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Abstract  

Cervical cancer is one of the most frequently diagnosed cancers in women worldwide. While 

cervical cancer is caused by human papillomavirus (HPV), not all females infected with HPV 

develop the disease, suggesting other factors might facilitate its progression. Growing 

evidence supports the involvement of the fibroblast growth factor receptor (FGFR) axis in 

several cancers, including gynaecological. However, for cervical cancer, the molecular 

mechanisms that underpin the disease remain poorly understood, including the role of FGFR 

signalling. The aim of this study was to investigate FGF(R) signalling in cervical cancer, 

through bioinformatic analysis of cell line and patient data and through detailed expression 

profiling, manipulation of the FGFR axis and downstream phenotypic analysis in cell lines 

(HeLa, SiHa and CaSki). Expression (protein and mRNA) analysis demonstrated that 

FGFR1b/c, FGFR2b/c, FGFR4, FGF2, FGF4 and FGF7 were expressed in all three lines. 

Interestingly, FGFR1 and -2 localized to the nucleus, supporting that nuclear FGFRs could act 

as transcription factors. Importantly, 2D and 3D cell cultures demonstrated that FGFR 

activation can facilitate cell functions correlated with invasive disease. Collectively, this work 

supports an association between FGFR signalling and cervical cancer progression, laying the 

foundations for the development of therapeutic approaches targeting FGFR in this disease. 

 

INTRODUCTION 

Cervical cancer is a commonly diagnosed cancer among women worldwide and is a 

prominent cause of death amongst gynaecological malignancies [1]. One of the main 

causative agents of cervical cancer is human papillomavirus (HPV) [2] . Given that not all 

women infected with HPV develop cervical cancer, other factors clearly contribute to the 

development of invasive disease [3, 4]. Although prophylactic vaccines against HPV 16/18, 

as well as cytological screening methods (e.g., Papanicolaou smear test) are widely 

available, prognosis remains unsatisfactory.  
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Squamous cell carcinoma, which develops in the squamous cells of the transformation zone, 

accounts for 85-90% of cervical cancer cases, with adenocarcinoma accounting for 5-10% of 

cases and mixed carcinomas responsible for the remainder. Since the smear test targets 

squamous cells of the transformation zone rather than columnal cells of the endocervix, 

adenocarcinoma cases often remain undetected until patients start to develop symptoms at 

an advanced stage of disease. In early stages, cervical cancer can be cured with 

combination therapies, such as surgery, radiotherapy, or chemotherapy, however, patients in 

late stages have poor prognosis [5]. Therefore, it is imperative to identify diagnostic and 

prognostic biomarkers [6], as well as investigate new avenues for treating cervical cancer.  

Fibroblast growth factor receptor (FGFR) signalling plays critical roles in many cancers, and 

studies have implicated FGFR signalling in cervical cancer [7-9]. Fibroblast growth factor 

receptors 1-4 (FGFRs) are highly conserved tyrosine kinase receptors, which can be 

alternatively spliced into b and c isoforms that selectively bind one of 18 broad-spectrum 

mitogens, the FGF ligands. Upon ligand binding, FGFRs dimerise and trans-phosphorylate. 

Subsequently, activation of the FGFR signalling axis promotes phosphorylation of 

downstream signalling molecules, such as FGFR substrate 2a (FRS2a) and phospholipase 

C gamma 1 (PLCg1), which in turn activate downstream extracellular signal-regulated kinase 

(ERK) and/or protein kinase B (PKB/AKT) and protein kinase C (PKC) pathways, 

respectively [10]. 

FGFR signalling regulates multiple cellular processes during normal homeostasis, 

metabolism and embryonic development, such as cell differentiation, proliferation, migration, 

wound healing, survival and angiogenesis [11]. Therefore, it is not surprising that that such a 

pleiotropic pathway, when dysregulated, can also contribute to a broad range of pathologies, 

including cancer [12, 13]. Aberrant FGFR signalling has been identified in breast, lung, 

pancreatic and many gynaecological cancers, including endometrial, uterine epithelial 

adenocarcinoma, ovarian and cervical [8, 14-20]. Dysregulation of FGFR signalling can 

contribute to cancer development and progression in multiple ways. For example, activating 
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mutations within FGFR can lead to ligand independent dimerization, altered ligand affinity, or 

tyrosine kinase domain activation [21]. In addition, FGFR overexpression due to gene 

amplification can result in ligand dependent dysregulated FGFR signalling. Altered 

paracrine/autocrine loops have been reported in several cancers, and increased FGFR 

expression from either stromal or cancer cells can enhance FGFR signals and promote 

cancer progression [12]. Moreover, FGFR fusion genes can act as driver events in breast 

cancer, bladder, glioblastoma, lung carcinoma and cervical cancer [18, 22-26].  

Beside the oncogenic role of FGFR signalling, studies have highlighted its prognostic and 

therapeutic value [8, 27]. Elevated expression of FGF2 has been reported in advanced 

primary uterine cervical cancer patients [28], and elevated serum FGF2 in cervical cancer 

patients was associated with cancer presence [29]. Furthermore, association of FGFR 

signalling with HPV16 E5 has been postulated, with next-generation sequencing of the 

genomic landscape of HPV-associated cancers revealing a possible involvement of FGFR2 

and 3 alteration (reviewed by [30]). FGFR2 expression has been linked with increased cell 

proliferation and growth in cervical cancer [8, 31, 32], but comprehensive analysis of the 

family is lacking.  

Here, we report a detailed investigation of FGF(R) signalling in cervical cancer, both from a 

bioinformatic approach and using three different cell lines (HeLa, SiHa and CaSki), 

identifying roles for both FGFR1 and 2, along with ligands FGF2, 4 and 7, and demonstrating 

that manipulation of the FGFR axis leads to functional phenotypic changes in the cervical 

cancer cell.  

 

RESULTS 

The three human cervical cancer cell lines (CCCLs), CaSki, SiHa and HeLa, used 

throughout this study, yielded similar results. For clarity only data from CaSki cells are 
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presented in figures 3-5; data from the other two cell lines are provided in supplementary 

figures 1-8.  

 

FGF(R) expression in cervical cancer cell lines 

The expression profile of FGFRs/FGFs in cervical cancer cell lines was determined 

bioinformatically using cBioPortal (Fig. 1A). A heat map of Z-scores from the CCLE for FGF 

and FGFR genes in SiHa and HeLa cervical cancer cell lines (i.e those available on this 

platform) indicated high expression levels of FGFR1 in both lines and FGFR3 and 4 in SiHa 

cells. Interestingly, FGFR-like 1 receptor (FGFRL1) expression was also upregulated in both 

cell lines. Of the ligands, FGFs 2-4, 6, 9, 14, 16 and 23 were upregulated in both lines, with 

FGF12 being greater in only HeLa (Fig. 1A). Analysis of FGF(R) gene alterations in 275 

cervical cancer patients was next undertaken using cBioPortal and The Cancer Genome 

Atlas (TCGA). Gene fusion was apparent in FGFR3, whereas gene amplification, deep 

deletion and missense mutations were observed in the majority of FGF receptors and 

ligands; splice mutation were evident only in FGFR2 and FGF14 (Fig. 1B). 

The correlation between overall survival and FGF(R) expression in cervical cancer patients 

from the TGCA cohort was determined using KMplot (Fig. 1C). Interestingly, in all cases 

apart from FGFR4, high levels of receptor and ligand correlated negatively with overall 

survival (Fig. 1C).  

Lack of isoform-specific antibodies necessitated the use of isoform-specific primers to 

evaluate expression levels of FGFR splice variants and some key ligands. Quantitative real-

time PCR (qPCR) was performed, to determine relative mRNA expression levels of FGFR 

variants and ligands between the three cervical cancer cell lines (Fig. 2A & B).  FGFR1c was 

the predominant isoform, although FGFR2b, 2c and 1b were also expressed at reasonably 

high levels. There was a striking difference in the expression of FGFR2a between the cell 

lines with CaSki expressing over 10 times that of HeLa and SiHa (Fig. 2A). Furthermore, 
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FGFR4 displayed low expression compared to other FGFR isoforms and very low 

expression was detected for FGFR3 (Fig.2A). All three FGF ligands (FGF2, 4 and 7) studied 

were expressed in all three CCCLs with FGF2 the predominant and FGF4 the least 

expressed (Fig. 2B). Western blotting and immunofluorescence broadly supported the gene 

expression data (Fig 2C & D). Interestingly, immunofluorescence localised FGFs, and in 

particular FGF4 and FGF7, in the nucleus. The relatively high FGF2 expression in the cell 

lines (Fig 2) was consistent with the bioinformatic analysis (Fig 1A), however, the low 

expression of FGFR3, at both gene and protein levels (Fig 2) did not mirror the bioinformatic 

data (Fig 1A).  

All cervical cancer cell lines secreted detectable levels of FGF2 (Fig 2E). Interestingly, when 

cells were treated with two different FGFR inhibitors (PD173074 or SU5402), FGF2 

secretion was reduced significantly, except for in CaSki cells when treated with PD173074 

(Fig. 2E). The values corresponding to FGF4 and FGF7 secretion (~2.9 pg/ml and 3 pg/ml 

respectively) were considerably below the 50 pg/ml detection level of the assay for all 

treatments and cell lines, therefore, they were considered negligible.  

 

FGFR axis activation and subcellular localization  

Treatment of cells with FGF2 resulted in increased nuclear FGFR1 and 2, both in terms of 

number of cells staining positive for nuclear FGFR1/2 and the relative intensity of nuclear 

FGFR1/2 staining (Fig 3A-F and supplementary Fig S1 & S2). Importantly, this effect was 

abolished when FGF2 treatment was paired with PD173074 (FGFR inhibitor) treatment, 

suggesting that the stimulatory effect was dependent on FGFR activation. Treatment with 

PD173074 alone also resulted in a significant reduction of nuclear FGFR1/2 compared to 

control (Fig 3A-F). 

To confirm the presence of FGFR1/2 in the nucleus, subcellular fractionation was performed 

followed by Western blotting and both FGFR1 and 2 were found to localize to the nuclear 



7 
 

fraction (Fig 3G). In addition, a smaller FGFR1 proteolytic fragment of 55 kDa was observed 

in the nuclear fraction (Fig. 3G), as reported previously in breast cancer cells [33]. Since 

Granzyme B (GrB) can cleave FGFR1 [33], GrB protein expression was determined in 

control and FGF2 treated cells, with and without PD173074 (Fig. 3G). GrB was detected in 

all cell lines and sustained expression was dependent on FGFR activation (Fig. 3H & I and 

Supplementary Figs S1H & S2H).  

Given that the main cause of cervical cancer is HPV infection, we sought to determine 

whether expression of HPV-derived genes in the CCCLs was dependent on FGFR 

signalling. Interestingly, 72 h treatment with PD173074 FGFR inhibitor resulted in 

significantly reduced HPV16/18 E7 protein expression, important given that this protein acts 

as an oncogene promoting tumour growth and malignant transformation (Fig 3J,K and 

supplementary Fig S1J,K & S2J,K).  

Incubation of cells with FGF2 with or without FGFR inhibitors (PD173074 and SU5402) 

confirmed that this ligand activates downstream ERK signalling in all cervical cell lines (Fig 

3L and supplementary Fig. S1 L & S2 L). The increased, transient, phosphorylation of ERK 

over 60 min, maximal at 15 min, following FGF2 treatment was blocked by either FGFR 

inhibitor (PD173074 and SU5402) confirming the stimulatory effect on ERK was FGFR 

specific (Fig 3L and supplementary Fig S1L & S2L). Similar responses were observed 

following FGF4 and 7 treatments in all three cervical cancer cell lines (Supplementary Fig 

S3). However, activation of STAT 1, 3 and 5 was unaffected by FGFR activation 

(supplementary Fig S4), highlighting the involvement of ERK and not STAT arm of FGFR 

downstream signalling 

 

Functional consequences of FGFR manipulation  

The functional effect of manipulating FGFR signalling in CCCLs was evaluated by studying 

cell proliferation, apoptosis, Transwell and lateral (wound healing) migration, as well as 



8 
 

evaluating a 3D cervical cancer organotypic model in two ways: (1) stimulating the cells with 

FGF2 in the presence or absence of PD173074 (Fig. 4 and supplementary Fig S5 & S6); 

and (2) knocking down FGFR1 and 2 expression (individually and in combination; Fig. 5 and 

supplementary Fig S6 & S7).  

Cell proliferation was determined using three assays, a colorimetric assay (WST-1; Fig. 4A), 

Incucyte measurement of cell confluency over 72 h (Fig. 4B & C) and immunocytochemistry 

with the proliferation marker Ki67 (Fig. 4D). Experiments integrating FGF2 treatments and 

PD173074-mediated FGFR inhibition all revealed a significant positive correlation between 

FGFR activation and increased cell proliferation (Fig. 4A-D and supplementary Fig.S5 & S6 

A-D). In the context of apoptosis, active Caspase 3 expression was reduced when cells were 

treated with FGF2 and increased when treated with PD173074 (Fig 4E). Co-treatment with 

both FGF2 and FGFR inhibitor resulted in similar levels of apoptosis to control cells (Fig. 4E 

and supplementary Fig. S5E & 6E).  

Transwell and lateral cell migration were both significantly enhanced when cells were treated 

with FGF2 and reduced when treated with the FGFR inhibitor PD173074. In addition, the 

pro-migratory effect of FGF2 was blocked by FGFR inhibition (Fig. 4F-H and supplementary 

Fig S5 & S6 F-H). Lastly, the functional importance of FGFR activation was investigated in a 

3D cervical cancer organotypic model (Fig. 4I). There was a clear apparent reduction in the 

thickness of the epithelium and number of cells present within the epithelium following 

treatment with PD173074 FGFR inhibitor (Fig. 4I). 

To further confirm that the phenotypic changes observed were specific to FGFRs, cells were 

treated with RNAi targeting FGFR1 and FGFR2, or both. FGFR expression was successfully 

attenuated individually and together to account for any possible “compensation” when one of 

the receptors was silenced (Fig. 5A-D and supplementary Fig.S7 & S8 A-C). In support of 

the pharmacological data, cell apoptosis was significantly increased when FGFR1, FGFR2 

were silenced individually or in combination (Fig. 5E and supplementary Fig. S7 & S8 D). 

Likewise, cell proliferation (Fig. 5F-G and supplementary Fig S7 & S8 E & F) and lateral cell 
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migration (wound healing; Fig. 5 H & I and supplementary Fig. S7 & S8 G & H) were 

significantly reduced after RNAi of the receptors.  

 

DISCUSSION AND CONCLUSIONS 

Evidence of aberrant FGFR signalling and its potential value as a therapeutic target exists 

for a variety of cancers, including cervical [7, 8, 18, 21, 34-36]. Building upon bioinformatic 

analysis that supports this notion, we have performed a detailed phenotypic analysis 

confirming the importance of FGFR signalling in three cervical cancer cell lines (SiHa, HeLa 

and CaSki). We provide evidence for the localisation of FGFR to the nucleus in these cell 

lines, and data suggesting a role for Granzyme B (GrB) in mediating this localisation. 

cBioPortal expression data show upregulation of FGFRL1 SiHa and HeLa cells. FGFRL1 

interacts with FGF ligands and heparin but lacks an intracellular tyrosine kinase (activation) 

domain; it may thus act as an FGF-decoy, neutralising FGFs through binding without 

mediating downstream signalling [37, 38]. Overexpression of FGFRL1 does not affect cell 

proliferation and instead induces cell adhesion [39]. A role for FGFRL1 in cancer progression 

is contradictory. For example, in oesophageal squamous cell carcinoma, FGFRL1 

expression is associated with tumour growth and metastasis [40] but in SCLC, it modulates 

chemoresistance [41], Thus, further studies to clarify the role for FGFRL1 in cervical cancer 

are warranted.  

Kaplan-Meier plots revealed a mostly positive corelation between patient survival and 

FGF(R) expression. It is possible that FGF(R) driven cervical cancers are more responsive 

to treatment and less malignant in nature. If cervical cancer is driven by FGFR amplification, 

therapeutic approaches targeting proliferating cells might be more effective compared to 

more heterogeneous tumours that are driven by DNA repair defects and are able to evolve 

faster in response to therapy. However, the fact that cervical FGFR amplification may confer 

better prognosis does not mean the FGFR axis is not a worthwhile therapeutic target. 
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Interestingly, downregulation of FGFR2 was suggested to be associated with poor prognosis 

in prostate and cervical cancer previously [42].  

Data from cBioPortal confirm that the two CCCLs expressed FGFRs1-4 as well as FGF2, 

FGF4, and FGF7 ligands. In contrast, we show FGFR3 expression was almost undetectable. 

Although somewhat contradictory to the bioinformatic data (Fig. 1A), this is consistent with 

previous studies that found FGFR3 protein expression only in normal cervical tissue and 

only FGFR1, 2 and 4 in cervical cancer patients [8]. Moreover, we show here that both ‘b’ 

and ‘c’ isoforms of FGFR1 and FGFR2 are expressed in CCCLs (Fig. 2). Our data support 

previous studies where FGFR1-4 expression was determined in the biopsies of a large 

cohort of cervical cancer patients [8]. FGFR1 was highly expressed in adenocarcinoma, 

whilst FGFR2, 3 and 4 were more prominent in squamous cell carcinoma. Furthermore, the 

elevated levels of FGFR2, 3, and 4 expression supported favourable survival. In addition, 

FGFR2b and FGFR2c isoforms were found to be present in 86% of the cervical cancer 

patients [7, 36]. 

Several studies have suggested that tyrosine kinase receptors, including FGFRs, can target 

the nucleus [43-47]. There is now accumulating evidence suggesting FGFRs can traffic to 

the nucleus, where they function in alternative manner to that of the classic receptor tyrosine 

kinase signalling pathway [48]. Following activation at the cell surface, the receptor is 

internalised and, in some cases, FGF(R) complexes can translocate to the nucleus where 

they regulate functions such as proliferation [33, 49]. Most research has focused on FGFR1, 

however FGFR2 has also been shown to translocate to the nucleus [44, 45, 50-52]. 

Furthermore, nuclear expression of FGFR2 has been detected in breast cancer as well as in 

normal breast tissue during development [53, 54].  

Confocal microscopy and subcellular fractionation revealed that FGFR1 and FGFR2 protein 

localised to the nucleus with a distinctly speckled pattern, something that has previously 

been demonstrated in pancreatic cancer and medullobastoma  [52, 55]. The nuclear 

speckles are likely sites of RNA polymerase II facilitated transcription and co-transcriptional 
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pre-mRNA processing supporting the notion that nuclear FGFR1 and FGFR2 could regulate 

target gene transcription or splicing [52, 55, 56]. Promoters of nuclear FGFR1 regulated 

genes have been shown to possess classical cAMP response elements (CRE) and AP-1 

binding sites, amongst others [57], and nuclear FGFR1 and FGFR2 may recapitulate their 

control of developmental genes in cervical cancer, either directly or indirectly, as observed in 

other cancer cells [33, 42, 52, 58, 59]. Nuclear FGFR expression could indicate a more 

aggressive signature based on previous studies that linked nuclear expression with cancer 

progression leading to poor prognosis [59, 60]. Furthermore, FGFs, as well as their role as 

secreted glycoproteins, have been proposed to have nuclear functions [52].  

A C-terminal fragment of FGFR1, generated by receptor activation-dependent cleavage via 

GrB, can traffic to the nucleus and regulate the expression of target genes [33]. Our study 

also suggests that the nuclear FGFR expression is activation-dependent, and detailed 

analysis of this process is ongoing in our laboratory, to address whether nuclear FGFR1 and 

GrB expression are linked in cervical cancer, explaining why GrB expression was previously 

linked with poor prognosis [61]. From our data and the literature [33, 62, 63], we hypothesize 

that the two might be linked, since GrB protein expression was altered depending on FGFR 

activation. Nuclear RTK fragments are generated via the alternative splicing of the receptor 

or proteolytic cleavage of FGFRs/ RTK with caspases, secretases, granzymes and other 

proteases [63].  

Interestingly, our data corroborate the finding that nuclear localization is dependent on 

receptor kinase activity [33], given that treatment with PD1737074, both in the presence or 

absence of ligand abrogated nuclear staining. Whether kinase activity is necessary only at 

the initial stages of activation or whether it needs to persist for the receptor to reach the 

nucleus is still to be determined, and is the focus of current investigations. 

From a more canonical viewpoint, ELISA confirmed that in addition to expressing several 

FGFs, CCLs secrete significant amounts of FGF2 (Fig 2E), as reported in non-small cell lung 

cancer and head and neck squamous cell carcinoma cell lines [64, 65]. Serum levels of 
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FGF2 were strongly increased in cancer patients compared to healthy donors [66, 67]. 

Furthermore, FGF2 secretion and expression levels correlate with tumour stage, size and 

metastases status in head and neck, endometrial, colorectal, oesophageal, liver, renal and 

testicular cancers [67-71]. FGF2 serum levels may therefore have prognostic significance in 

these cancers as well as cervical cancer and might provide an indirect way of monitoring 

patients.  

The link between HPV and FGFR signalling is intriguing. Our data suggest (Fig. 3 and 

Supplementary Fig S1 and S2) that inhibition of FGFR can downregulate HPV16/18 E7 

protein expression facilitating a more aggressive cell behaviour. In vitro studies using HPV 

positive tonsillar and base of tongue cancer cell lines demonstrated that FGFR and PI3K 

inhibitors had antitumor effects [72]. Indeed the expression of HPV proteins has been 

reported in many cases to be linked with host cell signalling pathways [73]. For example, E5 

protein enhances growth factor receptor signalling, resulting in cell proliferation and cell 

cycle progression [74, 75]. Furthermore, E5 affects the cell cycle directly by targeting 

checkpoint proteins including p21 [76]. Alteration in  FGFR2b, induced by HPV16 E5, led to 

impairment of keratinocyte differentiation and inhibition of tumour suppressive genes [77], 

suggesting that transcriptional crosstalk between HPV16 E5 and FGFR2 might be a vital 

molecular driver of epithelial deregulation during the initial stages of the HPV infection and 

transformation [78, 79]. Importantly, the expression and activity of FGFR1, 2 and 4 can 

regulate the function of E2 in viral replication in epithelial cells [80]. Several studies have 

also suggested that, for example HPV 16 and 33, as well as other viruses (hepatitis B virus 

(HBV), herpes simplex virus types 1 (HSV-1) and 2 (HSV-2), HPV, and human 

immunodeficiency virus (HIV)), use heparan 12 sulphate for attachment to the cell [78, 81-

83]. The interaction with syndecan-1, the most abundant heparin/heparan sulphate 

proteoglycan (HSPG) in keratinocytes, serves as an HPV attachment receptor that is 

required for effective infection [84]. The HPV-HSPG-growth factor complexes interact with 

growth factor receptors leading to rapid activation of signalling pathways important for the 
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infection [78]. Furthermore, growth factors such as platelet-derived growth factor (PDGF) 

released from the HPV16 infected cervical epithelium, could initiate the expression of FGF2 

and FGF7 in the stroma, to encourage angiogenesis and tumour cell growth [85].  

Genome–wide studies have defined the epigenetic and genomic alterations of HPV-related 

cancers, which underlie many potential therapeutic targets and biomarkers, including 

mutations in FGFR2 and FGFR3 that have been identified in 17.6 % of HPV-positive 

tumours [30]. In cervical cancer, a possible correlation between aberrant FGFR signalling 

and HPV 16 E5 expression has been shown, with HPV16 E5 initiating a switch in isoform 

expression from FGFR2b to FGFR2c [35]. A recent study demonstrated that combination of 

HPV16 E7 vaccine and active immunisation against FGF2 can enhance antitumour immune 

responses in TC-1 tumours in mice [86]. In addition, HPV oncoproteins E5, E6 and E7 can 

manipulate signalling pathways such STATs, that were constitutively active in our cell lines 

(Supplementary Fig S4), to promote virus persistence [87]. 

Our findings in CCLs support that FGFR activation may facilitate cervical cancer 

progression, suggesting small molecule FGFR inhibitors could serve as promising treatment 

option for this disease. Further investigation, including in vivo approaches beyond the scope 

of the current study, is needed to address whether FGFR inhibition can synergise with other 

therapies to improve patient outcomes. 

 

MATERIALS AND METHODS 

Bioinformatics 

A heat map of Z-scores from the cancer cell line encyclopaedia (CCLE) for FGF(R) genes in 

cervical cancer cell lines was generated using cBioPortal. The Z-scores were calculated by 

using the mean and the standard deviation of all values [88]. Alterations of FGF genes in 

275 cervical cancer patients were assessed using cBioPortal and The Cancer Genome Atlas 
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(TCGA) [89]. Kaplan-Meier plots for the expression of different FGF(R) genes and overall 

survival in cervical cancer patients from TGCA cohort were generated using KMplot [90].  

 

Cell culture 

Three human cervical cancer cell lines, CaSki, SiHa and HeLa were purchased from 

American Type Culture Collection (ATCC). The CCCLs were cultured in Roswell Park 

Memorial Institute (RPMI)-1640 medium (CaSki) and Eagle’s minimum essential medium 

(EMEM) (SiHa and HeLa). MCF-7 breast cancer cells, HFF-2 human foreskin fibroblasts 

(ATCC) and HaCaT human keratinocytes (Thermo Fisher Scientific) were used as control 

cell lines and were cultured in Dulbecco's Modified Eagle’s Medium (DMEM). All three basal 

media were supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine, and 200 

µg/ml penicillin-streptomycin. Cells were grown under sterile conditions in a humidified 

incubator at 37°C/5% CO₂.  

FGF and inhibitor treatments 

Stock solutions (0.1 µg/µl) for recombinant human FGF2, FGF4, and FGF7 proteins (R&D 

systems) were prepared in PBS and stored at -20oC for up to 3 months. Cells were used at 

70-80% confluency and were either serum-starved overnight prior treatment, or incubated 

with 5% or 10% FBS, as appropriate. For FGF treatments, cells were incubated in 100 ng/ml 

FGF2, 4 or 7 ligands in the presence of 300 ng/ml heparin for 15, 30 and 60 min. 

Additionally, cells were treated from 24 h to 72 h to determine the long-term effect of FGF2 

treatment. 

To block receptor activation, cells were also pre-treated for 1 h with FGFR inhibitors 

(PD173074, 2 µM; SU5402, 5 µM, both from Sigma-Aldrich), or dimethyl sulfoxide (DMSO) 

(0.01%) vehicle control prior to ligand exposure. PD173074, is a potent, cell permeable and 

ATP competitive inhibitor of FGFR [91] whereas SU5402 is an effective and selective 

vascular endothelial growth factor receptor (VEGFR) and FGFR inhibitor [92]. Finally, to 
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block ERK activation, cells were pre-treated with U0126 (10 µM; Sigma-Aldrich), or DMSO 

vehicle (0.01%) prior to stimulation; U0126 is a potent, selective, non-competitive inhibitor of 

MEK1/2 [23]. After treatment cells were processed for Western blotting.  

Parallel experiments were conducted for immunofluorescence analysis. Cells were seeded 

onto 10 mm diameter coverslips in 24 well tissue culture plates (Corning Costar), 

supplemented with 10% FBS. For FGF2, FGF4 and FGF7 treatment, cells were serum-

starved for one day after seeding and then pre-treated with PD173074 (2 µM) for 1 h prior to 

FGF2, 4 or 7 (100 ng/ml) treatment for 1 h. 

 

RNA interference 

When at 40-60% confluence cells were transfected according to manufacturer’s guidelines 

and standard protocols (Dharmacon). Briefly, cells were transfected with a pool of siRNA 

oligonucleotides (each at 100nM final concentration) targeting human FGFR1 (ON-

Targetplus Smart Pool Human FGFR1; Dharmacon, L-003131-00-0005 ), FGFR2 (ON-

Targetplus Smart Pool Human FGFR2; Dharmacon, L-003132-00-0005), or with non-

targeting control pool scrambled siRNA (ON-Targetplus Control Non-Targeting Pool; 

Dharmacon, D-001810-10-05) and Lamin A/C (SiGenomeTM Control SiRNA LaminA/C 

Human/Mouse/Rat; Dharmacon, D001050-01-05 ) siRNA as negative and positive controls, 

respectively. Cells were transfected with FGFR1, FGFR2 or combination of both siRNAs for 

24, 48 and 72 h, and knock-down efficiency confirmed via Western blot and 

immunofluorescence (48 hours post-transfection). Subsequently, total protein and mRNA 

were harvested for protein and gene expression analysis using Western blot and qPCR, 

respectively.  

 

Subcellular fractionation 
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Subcellular fractionation was performed using a kit according to the manufacturer’s 

instructions (Thermo-Scientific; 78840) to obtain proteins from five different cellular 

compartments: cytoplasmic, membrane, nuclear soluble, chromatin-bound and cytoskeletal 

[93]. Fraction purity was ascertained via Western blotting by assessing relative protein 

abundance between fractions using the following markers: lamin A/C for nuclear, vimentin 

for nuclear and cytoskeletal and HSC70 for cytoplasmic fractions.  

 

Western blot analysis 

Cells were lysed and protein samples prepared and resolved alongside a Page Ruler™ pre-

stained protein ladder by gel electrophoresis using precast NuPAGE™ 4-12% Bis-Tris 

protein gels as described previously [33]. NuPAGE™ reducing agent or 10 mM DTT was 

added to NuPAGE™ LDS sample buffer (4x) and diluted to 2x using deionized water before 

being used to extract proteins from the cells using similar cell numbers for each treatment 

(~2 x105 cells/lane). The primary and secondary antibodies are listed in Supplementary 

Table 1. Membranes were blocked and incubated with the primary antibodies overnight at 

4oC and with the secondary antibody for 1 h at RT. Membranes were washed between 

antibodies 3 x with phosphate buffered saline containing 0.1% Tween 20 (PBST) at room 

temperature (RT). Membranes were viewed with Image Studio software using Odyssey CLx 

infrared imaging system (LICOR-Biosciences) at 700 nm and 800 nm, representing red and 

green channels respectively. Contrast and brightness were adjusted to obtain a good signal 

to noise ratio.  

 

Immunofluorescence 

Cells were fixed in 10% formalin for 15 min and were washed three times in PBS. Fixed cells 

were permeabilized in 0.1% saponin/PBS for 10 min then blocked in 5% bovine serum 

albumin (BSA) in PBS for 45 min. Primary antibodies (Supplementary Table 1) were diluted 
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1:100 in 5% BSA/PBS and incubated with cells for 1 h. Coverslips were washed four times in 

PBS and then secondary antibodies (Supplementary Table 1) diluted in 5% BSA/PBS at 

1:250 dilution were added for 60 min, after which coverslips were washed three times in PBS 

and a final wash in water. All incubations and washes were done at RT. Cells were mounted 

in Prolong® Diamond Antifade with DAPI (Molecular Probes, Life Technologies), coverslips 

sealed with clear nail varnish and visualized at x40 using an EVOS microscope (Life 

Technologies), Lecia SP2 AOBS laser scanning confocal microscope, or Zeiss imaging 

system (Axio Observer ZEN 2.3 Systems). Images were captured using associated software 

and were analysed for fluorescence intensity and cell number using Image J [94-96]. 

 

Quantitative PCR 

Total RNA was extracted using RNeasy (Qiagen), samples were treated with DNase on spin 

columns and cDNA synthesis was done using the Superscript TM III cell direct cDNA 

synthesis system kit (Invitrogen, Life Technologies). QPCR was performed in triplicate for 

each target (primers are listed in Supplementary Table 2), using a SYBR green qPCR kit 

(QuantiTect; QIAGEN); HPRT and GAPDH were used as housekeeping genes for 

normalization, with a melting curve analysis performed after each reaction. The annealing 

temperature [Ta] for all primers was 60°C unless otherwise stated. Amplification cycle 

thresholds were determined using a qPCR machine (Techne) and analyzed by the 2-ΔΔCT 

method [97]. 

 

ELISA 

Cells (2 x 105 in individual wells of a 24 well plate; Corning Costar) were cultured with 

SU5402, PD173074, or DMSO (vehicle control) under serum-free or 5% serum conditions, 

for 24 h or 48 h. FGF2, FGF4, and FGF7 secretion was quantified using ab99979-FGF basic 

(FGF2) human ELISA kit (Abcam), EHFGF4 human FGF4 and EHFGF7 human FGF7 (KGF) 
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ELISA kits (Thermo-Fisher Scientific), respectively. All reagent samples and standards were 

prepared according to the manufacturer’s instructions. 

 

Cell Proliferation, Lateral Migration and Apoptosis Assays  

Both Incucyte and WST-1 cell proliferation assays were performed. For assays using the 

Incucyte, 1 x 105 cells (cultured in flat bottom 96-well cell culture plates; Corning Falcon) were 

serum starved for 4 h and pre-treated with 2 µM PD173074 or DMSO (vehicle control) for 1 h 

prior to FGF2, 4 or 7 treatment. Plates were incubated in an IncuCyte ZOOM (Essen 

Bioscience) for 72 h, with images captured every 2 h. Images were selected randomly, and 

measurements taken to determine proliferation rate through quantitative kinetic processing 

metrics from time-lapse image acquisition to provide a measure of culture confluence over 

time.  

To study lateral cell migration, cells were cultured until almost 100% confluent. A 96-well 

wound maker (Essen Bioscience) for IncuCyte ZOOM was used to create a wound in the 

monolayer. After wounding, medium was removed, and wells washed with PBS to remove 

detached cells. Fresh medium was added, and cells pre-treated with 2 µM PD173074 or 

DMSO (vehicle control) for 1 h prior to FGF2, 4 or 7 treatment. The IncuCyte was programmed 

to capture 2 images per well every 2 h over 72-96 h to examine the effect of treatment on 

wound closure.  

For WST-1 cell proliferation assays 3 x 103 cells were seeded in 96-well plates overnight prior 

to the addition of 2 µM PD173074 or DMSO (vehicle control). After 24, 48 or 72 h, cell 

proliferation reagent WST-1 (RocheDiagnostics GmbH) was added and cells incubated for 

30–60 min, according to manufacturer’s instructions; the absorbance (@440 nm) of each 

sample was then determined using an Infinite plate reader (Tecan). 
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To determine effects of treatment on apoptosis, the CaspGlow™ Fluorescein Active Caspase-

3 staining kit was used to detect active caspase 3 according to manufacturer’s instructions 

(Thermo Fisher Scientific).  

 

Transwell cell migration assay 

Cell migration was also determined using a Transwell cell migration assay with BD Falcon cell 

culture 24-well plate Transwell inserts (Falcon; 8 µm pore). The base of each Transwell was 

coated with 10 µg/ml fibronectin in serum free medium for 1 h at 37°C; the fibronectin solution 

was removed, and wells were blocked with 0.1% BSA in serum free medium for 30 min at 

37°C. Next, 1 x 105 cells suspended in 250 µl serum-free medium were transferred into each 

insert and were treated with 100 ng/ml FGF ligand and 300 ng/ml heparin and 2 µM PD173074 

or DMSO (vehicle control). After 16 h, medium was removed from both the upper and lower 

compartments and non-migrating cells were removed from the upper surface of the insert by 

scraping the cells with cotton buds; the WST-1 assay was used to quantify the relative 

proportion of cells that had migrated. 

 

Organotypics 

To study cell invasion in a multicellular tissue-like environment, air-liquid interface organotypic 

models were grown and used according to our previous work [33]. Once the 3D organotypics 

were at an air liquid interface the DMEM (containing PD173074 or DMSO control) was 

replenished every 2 days. 

 

Statistical analysis and quantification 

Statistical analysis was performed using GraphPad Prism 7, SPSS. All experiments were 

performed independently a minimum of three times each. Students t-test, one-way ANOVA 
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and two-way ANOVA were used as required followed by Tukey’s and Dunnett’s post hoc 

tests.  
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Figure Legends 

 

Figure 1. Bioinformatic analysis of FGF receptors and ligands in cervical cancer 

(A) Heat map of Z-scores from the cancer cell line encyclopaedia (CCLE) for FGFR and FGF 

gene expression in two cervical cancer cell lines, SiHa and HeLa. The Z-scores were 

calculated using the mean and the standard deviation of all values. (B) Genetic alterations of 

FGFRs and FGFs in 275 cervical cancer patients using cBioPortal and The Cancer Genome 

Atlas (TCGA) data. (C) Kaplan-Meier plots displaying the association of expression of the four 

FGFRs and three important FGF genes and overall survival in cervical cancer patients using 

data from the TGCA cohort using KMplot.  

 

Figure 2. FGF(R) expression in cervical cancer cell lines. 

(A, B) QPCR using RNA isolated from three different cervical cancer cell lines (HeLa, CaSki 

and SiHa) was used to determine gene expression levels of (A) FGFR and (B) FGF genes, 

normalised to GAPDH. Mean values (± SEM) represent the mRNA fold difference in FGFRs 

and FGFs compared to HeLa FGFR1b and FGF2 (in (A) and (B), respectively). (C) Western 

blotting of lysates from HeLa, CaSki and SiHa cells using antibodies against the respective 

receptors/ligands; HSC70 was used to demonstrate equal protein loading between lanes. (D) 

Immunofluorescence of FGF(R) expression in HeLa, CaSki, and SiHa cell lines. FGFR1 and 

2 staining (green) was predominantly in the cytoplasm, at the plasma membrane with some 

nuclear/perinuclear. FGFR4 staining (green) appeared mainly nuclear/perinuclear. FGF2 

(red), 4 and 7 (green) were expressed in all cell lines. The nuclei were stained with DAPI (blue; 

scale bar, 50 µm). (E) FGF2 secretion by all three lines, quantified by ELISA, with or without 

PD173074 or SU5402. All data and images are representative of at least three independent 

experiments, each performed in triplicate (±SEM). Statistical significance was determined with 

one-way ANOVA followed by Tukey’s post hoc test; *P≤0.05, ** ≤ 0.01, *** ≤ 0.001. 
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Figure 3. Effect of FGFR axis activation on FGFR expression, subcellular localisation 

and ERK activation in CaSki cells. (A, D) Immunofluorescence of FGFR1 and 2 (green) of 

serum starved CaSki cells treated with 100 ng/ml FGF 2 or pre-treated for 1 h with 2 µM 

PD173074 as indicated (scale bar, 50 µm). (B&E) Relative fluorescence intensity of nuclear 

FGFR1 and FGFR2, quantified using ImageJ. (C&F) Percentage of cells staining positively for 

nuclear FGFR1 and FGFR2. Multiple fields were visualized per experiment. (G) Western blot 

of FGFR1 and FGFR2 protein in subcellular fractions in CaSki cells. Lamin A/C, vimentin and 

HSC70 were used as controls to confirm the purity of subcellular fractions. Expression (H; 

scale bar, 50 µm) and quantification (I) of GrB protein (green) in CaSki cells treated with 100 

ng/ml FGF 2 or pre-treated for 1 h with 2 µM PD173074 as indicated. (J) Western blot showing 

HPV16/18 E7 expression levels after 72 h treatment with PD173074 and (J) quantification. (L) 

Western blot showing ERK phosphorylation in serum starved CaSki cells incubated with 100 

ng/ml FGF2 following 1 h pre-treatment with 2 µM PD173074 or 5 µM SU5402, where 

indicated. HSC70 was used as a protein loading control. All data and images are 

representative of at least three independent experiments. Quantitative data are expressed as 

mean (±SEM) from three independent experiments, each performed in triplicate. Statistical 

significance was determined with one-way ANOVA followed by Tukey’s post hoc test; *P≤0.05, 

** ≤ 0.01, *** ≤ 0.001. 
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Figure 4. Effect of FGF2 treatment on CaSki cell behaviour. (A) CaSki cells were incubated 

with 100 ng/ml FGF2 in the presence or absence of 2 µM PD173074 over 24, 48 and 72 h. 

Cell proliferation was measured by WST-1 assay. (B &C) In parallel with (A), IncuCyte images 

were captured every 2 h to observe cell proliferation over 72 h. (D) CaSki cells were also 

stained for Ki67 (green), to determine FGFR dependent proliferation (scale bar, 50 µm). (E) 

Absorbance measurements showing FGFR dependence caspase 3 activity. (F) Transwell 

migration of CaSki cells monitored overnight in serum free medium in the presence of 100 

ng/ml FGF2 and 300 ng/ml heparin with/without 2 µM PD173074. Relative cell migration was 

determined by absorbance at 440nm. (G) A 700-800μm wide wound was created and cells 

were treated with FGF2 in the presence or absence of 2 µM PD173074; wound width was 

monitored by capturing images every 2 h for 72 h (scale bar, 300 µm) and quantified (H). (I) H 

& E stained sections of cervical cancer organotypic cultures grown for 15 days in the presence 

of PD173074 (scale bar 100 µm). Quantitative data are expressed as means (±SEM) from 

three independent experiment, each performed in triplicate; images are representative of 

those captured across three experiments. Statistical significance was determined with one-

way ANOVA followed by Tukey’s post hoc test; *P≤0.05, ** ≤ 0.01, *** ≤ 0.001. 
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Figure 5. siRNA-mediated knockdown of FGFR1 and FGFR2 in CaSki cells enhanced 

cell apoptosis and inhibited proliferation. (A&B) Cells were transfected with siRNA 

targeting either FGFR1 or FGFR2 or scrambled non-target (control). QPCR showing 

expression of FGFR1b, FGFR1c, FGFR2b and FGFR2c mRNAs 48 h after transfection; data 

were internally normalised to GAPDH. (C & D) siRNA efficiency was monitored by Western 

blot (C) and immunofluorescence (scale bar, 50 µm) (D) after 72 h. siRNA targeting Lamin 

A/C was used as a positive control for knockdown and HSC70 used as a protein loading 

control. (E-I) 48 and 72h after FGFR1, FGFR2 (individually or together), or scrambled siRNA 

(negative control) treatment, cells were assessed for apoptosis (E), proliferation (F & G;) and 

lateral migration (H; scale bar, 300 µm & I), as described in Figure 4G & H. Quantitative data 

are expressed as mean (±SEM) from three independent experiments, each performed in 

triplicate. Statistical significance was determined with two-way ANOVA followed by Dunnett’s 

post hoc test; *P ≤0.05, ** ≤ 0.01, *** ≤ 0.001. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1. Primary and secondary antibodies used in this study. Antibody 

details and working dilutions used for Western blots and immunofluorescence (IF). 

Antibodies  Host/ 

Isotype 

Company Catalogue 

Number 

Bands 

(KDa) 

Western 

blot 

ICC 

 Primary antibodies  

Anti-MAP 

Kinase 

Rabbit Millipore 06-182 44/42  1:1000 - 

FGF2 Mouse Millipore 05-118 17.5 1:1000 

 

1:100 

FGF4 Rabbit Abcam Ab106355 22 1:1000 1:100 

FGF7 Rabbit Santa Cruz SC-27127 7-28 1:1000 1:100 

FGFR1  Rabbit Cell Signaling 

Technology 

0740S 90,120,145 1:1000 1:100 

FGFR2 (Bek) Rabbit Santa Cruz Sc-122 110-120 1:1000 

 

1:100 

FGFR3  Mouse Santa Cruz SC13121 135 1:1000 1:100 

FGFR4 Rabbit Santa Cruz SC-124 95-125 1:1000 1:100 

Granzyme B Rabbit Cell Signalling 

Technology 

4275S 30-37 1:1000 1:100 

HPV16 E7 Mouse Cervimax VS13004S 13-20 1:1000 1:100 

HSC70 Mouse Santa Cruz 4813 70  1:1000 1:100 

HSC70 Rabbit Thermo-scientific PA5-24624 70 1:1000 1:100 

Ki67 mouse Santa Cruz SC460 - - 1:100 

Lamin A/C mouse Santa Cruz SC376248 69/62 1:1000 1:100 

Phospho-

p44/42 MAPK 

Rabbit Cell signalling 

Technology 

9101S 44 /42  1:1000 - 

Phospho-

Stat1 (Tyr701) 

Rabbit 

mAb 

Cell signalling 

technology 

9167 84/91 1:1000 - 
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Phospho-

Stat3 (Tyr705) 

(D3A7) XP 

Rabbit 

mAb 

Cell signalling 

Technology 

9145 79/86 1:1000 - 

Phospho-

Stat5 (Tyr694) 

(C11C5) 

Rabbit 

mAb 

Cell signalling 

Technology 

9359 90 1:1000 - 

Stat1 (42H3) Rabbit 

mAb 

Cell signalling 

Technology 

9175 84/91 1:1000 - 

Stat3 (124H6) Mouse 

mAb 

Cell signalling 

Technology 

9139 79/86 1:1000 - 

Stat5 Rabbit 

mAb 

Cell signalling 

Technology 

9363 90 1:1000 - 

Vimentin mouse Santa Cruz SC-6260 57 1:1000 - 

                                                          Secondary antibodies  

Donkey anti-

rabbit 

Rabbit 

(red) 

IRDye® 926-68023 - 1:5000 - 

Goat anti-

mouse 

Mouse 

(green) 

IRDye® 926-32210 - 1:5000 - 

Fluorescein Anti-

Rabbit 

Life technology 1475348 - - 1:250 

Cy3 Anti-

mouse 

Life technology 1547506 - - 1:250 

Fluorescein Anti-

mouse 

Life technology 1736672 - - 1:250 

Alexa 568 Anti-

rabbit 

Life technology 1704462 - - 1:250 
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Supplementary Table 2. qPCR primers for FGF receptors and ligands 

Receptors Primer Sequence Size 

FGFR1b Forward TTA ATA GCT CGG ATG CGG AG 110 

 Reverse ACG CAG ACT GGT TAG CTT CA 

FGFR1c Forward TGC TGG AGT TAA TAC CAC CG 139 

 Reverse CCA GAA CGG TCA ACC ATG CA 

FGFR2a/ b 

 

Forward a AAG GTT TAC AGC GAT GCC CA 397 

 Reverse a CTG CTG AAG TCT GGC TTC TT 

Reverse b AGA GCC AGC ACT TCT GCA TT 145 

FGFR2c Forward GTG TTA ACA CCA CGG ACA AA 136 

 Reverse TGG CAG AAC TGT CAA CAA TG 

FGFR3 Forward AAA TTG GTG GCT CGA CAG AG 214 

Reverse AGA ACC TCT AGC TCC TTG TC 160 

FGFR4 Forward TAT CTG GAG TCC CGG AAG TG 201 

 Reverse GTG TGT GTA CAC CCG GTC AA 

FGF2 Forward AGC GGC TGT ACT GCA AAA AC 207 

 Reverse CCG TAA CAC ATT TAG AAG CCA GT 

FGF7 Forward CAA ACA GCG TCA CAG CAA CT 249 

 Reverse GTAGTG CTC CGG GTG TTC AT 

FGF4 Forward GAC TAC CTG CTG GGC ATC AA 218 

Reverse GTA GTG CTC CGG GTG TTC AT 

HPRT Forward CAA TGA CCC TTC ATT GACC 249 

 Reverse TTG ATT TTG GAG GGA TCT CG 

GAPDH Forward GAC CAG TCA ACA GGG GAC AT 218 

 Reverse CCT GAC CAA GGA AAG CAA AG 
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure S1. Effect of FGFR axis activation on FGFR expression, 

subcellular localisation and ERK activation in HeLa cells. (A, D) Immunofluorescence of 

FGFR1 and 2 (green) of serum starved HeLa cells treated with 100 ng/ml FGF 2 or pre-

treated for 1 h with 2 µM PD173074 as indicated (scale bar, 50 µm). (B&E) Relative 

fluorescence intensity of nuclear FGFR1 and FGFR2, quantified using ImageJ. (C&F) 

Percentage of cells staining positively for nuclear FGFR1 and FGFR2. Multiple fields were 

visualized per experiment. (G) Western blot of FGFR1 and FGFR2 protein in subcellular 
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fractions in HeLa cells. Lamin A/C, vimentin and HSC70 were used as controls to confirm 

the purity of subcellular fractions. Expression (H; scale bar, 50 µm) and quantification (I) of 

GrB protein (green) in HeLa cells treated with 100 ng/ml FGF 2 or pre-treated for 1 h with 2 

µM PD173074 as indicated. (J) Western blot showing HPV16/18 E7 expression levels after 

72 h treatment with PD173074 and (J) quantification. (L) Western blot showing ERK 

phosphorylation in serum starved CaSki cells incubated with 100 ng/ml FGF2 following 1 h 

pre-treatment with 2 µM PD173074 or 5 µM SU5402, where indicated. HSC70 was used as 

a protein loading control. All data and images are representative of at least three 

independent experiments. Quantitative data are expressed as mean (±SEM) from three 

independent experiments, each performed in triplicate. Statistical significance was 

determined with one-way ANOVA followed by Tukey’s post hoc test; *P≤0.05, ** ≤ 0.01, *** ≤ 

0.001. 
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Supplementary Figure S2. Effect of FGFR axis activation on FGFR expression, 

subcellular localisation and ERK activation in SiHa cells. (A, D) Immunofluorescence of 

FGFR1 and 2 (green) of serum starved SiHa cells treated with 100 ng/ml FGF 2 or pre-

treated for 1 h with 2 µM PD173074 as indicated (scale bar, 50 µm). (B&E) Relative 

fluorescence intensity of nuclear FGFR1 and FGFR2, quantified using ImageJ. (C&F) 

Percentage of cells staining positively for nuclear FGFR1 and FGFR2. Multiple fields were 

visualized per experiment. (G) Western blot of FGFR1 and FGFR2 protein in subcellular 

fractions in SiHa cells. Lamin A/C, vimentin and HSC70 were used as controls to confirm the 
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purity of subcellular fractions. Expression (H; scale bar, 50 µm) and quantification (I) of GrB 

protein (green) in SiHa cells treated with 100 ng/ml FGF 2 or pre-treated for 1 h with 2 µM 

PD173074 as indicated. (J) Western blot showing HPV16/18 E7 expression levels after 72 h 

treatment with PD173074 and (J) quantification. (L) Western blot showing ERK 

phosphorylation in serum starved SiHa cells incubated with 100 ng/ml FGF2 following 1 h 

pre-treatment with 2 µM PD173074 or 5 µM SU5402, where indicated. HSC70 was used as 

a protein loading control. All data and images are representative of at least three 

independent experiments. Quantitative data are expressed as mean (±SEM) from three 

independent experiments, each performed in triplicate. Statistical significance was 

determined with one-way ANOVA followed by Tukey’s post hoc test; *P≤0.05, ** ≤ 0.01, *** ≤ 

0.001. 
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Supplementary Figure S3. Activation of ERK signalling pathway upon FGF4 and FGF7 

treatment in HeLa, CaSki and SiHa cell lines.  Serum starved cervical cancer cell lines 

were treated with 100ng/ml FGF4 and FGF7 (15, 30, 60 min) in the presence of 300 ng/ml 

heparin in serum free medium. When indicated cells were pre-treated with 2 µM PD173074 

or 5 µM SU5402 (1h). FGF treatment triggered rapid ERK phosphorylation, which was 

blocked by the FGFR inhibitor PD173074. HSC70 was used as loading control. All data and 

images are representative of at least three independent experiments. 
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Supplementary Figure S4. Activation of STAT1, STAT3 and STAT5 signalling pathway 

following FGF2 treatment in CaSki cell lines. Serum starved cervical cancer cell lines 

were treated with 100ng/ml FGF2 (15, 30, 60 min) in the presence of 300 ng/ml heparin in 

serum free medium. When indicated cells were pre-treated with 2 µM PD173074 (1h). 

HSC70 was used as loading control. All data and images are representative of at least three 

independent experiments. 
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Supplementary Figure S5. Effect of FGF2 treatment on HeLa cell behaviour. (A) HeLa 

cells were incubated with 100 ng/ml FGF2 in the presence or absence of 2 µM PD173074 

over 24, 48 and 72 h. Cell proliferation was measured by WST-1 assay. (B; scale bar, 300 

µm) &C) In parallel with (A), IncuCyte images were captured every 2 h to observe cell 

proliferation over 72 h. (D) HeLa cells were also stained for Ki67 (green), to determine FGFR 

dependent proliferation (scale bar, 50 µm). (E) Absorbance measurements showing FGFR 

dependence caspase 3 activity. (F) Transwell migration of HeLa cells monitored overnight in 

serum free medium in the presence of 100 ng/ml FGF2 and 300 ng/ml heparin with/without 2 

M PD173074. Relative cell migration was determined by absorbance at 440nm. (G) A 700-

800μm wide wound was created and cells were treated with FGF2 in the presence or 

absence of 2 µM PD173074; wound width was monitored by capturing images every 2 h for 

72 h (scale bar, 300 µm) and quantified (H). Quantitative data are expressed as means 

(±SEM) from three independent experiment, each performed in triplicate; images are 

representative of those captured across three experiments. Statistical significance was 

determined with one-way ANOVA followed by Tukey’s post hoc test; *P≤0.05, ** ≤ 0.01, *** ≤ 

0.001 
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Supplementary Figure S6. Effect of FGF2 treatment on SiHa cell behaviour. (A) SiHa 

cells were incubated with 100 ng/ml FGF2 in the presence or absence of 2 µM PD173074 

over 24, 48 and 72 h. Cell proliferation was measured by WST-1 assay. (B; scale bar, 300 

µm) &C) In parallel with (A), IncuCyte images were captured every 2 h to observe cell 

proliferation over 72 h. (D) SiHa cells were also stained for Ki67 (green), to determine FGFR 

dependent proliferation (scale bar, 50 µm). (E) Absorbance measurements showing FGFR 

dependence caspase 3 activity. (F) Transwell migration of SiHa cells monitored overnight in 

serum free medium in the presence of 100 ng/ml FGF2 and 300 ng/ml heparin with/without 2 

M PD173074. Relative cell migration was determined by absorbance at 440nm. (G) A 700-

800μm wide wound was created and cells were treated with FGF2 in the presence or absence 

of 2 µM PD173074; wound width was monitored by capturing images every 2 h for 72 h (scale 

bar, 300 µm) and quantified (H). Quantitative data are expressed as means (±SEM) from three 

independent experiment, each performed in triplicate; images are representative of those 

captured across three experiments. Statistical significance was determined with one-way 

ANOVA followed by Tukey’s post hoc test; *P≤0.05, ** ≤ 0.01, *** ≤ 0.001. 
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Supplementary Figure S7. siRNA-mediated knockdown of FGFR1 and FGFR2 in HeLa 

cells enhanced cell apoptosis and inhibited proliferation. (A&B) Cells were transfected 

with siRNA targeting either FGFR1 or FGFR2 or scrambled non-target (control). QPCR 

showing expression of FGFR1b, FGFR1c, FGFR2b and FGFR2c mRNAs 48 h after 

transfection; data were internally normalised to GAPDH. (C & D) siRNA efficiency was 

monitored by Western blot (C) after 72 h. siRNA targeting Lamin A/C was used as a positive 

control for knockdown and HSC70 used as a protein loading control. (D-H) 48 and 72h after 

FGFR1, FGFR2 (individually or together), or scrambled siRNA (negative control) treatment, 

cells were assessed for apoptosis (D), proliferation (E & F) and lateral migration (G; scale bar, 

300 µm & H), as described in Figure 4G & H. Quantitative data are expressed as mean (±SEM) 

from three independent experiments, each performed in triplicate. Statistical significance was 

determined with two-way ANOVA followed by Dunnett’s post hoc test; *P ≤0.05, ** ≤ 0.01, *** 

≤ 0.001. 
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Supplementary Figure S8. siRNA-mediated knockdown of FGFR1 and FGFR2 in SiHa 

cells enhanced cell apoptosis and inhibited proliferation. (A&B) Cells were transfected 

with siRNA targeting either FGFR1 or FGFR2 or scrambled non-target (control). QPCR 

showing expression of FGFR1b, FGFR1c, FGFR2b and FGFR2c mRNAs 48 h after 

transfection; data were internally normalised to GAPDH. (C & D) siRNA efficiency was 

monitored by Western blot (C) after 72 h. siRNA targeting Lamin A/C was used as a positive 

control for knockdown and HSC70 used as a protein loading control. (D-H) 48 and 72h after 

FGFR1, FGFR2 (individually or together), or scrambled siRNA (negative control) treatment, 

cells were assessed for apoptosis (D), proliferation (E & F) and lateral migration (G; scale 

bar, 300 µm & H), as described in Figure 4G & H. Quantitative data are expressed as mean 

(±SEM) from three independent experiments, each performed in triplicate. Statistical 

significance was determined with two-way ANOVA followed by Dunnett’s post hoc test; *P 

≤0.05, ** ≤ 0.01, *** ≤ 0.001. 
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