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1  | INTRODUC TION

The fibroblast growth factor receptors (FGFR1-4) are receptor ty-
rosine kinases regulating key processes, such as cell proliferation, 
differentiation, migration and survival.1 The epithelial isoform of 
fibroblast growth factor receptor 2 (FGFR2b) isoform controls the 
entire program of keratinocytes differentiation,2,3 while the FGFR2 

isoform switch and the consequent aberrant expression of the mes-
enchymal FGFR2c isoform in epithelial context induces the impair-
ment of differentiation, EMT and tumorigenic features,4,5 mainly 
involving PKCε signalling.6

Context-dependent different roles in cancer have been recently 
also proposed for the degradative pathway of autophagy.7 In fact, 
while during metastatic spreading autophagy appears to sustain 
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Abstract
Signalling of the epithelial splicing 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 differentia-
tion, inhibition of autophagy as well as the induction of the epithelial-mesenchymal 
transition (EMT). In light of the widely proposed negative loop linking autophagy and 
EMT in the early steps of carcinogenesis, here we investigated the possible involve-
ment of FGFR2c aberrant expression and signalling in orchestrating this crosstalk 
in human keratinocytes. Biochemical, molecular, quantitative immunofluorescence 
analysis and in vitro invasion assays, coupled to the use of specific substrate inhibi-
tors and transient or stable silencing approaches, showed that AKT/MTOR and PKCε 
are the two hub signalling pathways, downstream FGFR2c, intersecting with each 
other in the control of both the inhibition of autophagy and the induction of EMT and 
invasive behaviour. These results indicate that the expression of FGFR2c, possibly re-
sulting from FGFR2 isoform switch, could represent a key upstream event responsi-
ble for the establishment of a negative interplay between autophagy and EMT, which 
contributes to the assessment of a pathological oncogenic profile in epithelial cells.
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EMT, during the early steps of tumorigenesis the two processes 
appear to be linked to a negative loop.8 Concerning autophagy, we 
previously highlighted that, while FGFR2b signalling enhances the 
physiological, positive interplay between this process and keratino-
cyte differentiation via the activation of JNK1 signalling,9,10 FGFR2 
isoform switch and the consequent aberrant expression and signal-
ling of FGFR2c inhibit the autophagic process, via the activation of 
the canonical AKT/MTOR pathway.11

On the light of all these evidences, we wondered if FGFR2c ab-
errant expression might lead to the acquisition of tumorigenic fea-
tures not only by activating a complex oncogenic signalling network 
engaging several players, including PKCε, but also by upstream es-
tablishing and controlling a negative crosstalk between EMT and 
autophagy.

2  | MATERIAL AND METHODS

2.1 | Cells and treatments

The human keratinocyte cell line HaCaT, stably expressing FGFR2c 
(pBp-FGFR2c), or the empty vector (pBp) was cultured in DMEM 
10% FBS plus antibiotics. For MTOR and PKCε silencing, clones 
were transiently transfected with MTOR small interfering RNA 
(MTOR siRNA) (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, 
USA; SC35409), or stably transfected with PKCε Plasmide shRNA 
(h) vector (Santa Cruz; SC-36251-SH), or an unrelated siRNA/
shRNA as a control, using Lipofectamine 2000 transfection rea-
gent (Life Technologies, Carlsbad, CA, USA; 11668-019). For 
growth factor stimulation, cells were left untreated or incubated 
with FGF2 (PeproTech, London, BFGF 100-188) 100  ng/mL for 
24 hours at 37°C. For inhibition of FGFR2c tyrosine kinase activity, 
cells were pre-incubated with a specific FGFR2 tyrosine kinase in-
hibitor, SU5402 25 µmol/L (Calbiochem, Nottingham, UK; 572 630) 
for 1 hour before treatments with growth factors (GFs). To inhibit 
AKT or MTOR, cells were incubated with AKT-specific inhibitor 
AKT-I-1/2 (1  µmol/L; Calbiochem, 124  005) or with the specific 
MTOR inhibitor rapamycin (100 nmol/L; Cell Signaling Technology, 

Beverly, MA, USA; 9904), respectively, for 1 hour at 37°C before 
being treated with FGF2 in the presence of each inhibitor.

2.2 | Invasion assay

Migration assay was performed using 24-well transwell migration 
Boyden chambers (8 μm pore size; Costar, Cambridge, MA, USA) pre-
coated with matrigel (dilution 1:2 in DMEM; BD Biosciences, Bedford, 
MA, USA) as reported.4 Quantitative analysis was assessed counting 
for each sample the migrated cells in 10 microscopic fields (objec-
tive used: 20X) from three independent experiments. Results have 
been expressed as mean values ± SD. p values were calculated using 
Student's t test, and significance level has been defined as P > .05.

2.3 | Immunofluorescence

HaCaT clones, grown on coverslips, were processed as previously 
reported.4 The following antibodies were used: mouse monoclo-
nal anti-LC3 (1:100 in PBS, 5F10 Nanotools, Teningen, Germany, 
0231); goat anti-mouse IgG-Alexa Fluor 488 (1:200 in PBS, Life 
Technologies, Carlsbad, CA, A11001). Nuclei were stained with 
DAPI (Sigma-Aldrich, D9542). Fluorescence signals were analysed as 
previously reported.4 Results are shown as means ± standard error 
(SE). Student's t test was performed, and significance levels have 
been defined as P < .05.

2.4 | Western blot analysis

Cells were lysed, and total proteins were collected, separated 
and blotted as reported.4 The membranes were incubated with 
anti-SQSTM1 (BD Bioscience, San Josè, CA, USA, 610  833), anti-
p-FGFR (55H2, Y653/654, Cell Signaling, 3476S), anti-p-MTOR 
(Ser 2448, Cell Signaling, 5536S), anti-E-cadherin (NCH-38, Dako, 
Carpinteria, CA, USA), anti-β4-integrin (7, Santa Cruz Biotechnology, 
sc-135,950), anti-N-cadherin (Sigma-Aldrich, Saint Louis, MO, USA, 

F I G U R E  1   Reactivation of MTOR-dependent autophagy negatively impact on FGFR2c-mediated EMT and cell invasion. A, HaCaT 
pBp-FGFR2c and HaCaT pBp clones were left untreated or stimulated with FGF2 in presence or not of rapamycin. Western blot analysis 
shows that, only in FGF2-stimulated pBp-FGFR2c clones, rapamycin negatively interferes with MTOR and S6K phosphorylation, with LC3-II 
decrease (turning it into an increase) and SQSTM1 accumulation and reverses the repression of the epithelial markers E-cadherin and β4-
integrin, as well as the appearance of the mesenchymal marker N-cadherin. For the densitometric analysis, the values from 3 independent 
experiments were normalized, expressed as fold increase and reported in graph as mean values ± standard deviation (SD). Student t test was 
performed as reported in Materials and Methods, and significance levels have been defined as P < .05: *P < .05, ** P < .01. B, HaCaT clones 
were seeded on matrigel pre-coated transwell Boyden chamber filters and FGF2 was added in the bottom chamber, in the presence or not 
of rapamycin, to stimulate cell chemotaxis. Results shows that, in FGFR2c cultures, the increase of the number of invading cells induced 
by FGF2 is counteracted by rapamycin. Quantitative analysis was assessed as reported in Materials and Methods. Results are expressed as 
mean values ± standard deviation (SD). Student's t test was performed as reported in Materials and Methods, and significance level has been 
defined as P < .05: ***P < .001. Bar: 50 μm. C, HaCaT clones were transiently transfected with MTOR siRNA or with an unrelated siRNA 
(Cx RNA), as negative control, and then left untreated or stimulated with FGF2 as above. Western blot analysis shows that MTOR silencing 
reverses the decrease of LC3-II, the accumulation of SQSTM1 and the modulation of the epithelial markers E-cadherin and β4-integrin 
and that of the mesenchymal marker N-cadherin induced by FGF2 stimulation in FGFR2c expressing clones. Densitometric analysis was 
performed as above. *P < .05, ** P < .01
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C3865) monoclonal antibodies or with anti-LC3 (MBL, Woburn, 
MA, PD014), p-PKCε (Ser729, Abcam, Cambridge, UK, ab63387), 
anti-p-AKT (Ser 473; Cell Signaling, 9271), anti-p-S6K (ser 371, Cell 
Signaling, #9208), polyclonal antibodies, followed by enhanced 
chemiluminescence (ECL) detection (Thermo Scientific, Rockford, 
IL, USA; 34  580). The membranes were rehydrated by washing in 
PBS/Tween-20, stripped with 100 mmol/L β-mercaptoethanol and 
2% SDS for 30 minutes at 55°C and probed again with, anti-Bek (C17, 
Santa Cruz Biotechnology, sc-122), anti-PKCε (Abcam, ab124806), 
anti-AKT (H-136; Santa Cruz Biotechnology, sc-8312), anti- α/β-
Tubulin (Cell Signaling, 2148S), anti-S6K (Cell Signaling, #9202) poly-
clonal antibodies or with anti-MTOR (7C10, Cell Signaling, 2983S), 
anti-ACTB (Sigma-Aldrich, A5441), anti-GAPDH (6C5, Santa Cruz 
Biotechnology, sc-32233) monoclonal antibody to estimate the 
protein equal loading. Densitometric analysis was performed using 
Quantity One Program version 4.6.8 (Bio-Rad). The resulting val-
ues from three different experiments were normalized, expressed 
as fold increase respect to the control value and reported in graph 
as mean values ± standard deviation (SD). Student's t test was per-
formed, and significance levels have been defined as P < .05.

2.5 | Primers

Oligonucleotide primers necessary for target genes and the house-
keeping gene were chosen by using the online tool Primer-BLAST 
4 and purchased from Invitrogen (Invitrogen, Carlsbad, CA, USA). 
The following primers were used: for the Snail1 target gene: 
5′-GCTGCAGGACTCTAATCCAGA-3′ (sense), 5′-ATCTCCGGAGGTG 
GGATG-3′ (antisense); for the STAT3 target gene: 5′-CAGAGATGTGG 
GAATGGGGG-3′ (sense), 5′- TGGCAAGGAGTGGGTCTCTA-3′ (anti-
sense); for the FRA1 target gene: 5′-GCAGGCGGAGACTGACAAA-3′ 
(sense), 5′- GATGGGTCGGTGGGCTTC-3′ (antisense); and for the 
18S rRNA housekeeping gene: 5’-CGAGCCGCCTGGATACC-3’ 
(sense) and 5’-CATGGCCTCAGTTCCGAAAA-3’ (antisense).

2.6 | RNA extraction and cDNA synthesis

RNA was extracted and retrotranscribed using the iScriptTM cDNA 
synthesis kit (Bio-Rad, 170-8891) as previously reported.4

2.7 | PCR amplification and real-time quantitation

Real-time RT-PCR was performed using the iCycler real-time de-
tection system (iQ5 Bio-Rad) with optimized PCR conditions as 
reported.4 Results are reported as mean values ± SE from three dif-
ferent experiments in triplicate. Student's t test was performed, with 
significance levels defined as p values < 0.05. *

3  | RESULTS AND DISCUSSION

3.1 | The forced reactivation of autophagy reverses 
FGFR2c-induced EMT program and inhibits receptor-
mediated cell invasion

Since MTOR is the main pathway involved in the inhibition of 
autophagy induced by aberrant FGFR2c expression in human ke-
ratinocytes,11 we first assessed if a negative crosstalk between 
receptor-controlled autophagy and EMT does exist in these cells 
using rapamycin, the widely accepted general inhibitor of MTOR-
dependent autophagy. Western blot analysis, performed in HaCaT 
pBp-FGFR2c clones and pBp controls,4 left untreated or stimu-
lated with FGF2, the ligand which does not bind to FGFR2b, but 
is able to activate other FGFRs including FGFR2c, showed that ra-
pamycin was able to interfere with the phosphorylation of MTOR 
at Ser 2448, as well as with that of its downstream substrate S6K, 
at Ser 371, both induced only in pBp-FGFR2c clones by ligand 
stimulation (Figure 1A). In these cells, rapamycin also turned the 
decrease of the widely recognized autophagic marker LC3-II into 
an increase (Figure 1A). As previously speculated by us, this effect 
is possibly attributable to the negative interplay between MTOR 
pathway and JNK1 signalling that causes JNK1-dependent activa-
tion of autophagy in consequence of MTOR signalling shut-off.11 
In addition to the impact on LC3-II decrease, rapamycin also re-
versed the accumulation of the autophagic substrate SQSTM1/
p62, detectable only in FGFR2c clones stimulated by FGF2, con-
firming the reactivation of the autophagic flux (Figure 1A), Then, 
we focused our attention on EMT markers expression, observing 
that rapamycin efficiently reversed the decrease of the epithelial 
markers E-cadherin and β4-integrin, as well as the appearance of 

F I G U R E  2   PKCε signalling shut-off restores the autophagic process and FGFR2c signalling underly EMT/autophagy negative crosstalk. 
HaCaT pBp-FGFR2c and HaCaT pBp clones were stably transfected with PKCε shRNA or with an unrelated shRNA, as negative control, and 
then left untreated or stimulated with FGF2 as above. A, Western blot analysis shows that PKCε depletion reverses all the effects induced 
by FGF2 on the expression of E-cadherin, LC3-II and SQSTM1 in HaCaT pBp-FGFR2c clones. Densitometric analysis and Student t test were 
performed as reported in Figure 1A. *P < .05, **P < .01. B, Quantitative immunofluorescence analysis shows that PKCε depletion reverses 
the decrease of LC3 positive dots per cell induced in HaCaT pBp-FGFR2c cells by the stimulated with FGF2. Quantitative analysis of LC3 
positive dots per cell was performed as described in Materials and Methods, and the results are expressed as mean values ± standard errors 
(SE). Student's t test was performed, and significance level was defined as P < .05: *** P < .001. Bar: 20 µm. C, HaCaT pBp-FGFR2c and 
HaCaT pBp clones were left untreated or stimulated with FGF2 in presence or not of the FGFR2 kinase inhibitor SU5402. Western blot 
analysis shows that SU5402 abolishes FGFR2c, PKCε, MTOR and S6K phosphorylation, and reverses both the modulation of E-cadherin 
and N-cadherin markers, the repression of LC3-II and the accumulation of SQSTM1 induced by FGF2 in HaCaT pBp-FGFR2c clones. 
Densitometric analysis and Student t test were performed as above. *P < .05, ** P < .01
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the mesenchymal marker N-cadherin, both caused in pBp-FGFR2c 
clones by FGF2 treatment (Figure 1A).

We then investigated the impact of MTOR inhibition on the in-
vasion ability, displayed by pBp-FGFR2c clones,4,5 using the in vitro 
assay of matrigel pre-coated transwell Boyden chambers. Upon cell 
seeding, FGF2 was added in the bottom chamber, in the presence or 
not of rapamycin, to stimulate cell chemotaxis. The results showed 
that the significant increase of invading cells, observed in FGFR2c cul-
tures only in response to FGF2 (Figure 1B), was clearly impaired by the 
presence of rapamycin (Figure 1B). These results are consistent with 
the recent findings by Bell and coworkers, highlighting how the inhi-
bition of autophagy, which impairs Met receptor traffic, is required 
for HGF-dependent invasive behaviour in several tumour contexts.12

In order to further assess the outcome of forced reactivation 
of MTOR-dependent autophagy on FGFR2c-mediated EMT in epi-
thelial context, MTOR protein depletion was carried out in HaCaT 
clones by specific siRNA transfection. Western blot analysis showed 
that, similarly to what observed in the presence of rapamycin, in 
HaCaT pBp-FGFR2c cells stimulated with FGF2, MTOR silencing 
was not only sufficient to reverse the decrease of LC3-II in an in-
crease and to block SQSTM1 accumulation (Figure 1C), confirming 
the reactivation of autophagy, but also was effective in counteract-
ing the FGF2-mediated modulation of the epithelial/mesenchymal 
markers (Figure 1C), confirming the impairment of EMT program.

Since AKT is the substrate acting upstream MTOR in FGFR2c-
mediated inhibition of autophagy,11 we also checked the effects 
of its inhibition on FGFR2-driven EMT. Western blot analysis 
showed that AKT signalling shut-off by AKT-I-1/2 inhibitor11 ef-
ficiently reversed the decrease of LC3-II levels, the accumula-
tion of SQSTM1 and the modulation of the EMT-related markers 
induced by FGF2 only in FGFR2c expressing clones (Figure S1). 
These results confirm the involvement of the entire AKT/MTOR 
signalling pathway at the crossroad between autophagy regula-
tion and EMT processes.

Since FGFR2c-triggered EMT is driven by PKCε-dependent in-
duction of Snail1, STAT3 and FRA1,4,6 we wondered if and how the 
forced reactivation of autophagy could impact on the expression of 
these EMT-related transcription factors. Real-time RT-PCR showed 
that both MTOR silencing via siRNA (Figure S2A) and PKCε stable 
depletion by shRNA (Figure S2B) were able to counteract the in-
crease of mRNA levels of all these transcription factors, evident in 
pBp-FGFR2c clones in response to FGF2 (Figure S2 A, B). Thus, the 
forced reactivation of the autophagic process appears to negatively 
affect the induction of EMT-related transcription factors in a compa-
rable way to PKCε signalling shut-off.

3.2 | Selective PKCε shut-off efficiently reverses the 
negative impact of FGFR2c signalling on autophagy

The possibility that FGFR2c could orchestrate a fine interplay be-
tween autophagy and EMT in epithelial context is also sustained by 
the evidence that protein kinase C isozymes, including PKCε, are also 

key regulators of the autophagic pathway.13 Thus, we investigated 
the possible contribution of PKCε signalling on FGFR2c-mediated 
repression of the autophagic process in human keratinocytes by 
shRNA approaches. The impairment of FGF2-induced EMT pro-
gram in FGF2-stimulated FGFR2c clones after PKCε depletion 
was confirmed by the recovery of the epithelial marker E-cadherin 
(Figure  2A), while LC3-II increase indicated the activation of au-
tophagy (Figure 2A). In addition, the expected accumulation of the 
autophagy substrate SQSTM1 in FGFR2c clones stimulated by FGF2 
was significantly dampened by PKCε depletion (Figure 2A), suggest-
ing a reactivation of the autophagic flux. Finally, quantitative immu-
nofluorescence approaches showed that the expected reduction of 
LC3 positive dots per cell in HaCaT pBp-FGFR2c clones stimulated 
with FGF211 (Figure 2B) was completely reversed by stable deple-
tion of PKCε, resulting in a visible increase (Figure 2B). Thus, PKCε 
signalling appears to be involved in the inhibition of autophagy or-
chestrated by FGFR2c, when this receptor is aberrantly expressed in 
human keratinocytes. Our results are consistent with previous data 
showing that PKCε is involved in the suppression of the autophagic 
process in glioblastoma cells.14 In addition, the transcription fac-
tor STAT3, activated downstream PKCε during FGFR2c-induced 
EMT,6 has been found involved not only in the triggering of EMT 
program,6,15 but also in the inhibition of autophagy.16 Despite these 
supporting studies, our current results seem apparently in contrast 
with the recent findings reported by Basu, which indicate a key role 
of PKCε in promoting autophagic process in metastatic breast cancer 
cells.17 This discrepancy would be explained considering the hypoth-
esis that FGFR2c plays its oncogenic role in the early steps of tumour 
development,4-6 further confirming the dual and opposite contribu-
tion of autophagy in different (early and advanced-metastatic) steps 
of carcinogenesis.8 In fact, it has been proposed that autophagy can 
play a ‘double-edged sword’ role on EMT, repressing the process in 
early, but inducing it in late, stages of tumorigenesis.8

As last aim, to confirm the central role of FGFR2c in regulating 
all the observed, intersected effects between autophagy and EMT, 
we used the FGFR2 tyrosine kinase inhibitor SU5402. In HaCaT 
pBp-FGFR2c clones, the presence of SU5402 was sufficient to abol-
ish all the responses to FGF2, not only in terms of FGFR2c, PKCε 
and MTOR/S6K phosphorylation (Figure  2C), as expected,6,11 but 
also in term of E-cadherin/N-cadherin modulation and repression of 
LC3 -II, as well as SQSTM1 accumulation (Figure 2C). These findings 
appear to confirm the upstream role of FGFR2c in the regulation of 
EMT/autophagy crosstalk.

Overall, our results represent the first indication that, at least 
in the context of human keratinocytes, the aberrant expression 
of FGFR2c, usually stemming from altered FGFR2 isoform switch, 
could be the upstream event leading to the activation of oncogenic 
signalling pathways intersecting with each other and cooperating in 
the establishment of the negative loop between EMT and autoph-
agy, which contributes to the early steps of tumour development.
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