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Abstract 

Lycopene, a kind of carotenoid, has been reported to have an inhibitory function on tumor cell migration. 
However, the potential role of lycopene in the treatment of cutaneous squamous cell carcinoma (cSCC) 
remains unclear. Therefore, we assessed the biological effects of lycopene in the human cSCC cell line 
COLO-16, human epidermal keratinocytes (HEKs) and the immortalized human keratinocyte cell line 
HaCaT. We found that lycopene inhibited the cell proliferation and migration of COLO-16 cells but not 
normal keratinocytes. In addition, lycopene upregulated the protein levels of ZO-1 in COLO-16 and 
HaCaT cells but not in HEKs. In contrast, lycopene upregulated the protein level of claudin-1 in HEKs but 
downregulated claudin-1 in COLO-16 cells. Lycopene led to a decrease in autophagic flux in COLO-16 
cells in a mechanistic target of rapamycin complex 1 (MTORC1)-dependent manner. Importantly, 
autophagy inhibition contributed to the lycopene-induced regulation on ZO-1 and claudin-1 in COLO-16 
cells. Moreover, JNK inhibitor (SP600125) and MEK inhibitor (U0126) treatment abolished the increase 
in phosphorylated MTOR and ribosomal protein S6 as well as the increase in ZO-1 and the decrease in 
claudin-1 in lycopene-treated COLO-16 cells. Gene silencing of JNK and ERK also prohibited ZO-1 
upregulation and claudin-1 downregulation. In conclusion, lycopene upregulates ZO-1 expression and 
downregulates claudin-1 expression through the activation of ERK, JNK and MTORC1 as well as the 
inhibition of autophagy in human cSCC cells. Our findings demonstrate that autophagy plays a key role in 
lycopene-mediated pharmacological effects. This study indicates that lycopene might be a useful 
chemopreventive agent against cSCC. 
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Introduction 
Lycopene, a kind of carotenoid, is present in 

various fruits, especially tomatoes. Carotenoids are 
known to accumulate in the skin and play a protective 
role [1]. Among the dietary carotenoids, lycopene 
possesses the best antioxidative activity, and it has 
been reported to have capabilities in the prevention of 
various diseases, including cancers and 
atherosclerosis [2, 3]. Lycopene exerts an inhibitory 
function on tumor cell migration [4, 5], and 
suppression MAPK and PI3K/Akt pathways has been 

supposed to play a role [6]. Increasing evidence 
suggests a photoprotective effect of lycopene on 
human skin [7], and recently, the inhibitory effect of 
lycopene on squamous cell carcinoma proliferation 
and invasion was evaluated [8]. Cutaneous squamous 
cell carcinoma (cSCC) is the most common 
nonmelanoma skin cancer [9]. An increasing annual 
cSCC incidence has emerged as a public health 
problem, and it has been reported to have increased 
by 2 to 8% since the 1960s [10, 11]. However, the 
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potential role of lycopene in the treatment of cSCC 
remains unclear. 

Cell migration is an important process in 
morphogenesis, regeneration and tumor progression 
[12], and it is a common characteristic of cancer 
cells. It has been reported that the weakening of cell 
junctions is followed by the onset of cell migration 
[12]. Broken cell-cell junctions lead to migration 
promotion [13]. At least 40 different tight junctions 
(TJs) have been identified to function as barriers and 
fences [14]. TJs have been divided into integral 
membrane TJ proteins and plaque proteins. The 
former group includes claudins, which contribute to 
intercellular homophilic and heterophilic adhesions; 
the plaque proteins include zonula occludens (ZO)-1, 
ZO-2, ZO-3, which serve as scaffold proteins [15]. 
Among the ZO family, ZO-1 was the first to be 
identified, and its role has clarified more thoroughly 
than those of ZO-2 and ZO-3. ZO-1 has been reported 
to be involved in the regulation of cell migration 
through the alteration of ZO-1 subcellular location 
[16] or the binding of ZO-1 to MRCKβ, a cytoskeletal 
dynamics regulatory protein kinase [17]. In addition, 
ZO-2 inhibition increases the migrative capacities of 
tumor cells [18]. Among the claudins, claudin-1 is 
primarily expressed in keratinocytes [19]. Claudin-1 
has been reported to act as a promoter in tumor cell 
migration [20, 21]. Interestingly, silencing of both 
ZO-1 and ZO-2 has been found to impair the 
polymerization of claudins [22]. 

Autophagy is a self-degradative process that has 
been identified to be involved in diverse cellular 
processes [23]. The mechanistic target of rapamycin 
complex 1 (MTORC1), whose repression usually 
results in autophagy induction, is a key regulator of 
the autophagy machinery [24]. Some studies have 
shown that the impact of autophagy on cell migration 
depends on cell type. For instance, the enhancement 
of autophagy promotes cell migration in human 
endometrial stromal cells [25, 26]. Although 
autophagy is involved in various cellular functions, it 
remains to be clarified whether autophagy modulates 
TJ expression. Although lycopene has been reported 
to induce autophagy in myocardioblasts [27], its 
regulatory effect on autophagy remains unclear. 

Here, we assessed the regulatory effect of 
lycopene on cell viability, proliferation and migration 
and detected the molecules involved in the regulation 
of cell cycle progression, cell junctions and MAPK 
pathways. We especially focused on autophagy and 
the autophagic pathway involving MTORC1 in the 
human cSCC cell line COLO-16, human epidermal 
keratinocytes (HEKs) and the immortalized human 
keratinocyte cell line HaCaT. Most importantly, we 
investigated whether autophagy is involved in 

lycopene-induced TJ protein regulation. 

Materials and Methods 
Cell culture 

HaCaT and COLO-16 cells (human squamous 
cell carcinoma cell line [28]) were maintained in the 
Chinese Academy of Medical Sciences & Peking 
Union Medical College (as described previously [29]). 
As previously described[30, 31], HaCaT and COLO-16 
cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 10% fetal bovine serum 
(Gibco, Invitrogen, Thermo Fisher, Carlsbad, CA, 
USA). Primary human epidermal keratinocytes were 
cultured in Keratinocyte-SFM (Gibco, Invitrogen, 
Thermo Fisher) as previously described [31]. Cells 
were incubated at 37°C under 5% CO2. 

Reagents and antibodies 
The compounds used in this study included 

lycopene (sc-205738, Santa Cruz Biotechnology, 
Dallas, TX, USA) dissolved in tetrahydrofuran (0.1% 
was used in the non-treatment cells as solvent 
control), rapamycin, trehalose, E64d, pepstatin, 
acridine orange (AO), and dimethyl sulfoxide 
(DMSO) (all from Sigma-Aldrich, St. Louis, MO, 
USA). Other compounds included torin 1 (Tocris, 
Bristol, UK) and U0126 and SP600125 (both from Cell 
Signaling Technology, Danvers, MA, USA). All 
primary and secondary antibodies were purchased 
from Cell Signaling Technology. 

Cytotoxicity measurement 
 To determine the cytotoxicity of lycopene, a Cell 

Counting Kit-8 (CCK-8) (Beyotime Biotechnology, 
Haimen, Jiangsu, China) was used according to the 
manufacturer’s instructions. Cells were seeded onto 
96-well plates and then treated with lycopene for 24 
hours. Next, CCK-8 reagent was added and incubated 
for 2 hours. The optical density was measured at a 
wavelength of 450 nm.  

Cell proliferation assay 
A bromodeoxyuridine (BrdU) cell proliferation 

ELISA kit (number 11647229001, Roche Applied 
Science, Basel, Switzerland) was used according to the 
manufacturer’s instructions. In the Brdu assay, cells 
were seeded onto 96-well plates with or without 
lycopene incubation and cultured for 24 hours. Then 
BrdU was added, and the cells were incubated for 3 
hours. Next, BrdU incorporation was determined by 
ELISA according to the manufacturer’s instructions. 
The optical density was measured at 370 nm and 492 
nm wavelengths. The incorporation of BrdU was 
calculated as follows: absorbance at 370 nm − 
absorbance at 492 nm. 
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Colony formation Assay 
Cells were treated with or without lycopene for 

24 hours. Then, the cells were seeded onto 60 mm 
culture dishes (5 × 103 cells per dish) and cultured for 
10 days at 37 ℃. The cells were washed with PBS and 
fixed in methanol for 5 minutes. Then, the cells were 
stained with Giemsa stain for 10 minutes to visualize 
the colonies. A colony cluster containing more than 20 
cells was defined as positive. Images were acquired 
using a Canon EOS 100D digital camera. 

Cell migration assay 
An OrisTM Cell Migration Assay kit (collagen I 

coated) was used according to the manufacturer’s 
instructions (CMACC5.101, Platypus Technologies 
LLC, Madison, WI, USA). Cells were seeded at a 
density of 5 × 104 cells per well and cultured for 24 
hours. The well stoppers were removed, and the 
culture medium with or without lycopene was 
replaced, followed by incubation for 24 hours. 
Micrographs were captured under an inverted 
microscope. The cell migration data were calculated 
by the following formula: (100% − areas without cell 
migration/area isolated by stopper) × 100. 

Western blotting 
Cells were lysed in RIPA lysis buffer (Beyotime 

Biotechnology) containing phosphatase and protease 
inhibitors (Roche Applied Science). The protein 
concentration was determined with a BCA assay 
(Beyotime Biotechnology). The proteins were loaded 
onto 4-15% precast polyacrylamide gels (Bio-Rad 
Laboratories, Hercules, CA, USA) and then 
transferred onto PVDF membranes (Bio-Rad 
Laboratories). The PVDF membranes were blocked 
with 3% BSA and incubated with the indicated 
primary and secondary antibodies. The protein bands 
were visualized using a chemiluminescence kit 
(Bio-Rad Laboratories). The density of the protein 
bands was quantified using Quantity One software. 
GAPDH served as the loading control. 

AO staining assay 
Autophagosomes in the cytoplasm, which are 

acidic vesicular organelles, were marked as red 
fluorescence by AO staining, while nuclei and 
cytoplasm were marked by deep and light green 
fluorescence, respectively. After washing with PBS, 
cells were incubated with 5 μg/mL AO for 10 minutes 
and then imaged by confocal microscopy (AO G: λex 
= 488 nm and λem = 515 nm; AO R: λex= 546 nm and 
λem = 620 nm). The red and green fluorescence 
intensities in the cells were determined with Quantity 
One software. 

GFP-LC3B puncta analysis 
LC3B-GFP transgene in the cells was generated 

using a Premo Autophagy Sensor LC3B-GFP BacMam 
2.0 system (P36235, Invitrogen, Thermal Fisher) 
according to the manufacturer’s instructions. After 
transfection for 12 hours, lycopene or E64d and 
pepstatin were added, and the cells were incubated 
for 24 hours. Cells were visualized by laser scanning 
confocal microscopy (GFP scanning: λex = 530 nm and 
λem = 500 nm). The number of LC3B-GFP puncta in 
the transfected cells was determined using ImageJ 
software (http://imagej.nih.gov/ij/). 

RNA interference 
COLO-16 cells were transfected with JNK or 

ERK siRNAs at a concentration of 100 nm when the 
confluence of cells was 30%-50% using 5 μL of 
Lipofectamine 2000 (Invitrogen, Thermal Fisher) 
according to the manufacturer’s instructions. Cells 
transfected with scrambled siRNA served as the 
negative controls (NCs). At 48 hours after 
transfection, the cells were treated with or without 10 
μM lycopene for 24 hours. The JNK siRNA (sc-39101) 
and scrambled siRNA for JNK (sc-37007) were both 
obtained from Santa Cruz. The ERK siRNA 
(GenePharma, Shanghai, China) sequences were 
5’-GUG CUC UGC UUA UGA UAA UTT-3’ (sense) 
and 5’-AUU AUC AUA AGC AGA GCA CTT-3’ 
(antisense). The scrambled siRNA sequences for ERK 
(GenePharma) were 5’-UUC UCC GAA CGU GUC 
ACG UTT-3’ (sense) and 5’-ACG UGA CAC GUU 
CGG AGA ATT-3’ (antisense). 

Statistical Analysis 
The independent experiments were performed at 

different times. The results for statistical analysis were 
obtained from at least three independent experiments. 
The data were analysed by Student's t-test or 
univariate ANOVA. SPSS Statistics software (Version 
17.0) was used for statistical analysis. Statistical 
significance was defined as a probability value of less 
than 0.05. 

Results 
Lycopene inhibits cell proliferation and 
migration of the cSCC cell line but not 
keratinocytes  

First, we measured the effect of lycopene on cell 
viability using CCK-8 and BrdU incorporation assays. 
Treatment with various concentrations of lycopene (0, 
5, 10, 15, 20 and 25 µM) for 24 hours did not impair the 
cell viability of COLO-16 cells, HEKs or HaCaT cells 
in the CCK-8 assay (Fig. 1a). Treatment with 5 and 10 
µM lycopene increased the viability of HEKs. Next, 
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we confirmed that 10 μM lycopene treatment for 24 
hours did not impair DNA synthesis with BrdU 
incorporation assay (Fig. 1b), which indicated that 
lycopene does not lead to cell damage. Interestingly, 

we found that 10 μM lycopene treatment for 24 hours 
decreased cell colony formation in COLO-16 cells but 
not in HEKs or HaCaT cells, suggesting inhibition of 
cell proliferation (Fig. 1c).  

 

 
Figure 1. Cells were treated with 0, 5, 10, 15, 20 or 25 μM lycopene for 24 hours, and cell toxicity assays were performed using a CCK-8 kit (a). Cells were treated with or 
without 10 μM lycopene for 24 hours and analysed for DNA synthesis (b), colony formation (c) and cell migration (d). The protein levels of PARP, caspase-3, cyclin B1, cyclin D1, 
CDK4, phospho-Histone H3, ZO-1, ZO-2, afadin and claudin-1 were determined by western blotting (f-j). The data are shown as the means ± SD of three independent 
experiments, and representative figures are shown. *: p < 0.05.  
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Importantly, transwell migration studies showed 
that 10 μM lycopene treatment for 24 hours inhibited 
cell migration only in COLO-16 cells (Fig. 1d). These 
data demonstrated that the inhibitory effect on cell 
proliferation and migration is stronger in 
keratinocyte-derived cancer cells compared to normal 
keratinocytes. 

Lycopene did not induce apoptosis of 
keratinocytes, but upregulated the cell cycle 
regulatory proteins Cyclin D1 and CDK4 in 
COLO-16 cells 

We determined the effects of lycopene on basal 
cell processes such as apoptosis and cell cycle 
progression in the above three cell types. An effector 
of apoptosis, caspase-3 is responsible for the cleavage 
of many proteins, and it was cleaved into 17 and 19 
kDa fragments when apoptosis occurs [32]. 
Poly(ADP-ribose) polymerase (PARP) is a target of 
active caspase-3, and its cleavage is another marker of 
apoptosis process[33]. First, we found that 5, 10 and 
20 µM lycopene treatment did not lead to the cleavage 
of PARP or caspase-3 in the three cell types assessed 
(Fig. 1e-g). Next, we detected the expression of several 
key cell cycle molecules, cyclin B1, cyclin D1, 
cyclin-dependent kinase 4 (CDK4) and histone H3. 
Overexpression of cyclin B1, cyclin D1 and CDK4 has 
been found in various cancers [34-36]. Cyclin D1 can 
facilitate cell cycle progression via forming an 
activating complex with cyclin-dependent kinase 4/6 
(CDK4/6)[34]. Cyclin B1 is an important regulator of 
the G2/M phase [37]. The phosphorylation of histone 
H3 ser10 is the key event of chromosome 
condensation and cell cycle progression [38]. We 
found that 5, 10 and 20 µM lycopene treatment 
upregulated expression levels of cyclin D1 and CDK4 
in COLO-16 cells (Fig. 1e). However, upregulation of 
CDK4 was not observed in HEKs and HaCaT cells, 
and upregulation of cyclin D1 was only observed in 
HaCaT cells treated with 20 µM lycopene (Fig.1f-g). 

Lycopene differentially regulates TJ protein 
expression 

Considering the close interplay between TJ 
proteins and cell migration, we next investigated 
whether lycopene treatment regulates the expression 
of TJs in COLO-16 cells, HEKs and HaCaT cells. We 
found that lycopene upregulated the protein levels of 
ZO-1 in COLO-16 cells (10 μM lycopene produced the 
strongest effect) and HaCaT cells (20 μM lycopene 
produced the strongest effect) but not in HEKs. In 
contrast, lycopene upregulated the protein level of 
claudin-1 in HEKs but not in COLO-16 or HaCaT 
cells. Importantly, lycopene downregulated the 
expression of claudin-1 in COLO-16 cells. ZO-2 and 

afadin, an adherens junction protein, were not 
affected by lycopene in any of the three types of cells 
assessed (Fig. 1h-j). These data indicate that lycopene 
treatment differentially regulates TJ protein 
expression.  

Lycopene decreases autophagy flux in 
COLO-16 cells 

Microtubule-associated protein 1 light chain 3 
(LC3) is the most commonly used autophagy marker. 
The cytosolic form of LC3 (LC3-I) is converted to the 
lipidated form (LC3-II) when autophagy is induced 
[39]. However, newborn LC3-II is degraded after 
autophagolysosome formation. Therefore, the 
autophagy flux can be determined in the presence of 
lysosomal inhibitors that block LC3-II degradation 
[39]. The conversion from LC3-I to LC3-II was 
decreased in HaCaT cells treated with 5, 10 and 20 µM 
lycopene for 24 hours (Fig. 2a). In this study, LC3-II 
accumulation was observed after treatment with the 
lysosomal inhibitors E64d and pepstatin (E&P) for 24 
hours, indicating the basal autophagic flux in the 
three cell types assessed (Fig. 2b). Furthermore, we 
observed that LC3-II levels (LC3-II/loading control) 
were decreased in the 5, 10 and 20 µM lycopene 
treated COLO-16 and HaCaT cells in the presence of 
E&P compared with the cells treated with E&P alone. 
AO staining is a complementary method to monitor 
autophagy through the visualization of autophagic 
vacuoles. The red/green fluorescence ratios of 
COLO-16 and HaCaT cells, but not HEKs, were 
decreased in 10 µM lycopene-treated cells in the 
presence of E&P compared with the cells treated with 
E&P alone (Fig. 2c). These data suggest that lycopene 
treatment leads to a decrease in autophagic flux in 
COLO-16 and HaCaT cells but not in HEKs. The 
inhibition of autophagy flux in 10 µM 
lycopene-treated COLO-16 cells was confirmed by 
GFP-LC3B puncta analysis, which monitored the 
GFP-tagged LC3 aggregation on the autophagosome 
membrane (Fig. 2d). 

Autophagy inhibition contributes to the 
regulatory effect of lycopene on ZO-1 and 
claudin-1 

MTORC1, whose repression usually results in 
autophagy induction, is a key regulator of the 
autophagy machinery [24]. We observed an increase 
in the phosphorylation of MTOR at ser2448 and its 
substrates [40-42], including p70 S6 kinase at thr389, 
ribosomal protein S6 at ser235/236 and 4E-BP1 at 
ser65, in COLO-16 cells (Fig. 3a). These findings 
demonstrated that the MTORC1 pathway is involved 
in lycopene-induced autophagy inhibition in 
COLO-16 cells. Notably, we observed an increase in 
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ribosomal protein S6 phosphorylation in HEKs and 
HaCaT cells treated with lycopene (Fig. 3a), although 

the changes in other components in the MTORC1 
pathway were not as significant as in COLO-16 cells.  

 

 
Figure 2. Cells were treated with 0, 5, 10 or 20 μM lycopene (a) with or without 10 μg/mL E64d and 10 μg/mL pepstatin (b) for 24 hours. Western blotting analysis was 
performed using a primary antibody against LC3A/B. GAPDH served as a loading control. The LC3-II / LC3-I and LC3-II / GAPDH ratios were calculated. Cells were treated with 
or without 10 μM lycopene in the presence or absence of 10 μg/mL E64d and 10 μg/mL pepstatin for 24 hours (c and d). Cells stained by AO (c) or transfected with GFP-LC3B 
(d) were visualized using a laser scanning confocal microscope. The means of the red/green fluorescence ratios (c) or the GFP-LC3 puncta (d) for individual cells were determined 
for statistical analysis. The data are shown as the means ± SD of three independent experiments, and representative figures are shown. Bars = 5 μm. *: p < 0.05. 
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Figure 3. Cells were treated with 0, 5, 10 or 20 μM lycopene (a), and then the protein levels and phosphorylation of MTOR, p70 S6 kinase, ribosomal protein S6 and 4E-BP1 
were determined by western blotting. Cells were treated with or without 10 μM lycopene in the presence or absence of 80 nM rapamycin (b and c), 1 μM torin 1 (d) or 100 mM 
trehalose (f) for 24 hours, and the protein levels and phosphorylation of MTOR (b, d and f) and ribosomal protein S6 (b), as well as the protein levels of ZO-1, claudin-1 (c, d and 
f) and LC3 (d and f), were determined by western blotting. In addition, COLO-16 cells were treated with or without 10 μM lycopene in the presence or absence of 10 μg/mL E64d 
and 10 μg/mL pepstatin or 80 nM rapamycin (e), and the levels of LC3 protein were determined by western blotting. GAPDH served as a loading control. The LC3-II / LC3-I or 
LC3-II / GAPDH ratios were calculated. The data are shown as the means ± SD of three independent experiments, and representative figures are shown. *: p < 0.05. 
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Rapamycin is an MTOR inhibitor and 
MTOR-dependent autophagy inducer [39]. Here, cells 
were co-incubated with lycopene and 80 nM 
rapamycin for 24 hours, and we found that rapamycin 
treatment decreased the phosphorylation of MTOR 
and ribosomal protein S6 in all three cell types 
assessed, indicating sensitivity to rapamycin. 
Importantly, the lycopene-induced increases in 
MTOR and ribosomal protein S6 phosphorylation 
were abolished in the presence of rapamycin in 
COLO-16 cells, suggesting that rapamycin treatment 
inhibited lycopene-induced MTORC1 activation (Fig. 
3b).  

Next, we found that rapamycin treatment 
prohibited the lycopene-induced upregulation of 
ZO-1 and downregulation of claudin-1 in COLO-16 
cells (Fig. 3c), indicating that the MTORC1 pathway is 
involved in lycopene-related TJ regulation. We 
validated this result using another MTOR inhibitor, 
torin 1 [43] (Fig. 3d). Interestingly, rapamycin 
treatment also abolished the lycopene-induced 
upregulation of claudin-1 in HEKs (Fig. 3c). 
Rapamycin and torin 1 have both been reported to 
induce autophagy via inhibiting the MTORC1 
pathway in some cells [39, 43]. We found that 
rapamycin treatment attenuated the lycopene- 
induced decrease in LC3-II accumulation (Fig. 3e), 
and torin 1 also prohibited the decrease in conversion 
from LC3-I to LC3-II in COLO-16 cells (Fig. 3c). These 
data indicate that autophagy inhibition might 
contribute to the lycopene-induced regulation of ZO-1 
and claudin-1. Therefore, we further confirmed the 
key role of autophagy regulation using the 
MTOR-independent autophagy inducer trehalose 
[30]. We found that trehalose treatment enhanced the 
conversion from LC3-I to LC3-II in an 
MTOR-independent mechanism and abolished the 
lycopene-induced upregulation of ZO-1 and 
downregulation of claudin-1 (Fig. 3f). These data 
demonstrate that lycopene-induced autophagy 
inhibition plays a crucial role in the 
lycopene-mediated regulation of TJ expression. 

 Lycopene activates MTORC1 signalling 
through the JNK and ERK pathways in 
COLO-cells 

c-Jun N-terminal kinase (JNK) [44], 
signal-regulated kinase (ERK1/2) [45] and p38 MAPK 
[46] have been reported to be capable of positively 
regulating the MTOR pathway. We found that 
lycopene treatment led to increases in JNK and ERK 
phosphorylation, but not p38 MAPK 
phosphorylation, in the three cell types assessed (Fig. 
4a-c). We confirmed JNK activation in 
lycopene-treated COLO-16 cells by measuring the 

protein level of c-jun, a substrate of the JNK pathway. 
We observed that lycopene treatment led to an 
increase in c-jun expression (Fig. 4a). Considering the 
close interplay between MTOR signalling and MAPK 
signalling (including JNK, ERK and p38 MAPK 
signalling), we explored whether the activation of 
JNK or ERK could be abolished by inhibiting the 
lycopene-induced activation of MTORC1 signalling 
using rapamycin treatment. We found that rapamycin 
treatment did not prohibit the increase in JNK and 
ERK phosphorylation in the three cell types assessed 
(Fig. 4d-f). Furthermore, we found that both a JNK 
inhibitor (SP600125) and a MEK inhibitor (U0126) 
abolished the lycopene-induced increase in 
phosphorylated MTOR and ribosomal protein S6 in 
COLO-16 cells (Fig. 4g, h). These findings 
demonstrate that lycopene treatment activates 
MTORC1 signalling through the JNK and ERK 
pathways in COLO-16 cells. 

We further used the JNK inhibitor (SP600125) 
and the MEK inhibitor (U0126) to investigate whether 
the JNK and ERK pathways are involved in the 
lycopene induced regulation of ZO-1 and claudin-1. 
We found that both inhibitors abolished the 
lycopene-induced increase in ZO-1 expression and 
decrease in claudin-1 expression in COLO-16 cells 
(Fig. 4g, h), indicating that the activation of the ERK 
and JNK pathways contributes to the 
lycopene-induced changes in TJ proteins. In addition, 
gene silencing of JNK and ERK also prohibited the 
upregulation of ZO-1 and the downregulation of 
claudin-1 in COLO-16 cells (Fig. 4i, j). 

Discussion 
 In this study, we demonstrate that lycopene 

treatment upregulates ZO-1 expression and 
downregulates claudin-1 expression through 
autophagy inhibition in human cSCC cells. 
Furthermore, we reveal that the activation of JNK and 
ERK contributes to the lycopene-induced activation of 
MTORC1, upregulation of ZO-1 and downregulation 
of claudin-1. These effects might be involved in the 
lycopene-induced inhibition of cell migration. 

The exact regulatory effect of lycopene on 
autophagy and its underlying mechanism remain 
unclear. Chen et al [27] reported that lycopene 
increased the autophagy level in myocardioblasts. 
Buyuklu et al, found that lycopene treatment 
improved LC3B expression in contrast 
agents-induced nephropathy [47]. Here, our study 
verified that the antioxidant and anticarcinogenic 
agent lycopene is a novel autophagy inhibitor in 
keratinocytes and keratinocyte-derived cancer cells. 
However, lycopene-induced autophagy inhibition is 
mediated by an MTOR-dependent mechanism, which 
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should be considered in further investigations, as 
Karayannopulou et al [48], observed a significantly 
elevated level of phosphorylated MTOR in cSCC 
tissues. The MTOR inhibitor rapamycin has been 

reported to oppose the carcinogenesis of epidermal 
cancer [49] and to exhibit an antitumoral effect in 
kidney transplant recipients with previous cSCC [50].  

 

 
Figure 4. Cells were treated with 0, 5, 10 or 20 μM lycopene (a-c). Western blotting analysis was performed to determine the protein levels or phosphorylation of ERK, JNK 
and p38 MAPK. The protein level of c-jun was determined in COLO-16 cells (a). Cells were treated with or without 10 μM lycopene in the presence or absence of 80 nM 
rapamycin (d-f), 10 μM SP600125 (g) or 5 μM U0126 (h) for 24 hours. Western blotting analysis was performed to determine the protein levels of ZO-1, claudin-1, JNK and ERK, 
as well as the phosphorylation of JNK and ERK. In addition, the phosphorylation of MTOR and ribosomal protein S6 was determined in COLO-16 cells (g and h). (i and j): The 
COLO-16 cells in the control, negative control, RNAi JNK (or ERK) and RNAi JNK (or ERK) plus lycopene groups were treated with transfection agent (Lipofectamine 2000) 
alone, scrambled siRNA, JNK siRNA (or ERK siRNA) and JNK siRNA (or ERK siRNA) followed by 10 μM lycopene, respectively. The transfection agents were given in the same 
volume (5 μL) in the control, negative control, RNAi of JNK (or ERK), and RNAi of JNK (or ERK) plus lycopene groups. GAPDH served as a loading control. Representative 
figures are shown from three independent experiments. 
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Interestingly, lycopene exhibits an effect against 
cSCC cells, although it enhances MTOR activity. In 
addition to autophagy regulation, the MTOR pathway 
participates in various cellular processes, such as 
metabolism [51], cell proliferation [52], angiogenesis 
[53] and cell cycle progression [54]. It should be 
considered that lycopene-induced effects on extensive 
cell processes associated with MTOR signalling might 
lead to undesirable consequences of the use of 
lycopene in cancer treatments. 

Claudin-1 binds to ZO-1 through its ZO-1 
binding site, contributing to the formation of tight 
junction strands [55]. Although both ZO-1 and 
claudin-1 belong to the family of TJ proteins, their 
roles might be distinct in carcinogenesis and tumor 
development. For example, Morita et al found that 
ZO-1 and claudin-1 were strongly expressed in tumor 
cells with keratinization but that ZO-1 was decreased 
or unexpressed in unkeratinized tumor cells[56]. 
Therefore, lycopene-induced ZO-1 upregulation 
should be explored in further studies on cSCC 
treatment. Our study also showed that lycopene 
differentially regulates the expression of ZO-1 and 
claudin-1 along with its anti-tumor effects.  

Lycopene inhibits platelet-derived growth factor 
(PDGF)-AA/-AB-induced migration in smooth 
muscle cells and fibroblasts [57]. In addition, lycopene 
exhibits an inhibitory effect on migration in prostate 
cancer cell lines [5] and SK-Hep1 human hepatoma 
cell lines [4]. Interestingly, lycopene inhibits PDGF-BB 
induced retinal pigment epithelial cell migration by 
suppressing ERK and p38 MAPK activation. 
Although we observed that lycopene could inhibit 
migration of cSCC cell line, and the ERK and JNK 
signalling were activated. We speculate that the 
molecular mechanisms of lycopene-induced effects 
involve histological specificity.  

There are limited reports on how autophagy is 
involved in the regulation of TJ protein function. Yang 
et al [58], found that amino acid deprivation led to the 
impairment of barrier function including decreased 
expression of ZO-1 and claudin-1 and increased 
permeability, in a porcine intestinal epithelial cell 
model. Importantly, they found that enhancement of 
autophagy with rapamycin partially attenuated the 
abovementioned barrier dysfunction, and inhibition 
of autophagy with 3-methyladenine enhanced the 
dysfunction. Li et al [59] also reported that inducing 
autophagy with rapamycin or lithium carbonate 
reversed the decrease in ZO-1 in brain microvascular 
endothelial cells associated with ischemia-reperfusion 
injury. Intriguingly, our study demonstrates that 
lycopene upregulates ZO-1 expression and 
downregulates claudin-1 expression by inhibiting 
autophagy flux in the cSCC cell line. Although our 

results are not completely consistent with those of 
previous reports on the role of autophagy in TJ 
protein regulation, the findings strongly indicate that 
autophagy plays an important role in the function of 
TJ proteins. The underlying mechanism of how the 
autophagy machinery modulates TJ proteins needs to 
be elucidated through additional investigation.  

In this study, we found that an effect of lycopene 
was present in cSCC cells but not in normal 
keratinocytes. In fact, such tumor-selective effects 
were also observed in some previous studies. For 
example, lycopene inhibited proliferation and 
downregulated acidic isoforms of cytokeratin 19 in 
breast cancer cells but not in normal breast cells [60]. 
However, the mechanisms leading to the differential 
regulation between cancer and normal cells has not 
been clarified. In our previous study, we found that 
lycopene inhibited the phosphorylation of epidermal 
growth factor receptor (EGFR) in COLO-16 cells but 
not in HaCaT cells and HEKs [61]. Lycopene has been 
reported to inhibit EGFR gene expression in prostate 
cancer cells [62]. EGFR has been reported to possibly 
be involved in the modulation of SCC growth and 
migration [63]. Thus, we speculate that the selective 
regulation of some key pathways, such as 
lycopene-mediated EGFR signalling might contribute 
to the different effects of lycopene on 
keratinocyte-derived cancer cells and normal 
keratinocytes. 

In summary, our study reports a novel effect of 
lycopene on the expression of the TJ proteins ZO-1 
and claudin-1 through the activation of ERK, JNK and 
MTORC1 as well as the inhibition of autophagy in 
cSCC cells. Our data demonstrate that autophagy 
plays a key role in lycopene-mediated 
pharmacological effects. These findings broaden the 
scope of investigations on the molecular mechanisms 
underlying the anti-tumor effects of natural agents. 
However, we could not determine whether the ERK 
and JNK pathways are the crucial mediators of the 
lycopene-induced effects, or whether changes in ZO-1 
and claudin-1 lead to the lycopene-induced inhibition 
of cell migration. Our study indicates that lycopene 
might be a useful chemopreventive agent, and the 
potential value of lycopene is worthy of additional 
investigation in future studies. 
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