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1.  Abstract 

Cutaneous squamous cell carcinoma (cSCC) accounts for 20% of all skin cancers. Actinic 

keratoses (AK) is the precursors of cSCC, and there is still no effective way to stop its 

progression into cSCC. Effective medicines are needed to combat the current high incidence of 

of cSCC and AK. Non-steroidal anti-inflammatory drugs as celecoxib, indirubin derivatives or 

sinecatechins (Veregen, Polyphenon E, PE) represent promising candidates. Here, the efficacy 

and mode of action of celecoxib, three indirubin derivatives and PE were investigated in four 

cSCC cell lines. The indirubin derivatives caused loss of cell proliferation and viability as well 

as induced apoptosis. Celecoxib obtained a strong anti-proliferative effect in four representative 

cSCC cell lines. Apoptosis were further enhanced and loss of cell viability were increased, 

when the indirubin derivatives or celecoxib were combined with TRAIL (Tumor necrosis 

factor-related apoptosis inducing-ligand). In both combined treatments, pro-apoptotic caspase 

cascades were activated. Also, the TRAIL receptor DR5, the pro-apoptotic Puma and the p21 

were up-regulated, whereas anti-apoptotic factors (survivin and XIAP) were down-regulated. 

PE also caused strong reduction in cell proliferation and cell viability but not apoptosis. For 

celecoxib and indirubin derivatives, a strong and early increase in reactive oxygen species (ROS) 

was characteristic, while for PE, ROS decreased early and increased later. For indirubin 

derivatives, the relation between high ROS and apoptosis could be shown by anti-oxidative pre-

treatment, while for celecoxib, the production of ROS was strong so that it could not be 

prevented by anti-oxidants. For PE, the relation between low ROS and inhibition of cell 

proliferation and cell viability could be shown by anti-oxidative pre-treatment. Thus, high ROS 

may induce apoptosis, while low ROS may inhibit cell proliferation and cell viability in cSCC 

cells. These data illuminate the different mechanisms of ROS in the treatment of cSCC as well 

as provide the basis to understand how pro- and anti-tumorigenic ROS signalling pathways may 

be effectively used in cancer therapy. 

 



4 

 

1. Zusammenfassung 

Das kutane Plattenepithelkarzinom (cSCC) macht 20 % aller Hautkrebserkrankungen aus. 

Aktinische Keratosen (AK) sind die Vorstufen von cSCC, und es gibt immer noch keine 

wirksame Methode, um ihr Fortschreiten zu cSCC zu verhindern. Es werden wirksame 

Arzneimittel benötigt, um die derzeit hohe Inzidenz von cSCC und AK zu bekämpfen. Nicht-

steroidale Entzündungshemmer wie Celecoxib, Indirubin-Derivate oder Sinecatechine 

(Veregen, Polyphenon E, PE) sind vielversprechende Kandidaten. Hier wurden die 

Wirksamkeit und die Wirkungsweise von Celecoxib, drei Indirubin-Derivaten und PE in vier 

cSCC-Zelllinien untersucht. Die Indirubin-Derivate führten zu einem Verlust der 

Zellproliferation und der Lebensfähigkeit und induzierten Apoptose. Celecoxib erzielte bei vier 

repräsentativen cSCC-Zelllinien eine starke anti-proliferative Wirkung. Die Apoptose und der 

Verlust der Lebensfähigkeit der Zellen wurden noch verstärkt, wenn die Indirubin-Derivate 

oder Celecoxib mit TRAIL (Tumor-Nekrose-Faktor-bezogener Apoptose-Induktions-Ligand) 

kombiniert wurden. Bei beiden kombinierten Behandlungen wurden pro-apoptotische Caspase-

Kaskaden aktiviert. Außerdem wurden der TRAIL-Rezeptor DR5, das pro-apoptotische Bcl-2-

Protein Puma und der Zellzyklusinhibitor p21 hochreguliert, während anti-apoptotische 

Faktoren (Survivin und XIAP) herunterreguliert wurden. PE führte auch zu einem starken 

Rückgang der Zellproliferation und der Lebensfähigkeit der Zellen, aber nicht zur Induktion 

der Apoptose. Für Celecoxib und Indirubin-Derivate war ein starker und früher Anstieg 

reaktiver Sauerstoffspezies (ROS) charakteristisch, während bei PE die ROS früh ab- und später 

zunahmen. Bei Indirubin-Derivaten konnte der Zusammenhang zwischen hohen ROS und 

Apoptose durch eine antioxidative Vorbehandlung aufgezeigt werden, während bei Celecoxib 

die Produktion von ROS so stark war, dass sie durch Antioxidantien nicht verhindert werden 

konnte. Bei PE konnte der Zusammenhang zwischen niedrigen ROS und der Hemmung der 

Zellproliferation und Zelllebensfähigkeit durch eine antioxidative Vorbehandlung 

nachgewiesen werden. Somit kann ein hoher ROS-Gehalt Apoptose auslösen, während ein 
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niedriger ROS-Gehalt die Zellproliferation und Zelllebensfähigkeit von cSCC-Zellen hemmen 

kann. Diese Daten beleuchten die verschiedenen Mechanismen von ROS bei der Behandlung 

von cSCC und liefern die Grundlage für das Verständnis, wie pro- und antitumoröse ROS-

Signalwege in der Krebstherapie wirksam eingesetzt werden können. 
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2. Introduction 

2. 1 Actinic keratosis and cutaneous SCC  

Actinic keratosis (AK), produced in tumorigenic epidermal keratinocytes, is mainly located in 

sun-exposed areas of the skin. AK is characterised by an exceptionally high incidence ranging 

from 11% to 60% in caucasian individuals above 40 years (1). Clinical and subclinical lesions 

often coexist over large areas and have also been described as field cancerization (2). AK 

lesions have the potential to transform into aggressive cutaneous squamous cell carcinoma 

(cSCC), therefore, AK has been defined as cSCC in situ and treatment of AK is important (3). 

Cutaneous SCC is a malignant proliferation of the skin epithelium that accounts for 20% to 50% 

of all skin cancers (4) and accounts for 20% of skin cancer deaths worldwide (5). Often, cSCC 

exhibits a relatively benign clinical behaviour, and most cSCC can be successfully eradicated 

by surgical resection, sometimes in combination with adjuvant radiotherapy or chemotherapy. 

Moreover, some of patients with advanced and metastatic cSCC may benefit from systemic 

therapy (6). However, a proportion of cSCC has features associated with a high likelihood of 

recurrence and metastasis, as well as drug resistance associated with a high mortality rate. These 

are still issues that need to be addressed in the treatment of cSCC (7). Therefore, there is an 

urgent need for novel and alternative treatment options. 

2. 2 Induction of apoptosis in cancer therapy  

Induction of apoptosis to eliminate neoplastic cells is a major target of treatment for cancer, and 

resistance to therapy is often interpreted as a deficiency of apoptosis (8). Therefore, eliminating 

resistance to apoptosis induction during treatment is a critical step for treating cSCC and 

reducing drug resistance (9). Apoptosis can be induced through extrinsic and intrinsic pathways. 

Death ligands can initiate extrinsic induction of apoptosis. The death ligand TRAIL has become 

widely known for its anti-cancer potential, while it remains generally unaffected in normal cells 
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(10, 11). Death receptor activation is followed by the formation of cell membrane-bound death-

inducing signalling complexes that lead to the activation of promoter caspases including 

caspase-8 and caspase-10 (12). Activate effector caspases, such as caspases-3, -6 and -7, which 

can be cleaved and activated by initiator caspases, can cleave several death substrates to 

fragment DNA and induce apoptosis (13).  

On the other hand, intrinsic pro-apoptotic pathways can be activated the reaction to cellular 

stress situations, including high levels of ROS and anti-cancer treatments such as chemotherapy. 

It is dependent on MOMP, loss of MMP and release of mitochondrial factors such as 

cytochrome c, which may trigger activation of caspase-9 (14). This procedure is under a critical 

control of the pro-apoptotic and anti-apoptotic Bcl-2 protein family. Bcl-2 performs its anti-

apoptotic function by binding and inhibiting of Bax, belonging to pro-apoptotic family (14, 15). 

Normally, induction of apoptosis and inhibition of cell proliferation are regulated in parallel.  

Cell proliferation is critically regulated by CDK 1/2/4/6, which mediate retinoblastoma (Rb) 

protein phosphorylation, thus resulting in E2F transcription factor-induced gene expression and 

activation of the cell cycle (16). On the other hand, the INK4 family (p15, p16, p18, and p19) 

as well as of the Cip/Kip family (p21, p27 and p57) can prevent cell cycle progression (17). 

While CDK inhibitors critically control cell proliferation in normal cells, they may be 

downregulated or abolished in cancer (18). 

2. 3 Different treatments of cSCC 

Treatment options for cSCC include surgery, chemotherapy, radiotherapy, photodynamic 

therapy and molecular targeted therapy. Of these, surgery is by far the most common and 

important one. Many cSCCs can be treated surgically, and the ten-year survival rate for cSCC 

after surgery is over 90%, but it decreases dramatically once metastasis occurs (19). The 

frequency of lymph node metastases is about 4%, while the mortality rate is close to 2% (20). 

Especially, When cSCC and AK occur at specific sites, the lesions are too large and numerous, 
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the patient is too old or the tumor has metastasised distantly, other medical treatments such as 

radiotherapy, PDT and/or chemotherapy may be better options (21). Given that, precise and 

targeted therapies are required. 

2. 4 Celecoxib 

The NSAID and COX-2 inhibitor celecoxib has received particular interest for its anti-tumor 

activity (22). Efficiency in colorectal adenomas has been shown in clinical trials to yield its 

FDA approval for patients with familial adenomatous polyposis (23-25). A growing number of 

experiments have demonstrated that the anti-cancer activity of celecoxib may be more related 

to COX-2-independent effects than to COX-2-dependent mechanisms (26-28). 

2. 5 Indirubin derivatives 

Indirubin has been recognized as the effective component of Danggui LonghuiWan to treat 

chronic and inflammatory diseases. In the 1980s, clinical results obtained during the treatment 

of patients with chronic granulocytic leukemia with indirubin, stimulating the study of this 

compound (29, 30). Owing to the native form with the limited anti-tumor activity, several 

laboratories are currently investigating new derivatives to enhance its efficacy (31-33). 

2. 6 Sinecatechins (Polyphenon E) 

The green tea extract Sinecatechins (Polyphenon E, PE; Veregen®, Aresus Pharma GmbH, 

Strausberg, Germany) represents another promising candidate for tumor therapy (34). For the 

most abundant catechin, EGCG, inhibition of cell proliferation and induction of apoptosis of 

mammary carcinoma, lung cancer and gastric cancer cells has been reported (35-37). 
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2. 7 The role of ROS 

ROS, including H2O2, superoxide anion radicals, hydroxyl radical, singlet oxygen, and alpha-

oxygen are often considered to be by-products of oxygen depletion and cellular metabolism (38, 

39). ROS play key roles in many cellular processes, including cell differentiation, proliferation 

and cell death, through regulating key signalling pathways (40). The balance of ROS is essential 

for cell survival, signalling and protection. Detoxification of ROS achieved through non-

enzymatic or enzymatic anti-oxidants are involved in the scavenging of different types of ROS. 

Increased levels of ROS may favour tumorigenesis, leading to DNA, protein and lipid damage 

and may promote genetic instability (41-45). ROS may also act as signalling molecules in 

cancer development, contributing to abnormal cell growth, metastasis, resistance to apoptosis, 

angiogenesis, and in some types of cancer impaired differentiation (46, 47). The main function 

of anti-oxidant defence in tumor cells is to prevent excessive ROS accumulation and to maintain 

tumor-friendly ROS levels, allowing disease progression and resistance to apoptosis (48). 

However, when ROS rises to toxic levels, it depletes the capacity of the tumor cells' antioxidant 

system, disrupts ROS homeostasis of the tumor cells and subsequently inducing cell cycle arrest, 

apoptosis and senescence (49, 50). Thus, ROS anti-tumor signalling could be a target for cancer 

therapy. A number of chemotherapeutic agents widely used to treat cancer have been described 

as increasing the production of ROS, causing irreparable damage and cell death. These include 

anthracyclines, cisplatin, bleomycin and arsenic trioxide (51). In previous studies of our group, 

they described that increased ROS can result in induction of apoptosis, as shown for indirubin 

derivatives in cutaneous T-cell lymphoma and melanoma cells (52, 53). Mitochondrial leakage 

or other sources can generate ROS (54), but relationship with the depicted apoptotic pathways 

is not well understood so far.  

Here, the pro-apoptotic effects of celecoxib, indirubin derivatives and PE were investigated in 

cSCCs cells, and the efficiency of combination therapy was shown. Downstream signalling 
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pathways has been revealed and the role of ROS in three treatments has been explored. The 

results may help to improve the treatment of cSCC/AK.  



11 

 

3. Materials and Methods  

3. 1 Cell culture and treatment 

Four representative cSCC cell lines (SCL-I, SCL-II, SCC-12 and SCC-13) were included in 

this study. Most assays were performed in 24-well plates after seeding 5 ×104 cells per well. 

Celecoxib (BioMol, Hamburg, Germany; 1000-8672) was used at 25–100 µM. Indirubin 

derivatives (DKP-071, DKP-073 and DKP-184) (55) were used at 2.5–20 µM. PE was applied 

in concentrations of 10–200 µg/ml. Cells were also treated with agonistic anti-CD95 antibody 

(CH-11, IgM mouse; Beckman Coulter, Krefeld, Germany; 100 ng/mL), and Killer TRAILTM 

(Adipogen, San Diego USA, AG-40T-0001; 50 ng/mL). To inhibit caspases, pan-caspase 

inhibitor QVD-Oph (Abcam, Cambridge, UK; 10 µM) was applied 1 h earlier before agonist 

application. 

3. 2 Cell proliferation  

Cell proliferation was evaluated by WST-1 assays (Roche Diagnostics, Penzberg, Germany), 

the assay was quantified in an ELISA reader at 440 nm. As the enzyme activity is only present 

in metabolically active cells, the readout reflects both the numbers and viability of cells. 

3. 3 Apoptosis induction, cytotoxicity and cell viability 

Cell cycle analysis was used to determined apoptosis. Cells were stained for 1 h with propidium 

iodide. Due to the washing out of small DNA fragments, nuclei with less DNA than G1 (sub-

G1) correspond to cells with DNA fragmentation (apoptotic cells). Cytotoxicity was determined 

in cell culture supernatants by quantification of released LDH activity. Cell viability was 

determined by staining cells with calcein-AM (PromoCell, Heidelberg, Germany), which is 

converted in viable cells through intracellular esterases to the green-fluorescent dye calcein.  
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3. 4 Mitochondrial membrane potential 

Loss of MMP was determined by staining cells with the fluorescent dye tetramethylrhodamine-

6-maleimide (TMRM+; Sigma-Aldrich, Darmstadt, Germany). Cells were stained for 20 min at 

37°C in 1 µM TMRM+ and measured by flow cytometry.  

3. 5 Analysis of ROS 

To determine the levels of intracellular ROS, cells were stained with the cell-permeable and 

non-fluorescent chemical 2', 7'-dichlorodihydrofluorescein diacetate (H2DCF-DA; D-399, 

Thermo Fisher Scientific, Hennigsdorf, Germany, 10 µM). Before starting treatment with other 

effectors, cells were pre-incubated for 1 h with H2DCF-DA (10 µM). Cells were treated with 1 

mM H2O2 for 1 h as positive controls. Different antioxidant treatments were utilized with the 

purpose of suppressing treatment-induced ROS levels. Antioxidants were generally applied at 

1 h before starting treatment. 

3. 6 Western Blotting 

Total protein extracts were obtained by cell lysis buffer containing 150 mM NaCl, EDTA (1 

mM), 1% NP-40; 50 mM Tris (pH 8.0), as well as phosphatase and protease inhibitors. 

Following SDS polyacrylamide gel electrophoresis, proteins were blotted on nitrocellulose 

membranes. 

Table 1．Antibodies of western blotting 

Antibodies Manufacturer 

Primary 

Antibodies 

Rabbit-anti-Cleaved caspase-3 

 

Rabbit-anti-Caspase-6,7 and9 

  

Cell Signaling Danvers, MA, USA 

Mouse- anti- Caspase-8  

 

 

Rabbit-anti-XIAP, Mcl-1, Bad, 

Bcl-2 and Bcl-w 
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Mouse- anti- c-Filp, survivin, 

p21, puma and β-actin 

 

Santa Cruz, Texas, USA 

Rabbit-anti-DR5 Abcam , Cambridge, UK 

  

Secondary 

Antibodies 
peroxidase- goat anti-rabbit  Dako, Hamburg, Germany 

peroxidase- goat anti-mouse  

3. 7 Statistical analysis 

We performed the experiments in at least three separate experiments to ensure that the results 

were repeatable. We used Student’s t-test to determine statistical significance. A statistically 

signifcant p value<0.05 was adopted. Western blot signals were quantified by densitometry 

using Fusion-Capt Advance software (Vilber Lourmat, Collégien, France), values were 

normalized by the respective β-actin values and median values were formed from each two 

independent experiments (independent cell extracts). 
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4. Results 

4. 1 Decrease of cSCC Cell Proliferation 

Quantitative WST-1 assays were utilized to evaluate cell proliferation. As for celecoxib, the 

anti-proliferative potential was evaluated in SCL-II as well as SCC-12. We found a dose-

dependent, anti-proliferative effect of celecoxib (Figure 1A). The antiproliferative effect was 

not dependent on direct cytotoxicity and was identified by LDH release assays at 2 h (data not 

shown).  

The efficacy of three derivatives (DKP-071, -073, -184) of indirubin and PE were investigated 

in four cSCC cell lines. As for indirubin derivatives, at 24 h, cell proliferation rates were 

generally decreased in cSCC cells by three derivatives, reaching 30%, 29% and 48% in SCL-I, 

72%, 77% and 83% in SCL-II, 50%, 48% and 79% in SCC-12 as well as 41%, 22% and 57% 

in SCC-13 (Figure 1B). These antiproliferative effects were further enhanced by the binding of 

indirubin derivatives to TRAIL (data not shown).  

As for PE, effects on cell proliferation were investigated in cSCC cell lines in response to 

increasing dose of PE (10–200 µg/ml). At 24 h, PE resulted in a strong and dose-dependent 

decrease of cell numbers in four cell lines (Figure 1C). Then, after 24 h, the effects further 

enhanced at 48h. Thus, PE (100/200 µg/ml) decreased cell proliferation to 43%/ 22% (SCL-I), 

29%/ 19% (SCL-II), 39%/ 29% (SCC-12) as well as 37%/ 24% (SCC-13) at 48 h (data not 

shown). 
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Figure 1．Decrease of cSCC Cell Proliferation. Cell proliferation was evaluated by WST-1 assay in cSCC cells 

at 24 h with (A) celecoxib (25, 50, 100 μM), (B) indirubin derivatives (DKP-071, -073 and -184, 10 µM) and (C) 

PE (10 -200 µg/ml).  

4. 2 Induction of Apoptosis and Loss of Cell Viability 

In compared to the inhibitory effect of celecoxib on cell proliferation, the induction of apoptosis 

by celecoxib was not significant. Treatment with 25 and 50 μM celecoxib resulted in less than 

5% apoptosis at 24 h and 48 h (Figure 2A). Meanwhile, at 25 and 50 µM the effect on cell 

viability was minimal. Only for 100 μM celecoxib, a stronger effect was found (Figure 3A).  

 Although cell proliferation was also obviously influenced by medium concentrations of 

celecoxib, the direct influence on apoptosis and cell viability was of limited significance. To 

enhance the pro-apoptotic function of celecoxib, it was in combination with TRAIL as well as 

with CH-11. As a result, the induction of apoptosis was increased in four cell lines. (Figure 2A). 

The enhancement of apoptosis is often accompanied by a reciprocal loss of cell viability. 

Combining celecoxib with death ligands caused a significant decrease in cell viability within 
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48 h (Figure 3A), which proved that celecoxib and death ligands were effective combination 

partners. 

As for indirubin derivatives, when three derivatives were applied alone, apoptosis induction 

was shown at 24 h. The combination of indirubin derivatives (10 μM) and TRAIL (50 ng/mL) 

further enhanced apoptosis rates (40%-80%; Figure 2B). A more evident combination effect 

was observed at the 24 h cell viability level, as the combination of DKP-071 or DKP-073 with 

TRAIL almost completely abolished cell viability (<10%). (Figure 3B). 

As for PE, the reduction in cell proliferation after PE treatment coincided with a strong 

reduction in cell survival at 24 h and 48 h. Thus, PE (200 μg/mL) reduced the number of 

surviving cells to 3%-16% in four cell lines at 48 h (untreated controls: 53% - 90%; Figure 3C). 

In contrast, the induction of apoptosis remained at a low level, reaching at maximum 13% +/- 

7% in SCL-II and 14% +/- 4% in SCC-13 after 48 h (Figure 2C). However, the pro-apoptotic 

capacity of PE was not further enhanced when combined with TRAIL (data not shown). 
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Figure 2. Apoptosis induction. Apoptotic cells were recognized as sub-G1 cells in cell cycle analysis and were 

characterized by DNA fragmentation. (A) Apoptotic cells were determined at 24 h in response to celecoxib (25, 

50 and 100 μM), and celecoxib (50 μM), CH-11 (100 ng/ml), TRAIL (50 ng/ml) or combinations at 48 h. (B) Cells 

were treated with DKP-071, -073 and -184 (10 µM), TRAIL (TR; 50 ng/mL) or the combinations at 24 h. (C) Cells 

were treated with PE (100, 200 µg/ml) for 24 h and 48 h.  
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Figure 3. Loss of cell viability. (A) Viable cells were determined at 24 h in response to celecoxib (25, 50 and 100 

μM), and celecoxib (50 μM), CH-11 (100 ng/ml), TRAIL (50 ng/ml) or combinations at 48 h. (B) Cells were 

treated with DKP-071, -073 and -184 (10 µM), TRAIL (TR; 50 ng/mL) or the combinations at 24 h. (C) Cells 

were treated with PE (100, 200 µg/ml) for 24 h and 48 h. 

4. 3 Changes of mitochondrial membrane potential  

Maintenance of MMP represents a critical issue of viable cells, and early loss of MMP may be 

a feature of activation of intrinsic, pro-apoptotic pathways. For the mechanism of action of 

different treatments in cSCC cells, he changes in MMP were evaluated. 
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There are no obvious effects on MMP levels neither in the early phase (3 h) nor late phase (24 

h), when celecoxib applied alone. However, when the combination treatment was used, a 

significant loss of MMP (up to 90%) was observed at 24 h, indicating a strong apoptosis was 

induced (Figure 4A). Thus, the loss of MMP occurred either simultaneously or as a consequence 

of induced apoptosis. 

As for indirubin derivatives, when cells were treated with indirubin derivatives alone, there is 

an early loss of MMP (4 h) in SCL-I, SCC-12 and SCC-13 (Figure 4B). But, at 24 h, SCL-II 

had a delayed response with obvious loss of MMP (Figure 4C), no effects at 4 h. Apoptosis and 

loss of cell viability were not apparent at 4 h, suggesting that the loss of MMP represents an 

initial effect and is not secondary to cell death. 

As for PE, although induced apoptosis was only moderate after PE (200 μg/ml) treatment 

(Figure 2C), obvious loss of MMP appeared at 24 hours (Figure 4D) but not an earlier time (4 

hours of treatment, data not shown). The 24 h loss of MMP may be a consequence or in parallel 

to the loss of cell viability, thus, there were no signs of a strong signalling effect, indicating that 

the loss of MMP was associated with an intrinsic induction of apoptosis. 
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Figure 4. Loss of mitochondrial membrane potential (MMP). (A) Cells were treated with celecoxib (50 μM), 

CH-11 (100 ng/mL), TRAIL (50 ng/mL) or combinations for 3 h and 24 h, respectively. (B-C) Cells were treated 

with DKP-071, -073 and -184 at 10 µM at 4 h and 24 h. (D) Cells were treated with PE (100, 200 µg/ml) for 24 h.  

4. 4 Caspase Activation in Course of Treatment 

When cells were treated with celecoxib (50 μM) alone, caspase activation remained completely 

unaffected. However, the activation of caspase-8 and caspase-3 were strongly enhanced when 

combined with celecoxib (50 μM) /TRAIL (50 ng/mL). The activation of caspase-6, -7 and -9 

were enhanced as well (Figure 5A). With these data, it was shown that combination therapy 

fully activated the pro-apoptotic caspase cascade.  

As for indirubin derivatives, treatment with indirubin derivatives (10 μM) showed effects on 

caspase processing. The strongest caspase activation was obtained in the combination of 

indirubin derivatives (10 μM)/TRAIL (50 ng/mL), which was consistent with the apoptotic 

rates shown above. Response to DKP-071/TRAIL and DKP-073/TRAIL, the proform of 

caspase-4 (86 kDa), -6, -7, -8 and -9 were nearly completely degraded within 24 h. Also, 

characteristic processing products were obtained including caspase-3, -7, -8 and -9 (Figure 5B). 

For these data, the indirubin derivative/TRAIL combination fully activated the caspase cascade. 

As for PE, some induction of caspase-3 activation was obtained after PE treatment. However, 

the activation of caspase-3 was still at a relatively low level, which can be seen from a 

comparison with positive control SCC-12 cells, which were treated with DKP-071 (10 μM) 

/TRAIL (50 ng/ml). Similarly, only weak activation of the initiator caspases of the pro-

apoptotic extrinsic and intrinsic pathways was observed. Caspase-8 proform was 

downregulated only in SCL-II (200 μg/ml PE; downregulated to 64%). Caspase-9 cleavage 

products were slightly increased in SCL-I (1.7-fold, 200 μg/ml) and SCC-12 (3.7-fold, 200 

μg/ml) (Figure 5C). The weak caspase treatment was consistent with only moderate induction 

of apoptosis as described above. 
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Figure 5. Enhanced caspase activation in course of combined treatment. (A) Cells were treated for 24 h with 

celecoxib (50 μM) and/or TRAIL (50 ng/ml). (B) Cells were treated for 24 h with indirubin derivatives (DKP-071, 

-073 and -184, 10 μM), TRAIL (50 ng/mL) or the combinations. (C) Cells were treated for 24 h with PE (100, 200 

µg/ml). For demonstrating full caspase-3 activation, a positive control is shown, (+) Ctr, consisting of SCC-12 

cells treated with an indirubin derivative (DKP-071, 10 μM) / TRAIL (50 ng/mL). Proforms (P) as well as caspase 

cleavage products (C) of caspases were identified.  

 

4. 5 Regulation of apoptosis and cell proliferation by characteristic mediators 

To further investigate the mechanisms of the anti-tumor effects mediated by the three treatments 

in cSCC cells, the expression of several apoptotic and cell proliferation regulators was 

investigated. 

Celecoxib can upregulate p21, the cell cycle inhibitor, in SCL-II and SCC-12 cell lines, 

indirubin derivatives in SCL-I and PE in SCL-I, SCL-II and SCC-12 cell lines (Figure 6A-C), 
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suggesting that celecoxib, indirubin derivatives and PE-mediated up-regulation of p21 exerts a 

specific effect in inhibiting cell proliferation. 

Mcl-1, as the anti-apoptotic family members, was down-regulated by celecoxib alone in SCC-

12, whereas in SCL-II both Mcl-1 and Bcl-w were down-regulated by combination treatment. 

The pro-apoptotic protein Puma and Bad were upregulated in both cell lines by celecoxib 

(Figure 6A). However, there was no significant change in the expression of Bcl-2, Bax and Bak 

proteins (data not shown). 

As for indirubin derivatives, we found upregulation of the pro-apoptotic protein Puma in SCL-

II and SCC-12, whereas, in SCC-12, anti-apoptotic Bcl-2 was downregulated (Figure 6B). In 

opposite, no significant changes were detected for Mcl-1 and Bcl-w or the Bax and Bak (for 

which the data not shown). As for PE, no significant changes were obtained for the Bcl-2 family 

members (data not shown). 

As other anti-apoptotic factors, celecoxib downregulated cIAPs (survivin and XIAP) and cFLIP; 

indirubin derivatives downregulated the caspase-3 antagonist XIAP (Figure 6A-B). 

Additionally, survivin was downregulated by the combinations (data not shown) 

The pan-caspase inhibitor QVD-Oph was applied to demonstrate the significance of caspase 

activation for the anti-tumor effects. In SCL-II and SCC-12, after treatment with celecoxib and 

TRAIL, QVD-Oph completely abrogated any caspase processing (Figure 8A) and apoptosis 

induction (Figure 8C), indicating the significant role of caspases in this setting. 

As for indirubin derivatives, the effects mediated by the indirubin derivatives /TRAIL 

combination on cell viability and apoptosis were attenuated by QVD-Oph (Figure 8C). 

Meanwhile, the processing/activation of effector caspases-3, -6 and -7 by DKP-071/TRAIL 

treatment was abrogated by the pan-caspase inhibitor QVD-Oph (Figure 8B). However, QVD-

Oph had no effects on the indirubin derivatives-mediated change of MMP and ROS (data not 

shown). These data suggested that caspases seem to contribute significantly to the indirubin 
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derivatives-mediated effects on apoptosis and cell viability, but they are not upstream of 

mitochondrial activation and ROS production. 

 

Figure 6. Regulation of characteristic mediators of apoptosis and cell proliferation. (A) Cell were treated for 

24 h with celecoxib (50 μM), TRAIL (50 ng/ml) or the combination. (B) Cell were treated for 24 h with DKP-071, 

-073 and -184 at 10 μM, TRAIL (50 ng/mL) or the combinations. (C) Cell were treated for 24 h with PE (100, 200 

µg/ml). Size of proteins (in kDa) is indicated on the right side, as determined in comparison to a protein size marker 

run in parallel. Analysis of β-actin served as loading control.  

4. 6 Roles of ROS 

In three treatments, the generation of ROS occurred at early or late phase, implying that ROS 

was related to the therapeutic mechanism of three drugs. Celecoxib induced ROS production at 

early time, for the lowest celecoxib concentration, the results were equivalent to H2O2, as a 

positive control (Figure 7A). The generation of high ROS seems to be a classic result of 

celecoxib. For indirubin derivatives, the induction of ROS production in cSCC cells was a very 
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common early effect. The percentage of cells with high ROS levels generally ranged from 60% 

to 90% after 4 h of indirubin derivatives treatment (Figure 7B). 

It is well known that EGCG (a major component of polyphenol E) has antioxidant activity and 

is also frequently used as an antioxidant in clinical applications (56). In four cell lines, the 

reduction in ROS levels was an early response to PE treatment (100/200 µg/ml). The situation, 

however, reversed at 24 h, in response to PE, ROS levels were enhanced in SCL-II, SCC-12 

and SCC-13 (Figure 7C). 

In our previous work, antioxidant treatment can prevent ROS production, such as NAC or 

vitamin E, which could demonstrate the important role of ROS in apoptosis. However, this 

method failed in celecoxib-treated cells, neither NAC nor tocopherol or several other 

antioxidant treatments prevented celecoxib-induced ROS production. As a contrast, NAC 

reduce H2O2-induced ROS production (Figure 9A). Meanwhile, celecoxib-induced apoptosis 

could not be stopped by antioxidant pre-treatment, indicating that the ROS production induced 

by celecoxib was too strong to be inhibited. 

As for indirubin derivatives, the strategy of applying antioxidants to inhibit ROS was successful 

in the treatment of indirubin derivatives. Pre-treatment with NAC (1 mM) for 1 h nearly 

abolished ROS production in all cell lines (Figure 9B), caused an almost complete restoration 

of cell viability and cell proliferation (Figure 9D) as well as abolished apoptosis (Figure 9C). 

Inhibition of ROS production also strongly affected the loss of MMP (Figure 9E). The 

activation of caspase cascade was completely abolished by NAC as well as pan-caspase 

inhibitor QVD-Oph. Interestingly, activation of caspase-8 was attenuated by NAC but not 

QVD-Oph (Figure 8B), indicating that activation of the promoter caspase-8 is downstream of 

ROS induction as well. 

In addition, most of the other activation steps were found in reaction to indirubin derivatives 

treatment, such as downregulation of XIAP, survivin, appear to be downstream of ROS, as they 
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were also reversed by NAC pre-treatment (Figure 8B). It indicated that ROS is a major regulator 

of the role of indirubin derivatives in cSCC cells. 

The same strategy was applied to evaluate the relationship between ROS and cell viability in 

response to PE, while NAC by itself had no effects on cell viability. Compared to PE treatment 

alone, it significantly enhanced the PE-mediated reduction in cell viability, when cells were 

treated with the combination of PE (100 µg/ml) and NAC (1 mM) (Figure 9F). A similar trend 

was observed in 24 h WST-1 (Figure 9G). It suggested that PE-mediated ROS imbalance 

contributes to its inhibitory effects. 
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Figure 7. Variant regulation of ROS by different antagonists. (A) Cells were treated for 2 h with increasing 

dose of celecoxib (25-100 µM). (B) Cells were treated for 4 h with DKP-071, -073 and -184 at 10 μM. (C) Cells 

were treated for 4 h and 24 h with PE (100, 200 µg/ml).  
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Figure 8. – Effects of caspase inhibition. (A) Cells were treated for 24 h with celecoxib (50 μM), TRAIL (50 

ng/ml) or the combination. In addition, cells received the QVD (10 μM) at 1 h before other treatments started. 

(B) Cells received pretreatment for 1 h with NAC (1 mM) or QVD (10 μM), followed by combination of DKP-

071 (071; 10 μM) and TRAIL (TR; 50 ng/mL). Proteins had been extracted at 24 h of treatment. Size of proteins 

(in kDa) is indicated on the right side. Expression of β-actin is shown as loading control. (C) Apoptosis was 

determined at 24 h by cell cycle analysis Cell viability was determined by calcein-AM staining. As for celecoxib, 

cells were treated for 24 h with celecoxib (50 μM), TRAIL (50 ng/ml) or the combination. As for indirubin 

derivatives, cells were treated with combinations of 071/TRAIL, 073/TRAIL and 184/TRAIL. 
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Figure 9. Antagonistic effects of NAC. (A) ROS levels were determined by H2DCFDA staining. Treatment with 

different antioxydative strategies was shown in SCL-II in addition to celecoxib treatment (25 and 50 μM): NAC, 

Nacetyl cysteine [1 mM]; VitE, tocopherol [1 mM]; Glut, glutathion, [1 mM]; Temp, Tempol [1 mM]. 

Antioxydants were generally applied at 1 h before celecoxib. (B) ROS production, cells were treated with indirubin 

derivatives (DKP-071, -073 and -184; 10 µM). (C) Apoptosis was determined at 24 h by cell cycle analysis Cells 

were treated with combinations of indirubin derivatives (DKP-071, -073 and -184 at 10 µM) and TRAIL (TR; 50 

ng/mL) (D) Cell viability was determined by calcein-AM staining in cell lines at 24 h in response to the 

combinations of indirubin derivatives (DKP-071, -073 and -184 at 10 µM) and TRAIL (TR; 50 ng/mL). (E) Loss 

of MMP was investigated at 4 h in response to indirubin derivatives (DKP-071, -073 and -184 at 10 µM). (F) Cells 

were treated with PE (200 µg/ml) +/- NAC (1 mM), as indicated. Cell viability was determined at 24 h of treatment 

by calcein-AM staining. Values represent the percentage of cells with high calcein staining (viable cells). (G) Cells 

were treated with PE (100 µg/ml) +/- 1 mM NAC, as indicated. Cell proliferation rates were determined by WST-

1 assay.  
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5. Discussion  

Among skin cancers, cSCC has the second highest incidence. The incidence of carcinoma in 

situ of cSCC, AK, is even higher. However, conventional treatment of AK is not sufficient to 

stop its progression (57), which makes the treatment of cSCC and AK more difficult and thus 

represents serious health problems worldwide. 

5. 1 Celecoxib 

Celecoxib has been use as an anti-inflammatory, antipyretic and analgesic drug in clinical (58). 

In recent years, its anti-tumor potential has been investigated and its anti-cancer cell growth 

and metastasis inhibitory effects have been validated both in vitro and in vivo experiments (59-

62). It was suggested that celecoxib may prevent the progression from AK to cSCC progression 

(63). 

5. 2 Indirubin derivatives and Sinecatechins  

Natural compounds have been considered as a rich source of biologically active principles that 

may target abnormally activated signalling pathways and other modalities of cancer cells. 

Because natural compounds often have few or no side effects, they may be often involved in 

first- and second-line chemotherapy through limiting painful side effects. Therefore, natural 

compounds or plant extracts have received attention in the development of new drugs for 

treatment of cancer (64). Hence, we investigated the mechanisms of two natural compounds 

and plant extracts in treatment of cSCC cells, indirubin derivatives and sinecatechins. Indirubin 

derivatives' anti-tumor activity was also verified by clinical trials in chronic myeloid leukaemia, 

chronic granulocytic leukaemia, head and neck cancer, without serious toxic side effects (29, 

30, 65). Sinecatechins has long been used in clinical applications and it has also been suggested 

for the treatment of AK (34).  
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5. 3 Enhanced anti-tumor effects in combinations with TRAIL 

Traditional single-drug and single-target therapies often have limited efficacy due to the 

presence of adverse effects and drug resistance (66). Combination therapies, however, can 

counteract bio buffering, overcome limited efficacy, drug resistance and reduce unwanted off-

target effects (67, 68). In combinations, the efficiency of celecoxib can be improved, as in the 

combination with histone deacetylase inhibitors and Plumbagin in non-Hodgkin's lymphoma 

and melanoma cells, respectively (69, 70). Improved response to chemotherapy was also 

obtained in combinations with celecoxib (71, 72). In this research, it was shown that the use of 

celecoxib alone leads to a limited effect on apoptosis and cell viability. However, when 

combined with death ligands, apoptosis was enhanced and cell viability was decreased. 

Compared to celecoxib, indirubin derivatives were able to induce partial apoptosis and loss of 

activity. But the effect of indirubin derivatives was strongly enhanced when they were 

combined with the death ligand TRAIL. Enhancing death ligand-induced apoptosis by 

celecoxib and indirubin derivatives enhance the immune response of patients to cSCC. This 

combination has also been shown to be effective in other tumour cells. For example, the 

combination of celecoxib and TRAIL has shown promising therapeutic results in non-small cell 

lung cancer, colon cancer and glioblastoma (73-75). Indirubin derivatives and TRAIL in 

melanoma (53), breast and bladder cancer cell lines (76). Thus, the combination with TRAIL 

or TRAIL receptor agonists may greatly improve the efficiency of celecoxib and indirubin 

derivatives. 

5. 4 Caspase activation 

Celecoxib alone did not affect apoptosis, whereas indirubin derivatives could induce weak 

activation of caspase-cascade. Interestingly, both drugs have a stronger activation of the pro-

apoptotic caspase cascade when used in combination with TRAIL. Because of the strong 

activation of caspase cascade by celecoxib/TRAIL and indirubin derivatives/TRAIL, we 
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applied caspase inhibitors to assess the extent of caspase cascade involvement, which nearly 

completely abrogated apoptosis induced by indirubin derivatives and two combinations.  

Pro-apoptotic caspase cascade can also be blocked by cIAPs and c-FLIP (77, 78). We showed 

that celecoxib downregulates c-FLIP and survivin in cSCC cells, while XIAP was 

downregulated by the combination treatment in one cell line. Indirubin derivatives showed 

significant downregulation of XIAP and survivin as well. PE, however, had no significant 

regulatory effect on cIAPs. Thus, the downregulation of XIAP and survivin seen in cSCC cells 

may contribute to a strongly activated caspase cascade. The downregulation of caspase 

antagonists by indirubin derivatives and celecoxib has been observed in other different cancers, 

such as celecoxib in leukaemia, myeloma and non-small cell lung cancer cells (79-81). 

Indirubin derivatives are observed in melanoma, breast cancer, and CTCL cells (52, 53, 82). 

However, in PE-treated cSCC cells, there was a significant inhibitory effect only at the level of 

cell proliferation and viability, and no significant effect on the induction of apoptosis. The same 

was seen in MCF-7 (37), which has a strong anti-proliferative effect but exhibited a weak effect 

on the induction of apoptosis. Contrary to our studies, however, the green tea component EGCG 

strongly induced apoptosis (40-70%) in lung cancer cells (H1299, A549)(36), gastric cancer 

cells (SGC7901) (35) and colorectal cancer cells (SW480, SW620, LS411N)(83). Thus, while 

green tea components strongly induced apoptosis in other cell types, this effect could be masked 

in cSCC cells by strongly decreased cell proliferation and cell viability. Only weak 

activation/processing of caspases (-3, -8 and -9) was seen with high concentrations of PE, which 

is consistent with their lower levels of apoptosis. Thus, the part of activation of caspases is 

involved in the mechanism of PE treatment of cSCC may not be critical. The delayed effect of 

the loss of MMP supports this interpretation. 
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5. 5 Upregulation of p21 and TRAIL receptor 

The effects of the three drugs showed a high degree of polymorphism, with some of the 

investigated proteins being either up- or down-regulated. Treatment with three drugs showed a 

strong effects on the cell proliferation. The p21 is well known as a CDK inhibitor. The 

upregulation of p21 was found after treatment with three drugs, which explains the strong 

inhibition of proliferation, especially in PE, whose main feature is to affect cSCC cells by 

inhibiting cell activity and proliferative capacity rather than inducing apoptosis. In addition, 

similar reports on the same mechanism of PE have been reported in MCF-7 breast cancer cells, 

prostate cancer cells, and SCC-13 (84-86). 

When celecoxib and indirubin derivatives were combined with TRAIL respectively, their anti-

tumor effects were significantly enhanced. This may be due to celecoxib and indirubin 

derivatives could enhance the effectiveness of TRAIL. Therefore, the receptors of TRAIL were 

investigated as well. We found celecoxib and indirubin derivatives could upregulated TRAIL 

receptor-2 (DR5), which can increase the sensitivity of TRAIL and contributed to the combined 

anti-tumor effect. In non-small cell lung and hepatocellular carcinoma, the same mechanism 

was seen in the upregulation of DR5 by celecoxib, (81, 87). Indirubin derivatives in hepatoma, 

cervical, colon cancer and melanoma cells (53, 88, 89). 

5. 6 Different roles of ROS  

In this study, ROS played a specific role in the mechanism of each drug for cSCC. This study 

suggests that celecoxib and indirubin derivatives may affect both intrinsic and extrinsic 

apoptotic pathways in cSCC cells. How they regulate different regulators, of which ROS may 

serve as an explanation. Elevated ROS production in cancer has been shown to play a role in 

pro- and anti-tumor signalling. Increased levels of ROS promote sustained cell survival and 

proliferation through many pathways as well as inactivation of their downstream targets 

including Bad, Bax, Bim, Foxo and PTEN. Also elevated ROS production was associated with 
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inhibition of the JNK pathway (90). However, toxic levels of ROS in cells are known to cause 

cell death, as intrinsic apoptosis caused by the mitochondrial pathway and extrinsic apoptosis 

directed by activation of the death receptor pathway. Toxic levels of ROS lead to the release 

and translocation of cytochrome c into the cytoplasm, formed the complex of Apaf-1 and pro-

caspase-9 that induces the activation of caspase-3 and 7, leading to apoptosis (46). On the other 

hand, high levels of ROS activates death ligands. Binding of TNFα ligands to the TNFR1 death 

receptor triggers activation of the promoter caspase-8. The promoter caspase-8 leads to the 

cleavage of caspase- 3. Activation of caspase-8 also induces cleavage of the Bcl-1 protein Bid 

to tBid and feeds back into the apoptotic pathway inherent in the release of cytochrome c (91). 

Here, we demonstrate that celecoxib produces large amounts of ROS in cSCC cells. The early 

appearance of ROS, even at moderate concentrations of celecoxib, at that time the apoptosis 

and loss of viability are not evident, indicating that ROS are upstream of other effects. Although 

ROS by themselves are not enough to trigger apoptosis, they, via death ligands, prepare cSCC 

cells for apoptosis induction. In melanoma and breast cancer cells, the induction of ROS during 

celecoxib treatment has been observed as well (92), and related studies have shown that 

celecoxib combined with 5-fluorouracil (5-FU) can inhibit AKT phosphorylation and reduce 

SCC cell proliferation in a dose-dependent manner by generating large amounts of ROS (93). 

Similarly, cSCC cells also produced large amounts of ROS after 4 h of treatment with the 

indirubin derivatives. ROS production appears to be a common mechanism for indirubin 

derivatives in skin cancer cells. We could found similar results from our previous projects (52, 

53). In cSCC cells, indirubin derivatives-mediated highly polymorphic effects, including 

caspases, mitochondrial membrane potential, PKC, STAT3, p21, DR5 and Bcl-2 proteins. The 

important role of ROS in apoptosis could be demonstrated by antioxidant methods in the past 

(53, 94). The antioxidant NAC abrogated the pro-apoptotic effect of indirubin derivatives, 

restored cell viability and proliferation, and blocked the regulation of all protein expression 

induced by the indirubin derivatives, as well as all other effects. Our data suggested that ROS 
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is a key regulator of these pathways. Indeed, ROS production is upstream of other identified 

influence, but, in cSCC cells, celecoxib-induced ROS appears to be strong, and shows several 

features that cannot be prevented by several antioxidants. Therefore, a key role of ROS on 

celecoxib-induced apoptosis in cSCC cells has been proposed, which could not be conclusively 

proven. The effects of celecoxib and indirubin derivatives on ROS were significantly 

upregulated and subsequently exerted an anti-tumor effect, which was consistent with the ROS 

mechanism identified by previous work in our laboratory.  

However, the effect of PE on cSCC cells was biphasic. In HepG2 hepatocellular carcinoma 

cells (95), primary lymphoma cells (96) and malignant mesothelioma cells (97) have also been 

reported in response to EGCG increased ROS levels. In all three reports, the induction of ROS 

was obtained later, within 24 hours. EGCG may exert both antioxidant and pro-oxidant 

activities. We hypothesise that PE inhibits cell proliferation and viability by decreasing ROS 

early. This hypothesis was supported by an additional antioxidant, N-acetylcysteine (NAC). 

Although NAC alone had no significant effect on cSCC viability, the combination of PE and 

NAC led to a further decrease in ROS and subsequent a strong further decrease in cell 

proliferation and viability. Inhibition of ROS production in tumor cells is likely to lead to 

inhibition of pro-tumorigenic signalling, resulting in reduced cell survival and proliferation, 

reduced metabolic adaptations and reduced levels of DNA damage and genetic instability (90).  

Manipulation of ROS levels can be used as a therapeutic target for cancer by increasing ROS 

production, leading to programmed cell death, or inhibiting ROS to suppress cell proliferation. 

The same mechanism of inhibition of cell proliferation through inhibition of ROS is also seen 

in Metformin, metformin causes apoptosis in pancreatic cancer by increasing protein expression 

of MnSOD/SOD2 and decreasing protein expression of NOX2 and NOX4 (98), which in turn 

inhibits NOX4-directed ROS production and leads to apoptosis via the AKT/apoptosis signal-

regulated kinase 1 (ASK1) pathway (99). Studies in J. Stanicka's laboratory have shown that 

inhibition of the protein tyrosine kinase FLT3-ITD and inhibition of p22phox and NOX4 
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activity in AML cells, followed by inhibition of NOX4-directed ROS production, subsequently 

led to decreased cell survival and reduced DNA damage and genomic instability (43). These 

experiments inhibited tumor cell activity by suppressing ROS levels. Meanwhile, antioxidants 

inhibit tumor metastasis by scavenging ROS production in cancer. For example, overexpression 

of the antioxidant SOD3 reduced breast cancer metastasis in vivo (100). However, the 

application of antioxidants in cancer treatment is complicated, because some antioxidants 

including vitamins A, E and carotenoids are associated with an increased incidence of cancer. 

(101, 102). 

5. 7 Conclusion  

In conclusion, this study suggests that celecoxib, indirubin derivatives and PE might be 

promising candidates for the treatment of cSCC, provided they are also tolerated in vivo and 

clinically. In this study, ROS plays a crucial role in three treatments and we discussed two 

mechanisms for targeting ROS as a treatment for cSCC, although most of the ROS-induced 

signalling targets remain unknown. Enhancing ROS production to induce tumor cell death and 

inhibiting ROS levels or enhancing antioxidant capacity to supress pro-tumor signalling 

pathways. Building on these experiments, we can better understand the role of ROS production 

in cancer and identify specific ROS-targeted pathways that may help find more effective ways 

to treat cSCC in the future. 
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