growth Factor Receptor Signaling in Melanoma and Other Skin Cancers

The development and progression of melanoma is a complex process that usually consists of six
steps: 1. common acquired melanocytic nevi; 2. melanocytic nevi with hyperplasia; 3. melanocytic
nevi with dysplasia; 4. the radial growth phase (RGP) of primary melanoma; 5. the vertical growth
phase (VGP) of primary melanoma; 6. metastatic melanoma [48]. In addition to being produced by
neighboring fibroblasts and keratinocytes, FGF2 can be synthesized by cells in nevi and melanoma
cells. In dysplastic nevi, moderate to high FGF2 levels were detected, whereas in common acquired
nevi, contradicting data were obtained [49,50]. Melanoma progression was shown to be accompanied
by increased FGF2 expression [51]. It was demonstrated that the switch to growth factor independence
could distinguish RGP lesions from tumorigenic VGP primary melanoma [52]. A comparison of FGFR
expression revealed an absent or very weak expression in nevi and diverse expression levels in primary
and metastatic melanomas [53]. In a more recent study, FGF2 was detected in 72% of non-dysplastic
nevi and only in 18% of dysplastic nevi [54]. Co-expression of FGF2 and FGFR1 was found in 60% of
non-dysplastic nevi and in 18% of dysplastic ones. FGFR1 was detected in 86%, whereas FGF2 in 45%
of primary melanomas [54]. In 2/3 of melanomas, FGF2 was also expressed by keratinocytes in the
epidermis, and FGFR1 was commonly detected in the epidermis [54]. As suggested by the authors of
the latter study, the discrepancies between the results obtained by different laboratories may be due to
different primary antibodies used to detect FGF2 and FGFR1.

It has been demonstrated that melanoma cells stimulate their FGFRs in an autocrine
manner [49,50,55–60]. An in vitro study showing melanoma cell independence on exogenously
added growth factors suggested that the growth factors received by melanoma cells in a paracrine
manner play a minor role [61]. Patient-derived BRAFV600E melanoma cells could grow without
serum and exogenous growth factors, FGF2, EGF (epidermal growth factor), and HGF (hepatocyte
growth factor), for at least 4 months without substantial changes in viability and cell phenotype.
Neither the cell cycle nor the activity of pathways important for melanoma maintenance, such as
MAPK-ERK, WNT (wingless/integrated)/β-catenin, and NF-κB (nuclear factor kappa B), were affected
by the absence or presence of FGF2, HGF, and EGF used alone or in combination. More interestingly,
lack of exogenous growth factors did not influence acute cell response to vemurafenib and trametinib,
targeting BRAFV600E and MEK1/2, respectively [61]. Although the expression of growth factors in
melanoma cells was not blocked in this study and endogenous and exogenous level was only measured
for HGF, another growth factor considered as important for melanoma [62], it is possible to conclude
that endogenous growth factors released by melanoma cells and/or mutation-driven activation of the
MAPK-ERK signaling pathway seem to be sufficient to maintain the major functions in a subset of
melanoma cell lines. Mutation status might be also important for the sensitivity of melanoma cells to
growth factors. It was demonstrated that wild-type melanoma cell lines were more responsive to FGF2
than BRAF mutant or NRAS mutant cell lines [63].

Co-expression of the pair FGF2 and FGFR1 in melanoma was extensively characterized in the
1980s and 1990s [64,65]. Early studies indicated that FGF2/FGFR1 might be of importance for autocrine
growth control and melanoma progression [42,44,53,66,67]. Suppression of the FGFR1 activity inhibited
cell proliferation and survival and induced cell differentiation [68,69]. Down-regulation of FGF2
in melanoma cells inhibited proliferation and colony formation [42,66]. Melanoma cells could not
survive in vitro and in vivo if FGFR1 or FG2F were targeted [65,66,70–72]. Inhibition of FGF2 and
FGFR1 in melanoma cells in vivo induced apoptosis and blocked intratumoral angiogenesis and
tumor growth [65,71]. More recent studies have shown that the majority of melanoma cell lines
concomitantly overexpressed FGF2, FGF5, and FGF18 and diverse isoforms of FGFRs [73]. For instance,
FGF2 transcript levels were more than 100-fold higher in half of melanoma cell lines than in normal
melanocytes [73], and FGF5 in 1/3 of melanoma cell lines [74]. FGF5 protein has been recently shown
to be endogenously overexpressed in a subset of melanoma cell lines and in more than 60% of benign
nevi and melanoma specimens [74]. These results were supported by data from the Cancer Genome
Atlas [74]. Blockade of FGF/FGFR signaling by genetic constructs or kinase inhibitors inhibited
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melanoma growth, and synergistic anti-melanoma effects were obtained in vitro and in vivo if BRAF
inhibitors were combined with FGFR inhibition [73].

Another interesting study suggesting that inhibition of the FGF/FGFR signaling might improve
the response to targeted therapies has been published most recently [75]. In metastatic uveal melanoma
(UM) that developed resistance to inhibitors of bromodomain and extra-terminal domain (BET) proteins,
elevated levels of stromal FGF2, but not other factors, were detected. In addition, BET inhibitors could
enhance FGFR expression in UM cell lines and patient tumor samples, while FGFR inhibitors (AZD4547
and BLU9931) reversed the effects of stromal FGF2. These results strongly suggest that co-inhibition of
the FGF2/FGFR signaling pathway is necessary to prevent the development of resistance and improve
the efficacy of BET inhibitors [75]. It was shown in a mouse model that FGF2 was secreted by liver cells
at the site of metastasis. This may indicate that paracrine secretion of growth factors by organ-specific
cells in the tumor microenvironment and elevated expression of FGFRs in melanoma cells are resistance
mechanisms reducing treatment efficacy.

It has been shown that the FGF2/FGFR1 signaling is also crucial for melanoma angiogenesis
as FGF2 secretion by melanoma cells could induce the mitogenic effects on endothelial cells and
fibroblasts [65]. In VGP primary melanomas, co-expression of FGF2 and FGFR1 is significantly
associated with increased density of microvessels [76]. FGF2 is known to stimulate the expression
of vascular endothelial growth factor (VEGF) in vascular endothelial cells [77]. In a mouse model,
when FGF2 was injected at the melanoma inoculation site during the initial phase of tumor growth,
both, VEGF-A-dependent neovascularization of the host stroma and melanoma metastasis were
enhanced [78]. Cancer cell metabolism substantially contributes to angiogenesis, metastasis, and
suppression of the immune system. One of the important factors is lactate, which is secreted by cancer
cells to the tumor microenvironment (TME), and it is taken up by endothelial cells. This, in turn, results
in up-regulation of FGF2 and vascular endothelial growth factor receptor 2 (VEGFR2) signaling and
induction of angiogenesis [79].

Besides melanocyte-originated melanoma, skin cancers include keratinocyte-originated seborrheic
keratosis (SK), squamous cell carcinoma (SCC), and basal cell carcinoma (BCC), among others.
Abnormal FGF/FGFR3 signaling has been observed in SK [80–84]. FGFR3 activation is, however,
insufficient to drive skin tumors, such as SCC, and additional genetic and/or microenvironmental
factors are required for epidermis to progress malignancy [85]. Autocrine FGF10/FGFR2 signaling may
promote cutaneous SCC, representing about 25% of non-melanoma skin cancers [86]. It was shown in a
mouse model of SCC that the enhanced mTOR (a mammalian target of rapamycin) signaling obtained
in keratinocytes by deletion of Pten (phosphatase and tensin homolog deleted on chromosome 10)
strongly enhanced the level of Fgf10 protein, and Pten deletion-induced skin cancers were inhibited
by epidermal Fgfr2 deletion [86]. Moreover, in clinical samples, almost all SCC specimens showed
a PTEN loss and an increase in FGF10 when compared to normal skin from a patient undergoing
abdominoplasty. A previously published report suggested a tumor-suppressive function of the FGFR2
signaling in the skin [87]. These two opposing functions of FGF10 signaling—tumor suppressive and
oncogenic—might be explained by different magnitudes of signaling [86]. In addition, the oncogenic
function of FGF10/FGFR2 signaling might be especially potent in PTEN-deficient epidermis. It has
been shown that the activity of PI3K in PTEN-deficient skin lesions is enhanced by the FGF-activated
RAS-MAPK signaling [88].

It has been reported that FGF2 is overexpressed in another nonmelanocytic skin cancer, BCC [89].
FGF2 could induce angiogenesis and survival in BCC via STAT3 and PI3K/AKT pathways [90].
Dobesilate, the inhibitor of FGF, reduced the level of phosphorylated STAT3 in BCC, which was
accompanied by the promotion of apoptosis, and inhibition of proliferation and angiogenesis [91].
In addition, dobesilate showed high efficacy in the topical treatment of two BCC patients [91].

194



Cells 2019, 8, 540

4. Mutations of Genes Encoding FGFRs in Melanoma and Other Skin Cancers

The primary mechanism for abnormal signaling is connected with point mutations and
chromosomal translocations that often result in constitutive dimerization and kinase activation
of growth factor receptors, including FGFRs [92,93]. FGFR overexpression can be also achieved by
repression of miRNAs targeting FGFR transcripts or up-regulation of long-non-coding RNAs (lncRNAs)
sequestering FGFR-targeting miRNAs [94]. Elements of FGF/FGFR signaling are very frequently
mutated kinases in cancers [18,95], and DNA sequencing of cancer specimens has revealed a plethora
of mutations in genes encoding FGFRs and FGFs.

According to an analysis based on data from cbioportal at http://www.cbioportal.org/public-portal
(accessed November 2014) by Helsten et al. [17], the frequency of aberrations in FGFR reached 20%
in melanoma, and it is lower than in bladder urothelial carcinoma (35%) or lung, squamous cell
carcinoma (about 27%). The frequency of FGF alterations in melanoma is about 38%, and the highest
frequency is observed in head and neck squamous cell carcinoma (nearly 54%). Based on a large-scale
high-throughput study, the same group showed that melanoma exerts one of the lowest frequencies of
FGFR aberrations among all tested cancers [18].

Amplification of genes encoding FGFR can be found in many cancers, including head and neck
squamous cell carcinoma, non-small-cell lung, breast and gastric cancers [96–100], but not in melanoma.

Chromosomal translocations can lead to fusion proteins with oncogenic potential. The most
common fusion partner for FGFR, especially FGFR2 and FGFR3, is TACC3 encoding transforming
acidic coiled-coil containing protein 3 [18]. This fusion was originally identified in glioblastoma [101]
and was recently shown to cluster within transcriptional subgroups that have metabolic functions [102].
FGFR3-TACC3 fusion leads to a loss of the miR-99a binding site, which results in an up-regulation of
fusion protein translation [103]. The first case of melanoma harboring an FGFR3-TACC3 fusion has
been reported recently [104].

Non-synonymous somatic point mutations occur most commonly in FGFR3. Several somatic
activating mutations have been found in FGFR3 in seborrheic keratoses, one of the most frequent benign
epidermal tumors in older patients [81,105]. It has been demonstrated that one of these mutations
in the extracellular domain of FGFR3, leading to the Ser249Cys substitution, can induce benign skin
tumors in mouse epidermis [81]. The mutation leading to Arg248Cys has been also detected in adenoid
seborrheic keratoses, very common benign skin tumors [106]. Mutations localized in the positions
248 and 249, with cysteine substitution, are thought to increase the stability of the FGFR3 dimer,
which stimulates the receptor in a ligand-independent manner [107]. Stimulated receptor induces
the transcription factor forkhead box N1 (FOXN1), which triggers the expression of FGFR3, and this
feedback loop may antagonize RAS activity by promoting differentiation [84]. More recently, it has
been reported that activating mutations in FGFR3 leading to Arg248Cys, Ser249Cys, and Gly697Cys
can cause mild hyperplasia in the skin but are insufficient to induce benign or malignant skin
cancers, including SK and SCC [85]. The Lys650Met FGFR3 mutation has been detected in acanthosis
nigricans (AC), a benign skin tumor [108,109]. A mutation leading to the Gly380Arg substitution
has been found in FGFR3 of cutaneous SCC [110]. The Gly380Arg FGFR3 mutation increases the
ligand-independent phosphorylation of FGFR3, which causes constitutive activation of the downstream
signaling pathways [111]. Interestingly, activating FGFR3 mutations, mainly Arg248Cys, can be also
found in epidermal nevi, a common congenital skin lesion with an incidence of 1 in 1000 people [112].
It has been suggested that a large part of epidermal nevi results from mosaicism of activating FGFR3
mutations in the epidermis or postzygotic mutations in early embryonic development [112].

Pro252Arg/Ser/Thr somatic mutations in the fragment FGFR1 encoding its extracellular domain
were identified among genetic drivers in human melanoma cell lines [113]. These gain of function
mutations might increase receptor-ligand binding affinity by reducing the dissociation rate of the FGF
ligand [114,115].

Similarly, as for genotypes of FGFR4 in breast, colorectal, and lung cancers [116,117], an SNP
(rs351855) that results in Gly388Arg substitution can be found in melanomas. Fifty-five percent of
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melanoma patients had a homozygous Gly388 allele, while 45% harbored at least one Arg388 allele [118].
Most recently, this mutation was found in three out of eight patient-derived melanoma cell lines [119].
Arg388 allele correlated with tumor thickness and was earlier associated with increased cell motility
and invasiveness [116]. It has been shown that the Gly388Arg substitution induces conformational
changes in receptor structure, which results in the enhanced association of FGFR4 with STAT3 [120].
The analysis of the literature has shown the lack of unambiguous evidence of the pro-tumorigenic and
pro-metastatic impact of FGFR4 Arg388 allele in the majority of cancers, including melanoma [121].

Although loss-of-function mutations are not common in cancer, these type of aberrations (more
than 20 different point mutations) have been found in FGFR2 in some melanoma cell lines and
uncultured primary and metastatic tumors [122]. Therefore, FGFR2 was classified as melanoma
suppressor [123]. Loss of receptor activity might be achieved through diverse mechanisms, such as loss
of ligand binding affinity, retention in the endoplasmic reticulum, impaired receptor dimerization, and
loss of tyrosinase activity [122]. It has been suggested that the inhibition of FGFR2 activity contributes
to melanoma; however, the mechanism(s) is not clear, and reintroduction of FGFR2 failed to suppress
melanoma cell proliferation [122]. As FGFR2 could induce melanoma growth arrest through interaction
with stroma, its inhibition might promote melanoma invasion [123].

FGFR mutations reported in skin cancer patients and cell lines, and their relative location on the
proteins are summarized in Table 1.

Table 1. Mutations of genes encoding fibroblast growth factor receptors (FGFRs) in melanoma and
other skin cancers.

Cancer Gene Encoded Substitution/Fusion Refs

acanthosis nigricans FGFR3 K650M [108,109]

adenoid seborrheic keratoses FGFR3 R248C [106]

squamous cell carcinoma FGFR3 G380R [110]

melanoma

FGFR1 P252R/S/T [113]

FGFR2

S24F, V77M, E160A, H213Y, E219K,
G227E, V248D, R251Q, G271E,
G305R, T370R, W474X, E475K,

D530N, E574K, E636K, M640I, I642V,
A648T, S688F, G702S, P708S, R759X,

R759Q, L770V

[122]

FGFR3 FGFR3-TACC3 fusion [104]

FGFR3 P451S [119]

FGFR4 G388R [118,119]

5. FGF/FGFR Signaling in Resistance to Targeted Therapies

The mechanisms of intrinsic and acquired resistance of melanoma to targeted therapies are
diverse [36,124–128]. Reduced drug sensitivity of melanomas has been associated with increased
expression/activities of multi-RTKs, including epidermal growth factor receptor (EGFR), cellular
mesenchymal-epithelial transition factor (c-MET, hepatocyte growth factor receptor), platelet-derived
growth factor receptor beta (PDGFRB), insulin growth factor 1 receptor (IGF1R), and AXL receptor
tyrosinase kinase (AXL) [127,129–140]. FGF was among growth factors that were capable of attenuating
the antiproliferative effects of vemurafenib, which was accompanied by the reduced ability of
vemurafenib to inhibit pMEK [140]. This effect was reversed by FGFR inhibitor PD173074 [140].
FGF1 reactivated pERK in most melanoma cell lines treated with BRAFV600E inhibitor in another
study [132].

In drug-naïve BRAFV600 melanoma cells, the RTK expression is low, probably because the strong
endogenous BRAF/NRAS mutation-driven activation of the MAPK-ERK signaling pathway selects,
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against cells with active RTK signaling, to prevent senescence [125]. FGFR1 and to some extent
FGFR4 are exceptional in contrast to FGFR2-3, and these receptors are expressed in the majority of
melanomas [54,73,141]. FGFR1 has been listed among resistance-associated genes expressed transiently
in melanoma cells [142]. As suggested by Grimm et al., elevated FGFR1 expression allows melanoma
cells to react immediately on ligands that are induced by drugs [143]. A therapy-induced senescence-like
state is one of the options for melanoma cells to survive the treatment (Figure 2).

Figure 2. A simplified schematic illustration of fibroblast growth factor 1 (FGF1)-induced resistance to
BRAF (v-Raf murine sarcoma viral oncogene homolog B) inhibitors in melanoma cells. BRAF inhibitors,
e.g., vemurafenib and mitogen-activated protein kinase (MEK) inhibitors, e.g., trametinib can induce
diverse changes in drug-naïve melanoma cells, including apoptosis and premature senescence, while
some melanoma cells remain unaffected. Thus, targeted therapy enhances the phenotypic heterogeneity
of the neoplastic lesion in the tumor niche. Melanoma cells exerting the senescence-associated secretory
phenotype (SASP) secrete several cytokines and growth factors, including FGF1. FGF1 released by
senescent melanoma cells can stimulate melanoma cells and neighboring cells. Melanoma cells become
protected from apoptosis, whereas cancer-associated fibroblasts (CAFs) are stimulated to secrete
hepatocyte growth factor (HGF). Although these mechanisms are not universal and are not observed
in all tested melanoma cell lines, they can contribute to drug resistance in a subset of melanomas.
The scheme was prepared based on the study of Grimm et al. [143].

It has been demonstrated that the inhibition of BRAFV600 can induce a secretome with stimulating
effects on both adjacent drug naïve melanoma cells and fibroblasts [143]. FGFs were found among
senescence-associated factors expressed and released by melanoma cells in response to BRAF and MEK
inhibition. It has been shown that FGF1 could limit the pro-apoptotic activities of drugs and activate
fibroblasts to secrete HGF [143]. This contributes to “minimal residual disease”, while continued
BRAFV600 inhibition may induce secondary resistance mechanisms [143]. When inhibitors of FGFR
have been applied in parallel to BRAF inhibitors, the resistance of melanoma cells was diminished.
As the regulation of FGF1 was jointly mediated by FRA1 repression and activation of the PI3K/AKT
signaling pathway, which is considered as the compensatory pathway activated by targeted therapy
against BRAFV600/MEK [144,145], obtained results suggest that targeting FGF/FGFR signaling pathway
might be considered as the opportunity to block the compensatory pathway.

Considering cross-talk between the FGF/FGFR signaling and other oncogenic signaling pathways,
the role of FGF/FGFR signaling in the development of acquired resistance to therapies targeting
oncoproteins is conceivable. FGFR3 activation has been proposed as a mechanism of acquired
resistance to vemurafenib in BRAFV600E melanomas [146] and to cetuximab in KRAS wild type
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SCC [147]. Inhibition of the FGFR3/RAS axis could restore the sensitivity of resistant melanoma cells to
vemurafenib [146].

A new variant of FGFR2 with a mutation leading to Gly542Glu was reported in BRAFV600E

melanoma patient during ongoing treatment with dabrafenib, a BRAFV600E inhibitor, as an example of
intratumor clonal evolution resulting in the development of resistance [148].

6. FGF and FGFR as Molecular Prognostic Markers

Several factors, such as dose of sun exposure, age, gender, fair skin phenotype, and previous
keratinocyte skin cancers, are considered as causal factors of initiation and progression of melanoma,
with UV-induced damage of DNA as the primary cause of melanoma development [149–151]. However,
the incidence of melanoma in childhood and at sites that are minimally exposed to the sun are also
registered [152,153]. There is hope that genome-wide studies will help to identify the heritable and
environmentally-triggered contributors to melanoma risk [153–157]. Another important issue is
to correctly prognose the melanoma progression. The 10-year survival among patients diagnosed
with melanoma localized to the skin (stage I-II) is high if surgical treatment is applied. But still,
it is unclear how to predict the recurrence in melanoma patients. Therefore, the development of
prognostic tools applied at the time of diagnosis and surgery, which could select stage I-II melanoma
patients of high recurrence risk for adjuvant therapy, might further reduce the burden of untreated
melanomas. As melanoma is a highly heterogeneous tumor [32], currently used clinicopathologic
prognostic markers do not account for all registered variability connected with melanoma progression.
Also, none of the key mutations that emerged as the result of genome-wide genetic analysis could
be unambiguously linked to melanoma progression. Therefore, molecular classifiers predictive of
melanoma outcomes are in focus of several studies, and several models, including MelaPRO and
GenoMELPREDICT, have been developed, and genetics consortium GenoMEL (www.genomel.org)
has been established.

Loss-of-function mutations in FGFR2 and activating mutations in FGFR4 have been connected
with melanoma. In a large nested case-control study of Caucasian women, however, neither mutations
in FGFR2 nor in FGFR4 has been found as contributing to an inherited predisposition to three skin
cancer types, including melanoma, SCC, and BCC [158].

Therefore, it has been suggested that rather than serving as predisposition indicators, genetic
aberrations in FGFR2 and FGFR4 might be used as potential biomarkers of melanoma progression.
FGFR4 has been detected at the protein level in 45% of 137 melanoma specimens [118]. It has been
demonstrated that its expression correlated with pTNM melanoma stage (p = 0.046), vascularity
(p = 0.001), microulceration (p = 0.009), metastases (p = 0.025), overall survival (p = 0.047), and
disease-free survival (p = 0.046). Moreover, Arg388 polymorphism was present in 45% of melanoma
patients. The FGFR4Arg388 allele has been associated with intensified melanoma motility and
invasiveness [116]. Therefore, both, expression of FGFR4 and Arg388 genotype was suggested as
potential biomarkers for the progression of melanoma, although no further study has been published
to extend these findings.

Analysis of 418 manuscripts revealed several proteins that could potentially stratify melanoma,
and FGFR1 was listed among 67 proteins categorized as contributing to self-sufficiency in growth
signals [159]; although in an earlier study, there was no correlation between expression of FGFR1 and
the usual clinicopathological features of melanoma [141].

Up to date, none of the elements of the FGF/FGFR signaling pathway is included as the biomarker
in the diagnosis of melanoma.

7. Targeting Aberrant FGF/FGFR Signaling in the Clinic

The FGFR inhibitors are still under development, and there are currently no FGFR-targeted
therapies, which are approved for the treatment of cancer patients [160–162]. Results of early-phase
clinical trials from different cancers suggest that selective FGFR inhibitors could be useful in treating
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patients with FGFR fusions and selected patients with FGFR2 amplification [160]. It is thought that
inhibitors of FGFRs evoke effects on cancer cells but also indirectly through paracrine signaling on
angiogenesis and immune evasion [94].

While in the preclinical melanoma models, a small molecule FGFR inhibitor SU5402 has
demonstrated activity [73], it was not tested in clinical trials. In a phase I study, lenvatinib, an
oral tyrosine kinase inhibitor, was evaluated in melanoma patients, where tumor shrinkage was
observed, but many adverse effects were also reported [163].

In the ongoing LOGIC-2 phase II clinical trial (https://clinicaltrials.gov/ct2/show/NCT02159066)
for advanced BRAF melanomas, one of the FGFR1–3 selective inhibitors, BGJ398 (Infigratinib), was
included as the third agent used in combination with LGX818 (Encorafenib), a potent BRAF inhibitor,
and MEK162 (Binimetinib), a selective inhibitor of MEK. The study design allows applying BGJ398
after progression from therapy against BRAF/MEK. The estimated LOGIC-2 study completion date
for advanced melanoma patients is 2022. BGJ398 was/is investigated in several clinical trials (phase I
and II), and, so far, the analysis of the results indicated a substantial variability in response rates. In a
phase I study, it demonstrated partial response in four patients with FGFR1-amplified non-small-cell
carcinoma (NSCLC) and stable disease in 14 patients [164]. Only one breast cancer patient with
FGFR1-amplified showed tumor regression, and partial responses were reported in FGFR3-mutated
bladder cancer, while in one patient with hepatocellular carcinoma (HCC) and in one patient with
cholangiocarcinoma (CCA), both with FGFR2-BICC1 (bicaudal C homolog 1) fusion gene, tumor
shrinkage was observed [155]. In the ongoing phase II clinical studies, BGJ398 is investigated in
advanced-stage gastrointestinal stromal tumors (https://clinicaltrials.gov/ct2/show/NCT02257541) and
advanced CCA (https://clinicaltrials.gov/ct2/show/NCT02150967) and other hematological and solid
cancers with FGFR genetic alterations (https://clinicaltrials.gov/ct2/show/NCT02160041). Three patients
with CCA, who progressed on BGJ398, acquired recurrent polyclonal point mutations in the kinase
domain of fusion FGFR2, which led to the development of drug resistance [165].

Several challenges are recognized in clinical trials applying FGFR inhibitors, including dosing
limitations, diversity of the mechanisms activating FGF/FGFR signaling, and difficulties in prospective
selection of patients with specific aberrations in FGFRs.

8. Conclusions

The FGF/FGFR signaling does not markedly contribute to the development of melanoma as it is
suppressed by the overactivated RAS/BRAF/MEK/ERK (MAPK) signaling pathway. When BRAF/MEK
inhibitors are applied, and the pathway is blocked, the FGF/FGFR signaling might be considered as one
of the mechanisms that lead to the development of resistance limiting the success of targeted therapies
against BRAF and MEK. First attempts are undertaken in the clinics (LOGIC-2) to find out whether
targeting the FGF/FGFR signaling pathway with BGJ398 (Infigratinib) may be a good therapeutic
strategy in combination with BRAF/MEK inhibitors.
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Abstract: Hepatocellular carcinoma (HCC) is the sixth most common type of cancer, with an
increasing mortality rate. Aberrant expression of fibroblast growth factor 19–fibroblast growth
factor receptor 4 (FGF19–FGFR4) is reported to be an oncogenic-driver pathway for HCC patients.
Thus, the FGF19–FGFR4 signaling pathway is a promising target for the treatment of HCC. Several
pan-FGFR (1–4) and FGFR4-specific inhibitors are in different phases of clinical trials. In this review,
we summarize the information, recent developments, binding modes, selectivity, and clinical trial
phases of different available FGFR4/pan-FGF inhibitors. We also discuss future perspectives and
highlight the points that should be addressed to improve the efficacy of these inhibitors.

Keywords: prognosis; FGF19; FGFR4; HCC; inhibitors

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common type of cancer, with the fourth highest
mortality rate [1]. Despite advancements in therapeutic strategies, the response rate and overall
survival rate are still low [2]. The most common cause of HCC is liver cirrhosis from any etiology
including hepatitis B and hepatitis C infection, excessive alcohol consumption, diabetes mellitus,
and non-alcoholic fatty liver disease [3]. Moreover, various molecular pathways are involved in the
initiation and progression of HCC [4]. With respect to these pathways, there is evidence demonstrating
the role of fibroblast growth factor pathway genes in HCC prognosis [5].

The fibroblast growth factors (FGFs) family comprises a large family of growth factors that are
found in different multicellular organisms [6]. The FGFs signal through four transmembrane tyrosine
kinase fibroblast growth factor receptors (FGFRs) namely FGFR1, FGFR2, FGFR3, and FGFR4 [7].
FGFs–FGFRs are involved in regulation of many biological processes such as embryonic development,
cell proliferation, differentiation, and tissue repair [8]. FGF–FGFR dysregulation is also widely reported
in different types of diseases, disorders, and cancers [9]. Notably, aberrant expression of FGF19/FGFR4
contributes to HCC progression [10].

Since sorafenib marked a new era in molecularly targeted therapy in advanced HCC [11], various
drugs such as lenvatinib, regorafenib, cabozantinib, nivolumab, and ramucirumab have subsequently
demonstrated overall survival benefits for patients [12–16]. However, the treatment outcome of
metastatic HCC is still unsatisfactory, with a median overall survival below 15 months [12]. Thus,
more effective treatment options for advanced HCC are needed. This can be achieved by a better
understanding of the underlying genetic mechanisms involved in HCC. This review aims to provide
comprehensive landscape of current information available on the FGF19–FGFR4 pathway. It also
discusses recent advancements on FGF19–FGFR4 inhibitors in HCC. The data is obtained by systematic
analysis of the literature and by using different text-mining approaches.
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2. Overview of FGFR4 and FGF19

2.1. Structure and Function of FGFR4

Fibroblast growth factor receptor 4 (FGFR4) is a protein coding gene and is a member of tyrosine
kinase receptors family. The human FGFR4 gene is located on chromosome 5 and measures 11.41 bp in
length [17]. The FGFR4 protein coded by two full transcripts of FGFR4 gene consists of ~800 amino
acids, with molecular weight of around 95–110 kDa [18]. The structure of FGFR4 proteins contains
three immunoglobin-like domains (D1–D3), a transmembrane domain, and the kinase domain [19].
(Figure 1) Among these immunoglobin-like domains, first two have role in receptor auto-inhibition,
while the third domain is involved in specific binding of ligands [20]. The kinase domain (intracellular)
is important in activation of downstream pathways [21]. Further, the kinase domain comprises
the N-terminal (smaller) and C-terminal (larger) canonical domains [22]. FGF receptors differ from
each other in tissue specificity and ligand-binding affinity. However, good identity scores are found
between the kinase domains of FGFR4 and other FGF receptors [22]. The expression of FGFR4 is
highly tissue-specific due to its unique ligand binding affinity [23]. At a functional level, FGFR4
is predominantly involved in regeneration of muscles, regulation of lipid metabolism, bile acid
biosynthesis, cell proliferation, differentiation, glucose uptake, and myogenesis [24]. Of note, it is
reported that FGFR4 is mostly expressed in liver tissue [25].

 
Figure 1. Structural overview of fibroblast growth factor receptor 4 (FGFR4) protein.

2.2. FGFR4 in Cancer

FGFR4 exerts a combination of biological effects that contribute to different hallmarks of cancer
(Figure 2) [26]. Functional analysis demonstrated induction of both increased local growth and
enhanced metastasis by mutated FGFR4 [27]. Xu et al. described germline mutations in FGFR4 i.e.,
glycine to arginine transition at position 388 in the transmembrane domain of FGFR4 receptor, which
results in the formation of FGFR4 arg388 allele, leading to higher cancer risk [28]. Due to broad ligand
binding spectrum of FGFR4, it is reportedly involved in multiple tumor types including HCC, breast
cancer, colorectal cancer, rhabdomyosarcoma, and lung cancer [29–33].
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Figure 2. The association of FGFR4 with different hallmarks of cancer, as reported in the literature.
(Scales of bars from left to right represent the lowest to highest number of associations reported)

2.3. Structure and Function of FGF19

Out of three endogenous fibroblast growth factors (FGF19, FGF21, and FGF23), FGF19 binds to
FGFR4 with highest affinity [34]. The human FGF19 gene is located on chromosome 11q13. In mice, the
FGF15 gene is an orthologue of the human FGF19 gene [6]. The farnesoid X receptor (FXR) is activated
by the secretion of bile acid from the gall bladder to the small intestine, which ultimately stimulates
FGF19 secretion from the ileum [35,36]. The primary roles of FGF19 are found in bile acid synthesis,
gallbladder filling, glycogen synthesis, gluconeogenesis, and protein synthesis [37]. FGF19 contributes
to several hallmarks of cancer (Figure 3). Interestingly, FGF19 and FGF21 (endogenous fibroblast
growth factors) are also most commonly involved in regulation of different functions occurring in
liver [38]. Nicholes et al. demonstrated in transgenic mice that overexpression of FGF19 is involved in
liver dysplasia [39]. In our recent study, amplification of FGF19 was found to be significantly associated
with cirrhosis and also increased the risk of HCC [40]. Similarly, in our other study we used the
fluorescence in situ hybridization technique and found the similar oncogenic patterns of FGF19 in
HCC [41]. Copy number amplification of FGF19 is also highly reported in The Cancer Genome Atlas
(TCGA) data [42]. Notably, the role of FGF19 at expression level is also frequently reported in HCC
prognosis [43,44].
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Figure 3. The association of FGF19 with different hallmarks of cancer, as reported in the literature.
(Scales of bars from left to right represent the lowest to highest number of associations reported)

2.4. Mechanism of FGFR4 Activation

Specific ligand receptor binding spectrum in FGFs lead to autophosphorylation and formation of
multiple complex [45]. FGFR4 is regulated using its co-receptor klotho-beta (KLB) (a transmembrane
protein) [46]. The involvement of KLB co-receptor is reported in hepatocytes and adipose and pancreatic
tissues [47]. FGFR4 and KLB are found to be overexpressed in mature hepatocytes [48]. In addition,
KLB is required for FGF19–FGFR4 complex activation [49] (Figure 4).

212



Cells 2019, 8, 536

 

Figure 4. Interaction network of FGFR4 with different genes with high potency and functional similarity.
The interaction network is based on various parameters including co-expression, genetic interactivity,
shared protein domains, co-localization and physical interactions.

FGFR4 related pathways have predominant involvement in proliferation, differentiation, survival,
and migration of cells. (Figure 4) Multiple signaling cascades such as GSK3β/β-catenin, PI3K/AKT,
PLCγ/DAG/PKC, and RAS/RAF/MAPK are modulated by FGFR4 activation [10,50,51] (Figure 5).

FGFR4 selectively binds FGF19 ligand [49,52]. FGF19 is also reported as a functional partner of
FGFR4, with the highest score in analysis through the STRING (https://string-db.org/) database.
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Figure 5. Involvement of FGFR4-related signaling pathways. Involvement in cell proliferation is
depicted on the far left; next to it the cell survival signaling pathway is shown, and on the right side the
cell migration pathway is explained (adapted from Atlas of Genetics and Cytogenetics in Oncology
and Haematology).

2.5. FGF19–FGFR4 Pathway in HCC

FGF19/FGFR4 activation leads to the formation of FGF receptor substrate 2 (FRS2) and growth
factor receptor-bound protein 2 (GRB2) complex, ultimately activating Ras–Raf –ERK1/2MAPK and
PI3K–Akt pathways. (Figure 6) These pathways are predominantly involved in tumor proliferation
and anti-apoptosis. (Figure 6).

Figure 6. Binding mechanism of FGF19 to FGFR4 leads to FRS2 along with recruitment of growth factor
receptor-bound protein 2 (GRB2), ultimately leading to activation of the Ras–Raf –ERK1/2 MAPK and
PI3K–Akt pathways.

As discussed, frequent studies reported the anomalous expression of FGF19–FGFR4 complex
enhances the progression of HCC [31,44]. In a study conducted on mice model, Cui et al. suggested
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FGF19 as a potential therapeutic target for the treatment of HCC [53]. FGFR4 dysregulation and its
correlation with TGF-β1 also suggested FGFR4 as potential therapeutic target of HCC patients with
invasiveness and metastasis [43,54].

3. Targeting FGF19–FGFR4 in HCC

FGF19/FGFR4 inhibition is thought to lead to anti-tumor activities [55]. Thus, several FGFR (1–4)
inhibitors are under trial for different types of malignancies including HCC [56] (Figure 7).

Figure 7. Selected overview of pan-FGFRs and FGFR4-specific inhibitors in different stages of clinical
trials for hepatocellular carcinoma (HCC).

3.1. Pan-FGFR (1–4) Inhibitors

Multiple pan-FGFR (1–4) inhibitors are under-development in different phases of clinical trials
(Figure 7). LY2874455 (NCT01212107), AZD4547 (NCT02038673), infigratinib (NCT02160041), and
erdafitinib (NCT02365597) drugs are designed to target pan-FGFRs and are in phase II of development
and clinical trials (Table 1).

LY2874455 is a small molecule inhibitor developed by Eli Lilly [53] (Figure 8). It has shown
promising effects against advanced and metastatic cancers such as myelomas, lung, bladder, and gastric
cancer [57]. Its highly effective inhibitory action suggests that it can be effective potential drug for
HCC in the near future.
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Table 1. Pan-FGFR inhibitors in different phases of clinical trials.

Drug Company Indication Drug Target Study Phase
Route of

Administration
Clinical
Trial ID

LY2874455 Eli Lilly Advanced and metastatic
cancers

Pan-FGFR (1–4)
inhibitor Phase II Oral NCT01212107

AZD4547 Astra Zeneca

Stage IV squamous cell
lung cancer

Pan-FGFR (1–4)
inhibitor

Phase II
Oral

NCT02965378

ER+ breast cancer NCT01791985

Muscle-invasive bladder
cancer (MIBC) Phase I NCT02546661

Infigratinib
(BGJ398)

Novartis
Pharmaceuticals

Tumors with FGFR genetic
alterations

Pan-FGFR (1–4)
inhibitor

Phase II

Oral

NCT02160041

Advanced or metastatic
cholangiocarcinoma Phase II NCT02150967

Recurrent resectable or
unresectable glioblastoma Phase II NCT01975701

Solid tumor Phase I NCT01697605

Advanced solid
malignancies Phase I NCT01004224

Erdafitinib
(JNJ-42756493)

Janssen
Pharmaceuticals

Urothelial cancer Advanced
hepatocellular carcinoma

Pan-FGFR (1–4)
inhibitor

Phase II Oral

NCT02365597

Advanced non-small lung
cancer Esophageal cancer NCT02699606

Lymphoma NCT02952573

PRN1371 Prinicipia
Biopharma Inc. Solid tumor Pan-FGFR (1–4)

inhibitor Phase I Oral NCT02608125

ASP5878 Astellas Solid tumor Pan-FGFR (1–4)
inhibitor Phase I Oral NCT02038673

ER+ breast cancer: estrogen-receptor-positive breast cancer.

Figure 8. (a) Structure of LY2874455, and (b) binding mode of LY2874455 with the FGFR4 kinase
domain (PDB code 5JKG).

AZD4547 was developed to specifically target pan-FGFR (1–4) in solid tumors. However, AZD4547

showed good efficacy against FGFR (1–3) but weaker activity against FGFR4 [58], suggesting low
efficacy when specifically targeting FGFR4.

Infigratinib (BGJ398), which targets FGFR (1–3) with high affinity and FGFR4 with less affinity,
was developed by Novartis Pharmaceuticals. It is currently in phase II for tumors with alteration of FGFR
and for glioblastomas, solid tumors, hematologic malignancies, and advanced cholangiocarcinoma.
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Infigratinib showed an effective response against FGFR signaling pathways in HCC [59]. However,
FDA-approved clinical trials are yet to be conducted for infigratinib in HCC [59].

Janssen Pharmaceuticals reported erdafitinib (JNJ-42756493), a pan-FGFR (1–4) inhibitor (Figure 9),
which is currently under phase II of clinical trials for advanced HCC. It significantly inhibited
FGFR-overexpressing tumor cells in HCC [60].

Figure 9. (a) Structure of JNJ-42756493 (b) Interaction of JNJ-42756493 with FGFR1 (PDB code 5EW8).

PRN1371 (NCT02608125) and ASP5878 (NCT02038673) are drugs designed to target pan-FGFRs
and are in phase I of development and clinical trials. PRN1371 was developed by Principia Biopharma
Inc. for solid tumors. It is an irreversible inhibitor that specifically targets FGFRs. The inhibitory action
of this drug has been reported in many tumor types like HCC, gastric, and lung cancer [61]. Astellas
developed ASP5878 to target pan-FGFRs (1–4) in solid tumors. Importantly, ASP5878 also inhibited
HCC cell lines exhibiting overexpression of FGF19 in the pre-clinical phase. In addition, this small
inhibitor molecule improved the efficacy of sorafenib [62].

3.2. FGFR4-Specific Inhibitors

As discussed, the overexpression of FGFR4 is most frequently reported receptor compared to FGFR
(1–3) in HCC initiation and progression. However, selectivity of pan-FGFR inhibitors is comparatively
lower for FGFR4. Thus, Prieto-Dominguez et al. outlined different targeted therapeutics available for
the FGF19–FGFR4 complex [29]. A number of drugs are under different phases of clinical trials which
specifically target FGF19/FGFR4. Two potential drug candidates in the phase II stage of clinical trials,
namely IONIS-FGFR4Rx (NCT02476019) and FGF-401 (NCT02325739), are reported (Table 2).
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Table 2. FGFR4-specific inhibitors under different phases of clinical trials.

Drug Company Indication Drug Target Study Phase
Route of

Administration
Clinical
Trial ID

IONIS-FGFR4Rx Ionis
Pharmaceuticals

Obesity and insulin
sensitivity FGFR4-specific Phase II Subcutaneous NCT02476019

FGF401 Novartis AG
Hepatocellular

carcinoma Solid
malignancies

FGFR4-specific
Phase II

(recruiting
status)

Oral NCT02325739

H3B-6527 H3 Biomedicine
Inc.

Hepatocellular
carcinoma FGFR4-specific Phase I Oral NCT02834780

U3-1784 Daiichi Sankyo
Inc.

Advanced solid
tumor

Hepatocellular
carcinoma

FGFR4-specific Phase I
(Terminated) Intravenous NCT02690350

BLU-554 Blueprint
Medicines Corp.

Hepatocellular
carcinoma (orphan

drug designation for
HCC by the U.S.

FDA)

FGFR4-specific Phase I Oral NCT02508467

AZ709 AstraZeneca Hepatocellular
carcinoma FGFR4-specific Inactive

(Pre-clinical) Unspecified

U.S. FDA: U.S. Food and Drug Administration.

IONIS-FGFR4Rx, previously known as ISIS-FGFR4Rx, exhibited antisense inhibitor activity
against FGFR4 [59]. IONIS-FGFR4Rx has undergone a phase II clinical trial for obesity, specifically
targeting FGFR4 in liver and fat tissues. It is not only effective in reducing obesity but also improves
insulin sensitivity [63]. Thus, we suggest that conducting trials with IONIS-FGFR4Rx in HCC patients
may give significant results.

FGF401 was developed by Novartis and specifically targets FGFR4 in HCC patients. According
to the most recent update, FGF401 is in phase II of clinical trials for HCC, expected to be completed by
the year 2020. FGF401, with an IC50, exhibited at least 1000-fold potency for inhibiting FGFR4 kinase
activity compared to other FGFRs (1–3) [64].

H3B-6527 (NCT02834780), U3-1784 (NCT02690350), and BLU-554 (NCT02508467) are reported to
be in phase I clinical trials to specifically target FGFR4.

H3B-6527 is a small inhibitor molecule developed by H3 Biomedicine Inc for targeting
FGFR4-overexpression in advanced HCC and cholangiocarcinoma (IHCC) patients. In preclinical trials,
H3B-6527 proved to be effective in terms of repressing tumor growth in a xenograft model of HCC
which exhibited activated aberrant FGF19–FGFR4 signaling [65].

The human monoclonal drug U3-1784 is under-development by Daiichi Sankyo Inc for HCC and
other solid tumors. This antibody specifically binds to FGFR4 and is most effective (approximately
90%) in FGF19-expressing models, suggesting it as a potential drug for HCC with an activated
FGF19–FGFR4 pathway. However, according to a recent update, the clinical trials for this drug have
been terminated [66].

BLU-554, a FGFR4-specific inhibitor, is under recruiting phase by Blueprint Medicines Corp. for
HCC and cholangiocarcinoma patients. In addition, it was also granted an orphan drug designation in
2015 by the U.S. FDA for HCC [67].

Lastly, AZ709 showed good selective inhibition of FGFR4 in HCC, as recently reported by
AstraZeneca, and is in the preclinical stage of development. However, no progress has been reported
on this drug to date (reported at the 2013 NCRI Cancer Conference, Liverpool, UK).

3.3. Irreversible FGFR4 Inhibitors

Two irreversible FGFR4 inhibitors have also been recently reported, including INCB62079

(ClinicalTrials.gov Identifier: NCT03144661) and BLU9931 [68] (Figure 7, Table 3). INCB62079,
developed by the Incyte Corporation, showed effective dose-dependent and compound-selective
activity against cancer cells exhibiting active FGF19–FGFR4. Additionally, it showed good efficacy in
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Hep3b hepatocellular cancer xenograft model in pre-clinical trial phase. INCB62079 is currently in
phase I clinical trials (ClinicalTrials.gov Identifier: NCT03144661) for HCC.

Table 3. FGFR4-specific irreversible inhibitors under different phases of clinical trials.

Drug Company Indication Drug Target Study Phase
Route of

Administration
Clinical
Trial ID

INCB62079 Incyte
Corporation Liver cancer FGFR4-specific

(irreversible) Phase I Unspecified NCT03144661

BLU9931 Blueprint
Medicines Corp.

Hepatocellular
carcinoma

FGFR4-specific
(irreversible) Pre-clinical Oral

Blueprint Medicines Corp reported the remarkable drug BLU9931, a small irreversible inhibitor
of FGFR4. It is currently in the pre-clinical stage of development for HCC and has not been approved
by the U.S. FDA. In the preclinical trial phase, BLU9931 exhibited potent antitumor activity in mice
with an HCC tumor xenograft with amplified FGF19 and high expression of FGF19 at the mRNA level.
Recently, it has been reported that FGF19 shows resistance to sorafenib, but BLU9931 is involved in
improving sorafenib efficacy by inactivating FGFR4 signaling [68].

Apart from the drugs reported in different clinical trials, different studies are underway to find
new potent inhibitors against FGF19/FGFR. For instance, Cheuk et al. developed a chimeric antibody
3A11ScFvFc (mice antibody Fv + Human IgG1Fc) to specifically target FGFR4 in HCC [69]. Chen et al.
found ABSK-011 to be involved in suppressing high FGFR4 expression, which ultimately results in
HCC tumor suppression. ABSK-011, acting as irreversible inhibitor, selectively modifies cys552, which
is the residue present within the active site of FGFR4. Of note, safety studies have also been conducted
for this inhibitor [70]. Lee et al. examined the effect of the HM81422 inhibitor on the FGFR4–FGFR19
pathway. They successfully demonstrated that HM81422 can potentially target FGFR4 activated
pathways. However, further elucidation is still required to understand the role of this inhibitor in
HCC [71]. Furthermore, different pharmacological approaches suggested significant involvement of
the drug sorafenib in inhibiting tyrosine kinase pathways. Initially, Gao et al. reported sorafenib

as potential tyrosine kinase inhibitor which improves overall survival rate in HCC patients [68].
Later, Matsuki et al. revealed that sorafenib has no particular effect on the oncogenic FGF signaling
pathway. However, the involvement of the drug lenvatinib was also recently reported [68]. Lenvatinib
reportedly inhibits FGF pathways in HCC cell lines. Of note, studies suggested that it can be used
as a pan-FGFR (1–4) inhibitor [68]. However, the specificity of lenvatinib against the FGF19–FGFR4
signaling pathway still remains unclear [72].

4. Discussion and Conclusions

Compelling evidence supports the involvement of the FGF19–FGFR4 signaling pathway in
HCC [43]. Therefore, this pathway is considered to be a promising therapeutic target for the treatment
of HCC. Interestingly, a number of different inhibitors and drugs have been reported to target FGF
and FGFR signaling pathways. Despite promising advancements, it is still challenging to completely
address all the underlying perspectives of this pathway. These perspectives, if clearly addressed, can
improve the efficacy and potency of drugs available for HCC. The detailed analysis of available data
revealed that FGFR4 is structurally distinct from other FGF receptors (1–3) and also exhibits variable
inhibition potency towards different available FGFR drugs [73]. Perhaps, this distinct characteristic of
FGFR4 should be exploited in depth to develop FGFR4-specific inhibitors to improve drug efficacy for
HCC. Importantly, the evidence derived from primates suggests that anti-FGF19 antibody treatment is
mostly accompanied with dose-related liver toxicity [74]. Therefore, the likelihood of adverse effects of
FGF/FGFR drugs should be properly envisaged to assure best possible and safe outcomes along with
reduced dose-dependent side effects.
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In addition, the correlation of FGF19 gene amplification and HCC is reported to be highly
significant, and it is consequently thought to act as potential biomarker for HCC [75]. Therefore,
copy number gain of FGF19 and FGFR4 should be taken into consideration when designing potential
inhibitors of these genes and their pathways.

Conceptually, it is shown that the patients having elevated bile acid concentrations and diabetes
have a higher risk of developing HCC [44,53]. Therefore, these complications should be taken into
account along with the inhibition of FGF19–FGFR4 pathways to avoid potential adverse impacts and
minimize safety risks in HCC patients.

Overall, the degree of FGF–FGFR inhibition in HCC is not satisfactory. This perhaps gives
an indication towards elucidating other factors that are simultaneously involved in the FGF–FGFR
signaling pathway. For instance, KLB (the co-receptor of FGFR4) is reportedly considered as a novel
drug candidate as it is mostly found involved in inducing FGFR4 overexpression and is also found in
an elevated state in HCC [46,76]. Thus, in the future klotho-specific inhibitors can be considered to
potentially maximize antitumor and therapeutic benefits in HCC by terminating FGF19-binding to
FGFR4. Lastly, developing drugs that act on key SNPs of FGFR4 i.e., Gly388 to Arg388, may also be
clinically relevant.

In conclusion, most of the FGFR4-specific inhibitors are in pre-clinical phases. Progression of
these potential inhibitors to advance clinical trial phases coupled with comprehensive research and
improvements can revolutionize the available therapeutic options for HCC.
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Abstract: Fibroblast growth factors (FGFs) and their receptors (FGFRs) constitute signaling circuits that
transmit signals across the plasma membrane, regulating pivotal cellular processes like differentiation,
migration, proliferation, and apoptosis. The malfunction of FGFs/FGFRs signaling axis is observed in
numerous developmental and metabolic disorders, and in various tumors. The large diversity of
FGFs/FGFRs functions is attributed to a great complexity in the regulation of FGFs/FGFRs-dependent
signaling cascades. The function of FGFRs is modulated at several levels, including gene expression,
alternative splicing, posttranslational modifications, and protein trafficking. One of the emerging
ways to adjust FGFRs activity is through formation of complexes with other integral proteins of the
cell membrane. These proteins may act as coreceptors, modulating binding of FGFs to FGFRs and
defining specificity of elicited cellular response. FGFRs may interact with other cell surface receptors,
like G-protein-coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs). The cross-talk between
various receptors modulates the strength and specificity of intracellular signaling and cell fate. At the
cell surface FGFRs can assemble into large complexes involving various cell adhesion molecules
(CAMs). The interplay between FGFRs and CAMs affects cell–cell interaction and motility and is
especially important for development of the central nervous system. This review summarizes current
stage of knowledge about the regulation of FGFRs by the plasma membrane-embedded partner
proteins and highlights the importance of FGFRs-containing membrane complexes in pathological
conditions, including cancer.

Keywords: fibroblast growth factor receptors; signaling; receptor cross-talk; coreceptor; membrane
proteins

1. Introduction

Fibroblast growth factor receptors 1–4 (FGFR1–4) form a group of receptor tyrosine kinases (RTKs)
that are present on the surface of various cell types. FGFRs govern plethora of key cellular processes,
including proliferation, migration, differentiation, and apoptosis, and their proper functioning is
critical for development of the human body and homeostasis [1]. Alterations in FGFR1–4 are frequently
detected in variety of developmental diseases and cancers, like prostate, breast, lung, and ovarian
cancers [2,3]. The overall structure of FGFRs is typical for RTKs with an N-terminal region including
three immunoglobulin-like domains D1–D3 exposed to the extracellular space, a single transmembrane
span and a cytosolic tyrosine kinase domain (Figure 1a) [1,4]. The extracellular part of FGFRs constitutes
binding sites for their natural ligands, FGFs, heparan cofactors, and a number of partner proteins [5,6].
Additionally, the ectodomain of FGFRs includes several motifs that prevent receptor autoactivation in
the absence of growth factors [7–10]. The transmembrane helix of FGFRs anchors the receptors in the
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membrane and facilitates dimerization [11]. In the cytosol, the juxtamembrane (JM) region of FGFRs is
involved in receptor dimerization and moderates transmission of signals [12–14]. The initiation of
intracellular signaling circuits requires activation of FGFRs split kinase domain [1,5]. FGFR1–3 are
subjected to alternative splicing in their extracellular region, yielding b and c isoforms of the receptors
that differ in expression pattern and ligand specificity [15–17]. The FGFR family includes also fifth
member—FGFRL1 (FGFR5)—which is homologous to FGFRs in the extracellular region, but lacks the
cytosolic tyrosine kinase domain [18,19].

Classically, the transmission of signals through the plasma membrane via FGFRs requires binding
of appropriate growth factors and subsequent receptor activation. The canonical FGFs (FGF1–FGF10,
FGF16, FGF17, FGF18, FGF20, and FGF22) are effective ligands in FGFRs binding and activation.
In an inactive state monomeric FGFRs bind canonical FGFs, which triggers conformational changes
in the receptor, resulting in dimerization and transactivation of cytosolic tyrosine kinases [1,20].
Sequential phosphorylation of tyrosine residues within the cytosolic tail of FGFRs creates docking
sites for downstream signaling proteins [1,21]. The signals are further propagated through several
pathways: Ras/Raf-mitogen-activated protein kinase/extracellular signal regulated kinase kinase
(MEK)–extracellular signal regulated kinase (ERK), phosphoinositide 3-kinase (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR), phospholipase Cγ (PLCγ), and signal transducer and
activator of transcription (STAT) [1,20].

FGFR-dependent signaling can be adjusted in several ways, including the diversified tissue
distribution, different expression level of signaling components and their alternative splicing, which
influences tissue development and disease progression [1]. Transmission of signals can be further
modulated by ligand type, as FGFR complexes with different FGFs may vary in the strength and
duration of propagated signals, which in turn decides cell fate [20,22]. FGFRs signaling can be modified
as well by spontaneous receptor dimerization in the absence of ligands [23]. The posttranslational
modifications, like glycosylation, ubiquitination, and phosphorylation, influence ligand binding and
constitute negative feedback mechanisms for inhibition of FGFRs signaling [24–28]. Additionally,
the cellular trafficking of FGFRs may regulate signals specificity, intensity, and timing [29–31].

One of the emerging means to modulate FGFRs activity is via formation of complexes with other
plasma membrane proteins. Assembly of such complexes can be critical for transmission of signals,
which is the case for endocrine FGFs (FGF19, FGF21, and FGF23) [32]. Partner proteins may deliver
cofactors that facilitate formation of productive signaling modules or regulate the cellular transport of
FGFRs [1]. Distinct types of cell surface receptors interact with FGFRs, leading to integration of different
signaling routes or modulation of signal transmission. Several high throughput studies led to the
discovery of numerous potential interaction partners of FGFRs within the plasma membrane [33–35].
However, the biological significance for most of them still needs to be elucidated.

In the next chapters we focus on the interplay between FGFRs and their binding partners in the
regulation of signaling and cell behavior.

2. Cross-Talk between FGFRs and G-Protein-Coupled Receptors in Regulation of the Central
Nervous System

G-protein-coupled receptors (GPCRs) constitute one of the largest groups of receptors responsible
for signal transmission [36–38]. GPCRs are composed of an N-terminal extracellular domain,
seven transmembrane helices, and a C-terminal region directed to the cytosol. Stimulation of GPCRs by
extracellular ligands induces conformational changes within GPCRs, triggering intracellular signaling
pathways modulated by heterotrimeric G proteins [39,40]. Due to their wide diversity GPCRs modulate
numerous processes, including, among others, nervous system transmission, visual, gustatory and
smell sensing, inflammation, and recognition of cell density [41].
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Figure 1. (a) Interplay between fibroblast growth factor receptors (FGFRs) and G-protein-coupled
receptors (GPCRs) (a) and other receptor tyrosine kinases (RTKs) (b) in the regulation of downstream
signaling. The extracellular region of FGFRs is composed of immunoglobulin like domains D1–D3 (gray)
and the acidic box (AB; red). FGFRs are anchored in the plasma membrane by a single transmembrane
helix (yellow). The cytosolic part of FGFRs consists of the juxtamembrane domain (JM) and the split
tyrosine kinase domain (TK; black). GPCR–FGFR complexes may involve Src as a mediator between
receptors or form functional heterocomplexes without involvement of Src. (b) FGFRs interact with other
RTK members in the plasma membrane and can be directly activated by intracellular tyrosine kinase
domains of partner proteins like Eph receptors or PDGFRs. EphA4 receptor contains the N-terminal
ligand binding domain (LBD) followed by the cysteine rich domain (CDR) and two fibronectin type III
domains (FN1–2). EphA4 is embedded in the membrane by a single transmembrane domain (TM).
The cytosol-oriented region of EphA4 is composed of the tyrosine kinase domain (TK) and the sterile
alpha motif (SAM). The TK domain of EphA4 interacts with JM region of FGFRs. PDGFRs contain five
immunoglobulin-like domains (Ig1–Ig5) in their extracellular region, a single transmembrane span
(TM), and intracellular juxtamembrane (JM) and tyrosine kinase (TK) domains. TK of PDGFRs directly
phosphorylates FGFRs.

Various members of GPCRs and RTKs form heterocomplexes, which trigger intracellular signaling
and cellular response different from that induced by RTKs or GPCRs alone [42]. The alterations in
transmitted signals by GPCRs-RTKs heterocomplexes is achieved by the transactivation of RTKs by
GPCRs which may occur via two distinct mechanisms: one relying on GPCRs activation and signaling
that results in release of RTKs ligands and subsequent RTKs activation and second mechanism that
involves a direct interaction and subsequent activation of RTKs by GPCRs [42]. The transactivation of
RTKs by GPCRs was already demonstrated for a large number of RTKs, including epidermal growth
factor receptors (EGFRs), platelet-derived growth factor receptors (PDGFRs), and insulin-like growth
factor receptors (IGFRs) [42].

In the central nervous system (CNS), GPCR-dependent signaling controls proliferation, migration,
survival, and differentiation of neurons [43]. FGFRs are expressed in different areas of brain. While
FGFR1 is widely found in the hippocampus and in various parts of the cortex, FGFR2 and FGFR3
proteins are scattered throughout the CNS, and their expression profile changes with the brain
development. FGFR4 is less abundant than other FGFRs and is mainly localized to the medial habenular
nucleus [44–48]. The FGFRs are involved in the development, function and maintenance of the CNS [49].
Yeast two-hybrid (Y2H) screens revealed FGFR1 as a binding partner of G-protein-coupled receptor
(GPCR)–adenosine receptor A2AR. The FGFR1-A2AR interaction was further confirmed by pull-down
and coimmunoprecipitation [50]. The simultaneous stimulation of PC12 cells with A2AR agonist
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and FGF2 results in enhanced activation of downstream signaling pathways in comparison to single
treatments, pointing on the synergistic effect of both receptors on cellular signaling. The enhanced
activation of extracellular regulated kinases 1/2 (ERK1/2) requires assembly of the FGFR1-A2AR
complex, pointing on the functional relevance of this interaction. The modulation of signaling by
FGFR1-A2AR heterocomplexes was found to be important for regulation of the synaptic plasticity
(Figure 1a) [50].

Cannabinoid receptor 1 (CB1R) is GPCR-ubiquitous in neurons, mediates the biological action of
endogenous and synthetic cannabinoids, and regulates homeostasis of neuronal cells [51]. CB1R-FGFR1
interaction in neurons was demonstrated by means of coimmunoprecipitation. CB1R induces the
transactivation of FGFR1 via protein kinase C (PKC) that in turn activates Fyn and Src. The latter
proteins trigger activation of FGFR1 by phosphorylating key tyrosine residues of the receptor kinase
domain [52]. The formation of CB1R-FGFR1 complexes occurs in lipid rafts of the plasma membrane,
leads to activation of ERK1/2, and is important for neuronal differentiation (Figure 1a).

Using the proximity ligation assay (PLA) the interaction of FGFR1 with muscarinic acetylocholine
receptor (mAChR) subtype M1R was visualized [53]. Upon stimulation of hippocampal neurons with
M1R agonist oxotremorine-M the activation of FGFR1 was observed. The exact mechanism of FGFR1
transactivation is not clear, however it involves Src tyrosine kinase that phosphorylates FGFR1 [53].
The cross-talk between mAChR and FGFR1 enhances neurite growth (Figure 1a) [53].

Binding between FGFR1 and 5-hydroxytriptamine receptor 1A (5-HT1A) was also demonstrated
with PLA, but it was further confirmed by coimmunoprecipitation and bioluminescence
resonance energy transfer (BRET) in a wide variety of cell types [54–56]. The number of
FGFR1-5-HT1A complexes increases upon stimulation of cells with the FGF2 and 5-HT1A
agonist 7-(Dipropylamino)-5,6,7,8-tetrahydronaphthalen-1-ol (8-OH-DPAT), confirming the functional
interplay between these receptors [55]. Activation of 5-HTA1 with 8-OH-DPAT causes subsequent
FGFR1 phosphorylation mediated by Src [55]. The simultaneous activation of FGFR1 and 5-HTA1
results in synergistically enhanced signaling that induces growth and controls homeostasis of neuronal
cells (Figure 1a) [55]. Interestingly, the FGFR1–5-HT1A heterocomplexes display anti-depressive effects
and thus may constitute targets for treatment of mood disorders [55,57–59].

Mu-opoid receptor (MOR) binds with high affinity to enkephalins and endorphins that modulate
neuronal excitability. In rat glioma C6 cells MOR induces rapid activation of ERK1/2 via the
transactivation of FGFR1. Again, the exact mechanism of this transactivation is unknown. Also the
direct interaction between MOR and FGFR1 has not been yet demonstrated [60].

Summarizing, various members of GPCRs affect activity of FGFRs through the transactivation,
which usually requires formation of the direct interaction between these receptors and involves Src as
a bridging factor. The cross-talk between GPCRs and FGFRs is especially relevant for the development
and functioning of neurons. GPCRs constitute large group of receptors, however only few members of
the GPCRs family were demonstrated to bind FGFR1. The function of one type of receptors can be
modulated by binding to other group of receptors. Since GPCRs play diverse pivotal functions in cells,
the involvement of FGFRs in the regulation of GPCRs needs to be elucidated.

3. Interplay between FGFRs and Other RTKs

Diversification of signals transmitted by FGFRs can be also achieved by the interplay with
other members of RTK family. The cross-talk between RTKs can occur via formation of receptor
heterocomplexes and subsequent tyrosine phosphorylation of one receptor by tyrosine kinase of the
other one. Alternatively, the transphosphorylation of RTKs in the complex can be mediated by the
cytosolic kinase, like Src [61].

Eph receptors are activated by ephrin ligands and constitute the largest family of RTKs [62,63].
Based on sequence similarity and preference for ephrins A or B, Eph receptors are divided into EphA
(EphA1–EphA10) and EphB (EphB1–EphB6) receptors [64]. The Eph receptors contain structural
features characteristic for RTKs: an extracellular ligand binding region, a transmembrane domain,
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and an intracellular tyrosine kinase module [65]. The N-terminal extracellular part of Eph receptors is
composed of ephrin binding domain followed by the cysteine rich EGF-like motif and two fibronectin
type III repeats (FN3) FN1 and FN2. The cytosolic region of Eph receptors includes the juxtamembrane
domain, the tyrosine kinase and the sterile alpha motif (SAM) (Figure 1b) [66]. Remarkably, activation
of Eph receptors by ephrins requires the assembly of cell to cell contacts, as ephrins are embedded in the
plasma membrane by the glycosylphosphatidylinositol (GPI) anchor (ephrins A) or the transmembrane
helix (ephrins B) [64]. Binding of Eph receptor to ephrin present on the surface of aligned cell is
followed by the juxtaposition of cytoplasmic kinase domain that evokes the transphosphorylation of
receptor tyrosine residues initiating downstream signaling cascades [67]. The Eph receptor–ephrin
complexes can be further arranged into high order assemblies that modulate cellular signaling [68,69].
The Eph receptor–ephrin complexes adjust cell adhesion, organization of cytoskeleton, angiogenesis,
neural development, and plasticity [70].

EphA4 receptor emerged as binding partner of FGFR3 in Y2H screens [71]. Further experiments,
including coimmunoprecipitation revealed that the tyrosine kinase domain of Eph4 directly
interacts with the JM domain of FGFR1–4 [71]. The formation of EphA4-FGFR complexes requires
phosphorylation of tyrosine residues within JM domain of Eph4. Kinase domains of EphA4 and FGFRs
can transphosphorylate each other. Furthermore, EphA4 ligand ephrin-A1 enhances FGFRs signaling,
indicating significance of the FGFRs transactivation by EphA4 for the modulation of intracellular
signal propagation [72]. Signals transmitted via FGF2/FGFR1/EphA4 complexes are enhanced in
relation to FGF2/FGFR1, resulting in accelerated cell proliferation and migration [67]. In addition,
the interaction between EphA4 and the fibroblast growth factor receptor substrate 2 alpha (FRS2α),
a protein required for FGFRs signaling [73] was demonstrated with Y2H and pull down experiments.
Noteworthy, the ternary complex, involving FGFR1, EphA4, and FRS2α was detected. Thus, FRS2α
acts as a tethering molecule that integrates signals from both receptors and regulates self-renewal,
differentiation, and proliferation of neural stem/progenitor cells [74,75]. The cross-talk between Eph
and FGFRs and Eph receptors was further confirmed by the observation that FGFRs phosphorylate
EphA receptor target molecule, ephexin-1 [76]. Furthermore, Dlg-1, a scaffolding protein directly
interacting with EphA receptors, can modulate FGFRs signaling (Figure 1b) [77,78].

Platelet-derived growth factor receptors alpha and beta (PDGFRα and PDGFRα) are RTKs
that are activated by five different platelet-derived growth factors (PDGF): PDGF-AA, PDGF-BB,
PDGF-AB, PDGF-CC, and PDGF-DD [79,80]. Through regulation of cellular signaling PDGFRs
influence cell motility, proliferation, and angiogenesis and aberrant PDGFRs are implicated in
cancer [79]. PDGFRs are composed of the extracellular region divided into five Ig-like domains,
from which Ig2 and Ig3 form the PDGF binding site, a single transmembrane span, and the intracellular
tyrosine kinase domain (Figure 1b) [81,82]. In vitro and in vivo experiments using solid-phase assay
(SPA), coimmunoprecipitation, and Förster Resonance Energy Transfer (FRET) revealed that PDGFRα
interacts with high affinity with FGFR1 [83]. The formation of PDGFRα-FGFR1 complexes is facilitated
by the presence of ligands for both receptors [83]. The interaction between PDGFRβ and FGFR1 was
demonstrated by means of coimmunoprecipitation [84]. In this receptor heterocomplex PDGFRβ
directly phosphorylates FGFR1 on tyrosine residues [84]. Interestingly, FRS2 functions as a bridging
molecule between PDGFRβ and FGFR1 (Figure 1b) [84]. The interplay is not only observed between
the receptors but also at the level of their ligands. PDGF-BB and FGF2 interact with each other and
activity of individual ligands in PDGF-BB-FGF2 complex is altered [85–87]. Remarkably, PDGFRs and
FGFRs are often dysregulated in cancer and are targets of numerous therapeutic approaches [88].

Summarizing, FGFRs assemble into large multiprotein complexes with other RTK members and
accessory proteins. The tyrosine kinase domains of different RTKs are able to transphosphorylate
each other, initiating signals and adjusting their strength and specificity. Importantly, the interplay
between RTKs is often coordinated at the level of FRS2. The fact that different members of RTKs can
transactivate each other suggests the presence of an additional level of complexity in RTKs signaling.
The family of RTKs is composed of 58 members; however, to date only few RTKs have been implicated

229



Cells 2019, 8, 455

in the FGFRs transactivation. Further studies on the interplay of FGFRs with other RTKs may uncover
novel cellular regulatory mechanisms. Numerous FGFR-targeted anticancer therapies aim on the
inhibition of FGFs interaction with FGFRs. Since FGFRs can be activated by other receptors in the
absence of ligands, the detailed knowledge about FGFRs interplay with other RTKs may help in the
development of novel therapeutics downregulating FGFRs signaling.

4. Modulation of FGFRs Activity by Cell-Surface Proteins Involved in Adhesion

Establishing cell-cell contacts requires an extensive remodeling of cellular components.
Communication between cells involves interactions that are mediated by various cell adhesion
molecules (CAMs). At the cell-cell interface extensive signaling is triggered, which coordinates
remodeling of cellular structures. Noteworthy, FGFRs emerged as CAMs binding partners that
participate in the signaling initiated by CAMs at cell-cell contacts (Figure 2).

Figure 2. Cross-talk between FGFRs and various cell adhesion molecules. The interaction of particular
FGFR with members of CAMs subgroup is indicated. The domain architecture of FGFR partner proteins
is shown. Domains (where identified) responsible for the interaction between the partner protein and
FGFR are indicated in red. (a) Cadherins reported to interact with FGFR1 and FGFR4 contain five EC
domains in their extracellular region, a single transmembrane helix, and a cytosoilc tail interacting with
several signaling proteins. (b) Nectins are composed of three immunoglobulin-like domains Ig1–Ig3,
a single transmembrane domain, and a cytosolic region. Nectins bind FGFR1 using the Ig3 domain (c)
Neuroplastin (Np55) contains two immunoglobulin-like Ig1–Ig2 domains in their extracellular region

230



Cells 2019, 8, 455

and are embedded in the membrane by a single transmembrane helix, exposing short tail into the
cytosol. Np55-FGFR1 interaction involves the Ig2 domain of Np55 (d) NCAMs expose on the surface of
the cells five immunoglobulin-like domains Ig1–Ig5 and two fibronectin type III domains FN1 and FN2.
The cytosolic tail of NCAMs varies in length. NCAMs bind FGFR1-FGFR3 using FN1–FN2 domains (e)
L1-CAM is a single spanning plasma membrane protein with six Ig-like domains (Ig1–Ig6) and five
fibronectin type III domains (FN1–FN5) in its extracellular region. FGFR1 binding requires the FN1–FN5
region of L1-CAM (f) Neurexins contain different numbers of the laminin-neurexin-sex hormone binding
globulin domains (LNS) and three EGF-like domains (EGFL1–3), a single transmembrane span and the
cytosolic tail interacting with cytoskeletal and signaling proteins. The extracellular region of neurexin
1-β interacts with FGFR1. (g) Ig-LON family members: OPCML and NEGR1 interact with FGFR1 and
FGFR2. Ig-LON proteins contain three immunoglobulin-like domains Ig1–Ig3 that are implicated in
FGFR binding. (h) FLRTs are single spanning transmembrane proteins containing the leucine-rich
repeat domain (LRR) and the FN3 domain in their extracellular region. FLRTs employ the FN3 domain
for FGFR1 and FGFR2 binding. (i) Integrins are composed of different α and β subunits. Integrin αvβ3
forms complexes with FGFR1.

4.1. Cadherins

Cadherins are integral membrane proteins that are involved in the formation of specific cell-cell
contacts, the adherens junctions (AJs) [89]. AJs are regulated by the alternative splicing of cadherins
and are important for tissue development, homeostasis of epithelium and are implicated in different
types of cancer [90–92]. Cadherins on opposing cells interact with each other via extracellular regions
composed of five domains (EC1–EC5) in a calcium-dependent manner (Figure 2a) [92]. The cytosolic
tail of cadherins binds catenins and other intracellular factors that link cadherin complexes to the
cytoskeleton and forms signaling platforms at the cell-cell interface [90].

Neuronal cadherin (N-cadherin, cadherin-2) is expressed in various cell types, but its highest level
is detected in neuronal and mesenchymal cells, where it coordinates cell migration and proliferation [93].
The functional interaction between N-cadherin and FGFRs was demonstrated in numerous cells, where
N-cadherin was shown to activate FGFRs and receptor-downstream signaling (Figure 2a) [94–96].
The interaction between N-cadherin and FGFR1 was demonstrated by means of coimmunoprecipitation
in different cell lines [97,98]. The binding studies with truncated variants of FGFR1 revealed that the
acidic box of the receptor extracellular region is required for the interaction with N-cadherin [97,98].
Fluorescence microscopy analyses revealed that in transfected NIH3T3 cells N-cadherin and FGFR1
colocalize at the plasma membrane, however the N-cadherin-FGFR1 complexes are less abundant at the
cell-cell contact sites where N-cadherin is enriched, suggesting dynamic nature of this interaction [97].
Formation of N-cadherin complexes with FGFR1 in breast cancer cells causes decreased internalization
and lysosomal degradation of FGFR1, and sustained receptor signaling via MAPKs. Thus, N-cadherin
may promote invasiveness of cancer cells not only by regulating cell-cell interactions, but also by
affecting FGFR1 levels and activity [98–100]. Silencing of N-cadherin results in the accelerated FGFR1
degradation, whereas overproduction of N-cadherin is accompanied by increased levels of FGFR1.
Thus, N-cadherin stabilizes FGFR1 and simultaneously enhances FGF2-induced proliferation and
differentiation of epiblast stem cells [101]. Using coimmunoprecipitation, the interaction of N-cadherin
with FGFR4 was demonstrated in pancreatic tumor cells and was dependent on neural cell adhesion
molecule (N-CAM) [102]. Moreover, FGFR4-388Arg mutant frequently observed in various cancers
induces signaling cascades that lead to enhanced N-cadherin expression and modulates epithelial to
mesenchymal transition (EMT) [103].

Cadherin-11 is widely expressed in mesenchymal cells like osteoblasts and neurons, and is
important for tissue development during embryogenesis [104,105]. It is implicated in migration of cancer
cells and in epithelial to mesenchymal transition [106–109]. The formation of complexes between FGFR1
and the cadherin-11/β-catenin adhesion complexes was demonstrated by coimmunoprecipitation
(Figure 2a) [110]. Pull-down experiments revealed that the cadherin-11-FGFR1 interaction occurs
through their extracellular domains. Cadherin-11 initiates intracellular signaling pathways via FGFR1

231



Cells 2019, 8, 455

and recruits FGFR1 into areas of cell-cell contacts [49]. The cadherin-11-induced FGFR1 signaling
stimulates neurite outgrowth [49].

4.2. Nectins

Nectins comprise a group of four plasma membrane proteins (Nectin-1–4) involved in formation
of cell-cell contacts that are relevant in the neural development and disorders, and cancer [111].
Nectins contain an extracellular region composed of three immunolglobulin-like (Ig) domains, a single
transmembrane helix, and a cytosolic domain (Figure 2b). Nectins from one cell can oligomerize in
trans orientation with nectins present on the opposing cell, which results in cell adhesion. Depending
on the involvement of accessory proteins nectins can be involved in establishing several types of
adhesion complexes [111,112]. Using surface plasmon resonance (SPR) a direct interaction between
Ig2–Ig3 domains of FGFRs and Ig3 of nectin-1 was demonstrated (Figure 2b). Binding of Ig3 of nectin-1
to FGFR1 results in receptor activation. Nectin-1 induces neurite outgrowth in hippocampal neurons
in FGFR1-dependent manner, indicating that nectin-1 co-clusters with FGFR1 at the cell–cell contacts
to stimulate differentiation and development of neurons [113].

4.3. Neuroplastins

Neuroplastins are cell adhesion molecules from immunoglobulin superfamily [114]. Neuroplastin
Np55 is expressed in numerous cell types and tissues [115]. Np55 contains two Ig-like domains—Ig2 and
Ig3—oriented towards the extracellular space, a single transmembrane span, and a short cytoplasmic
tail (Figure 2c) [116]. SPR analysis revealed that Np55 directly interacts with the Ig2–Ig3 region
of FGFR1 (Figure 2c). Binding of Np55 to FGFR1 present on the cell surface leads to receptor
activation and initiation of downstream signaling. Although FGF2 and Np55 bind to the same region
of FGFR1, these proteins elicit different effects on the receptor. Np55-FGFR1 complexes stimulate
neurite outgrowth in primary hippocampal neurons, while FGF2-FGFR1 does not, which suggests
different mode of intracellular signaling activation by these two FGFR1 ligands. Peptide based on
Np55 extracellular domain was able to activate FGFR1 and downstream signaling and displayed
antidepressant effects [117].

4.4. N-CAMs

Neural cell adhesion molecules (N-CAMs) are cell surface glycoproteins involved in axonal
growth, cell migration, synaptic plasticity, and cell differentiation, and are implicated in various
diseases including cancer [118,119]. N-CAMs contain five Ig-like domains and two FN3 domains in
their extracellular region. NCAM-140 and NCAM-180 are embedded in the plasma membrane via
transmembrane helices and display cytoplasmic tails of different length (Figure 2d). In contrast
NCAM-120 utilizes the glycosylphosphatidylinositol (GPI) moiety for attachment to the cell
surface [120].

The functional interplay between FGFRs and N-CAMs in neurite outgrowth was initially
demonstrated by Williams et al. [94]. Subsequent studies confirmed a direct interaction of N-CAMs
and FGFRs in different types of cells, including cancer cells [97,102,121–123]. The FN3 domains
are responsible for the N-CAMs interaction with the Ig2–Ig3 region of FGFRs (Figure 2d) [124–126].
N-CAMs bind to FGFR1-FGFR3, but not to FGFR4, and these interactions depend on the receptor
splice variants [127]. Binding of N-CAMs to FGFRs results in activation of the receptor and initiation
of signaling cascades. The N-CAMs-FGFRs interplay is important for neuronal tissue development,
but is also implicated in cancer. The N-CAMs/FGFRs complexes are observed in epithelial ovarian
carcinoma, where they stimulate cancer cell migration and invasion [128,129]. The N-CAMs/FGFRs
signaling may also modulate EMT [130]. Interestingly, N-CAMs can affect the cellular trafficking of
FGFRs. Activation of FGFR1 by FGFs triggers receptor internalization and lysosomal degradation.
In contrast, N-CAM-FGFR1 complexes are internalized, but the majority of the receptor is recycled
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from endosomes to the cell surface [121]. This differential FGFR1 cellular transport determines distinct
cell fate depending on stimulation with FGF or N-CAM proteins [73].

4.5. L1-CAMs

L1-CAM is a cell surface glycoprotein that contains six Ig-like domains and five FN3 motifs
in its extracellular region, a single TM span, and an intracellular tail that binds several signaling
proteins (Figure 2e) [118]. The functional link between FGFR1 and L1-CAM was established by the
observation that extracellular region of L1-CAM activates FGFR1, stimulating neurite outgrowth [94].
SPR experiments demonstrated a direct interaction between L1-CAM FN3 domains 1–5 and FGFR1
Ig2–Ig3 domains that was dependent on ATP [131]. Noteworthy, the cross-talk between FGFR1
and L1-CAM plays a role in proliferation and motility of glioma cells. The soluble, extracellular
region of L1-CAM is often released by the cells due to the limited proteolysis involving ADAM-10
protease [132]. By binding to FGFR1 the extracellular region of L1-CAM leads to receptor activation,
resulting in stimulation of glioma cell proliferation and motility [133]. The multiprotein complex of
L1-CAM, FGFR1, and secreted glycoprotein Anosmin-1, which is involved in cell adhesion, motility,
and differentiation, were also implicated in neurite branching [134–139].

Neurofascins are L1-CAM group members that control neurite outgrowth and synaptic
organization [140]. The interaction between neurofascin (isoform NF166) and FGFR1 was demonstrated
by coimmunoprecipitation [141]. Experiments with truncated versions of neurofascin revealed presence
of two binding sites for FGFR1: an extracellular and an intracellular. Nevertheless, only the intracellular
region of neurofascin is critical for FGFR1-dependent neurite outgrowth [141,142].

4.6. Neurexins

Neurexins and neuroligins are neuronal CAMs that regulate synaptic organization and
function [143,144]. Presynaptic neurexins consist of the extracellular region containing from one
to six laminin- neurexin-sex hormone binding globulin domains (LNS) and three epidermal growth
factor like (EGF-like) domains, O-glycosylation sites, a single transmembrane span, and the cytosolic
region recruiting various intracellular cytoskeletal and signaling proteins (Figure 2f) [144]. Postsynaptic
neuroligins are composed of the extracellular acetylcholinesterase-like domain, a region enriched
in glycosylation sites, a single transmembrane helix and the C-terminal intracellular PDZ domain
recognition motif. Neurexins and neuroligins form trans-synaptic tethers that organize structure and
function of synapses [144]. SPR experiments revealed a direct interaction between extracellular domain
of FGFR1 and ectodomain of neurexin-1β (Figure 2f) [145]. Neurexin-1β binding leads to the activation
of FGFR1 and receptor-downstream signaling cascades in a dose-dependent manner [145].

4.7. IgLONs

IgLONs are CAMs from immunoglobulin superfamily composed of three Ig-like domains that are
attached to the cell membrane via GPI anchor (Figure 2g) [146]. Neuronal growth regulator 1 (NEGR1)
is IgLON member that regulates neuronal maturation [147]. The functional interplay between NEGR1
and FGFRs in neuronal development and disease was initially suggested by Pischedda et al. and
Casey et al. [148,149]. This was further confirmed by detection of the interaction between extracellular
regions of NEGR1 and FGFR2 (Figure 2g). NEGR1 influences FGFR2 intracellular trafficking, favoring
receptor recycling. The prolonged intracellular trafficking of FGFR2 in endosome compartments results
in enhanced receptor-dependent signaling. Importantly, it was demonstrated that the coordinated
cortical development requires the functional interplay between FGFR2 and NEGR1 [150].

Opioid binding protein cell adhesion molecule (OPCML) is another IgLON member linked with
FGFRs. OPCML is a tumor suppressor implicated in various cancers [151–155]. Coimmunoprecipitation
revealed that OPCML interacts with FGFR1. Furthermore, pull down experiments with recombinant
OPCML and FGFR1 truncations showed that the Ig1–Ig3 region of OPCML directly interacts with
the extracellular domain of FGFR1 (Figure 2g). Binding of OPCML to FGFR1 and a few other RTK
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members results in their downregulation, which is likely a result of their altered intracellular trafficking
and decreased recycling [156].

4.8. FLRTs

Fibronectin leucine-rich transmembrane (FLRTs) proteins comprise a group of three cell surface
glycoproteins involved in cell adhesion during vascularization and synapse development [157–161].
FLRTs contain the N-terminal extracellular region composed of the leucine-rich repeat domain (LRR)
and the FN3 domain. FLTRs are embedded in the cell membrane via a single transmembrane
helix and contain a short cytoplasmic tail (Figure 2h) [162]. FLRTs mediate cell-cell contacts mainly
through the interaction of LRR domains of FLRTs on neighboring cells or with latrophilin [157,162].
Coimmunoprecipitation, pull-down and BRET experiments revealed that the FN3 domain of FLRT2 and
FLRT3 interacts with FGFR2 and FGFR1, respectively (Figure 2h) [162,163]. Assembly of the FLRT-FGFR
complexes is mediated by the interaction between intracellular regions of these proteins [164,165].
FGFR1-dependent signaling leads to the tyrosine phosphorylation of the intracellular tail of FLRT1.
In addition, formation of the FLRT1-FGFR1 complexes enhances receptor signaling upon stimulation
with FGF ligand, which accelerates neurite outgrowth in MAPK-dependent manner [166].

4.9. Integrins

Integrins are adhesion molecules that recognize ligands present in the extracellular matrix and on
the cell surface, playing a key role in establishing cell contacts and regulating intracellular signaling [167].
Subunits α (18 isoforms) and β (8 isoforms) assemble into 24 functional integrins that vary in terms
of ligand specificity and cellular function (Figure 2i) [168]. Integrin-dependent signaling modulates
survival, migration, and differentiation of cells [169]. Dysregulation of integrin adhesion complexes
is widely implicated in various cancer types [170]. Coimmunoprecipitation experiments confirmed
assembly of the ternary complex containing FGF1, FGFR1 and integrin αvβ3, with FGF1 acting as a
bridging factor (Figure 2i). These multiprotein complexes are important for sustained activation of
FGFR1-dependent kinases ERK1/2 [171]. Interestingly, the integrin binding-deficient mutant of FGF-1
(R50E) is capable of binding and activating FGFR1, however it fails to induce cell proliferation and
migration, pointing on the functional relevance of integrin αvβ3 in FGF1 action [172,173]. The integrin
binding site within FGF2 was identified as well; however the involvement of FGF2 in bridging FGFR1
and integrin αvβ3 has still to be determined [174].

Cell-cell contacts are complex signaling platforms that regulate behavior of neighboring cells
and thus are strongly implicated in cancer. FGFRs are modulated by a number of different CAMs at
the cell-cell interface. The FGFR-CAM interaction involves extracellular domains of these proteins,
suggesting formation of complexes in cis and trans orientation. The FGFRs-CAMs interplay may
adjust the strength of cell-cell attachment, which is relevant for migration of cancer cells and thus may
constitute the target for future anticancer therapies.

5. Novel Activities Acquired by FGFRs upon Binding to Specific Coreceptors

Coreceptors are cell surface molecules that modulate the interaction of primary receptors with
ligands. Usually, specific ligands require assembly of the ternary complexes involving ligand, receptor
and coreceptor to initiate signal propagation. The perfect examples of FGFRs coreceptors are Klotho
proteins that are necessary for endocrine FGFs (FGF19, FGF21, and FGF23) to trigger signaling.
Functional FGFR signaling modules involve also specific polysaccharides, heparan sulfate (HS) chains,
which stabilize receptor-ligand complexes. In this chapter we focus on coreceptors of FGFRs and their
role in modulating FGFRs specificity and activity.

5.1. Heparan Sulfate Proteoglycans

The formation of FGF-FGFR complexes requires presence of HS [175,176]. HS directly binds
FGFs and FGFRs stabilizing the ternary complex and facilitating FGFR autophosphorylation [177].
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HS chains are covalently attached to the serine residues of a subset of cell surface proteins, forming
heparan sulfate proteoglycans (HSPGs). HSPGs are secreted into the extracellular space or are attached
to the plasma membrane either via GPI anchor or transmembrane helix [178]. HSPGs participate in
FGF signaling by regulating availability of FGFs to FGFRs and by adjusting the FGF-FGFR complex
dynamics (Figure 3a) [179].

Figure 3. Involvement of coreceptors in the FGFRs signaling. (a) Heparan sulfate proteoglycans
(HSPGs) provide polysaccharide chains that stabilize FGF-FGFR complexes and regulate availability of
ligands. HSPGs are either integral membrane proteins (syndecans) or secreted glycoproteins (perlecans),
which form ternary complexes with FGF-FGFR. (b) Klotho proteins α (KLA) and β (KLB) are necessary
for FGF23 and FGF19/FGF21 signaling, respectively.

Perlecan is high molecular weight, multidomain HSPG ubiquitous in the extracellular space.
The HS chains are attached to the N-terminal domain of perlecan [180]. Perlecan interacts with
several FGFs, providing their storage in the extracellular matrix, thus adjusting their accessibility to
FGFRs [181–184]. In the absence of FGF perlecan is able to bind FGFR3, but perlecan-FGFR1 interaction
requires presence of the growth factor [182]. The ternary complexes involving FGFs (FGF20 or FGF18),
perlecan, and FGFRs affect FGFRs signaling and resulting cellular response (Figure 3a) [181,185].
Interestingly, perlecan isolated from diverse tissues differentially modulates FGF/FGFRs signaling,
highlighting the importance of HS structure for FGFRs [183].

Syndecans are composed of an N-terminal extracellular domain with attached several sugar chains,
including HS, a single transmembrane helix and a C-terminal cytosolic tail [186]. The N-terminal
domain of syndecans interacts with several proteins, including growth factors, extracellular matrix
proteins and chemokines, the transmembrane helix facilitates oligomerization of syndecans, while the
intracellular region interacts with numerous signaling and cytoskeletal proteins [187,188]. Syndecans
via HS chains interact with FGFs and FGFRs with relatively low affinity, but still facilitating formation
of ternary signaling complexes [189–192]. Syndecan-dependent modulation of FGF/FGFR complexes
is relevant for cell proliferation, migration and survival (Figure 3a) [193–196]. The cellular trafficking
of FGFRs is tightly regulated and constitutes a mechanism for adjustment of signaling pathways and
cellular fate [29]. In endothelial cells syndecan-4 initiates the internalization of syndecan-4/FGF2/FGFR1
complexes via micropinocytosis that is independent of clathrin and dynamin, and involves RhoG and
Rab4. The altered trafficking of FGFR1 changes kinetics of MAPK signaling important for survival of
endothelial cells [197].
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Another group of HSPGs that adjust cellular signaling pathways triggered by growth factors
are GPI-anchored glypicans [198]. Glypican-1 interacts with FGFs, modulating their activity and
accessibility for FGFRs [199–201]. However, in brain endothelial cells and in glioma cells the
overexpression of glypican-1 facilitates mitogenic response triggered by FGF2 [202,203].

5.2. Klotho Coreceptors

The FGF family includes a subgroup of endocrine FGFs—FGF19, FGF21, and FGF23—which
largely differ from canonical FGFs in their structure and mode of action. Endocrine FGFs circulate
throughout the human body regulating numerous metabolic processes [204,205]. In contrast to
canonical FGFs, endocrine FGFs display low affinity to FGFRs and cell surface heparans [206–208].
To form functional signaling complexes with FGFRs endocrine FGFs require obligatory coreceptors from
Klotho family: α-Klotho (KLA) and β-Klotho (KLB) [209–213]. Klotho proteins are plasma membrane
proteins containing two tandem KL1 and KL2 repeats with similarity to family 1 glucosidases in their
extracellular region, a single transmembrane helix, and a short cytoplasmic tail [214,215].

KLA was discovered as a protein involved in aging process and is necessary for FGF23
signaling [211,214]. The obligate involvement of KLA in the formation of productive FGF23-FGFR1
signaling complex was enlightened by recent structural studies [216]. KLA interacts directly with
FGFR1 and forms a high-affinity binding site for FGF23. FGF23 binds FGFR1 with its N-terminus,
while the C-terminal region of FGF23 directly interacts with KLA, forming the KLA-FGF23-FGFR1
signaling complex (Figure 3b) [216]. Interestingly, dimerization of such complexes and receptor
activation remain dependent on the binding of heparan sulfate [216]. This ternary complex acts mainly
in kidneys, regulating sodium, calcium and phosphate homeostasis and its imbalance leads to various
metabolic diseases, like acute and chronic uremia and premature aging [217–225].

KLB is a homologue of KLA that facilitates formation of signaling complexes containing
FGFR–FGF19, mainly in hepatocytes, and FGFRs-FGF21 in adipocytes (Figure 3b) [226–229].
The molecular bases of FGFR-FGF19/FGF21-KLB signaling complex assembly largely resemble
FGFR1-FGF23-KLA. KLB utilizes both KL1 and KL2 of the extracellular domain for direct binding
to FGF19/FGF21 C-terminal domains [230,231]. The KLB-FGF19 complex binds FGFR1 and
FGFR4, while KLB-FGF21 can form the ternary complex only with FGFR1 [227]. The dimerized
KLB-FGF21-FGFR1 complexes in adipocytes induce catabolic processes, stimulate glucose uptake,
and improve insulin sensitivity [232]. Noteworthy, acting as a fasting hormone, FGF21 significantly
extends lifespan [233,234]. In hepatocytes the KLB-FGF19-FGFR4 complexes are formed in response to
feeding and downregulate synthesis of bile acid [235,236]. Additionally, these complexes contribute to
the regulation of blood glucose level by stimulating synthesis of glycogen [237,238]. The dysregulation
of FGF19/FGF21 is implicated in metabolic diseases, aging, and cancer [217,239–241].

6. Modulation of FGFRs by Other Cell Surface Proteins

There are plasma membrane proteins that interact with FGFRs but cannot be assigned to the
above described categories. One of them is transforming growth factor β receptor III (TGFBRIII),
which is also known as betaglycan. It is a coreceptor of TGFBRI and TBFBRII that lacks an
intracellular kinase activity [242]. The interaction between TGFBRIII and FGFR1 was demonstrated by
coimmunoprecipitation in neuroblastoma. The TGFBRIII-FGFR1 interaction is stimulated by FGF2 and
the assembly of ternary complexes enhances FGF2 signaling and promotes neuronal differentiation [243].
In addition, FGF2 binds to the glysocaminoglycan chains (GAG) present on the extracellular region of
TGFBRIII, which may regulate availability of the FGF2 to FGFRs on the cell surface [244].

Another FGFRs’ interactor is Sef (similar expression to fgf genes), a receptor-like protein composed
of an extracellular region containing the FN3 domain, a single transmembrane helix and an intracellular
domain with similarity to the interleukin 17 receptor [245]. Besides membrane bound Sef, secreted and
cytosolic isoforms of Sef are generated [246]. The expression of Sef is induced by FGF signaling in various
cell types [245,247–249]. The interaction of various Sef isoforms with intracellular region of FGFRs
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was demonstrated with coimmunoprecipitation [246,249–253]. Sef is an inhibitor of FGFR-dependent
signaling acting either directly at the level of the receptor and/or on downstream intracellular
kinases [254]. FGFR-dependent activation of ERK/MAPK and Akt is blocked by Sef, resulting in
inhibition of cell proliferation [250,255]. Sef can also induce apoptosis and affect FGF-induced
differentiation in various cell types [255]. Notably, the FGFRs-Sef interplay was implicated in prostate
cancer [256,257].

7. Conclusions

The cellular fate is very rarely determined by isolated signaling units. Instead, it is rather a result
of extensive cross-communication between numerous diverse ligand/receptor systems. Secreted FGFs
and their receptors are well studied signaling molecules. However, a number of recent reports largely
changed the view about FGFs/FGFRs as separate signaling modules. FGFs/FGFRs are integrated into
the complex cellular signaling at many levels and are subjected to diverse regulatory mechanisms.
The cross-talk between FGFRs and other cell surface receptors, adhesion molecules, and coreceptors
effectively modulates cellular processes such as proliferation, motility, differentiation, and death.
The list of FGFRs binding partners within the plasma membrane is expanding; however it is still
far from complete. As FGFRs expose large domains towards the extracellular space and the cytosol,
the activity of these receptors might be further modulated by currently unknown secreted and/or
intracellular proteins, respectively. Certainly, further studies aiming on the identification of novel
FGFRs binding proteins and deciphering the relevance of FGFRs’ complexes are required. Moreover,
the application of complementary in vitro and in vivo experimental approaches is required for the
validation and in-depth characterization of identified interactions. Structural data revealed the
molecular mechanism of FGFR tyrosine kinase activation facilitating the design of diverse FGFR small
molecule inhibitors that are currently tested as anticancer drugs [258]. Similarly, understanding how
FGFRs cooperate with other cell surface receptors may lead to the development of novel inhibitors
targeting FGFR-dependent processes.

As FGFRs are embedded in the plasma membrane, the activity and distribution of these receptors
can be additionally affected by properties of the cell membrane (membrane composition, organization,
curvature, etc.). Additionally, the alternative splicing of FGFRs and partner proteins may constitute
another regulatory mechanism of the assembly of multiprotein signaling complexes. Further studies
in this direction are unquestionably required. The spatiotemporal regulation of FGFRs constitutes
another way to adjust cellular signaling. Some binding partners affect cellular trafficking of FGFRs,
influencing selected transport mechanism and subcellular destination of the receptors. This in turn
affects the kinetics and specificity of signaling and modulates cellular response. As FGFRs and number
of partner proteins are implicated in various diseases including cancer, the deeper understanding of
the interplay between FGFRs and other components of the cell membrane may facilitate treatment of
life-threatening diseases.
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Abbreviations

5-HT1A 5-hydroksytriptamine receptor 1A
8-OH-DPAT 7(Dipropylamino)-5,6,7,8-tetrahydronaphthalen-1-ol
A2AR adenosine receptor
AJ adherens junction
AKT protein kinase B
ATP adenosine triphosphate
BRET bioluminescence resonance energy transfer
CAMs cell adhesion molecules
CB1R cannabinoid receptor 1
CNS central nervous system
Dlg-1 disks large homolog 1
EGFs epidermal growth factors
EGFRs epidermal growth factor receptors
EMT epithelial to mesenchymal transition
Eph ephrin
ERK1/2 extracellular regulated kinases 1/2
FGFs fibroblast growth factors
FGFRs fibroblast growth factor receptors
FGFRL1 fibroblast growth factor receptor like 1
FLRTs fibronectin leucine-rich transmembranes
FN3 fibronectin type III
FRET Förster Resonance Energy Transfer
FRS2 fibroblast growth factor receptor substrate 2
GAG glysocaminoglycan
GPCRs G-protein-coupled receptors
GPI glycosylphosphatidylinositol
HS heparan sulfate
HSPGs heparan sulfate proteoglycans
IGFR insulin-like growth factor receptor
JM juxtamembrane
KLA α-klotho
KLB β-klotho
L1-CAM L1 cell adhesion molecule
LNS laminin, neurexin, sex hormone binding globulin
LPR leucine-rich repeat domain
mAChR muscarinic acetylcholine receptor
MAPK mitogen-activated protein kinase
MOR mu-opioid receptor
mTOR mammalian target of rapamycin
N-CAMs neural cell adhesion molecules
NEGR1 neuronal growth regulator 1
NFs neurofascins
Np55 neuroplastin 55
OPCML opioid binding protein cell adhesion molecule
PDGFs platelet-derived growth factors
PDGFRs platelet-derived growth factor receptors
PI13K phosphoinositide 3-kinase
PKC protein kinase C
PLA proximity ligation assay
PLC phospholipase C
RTKs receptor tyrosine kinases
SAM sterile alpha motif
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Sef similar expression to fgf genes
SPA solid-phase assay
SPR surface plasmon resonance
STAT signal transducer and activator of transcription
TGFs transforming growth factors
TGFBRs transforming growth factor receptors
Y2H yeast two-hybrid
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Abstract: Fibroblast growth factor receptor 4 (FGFR4), a tyrosine kinase receptor for FGFs, is involved
in diverse cellular processes, including the regulation of cell proliferation, differentiation, migration,
metabolism, and bile acid biosynthesis. High activation of FGFR4 is strongly associated with
the amplification of its specific ligand FGF19 in many types of solid tumors and hematologic
malignancies, where it acts as an oncogene driving the cancer development and progression.
Currently, the development and therapeutic evaluation of FGFR4-specific inhibitors, such as BLU9931
and H3B-6527, in animal models and cancer patients, are paving the way to suppress hyperactive
FGFR4 signaling in cancer. This comprehensive review not only covers the recent discoveries in
understanding FGFR4 regulation and function in cancer, but also reveals the therapeutic implications
and applications regarding emerging anti-FGFR4 agents. Our aim is to pinpoint the potential of
FGFR4 as a therapeutic target and identify new avenues for advancing future research in the field.

Keywords: FGFR4; FGF19; gene regulation; cancer signaling; anticancer

1. Introduction

Fibroblast growth factor receptors (FGFRs) have been found to play a vital role in tumorigenesis
and cancer progression through increased cell proliferation, metastasis, and survival [1,2]. Compared
with the other three FGFR family members, the signaling pathways and mechanisms of FGFR4 involved
in cancer development are less characterized. The expression of FGFR4 is strictly regulated in human
adult organs and tissues after fetal development, suggesting it perhaps has a particular relevance
to tissue functions. Recently, elevated FGFR4 has been tightly correlated with cancer development
and progression, making it an attractive target to develop novel and effective anticancer therapeutics.
More efforts have been focused on developing selective inhibitors to target FGFR4, which show
particular promise as an anticancer monotherapy or an adjunct treatment.

2. Molecular Characters of FGFR4 and Its Ligands

2.1. The Molecular Structure of FGFR4

FGFR4 is one of four family members harboring tyrosine kinase (TK) domains. The human FGFR4
gene is located on the long arm of chromosome 5 (5q 35.1). The FGFR4 gene consists of 18 exons

Cells 2019, 8, 31; doi:10.3390/cells8010031 www.mdpi.com/journal/cells253



Cells 2019, 8, 31

and has five transcript variants with three of them encoding the FGFR4 isoform 1 (Figure 1A) [3].
The 802 amino acid (aa) core region in the FGFR4 protein contains four parts, signal peptide (1–21 aa),
extracellular region (22–369 aa), transmembrane region (70–390 aa), and the intracellular region
(391–802 aa) (Figure 1B). Similar to the other three FGFR members, the extracellular region of FGFR4
consists of three immunoglobulin-like domains (IgI, IgII, and IgIII), which are essential for specific
ligand-binding. IgI is located in 50–107 aa with a length of 97 aa. IgII and IgIII are located in order in
157–241 aa and 264–351 aa. Compared with the other three family members, FGFR4 does not have a
splice variant on the IgIII [4]. Several ligand binding sites have been identified, such as 273, 278–280,
309–310, 316, and 337 aa. The TK domains locate in the C terminal from 454–767 aa with several
tyrosine (Y) for autocatalysis, such as Y642, Y643, and Y764 (Figure 2).

Figure 1. The molecular structure of FGFR4. (A) The illustration of FGFR4 with mRNA structure. The
transcript variant 1 of FGFR4 contains 18 exons and encodes isoform 1 of FGFR4 protein with the main
function domains. (B) The main domains of FGFR4 with the corresponding function.

2.2. The Ligands of FGFR4

FGFs are a family of 22 different proteins in vertebrates and are classified into seven subfamilies
including FGF1, FGF4, FGF7, FGF8, FGF9, FGF19 ligand subfamily, and FGF11 subfamily [5].
The members of FGF11 subfamily are not ligands of FGFRs and are known as FGF homologous
factors [5], while all other six subfamilies work as ligands to bind with FGFR4 (Figure 2) [6]. In other
words, ten canonical FGF subfamily members (FGF1, FGF2, FGF4, FGF6, FGF7, FGF8, FGF9, FGF16,
FGF17, and FGF18) and three FGF19 subfamily members (FGF19, FGF21, and FGF23) have the
potential to bind FGFR4 (Figure 2). Canonical FGFs bind to and activate FGFR4 with heparin/heparin
sulfate (HS) [7], while FGF19 subfamily members need β-klotho (KLB) as a co-receptor to bind with
FGFR4. FGF1, FGF4, and FGF8, have a higher affinity to bind FGFR4 than other canonical FGFs.
Most importantly, FGF19, as an endocrine ligand, has a more specific selective affinity to FGFR4 than
other FGFR members [8,9].
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Figure 2. The FGF/FGFR4 signal axis. The signal transduction mediated by the FGF/FGFR4 axis
is extremely complex, which includes PKC, ERK1/2, AKT, Src, and GSK3β signaling cascades.
The homodimer of FGFR4 forms when binding to either canonical FGF subfamily members (FGF1,
FGF2, FGF4, FGF6, FGF7, FGF8, FGF9, FGF16, FGF17, and FGF18) or FGF19 subfamily members
(FGF19, FGF21, and FGF23). Heparin or heparin sulfate is required for the binding of canonical
FGF subfamily members to FGFR4, whereas KLB acts as a co-receptor of FGFR4 to facilitate FGFR4
interacting with FGF19 subfamily members. When FGFR4 forms protein complexes with FGFs, it can
be phosphorylated on three main tyrosine residues: Y642, Y643, and Y764.

2.3. The Physiologic Functions of FGFR4

As an important mediator of homeostasis in the liver, FGFR4 function is required for the
maintenance of both lipid and glucose metabolism under normal dietary conditions, in addition
to its established role in cholesterol [10]. Particularly, FGFR4 activated by endocrine FGF19
represses the gluconeogenesis and stimulates of glycogen and protein synthesis in hepatocytes [11].
The liver-protective effect of FGFR4 becomes even clearer in the model of carbon tetrachloride-induced
liver damage, where more significant liver fibrosis was observed in FGFR4 knock-out compared with
wild-type (wt) mice [12]. The importance of FGFR4 in controlling bile acids was also established. It has
been reported that bile acids secretion and cholesterol metabolism are regulated by FGF19 through
binding to FGFR4 in physical activity [13]. It is worth mentioning that the FGF6/FGFR4 pathway
plays important role in myoblast differentiation and myotube regeneration [14,15].

3. The Genetic Alterations of FGFR4 Gene in Cancer

The high expression levels of FGFR4 can be detected during fetal human and mouse embryonic
development. However, deletion of FGFR4 does not lead to developmental abnormalities in adult
mice only with changed cholesterol metabolism and elevated bile acids [16,17]. The expression of
FGFR4 is dramatically decreased although it still consistently expresses in several organs, especially
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in the liver. Gene alterations of FGFRs, including amplification, translocation, and mutation of gain
of function, have been linked to tumorigenesis and cancer progression in solid and hematological
malignancies. Recently, one study was conducted to evaluate the alterations of FGFR genes in a variety
of cancer types [18], which showed that gene alterations of FGFRs occurred in 7.1% of 4853 solid
tumors, with the majority being gene amplification (66% of the aberrations), followed by mutations
(26%) and translocations (8%). Amplification was the predominant type of alteration for the FGFR4
gene, accounting for 78% of all FGFR4 gene alterations. Interestingly, the amplified FGFR4 gene was
identified in 10% of breast cancer, which more frequently harbors estrogen- and progesterone-receptor
with lymph-node metastases [11]. Unlike FGFR1, the translocation of FGFR4 is very rare in human
cancers [18]. Two point mutations in the TK domains of the FGFR4 gene, K535 and E550, have been
identified in rhabdomyosarcoma [19]. Another activating point mutation in FGFR4 gene (Y367C)
inducing constitutive FGFR4 dimerization, has been found in MDA-MB-453 breast cancer cells [20].
Although the gene alteration is relatively low, FGFR4 overexpression has been reported in many
types of cancer. Increased FGFR4 mRNA expression has been detected in one-third of hepatocellular
carcinoma (HCC) [21]. In another study, elevated FGFR4 mRNA levels were detected in 32% of
breast cancer samples [22]. FGFR4 overexpression is also observed in 64% (153/238) of oropharyngeal
squamous cell carcinoma and 41% (87/212) of oral squamous cell carcinoma [23]. Overexpressed
FGFR4 has also been found in pancreatic carcinomas and derived cell lines, which are mediated by
an intronic enhancer activated by hepatic nuclear factor 1 alpha [24]. Additionally, highly FGFR4
expression was detected in rhabdomyosarcoma [19].

As a specific ligand of FGFR4, FGF19 can bind and active FGFR4 with the co-receptor KLB.
FGFR4 consistently activated by amplified FGF19 has been identified in several types of cancer.
The FGF19 gene is located on chromosome 11q13.3, a region commonly amplified in human cancer.
The amplification of the FGF19 gene was found in liver cancer, breast cancer, lung cancer, bladder
cancer, head and neck squamous cell carcinoma (HNSCC), and esophageal cancer [25–29]. For example,
the frequency of the amplified FGF19 gene is as high as 15% in HCC [26]. Moreover, compared with
adjacent normal liver tissues, HCC tissues have significantly elevated mRNA levels of FGF19 [30],
suggesting the increased mRNA expression is tightly associated with its amplification. A similar
tendency was also identified in HNSCC where FGF19 amplification corresponds with an increased
dependency upon FGF19–FGFR4 autocrine signaling [31].

4. Mechanisms and Functions of FGFR4 in Cancer Development and Treatment

Accumulating observations indicate that the FGFR4 plays vital roles for cancer development,
especially for those harboring FGF19 amplification. Unlike other family members, the mechanisms
and functions of FGFR4 are still poorly characterized at the molecular level in cancer development
and progression. Here, the novel observations of mechanisms and functions about oncogenic FGFR4
signaling in cancer development and progression have been summarized and discussed.

4.1. FGFR4-Mediated AKT and ERK Signaling Cascades Promote Cancer Development

The MAPK-ERK and PI3K-AKT signaling are two main pathways regulated by the FGF/FGFR
protein complexes. After binding FGFs with HS or KLB, FGFR4 will be activated through
autophosphorylation and forms a homodimer (Figure 2). FGFR4 also has the potential to form
a heterodimer receptor with other family members, especially with FGFR3 [32,33]. Mechanistic
studies showed that phosphorylated FGFR4 recruits and phosphorylates two important intracellular
targets, phospholipase γ (PLCγ) and FGFR substrate 2 (FRS2) [4]. MAPK then can be stimulated by
activated protein kinase C (PKC) through PLCγ. Meanwhile, the MAPK and PI3K-AKT pathway
can be triggered by activated FRS2 through recruitment of growth factor receptor bound 2 (GRB2)
(Figure 3) [4]. Upregulated activity of AKT and ERK1/2 leads to enhanced cell proliferation and
survival in HCC upon the activation of FGF19/FGFR4 signaling (Figure 3) [34–36].
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Figure 3. The signal transduction cascades of FGF19/FGFR4 in cancer development and progression.
In cancer cells, once FGFR4 receives the extracellular signal from FGF19, it activates many
downstream pathways, including PI3K-AKT, MEK-ERK, and GSK3β-β-catenin, leading to increased
tumor-promoting activities. FGFR4 activation can be blocked by two non-genetic strategies, using
either monoclonal antibodies (e.g., U3-1798) or selective small-molecule inhibitors (e.g., BLU9931,
H3B-6527 and FGF401).

FGF19 is more highly expressed in the breast cancer tissue than the adjacent normal
tissue [37], and co-expression of FGFR4 and FGF19 accounts over 28% primary breast cancer [38].
AKT phosphorylation is strongly associated with co-expression of FGF19 and FGFR4, which can be
blocked with FGF19 antibody (1A6) or siRNA-mediated silencing of FGF19 in breast cancer cells [27].
Our recent findings reveal that FGFR4-mediated hyperactivation of AKT increases breast cancer cells
proliferation, but not metastasis [37]. Inactivation of FGFR4 by its inhibitor BLU9931 significantly
attenuates FGF19-induced tumor-promoting activity, suggesting interruption of FGFR4 function is
sufficient to affect FGF19-driven breast cancer [37].

Our recent study demonstrates that FGF19 amplification and overexpression are associated with a
poorer overall survival rate for HNSCC patients, provoking FGFR4-dependent ERK/AKT-p70S6K-S6
signaling activation to increase HNSCC cell proliferation [31]. Blocking activation of FGFR4 by small
hairpin RNAs (shRNAs) or BLU9931, not only attenuates FGF19-induced ERK1/2 and AKT activation,
but also abrogates its ability to induce cell proliferation [31]. FGFR4-induced activation of ERK1/2 and
AKT pathways was also correlated with increased cell proliferation and survival in colorectal cancer
(CRC) [39].
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4.2. The FGF19–FGFR4 Axis Promotes Epithelial-Mesenchymal Transition (EMT) to Accelerate Metastasis

The FGF19–FGFR4 axis has been linked to metastasis and poor survival [26]. FGFR4 is
predominantly expressed in the liver and responsive for FGF19 stimulation to regulate cholesterol
metabolism. There is no doubt that elevated FGF19–FGFR4 signaling is associated with HCC
progression, especially for metastasis [26,40]. Our research team has demonstrated that the
FGF19/FGFR4 axis facilitates HCC cell EMT through upregulating GSK3β-β-catenin signaling and
consequently increases HCC metastasis (Figure 3) [30]. Recently, a vital role of FGFR4 was found
in CRC metastasis. Activated FGFR4 phosphorylates AKT, ERK1/2, and Src, leading to increased
CRC cell invasion. Silencing FGFR4 reduces adhesion, migration, and invasion of CRC cells [39].
Further study shows that depletion FGFR4 by CRISPR-Cas9 results in the morphological changes
and reduced metastasis ability, accompanied by upregulation of E-cadherin and downregulation of
Snail and other EMT mediators [39]. Moreover, FGFR4-GSK3β-β-catenin is also elucidated in CRC
metastasis. Elevated expression of Forkhead box C1 (FOXC1) is tightly correlated with metastasis of CRC,
and FGFR4 is the main target of this gene [41]. BLU9931, the specific inhibitor of FGFR4, can inhibit the
activation of GSK3β/β-catenin induced by FOXC1 overexpression in vitro and metastatic colonization
of CRC in vivo [41].

4.3. FGFR4-Associated Chemotherapy Resistance in Cancer

Cancer cells may develop a mechanism that inactivates the drug which represents the main
obstacle for cancer treatment. It can be achieved by cancer cells through different mechanisms, such as
drug inactivation, drug target alteration, drug efflux, DNA damage repair, cell death inhibition,
and EMT [42]. The FGF19–FGFR4 axis has participated in chemotherapy resistance in several
types of cancers. The expression levels of FGFR4 are significantly increased in doxorubicin-resistant
breast cancer clones [43]. Moreover, FGFR4 overexpression has been detected in those insensitive
breast cancer cell lines to doxorubicin [43]. Silencing FGFR4 with small interfering RNA (siRNA) in
chemo-resistant clones increases their sensitivity to doxorubicin. Furthermore, inhibition of FGFR4
with an antagonistic antibody also enhances the sensitivity of endogenously FGFR4-expressing cell
lines to doxorubicin. Inhibition of apoptosis by FGFR4 is the main mechanism of doxorubicin resistance
in breast cancer [43]. Bcl-xL, an anti-apoptotic protein, is upregulated by FGFR4 via MAPK cascade and
responsive for the increased resistance to doxorubicin [43]. Other studies indicate that upregulation
of FGF19–FGFR4 signaling increases drug resistance to doxorubicin in basal-like breast cancer [27].
Inactivation of FGFR4 signaling by an anti-FGF19 antibody or siRNA-mediated FGF19 gene silencing,
can sensitize FGFR4+/FGF19+ breast cancer cells to doxorubicin treatment [27]. Increased sensitivity
to 5-fluorouracil (5-FU) or oxaliplatin treatment has also been observed after FGFR4 silencing in CRC
cells [44].

As a multiple TKI, sorafenib is an efficient target therapy agent to treat HCC. However, sorafenib
is always restricted to continuous administration by occurring drug resistance with unknown
mechanisms [45,46]. Recently, our study shows that activation of the FGF19–FGFR4 axis is one
of the main mechanisms for sorafenib resistance in the treatment of HCC [47]. The outbalanced
oxidative stress induced by reactive oxygen species (ROS) plays a pivotal role in apoptosis [48].
Mechanistically, sorafenib induces ROS-associated apoptosis, but this can be suppressed by FGF19
overexpression in HCC cells. The FGF19–FGFR4 axis has the potential to assist HCC cancer cells to
escape apoptosis in sorafenib treatment through suppression of ROS. FGFR4 knockout increases the
sensitivity to sorafenib treatment in HCC cells, accompanied by enhanced cell apoptosis [47]. Silencing
the FGF19 gene or inactivating FGFR4 with the FGFR-pan inhibitor ponatinib, significantly increases
the sensitivity to sorafenib in sorafenib-resistant HCC cells, with induced apoptosis and accumulated
ROS generation [47]. Additionally, a similar phenomenon is also observed in young adult mouse
colonic epithelial cells. Upregulating FGF19–FGFR4 signaling significantly reduces ROS-mediated
apoptosis caused by H2O2 through blocking the caspase-3 pathway [49], which also prevents prostate
cancer cells from apoptosis in TNFα treatment [50].
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5. Develop Specific FGFR4 Inhibitors Targeting Cancer Harboring Elevated FGF19/FGFR4 Signaling

As a promising target, FGFR4 attracts intensive pharmaceutical and academic attention to develop
novel target therapy against cancers driven by FGFR4. Three strategies have been developed to
target FGFR4, including neutral antibodies, antisense oligonucleotides, and small molecule inhibitors.
Two monoclonal neutralizing antibodies of FGFR4, LD-1, and U3-1784, have been developed to
competitively targeting extracellular Ig domains of FGFR4. The therapeutic efficacy of U3-1784 is
currently being evaluated in Phase I clinical trials for the treatment of HCC and other advanced
solid tumors [51] (Table 1 and Figure 3). As an antisense oligonucleotide targeting FGFR4 mRNA,
ISIS-FGFR4RX has entered a Phase I clinical trial for obesity (NCT02476019). However, the potential
anticancer activity of ISIS-FGFR4RX has not been reported.

Comparing two strategies above, targeting FGFR4 using small-molecule inhibitors is more feasible
and can be developed through structure-guided drug design. Not surprisingly, multi-targeted tyrosine
kinase inhibitors (mTKIs) can be used to inactivate FGFR4 by disrupting ATP binding in its TK domains.
The anticancer activity of many mTKIs, including lenvatinib and ponatinib, have been tested on
FGFR-driven solid tumors in animals or in clinical trials (Table 1) [52–54]. However, the limited selective
activity of mTKIs on FGFRs induces less efficiency and increases side effects in these treatments.
Therefore, pan-FGFR inhibitors are developed and are being evaluated in clinical trials to treat cancers
driven by abnormal FGFR pathways. Most of these inhibitors target ATP binding pocket in the
TK domains of FGFRs through reversible or covalent bonds. For example, ponatinib can impede
the autophosphorylation activity of FGFRs by binding to the hinge region of FGFRs and block the
ATP-binding cassette motif [5]. As such, ponatinib has the great potential to inhibit the enzyme
activity of FGFRs which are always hyperactive in cancer cells. Other inhibitors in this category
include ATP-competitive inhibitors NVP-BGJ398 [55] and AZD4547 [56], ATP-binding pocket inhibitor
LY2874455 [57], and FGFRs-FIIN-3 which generates a covalent bond with a conserved cysteine located
in the ATP binding site (Table 1) [58]. However, the low specificity of these pan-FGFR inhibitors to
FGFR4 cannot sufficiently suppress the oncogenic FGFR4 signaling. For example, the IC50 of AZD4547
on FGFR4 is over 100-fold higher than other FGFR members [59]. Moreover, inevitable on-target
toxicities and off-target activity resulting from the use of nonspecific FGFR inhibitors lead to several
adverse effects such as soft-tissue mineralization and hyperphosphatemia [60]. Such disadvantages
eventually limit their usage in cancer patients.

Compared with other FGFR family members, FGFR4 is more specifically expressed in the liver
and several other organs for bile acid secretion and cholesterol metabolism. Therefore, the generation
of more specific inhibitors which only abolish FGFR4 can improve FGFR4 sensitivity and overcome
the drawbacks of pan-FGFR inhibitors. BLU9931 is the first selective FGFR4 inhibitor for the treatment
of HCC with an activated FGFR4 signaling pathway [61,62]. As a novel irreversible kinase inhibitor,
BLU9931 creates a covalent bond with Cysteine 552 near the ATP-binding site that is only present
in FGFR4 among FGFRs [62]. BLU9931 can effectively inhibit HCC tumor harboring elevated
FGF19–FGFR4 axis in vivo. Moreover, BLU9931 also displays the potent anticancer ability in breast
cancer, CRC, and HNSCC with upregulated FGF19–FGFR4 signaling [37,41]. BLU554 was derived
from BLU9931 with improved pharmaceutical properties, which is now in Phase I clinical trial to treat
HCC with elevated FGF19–FGFR4 axis (NCT02508467) (Table 1) [63]. H3B-6527 is another selective
FGFR4 inhibitor currently in clinical trials for HCC treatment (Table 1). H3B-6527 also targets Cysteine
552 through forming a covalent bond near the ATP binding site of FGFR4, and it exhibits an inhibitory
effect on FGFR4 activation in FGF19-driven HCC in vitro and in vivo [64]. By studying a panel of
40 HCC cell lines and 30 HCC patient-derived xenograft models, the expression levels of FGF19
are implicated as a predictive biomarker for H3B-6527 response [64]. Moreover, the combination of
H3B-6527 with the CDK4/6 inhibitor palbociclib has a superior effect on the repression of tumors
in a xenograft model of HCC [64]. FGF401 is another selective FGFR4 inhibitor, which is under
investigation in a phase I/II study to treat HCC with FGFR4 and KLB expression (NCT02325739) [65]
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(Table 1). FGF401 is evaluated to treat HCC as the single use or combined with a humanized anti-PD1
IgG4 antibody PDR001 [65]. These novel FGFR4-targeting therapies provide a novel and promising
approach which could potentially be developed into a therapeutic strategy to combat cancer.

Table 1. Clinical trials of FGFR4 inhibitors for cancer treatment.

Drug Structure Target(s) Cancer Type
Clinical Trial

Number/Phase

Ponatinib

 

Multiple RTKs,
including FGFRs

Advanced solid
tumors with activating

mutations of FGFRs
NCT02272998/II

AZD4547 Pan-FGFRs

Recurrent malignant
glioma expressing
FGFR-TACC gene

fusion

NCT02824133/I/II

LY2874455 Pan-FGFRs Advanced cancer NCT01212107/I

NVP-BGJ398 Pan-FGFRs

Solid tumors and
hematologic

malignancies with
FGFR genetic

alterations

NCT02160041/II

BLU554 FGFR4 Hepatocellular
carcinoma NCT02508467/I

FGF401

 

FGFR4
Hepatocellular

carcinoma and other
solid tumors

NCT02325739/I/II

H3B-6527

 

FGFR4

Advanced
hepatocellular
carcinoma and

intrahepatic
cholangiocarcinoma

NCT02834780/I

U3-1784 Monoclonal antibody FGFR4
Hepatocellular cancer
and other advanced

solid tumors
NCT02690350/I
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6. Conclusions

Increasing evidence indicates that upregulation of FGF19–FGFR4 signaling plays an essential role
in tumorigenesis and cancer progression. FGFR4 has been proven as an attracted target to develop
a novel therapy for the subgroup of cancers associated with the FGF19–FGFR4 pathway. Given that
overexpression of FGFR4 significantly correlates with EpCAM, a marker of hepatic cancer stem cells,
within the fatty liver-steatosis-cirrhosis-HCC sequence [66], FGFR4 may have the ability to regulate
cancer stem cells and lead to chemoresistance in HCC or other cancers. Gaining these insights will
improve our comprehensive understanding of the role of FGFR4 in cancer development and treatment.
Recently, more specific inhibitors targeting FGFR4 have been developed and evaluated, which are
demonstrating promise as a single agent therapy or in combination with other anticancer agents. Thus,
there is no doubt that FGFR4-targeting inhibitors offer the most immediate prospects of reducing
cancer mortality rate. Perhaps, we can design stapled peptides [67] to incorporate the hydrophobic
staple at the interface of FGF19–FGFR4 binding sites, which would increase the specificity of signal
targeting compared to the FGFR4 inhibitors that are commercially available. Although the critical
role of FGFR4 in metastasis has been demonstrated in animal models of several cancers, prospective
studies are warranted to provide evidence regarding the therapeutic efficacy of FGFR4 inhibitors in
clinical metastatic cancers.

Abbreviation

aa amino acid
CRC colorectal cancer
EpCAM Epithelial cell adhesion molecule
FGF fibroblast growth factor
FGFR fibroblast growth factor receptor
FOXC1 Forkhead box C1
FRS2 FGFR substrate 2
GRB2 growth factor receptor bound 2
HCC hepatocellular carcinoma
HNSCC head and neck squamous cell carcinoma
HS heparin sulfate
mTKI multi-targeted tyrosine kinase inhibitor
PLCγ phospholipase γ

p70S6K p70 ribosomal protein S6 kinase
ROS reactive oxygen species
shRNA small hairpin RNA
siRNA small interfering RNA
TK tyrosine kinase
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