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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.



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 bendigt, um die derzeit hohe Inzidenz von cSCC und AK zu bekanpfen. Nicht-
steroidale Entzindungshemmer 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 fthrten zu einem Verlust der
Zellproliferation und der Lebensfénigkeit und induzierten Apoptose. Celecoxib erzielte bei vier
repr&entativen cSCC-Zelllinien eine starke anti-proliferative Wirkung. Die Apoptose und der
Verlust der Lebensfénigkeit der Zellen wurden noch verstékt, 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. Auf®rdem wurden der TRAIL-Rezeptor DR5, das pro-apoptotische Bcl-2-
Protein Puma und der Zellzyklusinhibitor p21 hochreguliert, wé&arend anti-apoptotische
Faktoren (Survivin und XIAP) herunterreguliert wurden. PE fihrte auch zu einem starken
Rickgang der Zellproliferation und der Lebensfénigkeit der Zellen, aber nicht zur Induktion
der Apoptose. FUr Celecoxib und Indirubin-Derivate war ein starker und friher Anstieg
reaktiver Sauerstoffspezies (ROS) charakteristisch, waarend bei PE die ROS frth ab- und sp&er
zunahmen. Bei Indirubin-Derivaten konnte der Zusammenhang zwischen hohen ROS und
Apoptose durch eine antioxidative Vorbehandlung aufgezeigt werden, wé&arend 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 Zelllebensfénigkeit durch eine antioxidative Vorbehandlung

nachgewiesen werden. Somit kann ein hoher ROS-Gehalt Apoptose auslcsen, wéarend ein



niedriger ROS-Gehalt die Zellproliferation und Zelllebensfénigkeit von cSCC-Zellen hemmen
kann. Diese Daten beleuchten die verschiedenen Mechanismen von ROS bei der Behandlung
von ¢SCC und liefern die Grundlage fir das Versténdnis, wie pro- und antitumor&e ROS-

Signalwege in der Krebstherapie wirksam eingesetzt werden k&anen.



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



(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 ¢, 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,



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).



2.7 The role of ROS

ROS, including H20., 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.
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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 x<10* cells per well.
Celecoxib (BioMol, Hamburg, Germany; 1000-8672) was used at 25-100 M. Indirubin
derivatives (DKP-071, DKP-073 and DKP-184) (55) were used at 2.5-20 M. PE was applied
in concentrations of 10-200 pg/ml. Cells were also treated with agonistic anti-CD95 antibody
(CH-11, IgM mouse; Beckman Coulter, Krefeld, Germany; 100 ng/mL), and Killer TRAIL™
(Adipogen, San Diego USA, AG-40T-0001; 50 ng/mL). To inhibit caspases, pan-caspase
inhibitor QVD-Oph (Abcam, Cambridge, UK; 10 M) 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<Tin 1 pM 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 uM). Before starting treatment with other
effectors, cells were pre-incubated for 1 h with H.DCF-DA (10 pM). Cells were treated with 1
mM H20- 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 Rabbit-anti-Cleaved caspase-3 | Cell Signaling Danvers, MA, USA
Antibodies

Rabbit-anti-Caspase-6,7 and9
Mouse- anti- Caspase-8

Rabbit-anti-X1AP, Mcl-1, Bad,
Bcl-2 and Bcl-w
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Mouse- anti- c-Filp, survivin, | Santa Cruz, Texas, USA
p21, puma and B-actin

Rabbit-anti-DR5 Abcam , Cambridge, UK

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

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, Coll&gien, France), values were
normalized by the respective B-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-1I, 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 ¢SCC cell lines in response to
increasing dose of PE (10-200 pg/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 g/ml) decreased cell proliferation to 43%/ 22% (SCL-I),
29%/ 19% (SCL-11), 39%/ 29% (SCC-12) as well as 37%/ 24% (SCC-13) at 48 h (data not

shown).



15

Figure 1: Inhibition of cell proliferation
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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 uM), (B) indirubin derivatives (DKP-071, -073 and -184, 10 piM) and (C)
PE (10 -200 pg/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 uM celecoxib resulted in less than
5% apoptosis at 24 h and 48 h (Figure 2A). Meanwhile, at 25 and 50 M the effect on cell
viability was minimal. Only for 100 uM 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 aresult, 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

m

24 h

24 h
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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 uM) 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 pg/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-11 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 Induction of Apoptosis
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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 uM), and celecoxib (50 uM), 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 pM), TRAIL (TR; 50 ng/mL) or the combinations at 24 h. (C) Cells
were treated with PE (100, 200 pg/ml) for 24 h and 48 h.
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Figure 3: Loss of cell Viability
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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
uM), and celecoxib (50 pM), 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 pM), TRAIL (TR; 50 ng/mL) or the combinations at 24 h. (C) Cells
were treated with PE (100, 200 pg/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 pg/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. Change of MMP
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Figure 4. Loss of mitochondrial membrane potential (MMP). (A) Cells were treated with celecoxib (50 uM),
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 M at 4 h and 24 h. (D) Cells were treated with PE (100, 200 jg/ml) for 24 h.

4. 4 Caspase Activation in Course of Treatment

When cells were treated with celecoxib (50 uM) alone, caspase activation remained completely
unaffected. However, the activation of caspase-8 and caspase-3 were strongly enhanced when
combined with celecoxib (50 uM) /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 uM) showed effects on
caspase processing. The strongest caspase activation was obtained in the combination of
indirubin derivatives (10 uM)/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 uM)
/ITRAIL (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 pg/ml PE; downregulated to 64%). Caspase-9 cleavage
products were slightly increased in SCL-1 (1.7-fold, 200 ug/ml) and SCC-12 (3.7-fold, 200
ug/ml) (Figure 5C). The weak caspase treatment was consistent with only moderate induction

of apoptosis as described above.
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Figure 5 Activation of caspase cascade
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Figure 5. Enhanced caspase activation in course of combined treatment. (A) Cells were treated for 24 h with
celecoxib (50 uM) and/or TRAIL (50 ng/ml). (B) Cells were treated for 24 h with indirubin derivatives (DKP-071,
-073 and -184, 10 uM), TRAIL (50 ng/mL) or the combinations. (C) Cells were treated for 24 h with PE (100, 200
o/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 uM) / 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-1I and SCC-12 cell lines,

indirubin derivatives in SCL-1 and PE in SCL-I, SCL-1I1 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-
Il 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 clAPs (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-Il 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 apoptosisand cell proliferation
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Figure 6. Regulation of characteristic mediators of apoptosis and cell proliferation. (A) Cell were treated for
24 h with celecoxib (50 uM), TRAIL (50 ng/ml) or the combination. (B) Cell were treated for 24 h with DKP-071,
-073 and -184 at 10 uM, TRAIL (50 ng/mL) or the combinations. (C) Cell were treated for 24 h with PE (100, 200
po/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 B-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 H20-, 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 pg/ml). The situation,
however, reversed at 24 h, in response to PE, ROS levels were enhanced in SCL-11, 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 H20.-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 pg/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
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Figure 7. Variant regulation of ROS by different antagonists. (A) Cells were treated for 2 h with increasing
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Figure 8 — Effects of caspase inhibition
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Figure 8. — Effects of caspase inhibition. (A) Cells were treated for 24 h with celecoxib (50 uM), TRAIL (50
ng/ml) or the combination. In addition, cells received the QVD (10 uM) at 1 h before other treatments started.
(B) Cells received pretreatment for 1 h with NAC (1 mM) or QVD (10 uM), followed by combination of DKP-
071 (071; 10 uM) 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 p-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 uM), 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 H,DCFDA staining. Treatment with
different antioxydative strategies was shown in SCL-II in addition to celecoxib treatment (25 and 50 puM): 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 uM). (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 juM) 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 piM) 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 pM). (F) Cells
were treated with PE (200 jg/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 pg/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 clAPs 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 clAPs. 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.



34

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 TNFa 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 ¢ (91).
Here, we demonstrate that celecoxib produces large amounts of ROS in ¢SCC 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 ¢SCC cells, indirubin derivatives-mediated highly polymorphic effects, including
caspases, mitochondrial membrane potential, PKC, STATS3, 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 ¢SCC 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/SOD?2 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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Abstract: Incidence of cutaneous squamous cell carcinoma (cSCC) and actinic keratosis has increased
worldwide, and non-steroidal anti-inflammatory drugs as celecoxib are considered for treatment. We
show here strong anti-proliferative effects of celecoxib in four ¢cSCC cell lines, while apoptosis and
cell viability largely remained unaffected. Impeded apoptosis was overcome in combinations with
agonistic CD95 antibody or TNF-related apoptosis-inducing ligand (TRAIL), resulting in up to 60%
apoptosis and almost complete loss of cell viability. Proapoptotic caspase cascades were activated,
and apoptosis was suppressed by caspase inhibition. TRAIL receptor (DR5) and proapoptotic Bcl-2
proteins (Puma and Bad) were upregulated, while anti-apoptotic factors (survivin, XIAP, cFLIP, Mcl-1,
and Bcl-w) were downregulated. Strongly elevated levels of reactive oxygen species (ROS) turned out
as particularly characteristic for celecoxib, appearing already after 2 h. ROS production alone was not
sufficient for apoptosis induction but may play a critical role in sensitizing cancer cells for apoptosis
and therapy. Thus, the full therapeutic potential of celecoxib may be better used in combinations
with death ligands. Furthermore, the immune response against cSCC/AK may be improved by
celecoxib, and combinations with checkpoint inhibitors, recently approved for the treatment of cSCC,
may be considered.

Keywords: cutaneous SCC; celecoxib; apoptosis; reactive oxygen species; TRAIL; death ligands

1. Introduction

Actinic keratosis (AK) is derived from neoplastic epidermal keratinocytes and is
characterized by high prevalence and the risk to proceed into invasive cutaneous squamous
cell carcinoma (cSCC). About 20% of skin cancer deaths worldwide are related to ¢SCC [1].
Thus, it is the second most common skin cancer in Caucasians and East Asians (including
Japanese and Chinese) and even the most common skin cancer in African Americans [2,3].

The effects of anticancer drugs are strongly related to the induction of apoptosis, a
mechanism basic for the control of tissue homeostasis [4]. Thus, resistance to apoptosis
represents a crucial step in oncogenesis and drug resistance [5]. Intrinsic proapoptotic
pathways are activated in response to cellular stress situations as well as by anticancer
treatment, e.g., by chemotherapy. This relies on a loss of mitochondrial membrane potential
and the release of mitochondrial factors such as cytochrome ¢, which triggers activation of
initiator caspase-9 [6].

On the other hand, extrinsic induction of apoptosis is initiated by death ligands
such as CD95L/FasL and TRAIL (TNF-related apoptosis-inducing ligand). Upon death
receptor activation, death-inducing signaling complexes are formed, resulting in activation
of initiator caspases, such as caspase-8 and caspase-10 [7]. Initiator caspases may cleave
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and thus activate effector caspases as -3, -6, and -7, which cleave a large number of death
substrates with the final result of DNA fragmentation and apoptosis induction [8]. In
particular, the death ligand TRAIL has attracted much consideration due to its anticancer
activity, while normal cells are largely spared [9,10]. However, cancer cells may also
develop TRAIL resistance, limiting its clinical applicability [11].

Besides the well-established pathways, there is increasing evidence for a particular
role of reactive oxygen species (ROS) in the control of apoptosis. In melanoma as well as
in cutaneous T-cell lymphoma cells, we have previously described enhanced ROS levels
after inhibition of phosphoinositol-3 kinase and BRAF as well as in response to indirubin
derivatives [12-15]. However, the relation of ROS to previously described apoptosis
pathways remained largely fragmentary so far.

Cyclooxygenase-2 (COX-2) represents the primary cancer target of NSAIDs (nons-
teroidal anti-inflammatory drugs) [16]. The NSAID and COX-2 inhibitor celecoxib has
attracted broad attention because of its antitumor activities. Thus, clinical trials have shown
efficiency in colorectal adenoma, leading to FDA approval of celecoxib for patients with
familial adenomatous polyposis [17-19]. Concerning COX-2, however, increasing evidence
in the last years has shown that the anticancer activity of celecoxib may be more related to
COX-2-independent effects [20-22].

Drug combinations may overcome the problems of limited efficiency and resistance,
but the combination of celecoxib and TRAIL was not investigated in cSCC so far. Celecoxib’s
mode of action in ¢SCC also remained largely elusive. Here, we show in ¢SCC cells
that apoptosis by celecoxib can be strongly enhanced in combinations with TRAIL or
with CD95 agonistic antibodies. This was related to caspase activation as well as to
the regulation of apoptosis-related proteins. Finally, enhanced levels of reactive oxygen
species (ROS) appeared as highly characteristic for celecoxib, although ROS levels alone
were not sufficient for apoptosis induction. The results may be considered for improving
¢SCC/AK therapy.

2. Results
2.1. Decreased Cell Proliferation by Celecoxib Despite Little Effect on Apoptosis

We evaluated the therapeutic potential of celecoxib in four representative cSCC cell
lines (SCL-I, SCL-II, SCC-12, and SCC-13). Real-time cell analysis (RTCA) showed a dose-
dependent decrease in cell proliferation in response to celecoxib (20, 50, and 100 uM), which
started almost immediately after the onset of treatment (time: 0; Figure 1a,b). In SCL-II and
SCC-12, an additional WST-1 assay was performed at 24 h and proved dose-dependent
anti-proliferative effects with revealed values of 35% (SCL-II) and 10% (SCC-12) for 50 uM
celecoxib (Figure 1c). Anti-proliferative effects were not based on direct cell cytotoxicity, as
determined by lactate dehydrogenase (LDH) release assays in SCL-II and SCC-12 at2 h
after the start of celecoxib treatment (Figure 1d).

In contrast, apoptosis induction was much less pronounced and below 5% for treat-
ments with 25 and 50 uM celecoxib at 24 and 48 h (Figure 1e). Similarly, only little effects
were obtained at the level of cell viability for 25 and 50 uM (9-16% reduction, as compared
to controls). Somewhat stronger effects were seen only for 100 uM celecoxib (73-84% reduc-
tion, as compared to controls; Figure 1f). Thus, while cell proliferation was clearly affected
also by moderate celecoxib concentrations (25 and 50 uM), direct effects on apoptosis and
cell viability were limited.

2.2. Strongly Enhanced Apoptosis in Combinations with Death Ligands

In order to identify conditions that may increase the proapoptotic effects of celecoxib,
it was combined with TRAIL and CD95 agonistic antibody CH-11. This revealed strongly
enhanced apoptosis in all cell lines. Thus, the combination of celecoxib (50 uM) with TRAIL
(50 ng/mL) for 48 h resulted in apoptosis rates of 64%, 29%, 38%, and 25% in SCL-I, SCL-II,
SCC-12, and SCC-13, respectively. Similarly, the combination with CH-11 (100 ng/mL)
resulted in apoptosis rates of 17%, 24%, 32%, and 19% (Figure 2).



52

Int. J. Mol. Sci. 2021, 22, 3622

30f15

[

Cell attachment >
CanwanO NS

@

Sub-G1 colls [%] >
& 8 o o 3

Sub-G1 cells [%] >

o =

Cell count >

FL3A (DNA content) >

Cell count >

FL3A (ONA content) >

Cell count >

Viable
Non  —t
viadle
e Viabe|
Non  +—o
viable

FL2H (Cell viability) >

Cell count >

b
3  § 5 12
scLt afseu of scc12 o cr g} SCCT3 ol
Cel 20 O
5 @0 F
Cel 50, 4 E Tel 50
£
3 el 50, é 2
2 s
Cotto| 2 | 3 1 Cel 100
0
20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 TN en 100 120 140 20 40 60 un 100 120 140
Time [h] > Time [h] > Time
scon 112 SCC-12 . SCL I 56012
24n 100 24h %] 1
£ F 8 80
60 g 60 60
4 3 4
2 5 2 20
0 o ot
Cr  Cel25 Cel50 Cel100 Cu  Cel25 Cel50 Cel100 Ctr Cel25 Cel50 Cel 100 Triton Cur Cel25 Cel50 Cel 100 Triton
f
1 1
seun 2 Tseen i s o scC12
24n s 20 * e 80 24h
3 60 60
10 ‘2
2w 40
5 RS 2
: 0 =i ]
Cr  Cel25 Cel50 Cel100 Cu  Cel25 Cel50 Cel100 Cr  Cel25 Cel50 Cel100 Cr  Cel25 Cel50 Cel100
50 2100 100
SCLl SCC-12 SCLI SCC-12
48h 4 { 48h F e 48h | 80 48h
2 s 60 )
2 20 0
10 22 2
0l S []
Cr  Cel25 Cel50 Cel100 Cu  Cel25 Cel50 Cel100 Cr  Cel25 Cel50 Cel100 Cr  Cel25 Cel50 Cel100
SCLI 48h SCC-12,48h SCLI 48h SCC-12,48h
cu Cel 100 Cu Cel 100 Cel 100 cu Cel 100
w w Viable Viavle
| Non +—— N —_—
viable ble.
—

FLZH (Cell viabiliy) >

Figure 1. Decreased cell proliferation by celecoxib despite little effects on apoptosis. (a,b) Real-time cell analysis (RTCA)
of (a) squamous cell carcinoma cell lines SCL-I and SCL-II as well as (b) of squamous cell carcinoma cell lines SCC-12
and SCC-13 treated with 20, 50, and 100 uM celecoxib (time 0 h = start of treatment). The determined cell index gives a
relative measurement of cell attachment. The experiment was performed twice with triple values, which revealed highly
comparable results. (c) Cell proliferation was quantified by WST-1 assay in SCL-II and SCC-12 at 24 h of celecoxib treatment
(25, 50, 100 uM). (d) Direct cytotoxicity was determined in SCL-II and SCC-12 at 2 h of treatment by quantification of
lactate dehydrogenase (LDH)-release (fold change of non-treated controls, set to 1). Cells treated with triton x100 (0.7%)
were used as positive controls. (e,f) Apoptosis (e) and cell viability (f) were determined in SCL-IT and SCC-12 at 24 h
and at 48 h in response to 25, 50, and 100 1M celecoxib. Apoptotic cells were identified in cell cycle analyses as sub-G1
cells characterized by DNA fragmentation, whereas cell viability was determined by calcein-AM staining. Examples of
flow cytometry measurements are given below. (c-f) Mean values are shown in representative experiments. At least two
independent experiments, each one with triplicates, revealed highly comparable results.

Enhanced apoptosis came along with a reciprocal loss of cell viability. Thus, in
combinations of celecoxib with TRAIL, cell viability at 48 h was decreased to 9%, 32%, 13%,
and 10% in SCL-I, SCL-II, SCC-12, and SCC-13, respectively. In combination with CH-11, it
was decreased to 50%, 30%, 13%, and 36%, respectively (Figure 3). Thus, death ligands and

celecoxib appeared as highly effective combination partners.

2.3. Changes of Mitochondrial Membrane Potential

Addressing the mechanisms of celecoxib-mediated effects in ¢cSCC cells, we deter-
mined changes in the mitochondrial membrane potential (MMP). No major changes of
MMP were seen at early times (3 h) in response to celecoxib or combination treatment,
clearly not suggestive for the initial activation of intrinsic apoptosis pathways. At 24 h,
celecoxib treatment alone also did not result in strong effects at the level of MMP (<30%
cells with low MMP). Significant loss of MMP (up to 90%) was seen only in combination
when apoptosis was also strongly induced (Figure 4). Thus, loss of MMP appeared in

parallel with induced apoptosis or as a result of it.
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Figure 2. Induction of apoptosis in combinations with death ligands. Cell lines SCL-I, SCL-II, SCC-
12 and SCC-13 were treated with celecoxib (50 uM), CH-11 (100 ng/mL), TRAIL (50 ng/mL) or
combinations. Apoptosis was determined at 48 h by propidium iodide staining and cell cycle analysis.
Left, results of representative experiments are shown. At least two independent experiments, each
one with triplicate values, revealed highly comparable results. Right side, examples of flow cytometry
measurements are shown (CH-11, TRAIL and combination treatments); apoptotic cell populations
(sub-G1) are indicated.

2.4. Enhanced Caspase Activation in Course of Combined Treatment

To distinguish between caspase-dependent and independent mechanisms, caspase
activation in response to celecoxib and TRAIL was investigated in SCL-II and SCC-12 by
Western blotting. This included effector caspases -3, -6, and -7, as well as caspase-8 and
caspase-9, the major initiator caspases of the extrinsic and intrinsic apoptosis pathways.
While TRAIL alone resulted in some caspase processing, in particular of caspase-8 (43,
41, and 18 kDa) and caspase-3 (20, 18, and 16 kDa), celecoxib alone remained completely
without effect on caspase activation (no processing) (Figure 5).

Activation of caspase-8 and caspase-3 were strongly enhanced in the combination of
celecoxib/TRAIL. Similarly enhanced was the activation of caspase-6 (reduction in the
35 kDa proform), caspase-7 (reduction in the 37 kDa proform and cleavage products at
20 kDa), and caspase-9 (cleavage products of 37 kDa) (Figure 5). Collectively, these data
indicate a complete activation of proapoptotic caspase cascades by combination treatment.

The pan-caspase inhibitor QVD-Oph was applied to prove the decisive role of caspases.
In SCL-II and SCC-12, QVD-Oph completely abrogated any caspase processing (Figure 6a)
as well as apoptosis induction (Figure 6b), thus proving the significant role of caspases in
this setting.



54

Int. J. Mol. Sci. 2021, 22, 3622

50f15

FL2H (Cell viabilty) >

=

SCL-1, 48 h

$4

CH-11 CH-11/Cel 50 TRAIL TRAIL/ Cel 50
FL2H (Cell viabilfy) >

8 E

i

|

L ‘
|

gz

f

H

Cell count > Ig

Cr Cel50 CH-11 CH-11 TRAIL TRAI
Cel 50

8

SCL-Il, 48 h

I
iz
[

Non
Viable

gz

Viable cells [%] &
o 8 5 8 38
Cell count >

il A |

Clf  Cel50 CH-11 CH-11 TRAIL TRAIL CH-11 CH-11/Cel 50 TRAIL TRAIL/ Cel 50
Cel 50 Cel

8

viabity) >

8

E g
¥
|
=
i
gz
f

C-12,48h
i Non  Viable
viable =

Cr CelS0 CH-11 CH-11 TRAIL TRAIL CH-11 CH-11/Cel 50 TRAIL TRAIL / Cel 50
Cel 50 Cel 50
100 FL2H (Cell viability) >
SCC-13,48h Non  Viable Non Viable Non  Viable Non Viable
80 viable F——1 viable 1 viable F—— viable F—
£ b
2 H
S 40
3 3
S22
0
Cr Cel50 CH-11 CH-11 TRAIL TRAIL CH-11 CH-11/Cel 50 TRAIL TRAIL/Cel 50
Cel 50 Cel 50

Figure 3. Loss of cell viability in combinations with death ligands. Cell lines SCL-I, SCL-II, SCC-
12 and SCC-13 were treated with celecoxib (50 uM), CH-11 (100 ng/mL), TRAIL (50 ng/mL) or
combinations. Cell viability was determined at 48 h by calcein staining and flow cytometry. Left,
results of representative experiments are shown. At least two independent experiments, each one
with triplicate values, revealed highly comparable results. Right side, examples of flow cytometry
measurements (CH-11, TRAIL and combination treatments) are shown; viable and non-viable cell
populations are indicated.
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Figure 4. Changes of mitochondrial membrane potential (MMP). Four cSCC cell lines were treated with celecoxib (50 uM),
CH-11 (100 ng/mL), TRAIL (50 ng/mL) or combinations for 3 h and 24 h, respectively. Percent of cells with low MMP were
determined by TMRM™* staining. Mean values and SDs of representative experiments are shown. At least two independent
experiments, each one consisting of triplicate values, revealed highly comparable results. Example cytometry measurements
of controls and combination treatments are given below; cell fractions with low MMP are indicated.
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Figure 5. Enhanced caspase activation in the course of combination treatment. SCL-II and SCC-12
cells were treated for 24 h with celecoxib (50 uM) and /or TRAIL (50 ng/mL). Protein extracts were an-
alyzed by Western blotting for expression of caspase-3, caspase-6, caspase-7, caspase-8 and caspase-9.
Equal protein amounts (30 pug per lane) were separated by SDS-PAGE, and consistent blotting was
proven by Ponceau staining as well as by evaluation of expression of 3-actin. Proforms (P) as well
as caspase cleavage products (C) were identified. Two independent series of protein extracts and
independent Western blots revealed highly comparable results.
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Figure 6. Inhibition of apoptosis by a caspase inhibitor. SCL-II and SCC-12 were treated for 24 h with
celecoxib (50 uM), TRAIL (50 ng/mL), or the combination. In addition, cells received the pan-caspase
inhibitor QVD-Oph (10 uM) at 1 h before other treatments started. (a) Protein extracts were analyzed
by Western blotting for caspase activation (processing). Equal protein amounts (30 ug per lane)
were separated by SDS-PAGE, and consistent blotting was proven by Ponceau staining as well as by
evaluation of B-actin expression. Molecular weights (in kDa) of caspase proforms are indicated. Two
independent series of protein extracts and independent Western blots revealed highly comparable
results. (b) Apoptosis was determined at 24 h of treatment by cell cycle analysis and quantification of
sub-G1 cells (mean values +/— SDs of representative experiments). Two independent experiments,
each one with triplicate values, showed the same result.
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2.5. Regulation of Mediators of Apoptosis and Cell Proliferation

For illuminating celecoxib’s effects in ¢SCC cells, proteins involved in the control of
apoptosis and cell proliferation were investigated in SCL-II and SCC-12 at 24 h of treatment
by Western blotting. Suggesting a particular role in celecoxib-mediated inhibition of cell
proliferation, the cell cycle inhibitor p21 was strongly upregulated by celecoxib in both cell
lines. Further suggesting a particular role for TRAIL sensitivity, the major TRAIL receptor,
DR5 (40 kDa), was significantly upregulated by celecoxib (Figure 7).

SCL-II SCC-12
o [ .
. | S [ -5

Survivin -16
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! ﬁ
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Figure 7. Regulation of characteristic mediators of apoptosis and cell proliferation. Cell lines SCL-II
and SCC-12 were treated for 24 h with celecoxib (50 uM), TRAIL (50 ng/mL) or the combination.
Expression levels of p21 (21 kDa), TRAIL-R2/DR5 (40 kDa), cFLIP (long isoform, 55 kDa), survivin
(16 kDa), XIAP (53 kDa), Mcl-1 (40 kDa), Bcl-w (18 kDa), Puma (27 kDa) and Bad (23 kDa) were
analysed by Western blotting. Analysis of 3-actin (44 kDa) served as loading control. Largely similar
results were obtained in three independent Western blot experiments using three independent series
of cell extracts.

Several other proteins were suggestive for an enhancement of proapoptotic pathways
by celecoxib. Thus, effector caspases may be blocked by cellular inhibitor of apoptosis pro-
teins (cIAPs, e.g., survivin and chromosome X-linked inhibitor of apoptosis protein (XIAP)),
whereas caspase-8 activity is suppressed by its competitive inhibitor cFLIP (cellular FLICE-
like inhibitory protein). The long isoform of cFLIP (FLIPy, 55 kDa) was downregulated
by celecoxib in both cell lines, and in SCL-II, also survivin and XIAP were downregulated
either by celecoxib alone or by combination treatment (Figure 7).

The family of pro- and anti-apoptotic Bcl-2 proteins are critically involved in the
control of intrinsic apoptosis pathways. Of the anti-apoptotic family members, Mcl-1 was
downregulated in SCC-12 by celecoxib alone, whereas in SCL-II, both Mcl-1 and Bcl-w
were downregulated by combination treatment. Also, the proapoptotic BH3-only family
members, Puma and Bad, were upregulated in both cell lines by celecoxib alone (Figure 7),
while for the anti-apoptotic Bcl-2 as well as for the proapoptotic Bax and Bak proteins, no
significant changes in expression were seen (data not show). These findings underlined that
celecoxib resulted in multiple effects on cell proliferation- and apoptosis-related proteins
involved both in intrinsic and extrinsic apoptosis pathways.

2.6. Massive ROS Production by Celecoxib

Most impressive was the massive production of reactive oxygen species (ROS) in
response to celecoxib, which appeared as an early effect already at 2 h in all cSCC cell lines.
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The vast majority of cells were responsive (54-75%) seen by an almost complete shift of
the cells” peak in flow cytometry. The full ROS shift was already obtained for the lowest
celecoxib concentration of 25 uM, and the effects were even comparable to H,O,, used
as a positive control (Figure 8a). Thus, high ROS production appeared as a typical result
of celecoxib.
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Figure 8. Strongly enhanced ROS levels by celecoxib. (a) Four cSCC cell lines were treated for 2 h
with increasing concentrations of celecoxib (25, 50, and 100 uM), whereas H,O, (1 mM, 1 h) was used
as a positive control. ROS levels were determined by H,DCFDA staining and flow cytometry. Mean
values +/— SDs of representative experiments are shown; at least two independent experiments,
each one consisting of triplicate values, revealed highly comparable results. Example cytometry
measurements (overlays vs. controls) are shown on the right side. (b) Treatment with different
antioxidative strategies is shown in SCC-13 and SCL-II in addition to celecoxib treatment (25 and
50 uM): NAC, N-acetyl cysteine (1 mM); VitE, tocopherol (1 mM); Glut, glutathione (1 mM); Tiron
(1 mM); 1400W (100 uM); Allo, Allopurinol (1 mM); Temp, Tempol (1 mM). Antioxydants were
generally applied at 1 h before celecoxib.
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Increasing evidence in recent years has proven that ROS plays a vital role in the
regulation of apoptosis. In previous work, in melanoma and cutaneous T-cell lymphoma
cells, ROS production could often be prevented by antioxidant treatment as by N-acetyl
cysteine (NAC) or by vitamin E (tocopherol), which thus allowed to prove the significant
role of ROS in apoptosis [14,15]. This strategy, however, failed here for the high ROS levels
produced in ¢SCC cells in response to celecoxib. Neither NAC nor tocopherol or several
other antioxidative treatments tested were able to significantly prevent celecoxib-induced
ROS production, as demonstrated for SCC-13 and SCL-II. In contrast, H,O,-induced ROS
was decreased by NAC (Figure 8b). In agreement, apoptosis induced by celecoxib could
not be reduced significantly by antioxidative pre-treatment (data not shown), suggesting
that celecoxib-induced ROS was too strong.

3. Discussion

Cutaneous SCC and AK are characterized by high incidence and provoke severe
health problems worldwide [1]. While many c¢SCCs can be treated by surgical excision and
chemotherapy, a subset of patients develops therapy resistance, recurrence, and metasta-
sis [23]. Furthermore, topical treatments of AK are often non-sufficient and cannot prevent
tumor progression [24]. Thus, new and efficient treatments are needed for ¢cSCC and AK.

The anti-inflammatory, analgesic, and anti-pyretic drug celecoxib has been in clinical
use for many years [25]. Anti-neoplastic effects as inhibition of cancer cell growth and sup-
pression of metastases have also been reported in vitro and in mouse models of colorectal,
nasopharyngeal, and mammary carcinoma [26-28]. In clinical trials, celecoxib revealed
positive results for colorectal and breast cancer [29], and it was approved for adjuvant
treatment of familial adenomatous polyposis [17]. Another clinical trial suggested that
progression from AK to cSCC may be diminished [30].

The efficiency of celecoxib may be improved in combinations, as shown, e.g., in
non-Hodgkin lymphoma and melanoma cells with histone deacetylase inhibitors and
plumbagin, respectively [31,32]. In clinical trials, improved response to chemotherapy
was also obtained in combinations with celecoxib [33,34]. In the present study, celecoxib
alone showed only little effects on apoptosis and cell viability in cultured cSCC cells, but
apoptosis was strongly enhanced, and cell viability was decreased in combinations with
death ligands. TRAIL represents a promising antitumor strategy due to its selective activity
in cancer cells [9-11]. Thus, the efficiency of celecoxib may be crucially improved by
combination with TRAIL or TRAIL receptor agonists.

Death ligands furthermore represent basic elements of an antitumor immune response
driven by cytotoxic T-lymphocytes and natural killer cells [11]. Thus, enhancing death
ligand-induced apoptosis by celecoxib may improve the immune response against cSCC.
Positive combination effects of celecoxib and TRAIL were also found in other tumor
cells, e.g., of non-small-cell lung carcinoma, colon cancer, and glioblastoma [35-37]. In
contrast, in ¢SCC, the effects of TRAIL were not sufficiently investigated so far. Only for a
combination of diclofenac and TRAIL an enhanced apoptotic response was shown [38].

A better understanding of the mechanisms of induced apoptosis can provide insights,
which may be used for translational strategies. While not affected by celecoxib alone,
proapoptotic caspase cascades were fully activated in combination with TRAIL, and their
essential role was proven by a caspase inhibitor. Caspase dependency of celecoxib-induced
apoptosis was also found in gastric cancer and non-small-cell lung cancer cells [39,40].

For demonstrating the decisive role of certain caspases, siRNA strategies may also
apply. Thus, the role of caspase 8 in celecoxib-induced apoptosis in human lung cancer cells
was shown [35], whereas apoptosis induced by another NSAID (FR122047) in MCF-7 breast
cancer cells was even enhanced by siRNA knockdown of caspase-9 [41]. Due to the massive
activation of caspases-3, -6, -7, -8, and -9 by celecoxib/TRAIL, we aimed to investigate the
principle involvement of the caspase cascade, for which the used pan-caspase inhibitor
appeared as particularly suitable.
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Caspase-8 is antagonized by its competitive inhibitor cFLIP (cellular FLICE-like in-
hibitory protein), while cIAPs (cellular inhibitor of apoptosis proteins) as XIAP and survivin
inhibit effector caspases and caspase-9 [42,43]. We show here the downregulation of cFLIP
and survivin in ¢SCC cells in response to celecoxib, while XIAP was downregulated by
the combination treatment in one cell line. Downregulation of cFLIP by celecoxib was
also found in non-small-cell lung cancer cells [40], and it was downregulated in ¢SCC
cells in response to diclofenac [38]. Roles of survivin and XIAP in celecoxib-mediated
effects were also seen in leukemia and myeloma cells [44,45]. Downregulation of caspase
antagonists thus appears as a frequent effect of celecoxib and may critically contribute to
caspase activation in combinations.

In this study, highly pleiotropic effects of celecoxib were shown; namely, a number of
investigated proteins were either upregulated or downregulated. Good examples in this
context are upregulation of the cell cycle inhibitor p21 [46] and of the TRAIL receptor DR5,
which may significantly affect inhibition of cell proliferation in cSCC cells and enhancement
of TRAIL sensitivity, respectively. In colorectal cancer cells, p21 was also upregulated by
celecoxib [47], and upregulation of DR5 by celecoxib was reported in non-small-cell lung
cancer as well as in hepatocellular carcinoma cells [40,48].

Intrinsic, mitochondrial apoptosis pathways are critically controlled by Bcl-2 family
proteins comprising of anti-apoptotic (e.g., Bcl-2, Mcl-1, and Bcl-w), proapoptotic multido-
main (Bax and Bak) as well as proapoptotic BH3-only proteins (e.g., Puma and Bad) [6].
Suggesting an activation of intrinsic apoptosis pathways, Mcl-1 and Bcl-w were down-
regulated, while Puma and Bad were upregulated by celecoxib in cSCC cells. Mcl-1 is
considered an important factor for the control of apoptosis in keratinocytes [49]. Its down-
regulation by celecoxib was also reported in hepatocellular carcinoma cells [50], and Bcl-w
was downregulated in ¢SCC cells by diclofenac [51].

We have already previously shown the upregulation of Bad by celecoxib in the cell
line SCL-II [51], and upregulation of Bad is shown here also in SCC-12. Upregulation of
Puma by celecoxib was also found in stomach cancer cells, and its functional role in the
activation of intrinsic apoptosis pathways was suggested [52]. In contrast, Puma was even
downregulated by diclofenac in ¢cSCC cells [51], thus suggesting a different mode of action
in this setting.

The data of the present study suggest that celecoxib affects both intrinsic and extrinsic
apoptosis pathways in ¢SCC cells. The question remains, how it can regulate so many
different proteins. Here, reactive oxygen species (ROS) may serve as an explanation. ROS
play important roles in tissue damage and aging, but in recent years an increasing body
of evidence has also shown critical roles of ROS in apoptosis regulation in cancer cells.
Thus in melanoma cells, apoptosis induction by different agents as an iron-substituted
nucleoside analog, indirubin derivatives as well as by protein kinase B or BRAF inhibition
was shown to be largely ROS-dependent [12-14,53]. Also in cutaneous T-cell lymphoma
cells, apoptosis induction by indirubin derivatives was ROS-dependent [15]. Induction of
ROS in the course of celecoxib treatment has already been reported in melanoma and breast
cancer cells [54], and ROS production was suggested as a key mechanism for celecoxib’s
anticancer activity in combination with 5-FU in head and neck cancer cells [55].

Here, we demonstrate massive ROS production by celecoxib in cSCC cells. ROS
appeared very early and even at moderate celecoxib concentrations, suggesting ROS as
upstream of other effects. While ROS were not sufficient to induce apoptosis themselves,
they may prepare cSCC cells for apoptosis induction through death ligands. In previous
studies, the significant role of ROS in apoptosis could be proven by antioxidative strategies,
e.g., by N-acetyl cysteine or by tocopherol/vitamin E [12-14,53]. However, celecoxib-
induced ROS in ¢SCC cells appeared as very strong and revealed characteristics, which
could not be inhibited by different antioxidative strategies. Thus, the decisive role of ROS
for celecoxib-induced apoptosis in cSCC cells is suggested here but could not be finally
proven so far.
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ROS levels in cells may also be regulated by antioxidative enzymes such as catalase
and superoxide dismutase (SOD). For colon cancer, inhibition of tumor growth by celecoxib-
loaded liposomes was accompanied by activation of SOD, which was further related to an
antioxidative activity [56]. Celecoxib also increased SOD activity in rat stomach and colon
mucosa [57]. In cSCC, however, the situation was clearly different, as ROS production by
celecoxib in cSCC cells was strong, rapid, and long-lasting. We thus may not expect that
CAT or SOD may be directly involved.

ROS induction appears as a promising anticancer strategy. Although the clinical effects
of some ROS-inducing drugs were limited, as sulphasalazine in gastric cancer patients [58],
other strategies have been favorably tested, e.g., the glutathione disulfide mimetic NOV-
002 in patients with HER2-negative breast cancer [59]. Lack of efficiency may have many
different causes, e.g., drug uptake, delivery, stability, and resistance mechanisms. Thus,
limited efficiency of some strategies may not necessarily mean that ROS induction is not
suitable for anticancer therapy.

At present, immune checkpoint inhibitors represent highly promising therapeutic
strategies, also for cSCC. They may, however, not apply for all patients due to limitations be-
cause of side effects as well as therapy resistance [60]. Thus, new and additional anticancer
strategies are still needed, which may also be used in combinations to improve efficiency.
As shown here, celecoxib enhanced apoptosis sensitivity of cSCC cells for TRAIL. As TRAIL
serves as an important factor of the immune system, it is suggestive that celecoxib in this
way may also support an antitumor immune response. However, this effect could not
be directly proven in the present study. Suitable animal experiments for investigating
the function of the human immune response are rare and constitute a major challenge.
Nevertheless, the antineoplastic effects of celecoxib have been shown in animal models of
colorectal and mammary carcinoma [26,27].

In conclusion, lack of apoptosis induction by celecoxib alone suggests that its full
therapeutic potential may be achieved only in combinations, and TRAIL appears as partic-
ularly suitable. As death ligands represent characteristic effectors of the immune system,
celecoxib may also support an immune response against cSCC/AK, and combinations
with immune checkpoint inhibitors recently approved for the treatment of cSCC may be
considered. As concerning the mode of action in ¢SCC cells, highly pleiotropic effects on
apoptosis regulators were found for celecoxib, which affects both intrinsic and extrinsic
apoptosis pathways. ROS production by celecoxib appeared as most pronounced and may
serve as a master regulator.

4. Materials and Methods
4.1. Cell Culture and Treatment

Four representative ¢SCC cell lines (SCL-I, SCL-II, SCC-12, and SCC-13) were used,
which were derived from human facial skin lesions [38]. They were maintained at 5%
CO; in RPMI 1640 growth medium (Life Technologies, Darmstadt, Germany) supple-
mented with 10% FCS, 2 mM glutamine, non-essential amino acids, and antibiotics. Most
assays were performed in 24-well plates after seeding 5 x 10* cells per well. Treatments:
celecoxib (BioMol, Hamburg, Germany; 1000-8672, 25-100 uM), agonistic anti-CD95 anti-
body (CH-11, IgM mouse; Beckman Coulter, Krefeld, Germany; 100 ng/mL), and Killer
TRAIL™ (Adipogen, San Diego USA, AG-40T-0001; 50 ng/mL). Control cells received the
celecoxib ‘s solvent DMSO. For caspase inhibition, the pan-caspase inhibitor QVD-Oph
(Abcam, Cambridge, UK; 10 uM) was given at 1 h before agonists were applied.

4.2. Cell Proliferation Assays

Growth rates were determined by real-time cell analysis (RTCA, xCELLigence; Agilent,
Santa Clara, CA, USA). A number of 10,000 cells were seeded per well in special 96-well
E-plates equipped with electrodes in the bottom of wells, and treatments started after
24 h. Electric resistance was continuously determined up to 140 h, which served as a
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measurement of cell confluence. A second cell proliferation assay was based on WST-1
staining (Water soluble tetrazolium-1, Roche Diagnostics), further analyzed by ELISA.

4.3. Determination of Apoptosis, Cytotoxicity and Cell Viability

Quantification of apoptosis was performed by cell cycle analysis. Cells were harvested
by trypsinization and lysed in hypotonic buffer. Isolated nuclei were stained for 1 h
with 40 mg/mL propidium iodide (Sigma-Aldrich, St. Louis, MO, USA). Cells in G1, G2,
and S-phase, as well as sub-G1 cells, were quantified by flow cytometry at FL3A using a
FACS Calibur (BD Bioscience, Bedford, MA, USA). Due to the washing out of small DNA
fragments, nuclei with less DNA than G1 (sub-G1) correspond to apoptotic cells.

Cytotoxicity was determined in cell culture supernatants by quantification of released
lactate dehydrogenase (LDH) activity. Cells were stained by a cytotoxicity detection assay
(Roche Diagnostics, Penzberg, Germany) and analyzed by an ELISA reader. Triton x100-
treated cells (0.7%) were used as a positive control.

Cell viability was determined by staining cells with calcein-AM (PromoCell, Heidel-
berg, Germany; AM = acetoxymethylester), which is converted in viable cells through
intracellular esterase activity to green-fluorescent calcein. Cells, grown and treated in
24-well plates, were harvested by trypsinization and stained for 1 h with 2.5 pg/mL
calcein-AM at 37 °C. After labeling, cells were washed with PBS and measured by flow
cytometry (FL2H).

4.4. Mitochondrial Membrane Potential

Mitochondrial membrane potential (A'¥m) was determined by staining cells with the
fluorescent dye TMRM™ (Tetramethylrhodamin-methylester, Sigma-Aldrich). Cells, grown
and treated in 24-well plates, were harvested by trypsinization and stained for 20 min at
37 °C with 1 uM TMRM*. After 2-times washing with PBS, staining of cells was quantified
by flow cytometry (FL2H).

4.5. Analysis of Reactive Oxygen Species (ROS)

For determination of intracellular ROS levels, cells grown in 24-well plates were pre-
incubated for 1 h with the fluorescent dye H,DCFDA (2’,7’-dichlorodihydrofluorescein
diacetate, D-399, Thermo Fisher Scientific, Hennigsdorf, Germany, 10 uM), before starting
treatment with effectors. After 2-24 h treatment, cells were harvested by trypsinization,
washed several times with PBS, and analyzed by flow cytometry (FL1H). As a positive
control, treatment with H,O, (1 mM, 1 h) was applied. Different antioxidative treatments
were used aiming at the suppression of celecoxib-induced ROS levels, including N-acetyl
cysteine (NAC, Sigma-Aldrich, Taufkirchen, Germany, up to 4 mM), tocopherol (vitamin
E, Fluka, Steinheim, Germany, up to 4 mM), glutathione (Sigma-Aldrich, 1 mM); Tiron
(Sigma-Aldrich, 1 mM); 1400 W Sigma-Aldrich, 100 uM); Allopurinol (Sigma-Aldrich,
1 mM); TEMPOL (1-Oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine, Santa Cruz; 1 mM).
Antioxidants were generally applied at 1 h before starting celecoxib treatment.

4.6. Western Blotting

For 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.

Primary antibodies of Cell Signaling (Danvers, MA, USA): Caspase-3 (9662, rabbit,
1:1000), Cleaved caspase-3 (9664, rabbit, 1:1000), Caspase-8 (9746, mouse, 1:1000), Caspase-9
(9502, rabbit, 1:1000), Caspase-6 (9762, rabbit, 1:1000), Caspase-7 (9492, rabbit, 1:1000), XIAP
(2042, rabbit, 1:1000), Mcl-1 (4572, rabbit, 1:1000), Bad (9292, rabbit, 1:1000), and Bcl-w
(2724, rabbit, 1:1000). Primary antibodies of Santa Cruz Biotech (Dallas, TX, USA): c-FILP
(sc-5276, mouse, 1:500), survivin (sc-177779, mouse, 1:500), p21(sc-6246, mouse, 1:500), p53
(sc-126, mouse, 1:500), B-actin (sc-47778, mouse, 1:1000), Puma (sc-374223, mouse, 1:500),
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Bax (sc-7480, mouse, 1:500), and Bak (sc-832, mouse, 1:500). Primary antibody of Abcam
(Cambridge, UK): DR5 (ab8416, rabbit, 1:1000). Secondary antibodies: peroxidase-labelled
goat anti-rabbit and goat anti-mouse (Dako, Hamburg, Germany; 1:5000).

4.7. Statistical Analyses

All assays were done in triplicate determinations, and at least two independent
experiments were performed. Presented Western blot data were verified by at least two
independent series of cellular extracts. Statistical significance was proven by Student’s
t-test (two-tailed, heteroscedastic) using all data of independent experiments (at least six
individual measurements); p-values < 0.05 were considered as statistically significant.
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Abstract: Efficient drugs are needed for countering the worldwide high incidence of cutaneous
squamous cell carcinoma (cSCC) and actinic keratosis. Indirubin derivatives represent promising
candidates, but their effects in ¢SCC cells have not been reported before. Here, we investigated
the efficacy of three indirubin derivatives (DKP-071, -073 and -184) in four ¢SCC cell lines. High
efficacy was seen in SCL-I, SCL-II, SCC-12 and SCC-13, resulting in up to 80% loss of cell proliferation,
60% loss of cell viability and 30% induced apoptosis (10 uM). Apoptosis was further enhanced in
combinations with TNF-related apoptosis-inducing ligand (TRAIL). Induction of reactive oxygen
species (ROS) appeared as critical for these effects. Thus, antioxidative pretreatment completely
abolished apoptosis as well as restored cell proliferation and viability. Concerning the pathways,
complete activation of caspases cascades (caspases-3, 4, -6, -7, -8 and -9), loss of mitochondrial
membrane potential, activation of proapoptotic PKC$ (protein kinase C delta), inhibition of STAT3
(signal transducer and activator of transcription 3), downregulation of antiapoptotic XIAP (X-linked
inhibitor of apoptosis protein) and survivin as well as upregulation of the proapoptotic Bcl-2 protein
Puma and the cell cycle inhibitor p21 were obtained. Importantly, all activation steps were prevented
by antioxidants, thus proving ROS as a master regulator of indirubins’ antitumor effects. ROS
induction presently develops as an important issue in anticancer therapy.

Keywords: cutaneous SCC; indirubin; apoptosis; reactive oxygen species (ROS); antioxidants

1. Introduction

Actinic keratosis (AK) derives from neoplastic epidermal keratinocytes and is charac-
terized by high prevalence and the risk to proceed into invasive cutaneous squamous cell
carcinoma (¢SCC). Cutaneous SCC accounts for about 20% of skin malignancies and about
20% of skin cancer deaths worldwide [1,2]. For Caucasians and East Asian populations
(including Japanese and Chinese), ¢SCC is the second most commonly diagnosed skin can-
cer, following basal cell carcinoma [3,4], whereas for black people, it is the most commonly
diagnosed skin cancer [5]. New and alternative therapeutic options are needed for early
and late disease.

The elimination of tumor cells by the induction of apoptosis represents a principal
goal in cancer therapy, while therapy resistance is frequently explained by apoptosis
deficiency [6]. Thus, resistance to apoptosis represents a crucial step in oncogenesis and
drug resistance [7]. Three mayor types of cell death have been distinguished, namely type I
(apoptosis), type II (autophagy) and type III (necrosis) [8]. Intrinsic proapoptotic pathways
can be activated in response to cellular stress situations, including high levels of reactive
oxygen species (ROS) as well as by anticancer treatment, e.g., by chemotherapy. This relies
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on mitochondrial outer membrane permeability (MOMP), loss of mitochondrial membrane
potential and release of mitochondrial factors such as cytochrome ¢, which may trigger
activation of initiator caspase-9 [9]. This step is critically controlled by the family of pro-
and anti-apoptotic Bcl-2 proteins. Thus, Bcl-2 exerts its antiapoptotic function through
binding and inhibition of the proapoptotic family member Bax [8,9]. Often, activation of
apoptosis and inhibition of cell proliferation are regulated in parallel. Thus, the cyclin-
dependent kinase inhibitor p21 (Cip1/Wafl) represents a major target of p53, which also
drives the expression of several proapoptotic factors [10].

On the other hand, extrinsic induction of apoptosis is initiated by death ligands such
as CD95L/FasL and TRAIL (TNF-related apoptosis-inducing ligand). Upon death receptor
activation, cell membrane-bound death-inducing signaling complexes are formed, resulting
in activation of initiator caspases, such as caspase-8 and caspase-10 [11]. In particular,
the death ligand TRAIL has attracted much consideration due to its anticancer activity,
while normal cells are largely spared [12,13]. Furthermore, caspase-4 may be involved in
endoplasmic reticulum stress-induced apoptosis, besides its roles in inflammation [14,15].
Initiator caspases may cleave and thus activate effector caspases such as caspases-3, -6 and
-7, which themselves cleave a large number of death substrates with the final result of DNA
fragmentation and apoptosis induction [16].

Additionally, several signaling pathways contribute to the regulation of apoptosis.
Thus, the STAT3 pathway can be activated in response to cytokines and growth factors.
STAT3 then translocates to the cell nucleus and acts as a transcription activator for a
variety of genes that mediate cell growth and inhibition of apoptosis [17]. The protein
kinase C (PKC) family of isoenzymes encloses several serine-threonine kinases, which
are involved in the regulation of different cellular processes, including cell proliferation,
cell differentiation and apoptosis [18]. While PKCx and PKCP in particular support
cell proliferation and cell invasion [19], PKC6 was reported as proapoptotic. Following
phosphorylation and translocation steps, PKC3 can be activated through processing, which
releases the active catalytic domain (41 kDa) from its 78 kDa proform. Activated PKC6 was
related to the induction of apoptosis through tyrosine phosphorylation and thus activation
of caspase-3 [20,21].

Reactive oxygen species (ROS) are involved in several signaling pathways. The for-
mation of different kinds of ROS can result in molecular damage and increased oxidative
activity. Thus, ROS play important roles in different kinds of diseases of the neuronal,
cardiovascular and nervous systems, as well as in aging [22]. Furthermore, ROS may con-
tribute to the regulation of apoptosis, as shown in melanoma cells by an iron-substituted
nucleoside analogue [23], in ¢<SCC cells for celecoxib [24] and in cutaneous T-cell lymphoma
cells (CTCL) for an indirubin derivative [25]. ROS may derive from mitochondrial leakage
or other sources [26], but their relation to the described apoptosis pathways is less clear
to date.

Indirubin has been identified as the active ingredient of a traditional Chinese herbal
medicine (Danggui Longhui Wan), used for treatment of chronic and inflammatory diseases.
Clinical results from the 1980s, which have been obtained in chronic myelocytic leukemia
patients treated with indirubin, stimulated several studies on this compound [27,28]. Due to
the only limited antitumor activity of the native form, the structure of indirubin is presently
employed in several laboratories as a skeleton for the synthesis of new derivatives to
increase its antitumor effects [29-31].

We have previously reported the synthesis of a new series of indirubin derivatives
based on N-glycosylated 3-alkylideneoxindoles containing halogen substituents [32]. Here,
we investigated the proapoptotic effects of DKP-071, DKP-073 and DKP-184 in ¢SCC
cells and unraveled the downstream signaling pathways. These appeared as essentially
based on the production of reactive oxygen species, which opens new perceptions in the
proapoptotic targeting of ¢SCC cells.
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2. Materials and Methods
2.1. Cell Culture and Treatment

For investigating the effects of indirubin derivatives DKP-071, DKP-073 and DKP-184,
we investigated four cSCC cell lines (SCL-I, SCL-II, SCC-12 and SCC-13). There is not much
information in the literature to distinguish these cell lines by their origin, as all four derive
from human facial skin. Only in terms of sensitivity, we found in previous studies that SCL-
Iis resistant to diclofenac/hyaluronic acid, while others were sensitive [33]. The HaCaT
cell line was reported to derive from spontaneously immortalized keratinocytes [34]. Cells
were maintained at 5% CO, in RPMI 1640 growth medium (Life Technologies, Darmstadt,
Germany) supplemented with 10% FCS, 2 mM glutamine and non-essential amino acids.
Most assays were performed in 24-well plates, and 4 x 10* cells were seeded per well.

Cells were treated with KillerTRAIL™ (Adipogen, San Diego, CA, USA; AG-40T-
0001; 50 ng/mL) and with the indirubin derivatives DKP-071, DKP-073 and DKP-184
(2.5-20 uM) [32], whereas control cells received only the solvent DMSO. Cells were also
treated with non-substituted indirubin (BioMol, Hamburg, Germany; TGM-T6169) at
equimolar concentrations. For caspase inhibition, cells were treated with the pan-caspase
inhibitor QVD-Oph (Abcam, Cambridge, UK; 10 uM), which was applied 1 h before
cells were treated with agonists. For inhibition of PKC3, bisindolylmaleimide I (Cayman
Chemical, Ann Arbor, MI, USA) was used at 1 uM.

2.2. Cell Proliferation Assays

Cell proliferation was determined by WST-1 assay (Roche Diagnostics, Penzberg,
Germany), which depends on the cleavage of the water-soluble tetrazolium salt by mito-
chondrial dehydrogenases in metabolically active cells. WST-1 detects live cells and can
thus by used for counting only viable cells. The read-out is thus complex and reflects both
cell number and viability of quantified cells.

2.3. Determination of Apoptosis, Cell Viability and Cytotoxicity

Quantification of apoptosis was performed by cell cycle analysis. Cells were harvested
by trypsinization, and all cells were lysed in hypotonic buffer. In this way, cells’ nuclei
were isolated and were further stained for 1 h with 40 mg/mL of propidium iodide (Sigma-
Aldrich, St. Louis, MO, USA). Cells in G1, G2 and S-phase, as well as sub-G1 cells, were
depicted by flow cytometry at FL3A using a FACS Calibur (BD Bioscience, Bedford, MA,
USA). Due to the washing out of small DNA fragments, nuclei with less DNA than G1
(sub-G1) correspond to apoptotic cells. Thus, the increase of the sub-G1 fraction indicates
the percentage of cells with DNA fragmentation (apoptotic cells).

Cell viability was determined by staining cells with calcein-AM (PromoCell, Hei-
delberg, Germany), which is converted in viable cells by intracellular esterases to green
fluorescent calcein. Cells, grown and treated in 24-well plates, were harvested by trypsiniza-
tion and stained with 2.5 pg/mL of calcein-AM at 37 °C for 1 h. Labeled cells were washed
with PBS and measured by flow cytometry (FL2H).

Possible cytotoxic effects were determined at 4 and at 24 h of treatment by quan-
tification of lactate dehydrogenase (LDH) activity in cell culture supernatants. Released
LDH is indicative for damaged and cytotoxic cells. LDH activity was determined in an
ELISA reader after applying a WST-1 cytotoxicity detection assay (Roche Diagnostics,
Penzberg, Germany).

2.4. Mitochondrial Membrane Potential

Mitochondrial membrane potential (A}m) was determined by staining cells with
the fluorescent dye TMRM* (Sigma-Aldrich, Darmstadt, Germany). Cells, grown and
treated in 24-well plates, were harvested by trypsinization and stained for 20 min at 37 °C
with 1 uM of TMRM*. After 2-times washing with PBS, cells were measured by flow
cytometry (FL2H).
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2.5. Analysis of Reactive Oxygen Species (ROS)

For determination of intracellular ROS levels, cells grown in 24-well plates were pre-
incubated for 1 h with the fluorescent dye H,DCE-DA (D-399, Thermo Fisher Scientific,
Hennigsdorf, Germany, 10 uM), before starting treatment with effectors. After 2-24 h of
treatment, cells were harvested by trypsinization, washed several times with PBS and
analyzed by flow cytometry (FL1H). As a positive control, treatment with H,O, (1 mM, 1 h)
was applied. Antioxidative treatments were used, aiming at the suppression of indirubin-
induced ROS levels. Thus, N-acetylcysteine (NAC, Sigma-Aldrich, Taufkirchen, Germany)
was used in concentrations of up to 1 mM and was generally applied 1 h before starting
indirubin treatments.

2.6. Western Blotting

For Western blotting, total protein extracts were obtained by a cell lysis buffer contain-
ing 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.

Primary antibodies of Cell Signaling (Danvers, MA, USA) were: Caspase-3 (9662,
rabbit, 1:1000), Cleaved caspase-3 (9664, rabbit, 1:1000), Caspase-8 (9746, mouse, 1:1000),
Caspase-9 (9502, rabbit, 1:1000), Caspase-6 (9762, rabbit, 1:1000), Caspase-7 (9492, rabbit,
1:1000), XIAP (2042, rabbit, 1:1000), Mcl-1 (4572, rabbit, 1:1000), Bad (9292, rabbit, 1:1000),
Bcl-w (2724, rabbit, 1:1000), Bcl-2 (2872, rabbit, 1:1000). Primary antibodies of Santa Cruz
Biotech (Dallas, TX, USA) were: Caspase-4 (sc-1229, goat, 1:500), c-FILP (sc-5276, mouse,
1:500), survivin (sc-177779, mouse, 1:500), p21(sc-6246, mouse, 1:500), B-actin (sc-47778,
mouse, 1:1000), Puma (sc-374223, mouse, 1:500), Bax (sc-7480, mouse, 1:500), Bak (sc-
832, mouse, 1:500). Primary antibody of Abcam (Cambridge, UK) was: DR5 (ab8416,
rabbit, 1:1000). Secondary antibodies were: peroxidase-labeled goat anti-rabbit and goat
anti-mouse (Dako, Hamburg, Germany; 1:5000).

2.7. Statistical Analyses

Each finding was proven by at least two independent experiments. For all assays,
each independent experiment itself consisted of at least three independent values (three
individual wells that were seeded, treated and analyzed individually). Thus, we had at
least six values in one group, which were used for statistical analysis. Statistical significance
was determined by Student’s t-test and is indicated by asterisks in the figures (* p < 0.05;
**p < 0.01; *** p <0.001).

For semi-quantitative protein analysis, Western blot signals were quantified by densit-
ometry using Fusion-Capt Advance software (Vilber Lourmat, Collégien, France), values
were normalized by the respective B-actin values and median values were formed from
each two independent experiments (independent cell extracts).

3. Results
3.1. Decreased cSCC Cell Proliferation, Induction of Apoptosis and Loss of Cell Viability

As indirubin and its derivatives represent promising candidates for cSCC therapy, we
investigated the effects of three indirubin derivatives (DKP-071, -073, -184; Figure 1a) in
four representative cSCC cell lines (SCL-I, SCL-II, SCC-12 and SCC-13). As the death ligand
TRAIL is expressed by immune cells in an antitumor immune response and as TRAIL
agonists were already tested in clinical trials, combinations of the three indirubins with
TRAIL were also investigated.

As cell proliferation represents an important issue in anticancer treatment, it was
monitored by quantitative WST-1 assays, which determine live cells, in cSCC cell lines
treated with 10 uM indirubin & 50 ng/mL TRAIL. Cell proliferation rates at 24 h of
treatment were generally reduced in ¢SCC cells by DKP-071, -073 and -184, reaching values
of 30%, 29% and 48% (SCL-I), of 72%, 77% and 83% (SCL-II), of 50%, 48% and 79% (SCC-12)
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as well as of 41%, 22% and 57% (SCC-13) (Figure 1b). These antiproliferative effects were
further strongly enhanced by the combination of indirubins with TRAIL (Figure 1b).

Even more pronounced combination effects were seen at the level of cell viability, as
determined by calcein staining and flow cytometry. At 24 h, cell viability was almost com-
pletely abolished by the combinations of DKP-071 or DKP-073 with TRAIL (<10%), whereas
cell viability after single treatments with DKP-071 and DKP-073 ranged between 35% and
80%. The effects of DKP-184 were generally somewhat less pronounced (Figure 1c).
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Figure 1. Decreased cell proliferation, cell viability and apoptosis induction. (a) Chemical structures of indirubin derivatives
DKP-071, DKP-073 and DKP-184 are shown. (b) Cell proliferation was quantified by WST-1 assay in four cSCC cell lines at
24 h of treatment with indirubins (DKP-071, -073 and -184, 10 uM), TRAIL (TR; 50 ng/mL) or the combinations, as indicated.
(c) Cell viability was determined by calcein-AM staining in cSCC cell lines at 24 h (treatment as above). (c) Apoptotic cells
characterized by DNA fragmentation were identified by flow cytometry after propidium iodide staining as sub-G1 cells
(cell cycle analyses, treatment as above). (b—d) Mean values are shown of triplicates of representative experiments (at least
two independent experiments, each one with triplicates). (c,d) Examples of flow cytometry measurements are provided
below (overlays of treated cells vs. controls). (d) The percentages of apoptotic cells are also indicated. Asterisks indicate
statistical significance, as compared to controls (* p < 0.05; ** p < 0.01; *** p < 0.001).

Some induction of apoptosis was also seen at 24 h for DKP-071, -073 and -184 when
applied alone, resulting in rates of 10%, 5% and 6% (SCL-I), 8%, 13% and 2% (SCL-II), 37%,
23% and 9% (SCC-12) as well as 19%, 8% and 14% (SCC-13) (Figure 1d). Most striking,
however, was the enhancement of apoptosis by the combination of indirubins and TRAIL,
resulting in apoptosis rates of 84%, 70% and 63% (SCL-I), 53%, 51% and 40% (SCL-II),
83%, 81% and 65% (SCC-12) and 63%, 38% and 47% (SCC-13) (Figure 1d). Of note, in
response to indirubin treatments, the whole cell populations analyzed by flow cytometry
were responsive and shifted in the direction of the sub-G1 area. Thus, the same marker for
sub-G1 cell populations was used as in the controls (Figure 1d, insets). The high apoptosis
values were approved by the particularly strong caspase activation, seen after combination
treatments in Western blots (shown below).

The effects on apoptosis and cell viability were not associated with cytotoxicity, as
determined by quantification of release of lactate dehydrogenase (LDH). There was no
indication of increased cell necrosis in terms of LDH release, after treatment with the three
indirubin derivatives as well as after combination treatments with TRAIL. This was found
both at 4 h, excluding direct cytotoxic effects of the substances, as well as at 24 h, also
largely excluding secondary necrotic effects (Supplementary Figure Sla,b).

The effects of indirubin derivatives were much stronger than those of non-substituted
indirubin. This was shown in SCL-I and SCC-12 by applying equimolar concentrations
(5, 10, 20 uM) of DKP-071 and non-substituted indirubin. While DKP-071 significantly
triggered apoptosis and loss of cell viability when applied in concentrations of 10 and
20 uM, the effects of non-substituted indirubin were much less pronounced and resulted
in only less than 5% apoptosis and at maximum in a reduction of cell viability to 67%,
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when applied at 20 uM (Supplementary Figure S2a,b). However, the effects of indirubin
derivatives appeared as not absolutely tumor-specific, as also some response was seen in
HaCaT immortalized keratinocytes (up to 13% apoptosis, decrease of cell viability to 33%,
Supplementary Figure S3). Thus, the combination of indirubin derivatives and TRAIL
appeared as a promising strategy for targeting of cSCC cells.

3.2. Changes of Mitochondrial Membrane Potential

Addressing the mechanisms that mediate the antitumor effects of indirubins in c<SCC
cells, we determined changes in mitochondrial membrane potential (MMP) in response to
indirubin treatments, applying TMRM™* staining and flow cytometry. Loss of MMP was
seen in SCL-I, SCC-12 and SCC-13 already at 4 h (44-78%, for DKP-071 and -073), indicative
of an activation of mitochondrial apoptosis pathways (Figure 2a). Only SCL-II showed
a delayed response, with no effects at 4 h but strong loss of MMP at 24 h (80%, 75% for
DKP-071 and -073; Figure 2b). Thus, loss of MMP appeared as an early effect (4 h), at least
in cell lines SCL-I, SCC-12 and SCC-13. At this time, apoptosis and loss of cell viability
were not clearly evident. Thus, we can conclude that loss of MMP represents an initial
effect, not secondary to cell death.
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Figure 2. Loss of mitochondrial membrane potential (MMP). Percentages of cells with low MMP were determined by
TMRM?* staining at 4 h (a) and at 24 h (b) of treatment with indirubins (DKP-071, -073 and -184, 10 uM) in four cSCC
cell lines. Cells with low MMP are defined by less staining than the main peak of control cells. Example flow cytometry
measurements of controls and treatments are provided below (overlays of treated cells vs. controls), and cell fractions with
low MMP are indicated. Mean values and SDs are shown of a representative experiment (two independent experiments,
each one with triplicates). Asterisks indicate statistical significance, as compared to controls (** p < 0.01; *** p < 0.001).
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3.3. High ROS Production in Response to Indirubin Derivatives in cSCC Cells

Increased evidence in recent years has shown that reactive oxygen species (ROS) may
have vital roles in skin cancer therapy, related to induction of apoptosis. Production of
ROS in response to indirubin treatment appeared as a very general and early effect in
¢SCC cells, as determined by HoDCF-DA staining and flow cytometry. Of note, the effects
of indirubins on ROS levels were complete, namely the whole cell population shifted to
higher ROS levels, as seen in flow cytometry (Figure 3, insets). Thus, at 4 h of indirubin
treatment, the cell proportions with high ROS levels were generally between 60% and 90%
(Figure 3). Increased ROS levels appeared as a most pronounced response, affected in each
cell line in response to the indirubin derivatives.

We aimed to see whether ROS production correlated with the effects on cell viability
and apoptosis. Thus, ROS levels were quantified in response to increasing concentrations
(2.5, 5,10 and 20 uM) of a selected indirubin (DKP-071) in two cell lines (SCL-I and SCC-
12). In parallel, assays for apoptosis and cell viability were performed. The experiments
revealed that strong ROS production was seen only at concentrations of 10 and 20 uM, while
2.5 and 5 uM were much less effective (Supplementary Figure S4). Similarly, significant
loss of cell viability and induction of apoptosis were also seen only for these higher
concentrations (Supplementary Figure S2a,b). Thus, high ROS production correlated with
loss of cell viability and apoptosis induction.
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Figure 3. Changes in ROS production. ROS levels were determined by H,DCF-DA staining in four ¢cSCC cell lines at 4 h of
treatment with indirubins (DKP-071, -073 and -184, 10 uM). Example cytometry measurements of controls and treatments
are provided below (overlays of treated cells vs. controls), and cell fractions with high ROS are indicated. Mean values and
SDs are shown of a representative experiment (two independent experiments, each one with triplicates). Asterisks (***)
indicate high statistical significance, as compared to controls (p < 0.001).

ROS production was also determined at different times: 1, 2, 4 and 24 h. The main find-
ing was that ROS comes particularly early, as shown in SCL-I and SCC-12 at 1 h (>90% cells
with high ROS), and high ROS levels remained at least for 4 h (Supplementary Figure S5a),
while at 24 h, percentages appeared as somewhat reduced (30-80%), possibly due to some
ongoing cell proliferation (Supplementary Figure S5b).
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3.4. Strong Caspase Activation in Course of Combined Treatment

Apoptosis can be regulated by caspase-dependent as well as by caspase-independent
mechanisms. Thus, activation of the caspase cascade was investigated by Western blot
analysis exemplarily in one of the 4 cell lines (SCL-I). Analyses included the effector
caspases-3, -6 and -7, the initiator caspase-8 of the extrinsic pathway, the initiator caspase-9
of the intrinsic pathway as well as caspase-4, which may be involved in endoplasmic
reticulum stress-induced apoptosis [14].

Treatment with indirubins alone showed some effects on caspase processing, indica-
tive of their activation, however, the strongest caspase activation was obtained in the
combinations of indirubins with TRAIL, in agreement with the apoptotic rates shown
above. Thus, the proforms of caspase-4 (86 kDa), caspase-6 (35 kDa), caspase-7 (37 kDa),
caspase-8 (55 kDa) and caspase-9 (47 kDa) were almost completely degraded at 24 h in
response to DKP-071/TRAIL and DKP-073/TRAIL treatment (Figure 4). In parallel, charac-
teristic processing products were obtained, such as of caspase-3 (20, 18, 16 kDa), caspase-7
(20 kDa), caspase-8 (43, 41, 18 kDa) and caspase-9 (37, 17 kDa), as well as some other
intermediate or secondary processing products (Figure 4). Densitometric, semiquantita-
tive analyses and normalization with the -actin signals largely confirmed this strong
regulation of caspases. The caspase processing in DKP-184-treated cells was generally
somewhat weaker than DKP-071 and -073 (Figure 4), also in parallel with the apoptosis
values provided above. Collectively, these data indicate complete activation of caspase
cascades by indirubin/TRAIL combinations.
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Figure 4. Enhanced caspase activation in course of combined treatment. Protein extracts of SCL-I cells
treated for 24 h with indirubins (DKP-071, -073 and -184, 10 uM), TRAIL (50 ng/mL) or the combinations
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were analyzed by Western blotting and compared to control cells. Equal protein amounts (30 pug
per lane) were separated by SDS-PAGE, and consistent blotting was proven by Ponceau staining as
well as by evaluation of B-actin expression. Proforms (Pr) and characteristic cleavage products are
indicated, such as for caspase-3 (20, 18, 16 kDa), caspase-4 (86 kDa), caspase-6 (35 kDa), caspase-7 (37,
20 kDa), caspase-8 (55, 43, 41, 18 kDa), caspase-9 (47, 38, 17 kDa) and PKC5 (78, 37, 25 kDa). Besides
these, some intermediate and secondary cleavage products were seen. Two independent series of
protein extracts and independent Western blots revealed highly comparable results.

Proapoptotic pathways may also be initiated by protein kinase C delta (PKC5), which
is activated through processing of its 78 kDa proform [20,21]. Here, we show significant
processing of PKC3 in SCL-I in response to treatment with DKP-071 and DKP-073, and even
stronger in response to the combinations with TRAIL, indicated by loss of its pro-form and
characteristic cleavage products of 37 and 25 kDa (Figure 4). Additionally, in SCL-II and
SCC-12, indications of PKC$ activation by DKP-071 and -073 were visible by induction of
the 37 kDa fragment (Figure 5a). However, PKC may play an only contributory role here,
as indirubin-mediated proapoptotic effects could not be prevented by the PKC inhibitor
bisindolylmaleimide I (data not shown).
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Figure 5. Expression of apoptosis agonists. (a) Cell lines SCL-II and SCC-12 were treated for 24 h with
indirubins (DKP-071, -073 and -184; 10 uM). (b) Cell line SCL-I was treated for 24 h with indirubins
(DKP-071, -073 and -184, 10 uM) =+ TRAIL (50 ng/mL). (a,b) Expression of PKC5(fragment 37 kDa),
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PSTAT3 (86 kDa), TRAIL-R2/DRS5 (48, 40 kDa), XIAP (53 kDa), Puma (24 kDa), Bcl-2 (28 kDa),
survivin (16 kDa) and p21 (21, 15 kDa) was analyzed by Western blotting. Equal protein amounts
(30 ug per lane) were separated by SDS-PAGE, and consistent blotting was proven by Ponceau
staining as well as by evaluation of B-actin expression. Size of proteins (in kDa) is indicated on the
right side. Largely similar results were obtained in three independent Western blot experiments
using three independent series of cell extracts.

3.5. Regulation of Characteristic Mediators of Apoptosis and Cell Proliferation

To further address the mechanisms of antitumor effects mediated by indirubin deriva-
tives in ¢SCC cells, the expression of several regulators of apoptosis and cell proliferation
was investigated by Western blotting. Thus, pSTAT3 was downregulated in SCL-II and
SCC-12 by DKP-071 and -073 (median factor of 2-3, according to densitometric analysis;
Figure 5a), indicating an inhibition of the pSTAT3 survival pathway. The TRAIL receptor,
DR5, was upregulated by DKP-071 and -073 in SCL-I, SCL-II and SCC-12 (median factors
2-3; Figure 5a,b). The caspase-3 antagonist XIAP (chromosome X-linked inhibitor of apop-
tosis protein) was downregulated by all three indirubins in SCC-12 and SCL-II as well as
by DKP-071 and -073 in SCL-I (factors of 3-10; Figure 5a,b). Additionally, the cIAP survivin
appeared as downregulated by the combinations (Figure 5b).

Intrinsic apoptosis pathways are critically controlled by the family of pro- and anti-
apoptotic Bcl-2 proteins. Here, we found upregulation of the proapoptotic Bcl-2 protein
Puma in SCL-II and SCC-12 (factors of 2—4), whereas antiapoptotic Bcl-2 was downregu-
lated in SCC-12 (factor of 2; Figure 5a). In contrast, no significant changes were obtained for
the anti-apoptotic Bcl-2 family members Mcl-1 and Bcl-w or the multidomain proapoptotic
family members Bax and Bak (data not shown). Finally, upregulation of the CDK inhibitor
p21 was seen in SCL-I in response to indirubin treatment (factor of 4). In course of strongly
induced apoptosis after combination treatment, however, it was degraded, as seen by an
increased 15 kDa fragment (Figure 5b). Thus, several different pathways appeared as
affected by indirubin derivatives in ¢SCC cells.

3.6. Function of Caspases

To prove the significance of caspase activation for the antitumor effects of indirubin
derivatives, the pan-caspase inhibitor QVD-Oph was applied. Both decrease of cell viability
and induction of apoptosis mediated by indirubin/TRAIL combinations were strongly
diminished by QVD-Oph. Thus, in SCL-II, cell viability rates decreased by combinations of
TRAIL with DKP-071/073/184 (12%, 42% and 8%) were recovered to 45%, 38% and 66%,
respectively. Similarly, in SCC-12, decreased cell viability rates by indirubin/TRAIL combi-
nations (4%, 3% and 13%) were recovered to 65%, 52% and 69%, respectively (Figure 6a).

Comparably, apoptosis that was induced in SCL-II by indirubin/TRAIL combinations
(40%, 36%, 57%) was reduced by QVD-Oph to 13%, 16% and 5%, respectively. Similarly, in
SCC-12, induced apoptosis by combination treatments (56%, 57% and 54%) was reduced
by QVD-Oph to 11%, 14% and 6%, respectively (Figure 6b).

Cell proliferation rates were investigated in SCL-I for indirubin treatment alone and
for combinations with TRAIL. Thus, decreased cell proliferation in response to indirubins
alone (29-48%) were restored to 35-69%, and decreased cell proliferation in response to
indirubin/ TRAIL combinations (8-17%) was restored to 36-69% (Figure 6c).

In clear contrast, QVD-Oph pretreatment remained without an effect on loss of MMP,
as demonstrated in SCL-I and SCC-12 (Figure 6d), and it remained without an effect on
the indirubin-mediated increase of ROS levels, as shown in all 4 cell lines (Figure 6e).
Thus, caspases appeared as strongly contributing to induction of apoptosis and loss of cell
viability, but they were not upstream of mitochondrial activation and ROS production.

3.7. Critical Roles of ROS

To prove the significance of ROS induction for the antitumor effects of indirubin
derivatives in ¢SCC cells, the antioxidant N-acetylcysteine (NAC) was applied. Pretreat-
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ment with NAC (1 mM) for 1 h almost completely abolished ROS production in all four cell
lines (Figure 7a). This also resulted in almost completely restored cell viability. Thus, cell
viability rates that were decreased by combinations of TRAIL with DKP-071 and -073 to
values of 4-18% were improved by NAC pretreatment to values >63% (controls at 80-90%)
(Figure 7b).

Largely comparable findings were obtained at the apoptosis level. Thus, apoptosis
induced in SCL-I by combinations of TRAIL with DKP-071/073/184 (48%, 46%, 32%) was
reduced by NAC to 24%, 7% and 6%. In SCL-II, apoptosis induced by indirubin/TRAIL
combinations (25%, 21%, 16%) was reduced by NAC to 5%, 10% and 8%. Similarly, apopto-
sis was reduced by NAC in SCC-12 from 41%, 40% and 48% to 23%, 21% and 22%, as well
as in SCC-13 from 48%, 41% and 21% to 2%, 2% and 3%, respectively (Figure 8a).

a SCL-II SCc-12
4 100
X 80 ¥k o S lhs) ]
£
S 60 — ko
2 40
[
o
o 20
8
g o
ctrl Ctl 071 071 073 073 184 184 ctl ctl 071 071 073 073 184 184
% - TR TR TR TR TR TR = - TR TR TR TR TR TR
- Qo - QW - Qb - Qw - Qo - Qw - QW - Qb
b SCL-II scc-12
4+ kKK o FoEkk ] kK g
= 60 i . 60
£
g 40
2
8 20
o
8 0
2 ctl  Ctl 071 071 073 073 184 184 ctl Ctl 071 071 073 073 184 184
- - TR TR TR TR TR TR - - TR TR TR TR TR TR
- Qw - Qw - QW - Qvd - Qo - Qw - Qw - Qw
& ScL-l scLl
™ 100 |
IS
. 80
¥
& 60
8
8 40
[
Z 20
2 o
ctrl Ctl 071 071 073 073 184 184 ctrl Ctl 071 071 073 073 184 184
QW - QW - QW - QVd TR TR TR TR TR TR TR TR
- QW - Qw - Qb - Qb
d,r SCL-I SCC-12
— 80 80
x 1
_f,_ 60 60
S 4 40
s
3 20 20 .
"
g NN |
o ctl Ctl 071 071 073 073 184 184 ctdl  Crl 071 071 073 073 184 184

- QvD - Qvb - Qvb - Qvb - QvD - Qvb - QvD - Qvb

Figure 6. Cont.



80

Antioxidants 2021, 10, 1514 13 0f 21
e SCL-I SCL-II
100 100
80 : : 80 ;
60 60
™ 40 40
X 20 20
-
= 0 0 .
@ Ctl Ctrl 071 071 073 073 184 184 Ctrl Ctrl 071 071 073 073 184 184
e - Qm - Qw - Qb - Qv - QW - QWw - QW - Qw
=4
b SCC-12 SCC-13
£ 100 100
3
2 8o i 80 e
Q
© 60 60
40 40
20 20
o T mm , I
Ctrl  Ctrl 071 071 073 073 184 184 Ctrl Ctl 071 071 073 073 184 184
Qb - QW - QW - Qw - Qwm - QW - Qb - QvD

Figure 6. Inhibition of apoptosis by caspase antagonist. The antagonistic effects of the pan-caspase inhibitor QVD-Oph
(QVD, 10 uM, 1 h pretreatment) on indirubins’ antitumor activity are shown. (a) Cell viability was determined by calcein-
AM staining in SCL-II and SCC-12 at 24 h in response to the combinations of indirubins (DKP-071, -073 and -184, 10 uM)
and TRAIL (TR; 50 ng/mL). (b) Apoptotic cells were quantified by cell cycle analyses (propidium iodide staining, flow
cytometry) as sub-G1 cells characterized by DNA fragmentation (treatment as above). (c) Cell proliferation was quantified
by WST-1 assay in SCL-I at 24 h of treatment with indirubins, TRAIL or combinations. (d) Loss of MMP was investigated in
SCL-Tand SCC-12 at 4 h of treatment with indirubins (10 uM). (e) ROS production was investigated in the four cell lines
at 4 h of treatment with indirubins (10 uM). (a—e) Mean values and SDs are shown of a representative experiment (two
independent experiments, each one with triplicates). Asterisks indicate statistical significance, when cells = QVD-Oph were
compared (** p < 0.01; ** p < 0.001).

Cell proliferation rates (WST-1 assay) in response to indirubins + TRAIL were deter-
mined in SCL-I. Also here, decreased cell proliferation rates by indirubins alone (29-48%)
and in combinations with TRAIL (8-17%) were largely restored to control levels (>78%;
Figure 8b). Inhibition of ROS production also strongly affected the loss of MMP. Thus, loss
of MMP in SCL-I (50% and 59% by DKP-071/073) and in SCC-12 (63%, 78% of cells) was
almost completely abolished by NAC (Figure 8c).

The antagonistic effects of ROS scavenging through NAC were further investigated in
SCL-T and SCC-12 by Western blotting. Thus, processing/activation of effector caspases-3,
-6 and -7 by DKP-071/TRAIL treatment was completely abolished by NAC, as it was also
abolished by the pan-caspase inhibitor QVD-Oph. Interestingly, caspase-8 processing was
also diminished by NAC but not by QVD-Oph (Figure 9), indicating that initiator caspase-8
activation was also downstream of ROS induction.

Additionally, most other activation steps identified in response to indirubin treat-
ment, such as PKC$ and STAT3 activation as well as the downregulation of XIAP and
survivin, appeared as downstream of ROS, as they were also reverted by NAC pretreatment
(Figure 9). These data clearly favor ROS as the master regulator of indirubin-mediated
effects in ¢<SCC cells.
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Figure 7. Antagonistic effects of NAC on ROS production and cell viability. The antagonistic effects of the antioxidant
N-acetylcysteine (NAC, 1 mM, 1 h pretreatment) were investigated. (a) ROS production, as determined by H,DCF-DA
staining, is shown in the four cSCC cell lines at 4 h of treatment with indirubins (DKP-071, -073 and -184, 10 uM). (b) Cell
viability was determined by calcein staining in cell lines at 24 h in response to the combinations of indirubins (DKP-071,
-073 and -184, 10 uM) and TRAIL (TR; 50 ng/mL). (a,b) Examples of flow cytometry measurements are provided below
(overlays of treated cells vs. controls). Bar charts, mean values and SDs are shown of a representative experiment (two
independent experiments, each one with triplicates). Asterisks indicate statistical significance, when cells + NAC were
compared (** p < 0.01; *** p < 0.001).



82

Antioxidants 2021, 10, 1514 150f 21
a SCL-I SCL-II
60 40
[ndda FRRRe
I It il
40 [t i r***1
20 r—“ﬂ
o P . [ |
g ctl Ctl 071 071 073 073 184 184 crl Ctl 071 071 073 073 184 184
< - - TR TR TR TR TR TR - - TR TR TR TR TR TR
S - NAC - NAC - NAC - NAC - NAC - NAC - NAC - NAC
ry
3 SCC-12 o SCC-13
9 60 [RRE e
r ~x% R I r*’*'l
12
0 40
r‘tlj
: D .ﬂ ' i
0 - . 0 et — J
ol cm 071 071 073 073 184 184 Cw o o7 om o073 073 154 184
- - TR TR TR TR TR TR - - TR TR TR TR TR TR
- NAC - NAC - NAC - NAC - NAC - NAC - NAC - NAC
|_Neu] M cui |_Ne] I Ctrl W cul |_Re] el Nl
O o71 TR O o71TRNAC [ 071 TR [J 071 TRNAC O o711 TR [J 071 TRNAC O o071 TR [J 071 TRNAC

Sub
G1

Cell count >

5ub>—<c1 G1H S
Sub Sub »i< Sub HH o
G1 } =

SCL | FL3A (DNA content) >  SCL-Il FL3A (DNA content) -> SCC 12 FL3A (DNA content) > SCC 13FL3A (DNA content) >

b SCL-I SCL-I
~ 1, | FEERn —* 100 FEER caem |
g 100 |
s 80
i 80
S 60 60
S a0 40
g 20 20
Y o NN HE mm
Ctrl Ctd 071 071 073 073 184 184 Ctl  Ctd 071 071 073 073 184 184
- NAC - NAC - NAC - Qv TR TR TR TR TR TR TR TR
- NAC - NAC - NAC - NAC
C SCL-I SCC-12
:"e‘ 80 80
%
g 60 rEERS Lk | 60 rEEES .
o
§ 40 40
g 2 | 20 o
2 N
$ 0lem um om0 |  mmomm - m T .
Ctl Ctd 071 071 073 073 184 184 Ctl Ctl 071 071 073 073 184 184
- NAC - NAC - NAC - NAC - NAC - NAC - NAC - NAC
B cui M cul W cul B cu B Ci M cu B cu H cu
0 o7t O o73 0 071 NAC 0 073 NAC 0 o1 O o73 D 071 NAC D 073 NAC
Low Low X Low.
» | MMP | MMP | MMP | MmP MMP
% ;
8
SCLIFLZH (MMP)-) SCLIFLZH (MMP) > ¥SCC-12 FLZHTMMP)-) N SCC 12 FL2H (MMP)-)

Figure 8. Effects of NAC on apoptosis, cell proliferation and MMP. The antagonistic effects of the antioxidant N-
acetylcysteine (NAC, 1 mM, 1 h pretreatment) were investigated. Cells were treated with combinations of indirubins
(DKP-071, -073 and -184, 10 uM) and TRAIL (TR; 50 ng/mL) or with indirubins alone, as indicated. (a) Apoptosis was
determined at 24 h by cell cycle analysis and quantification of sub-G1 cells in four cSCC cell lines. (b) Cell proliferation
was quantified by WST-1 assay in SCL-I at 24 h. (c) Loss of MMP was investigated in SCL-I and SCC-12 at 4 h of treatment.
(a, ¢) Examples of flow cytometry measurements are provided below (overlays of treated cells vs. controls). (a—c) Bar charts,
mean values and SDs are shown of a representative experiment. Two independent experiments were performed, each
one with triplicates. Asterisks indicate statistical significance, when cells + NAC were compared (* p < 0.05; ** p < 0.01;

***p <0.001).
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Figure 9. Effects on expression of apoptosis regulators. Expression analysis of characteristic apoptosis
regulator proteins in SCL-I and SCC-12 is shown by Western blotting. Cells received pretreatment for
1 h with N-acetylcysteine (NAC, 1 mM) or QVD-Oph (QVD, 10 uM), followed by combination of
DKP-071 (071; 10 uM) 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, as determined in comparison to a protein size
marker run in parallel. Expression of B-actin is shown as loading control. Largely similar results
were obtained in three independent Western blot experiments using three independent series of
cell extracts.

4. Discussion

Epithelial skin cancer represents the most common malignancy worldwide. Thus,
cutaneous squamous cell carcinoma (cSCC) ranks at second place (~20%) following basal
cell carcinoma (~77%) [35]. The incidence of actinic keratosis is even higher, which is
defined as carcinoma in situ of ¢SCC and thus needs treatment [36]. Present standard care
of ¢SCC is mainly based on surgical excision and on chemotherapy. However, frequent side
effects and insufficient efficacy of chemotherapy as well as infections by surgery represent
major problems [37,38]. With the success of new, targeted therapies, these also gain
particular attention for cSCC. Targeted therapy may in particular apply for actinic keratosis,
which is often widely distributed but not severe enough for chemotherapeutic treatment.

The natural compound indirubin was identified as an active component of the tra-
ditional Chinese medicine Danggui Longhui Wan, used for treatment of chronic and
inflammatory diseases [39]. The antitumor activity of indirubin was considered, and clini-
cal trials proved its activity in chronic myeloid leukemia and chronic granulocytic leukemia
as well as in head and neck cancer. Importantly, no severe toxicity and side effects have
been reported [27,28,40].
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Indirubin activity may be further enhanced by chemical modifications, and several
new derivatives were described that showed antitumor activities in in vitro and in vivo
tumor models, such as for non-small cell lung cancer, glioblastoma, breast, bladder, thyroid,
hepatocellular and colorectal cancer [41-46]. We have previously reported a series of new
indirubin derivatives based on N-glycosylated 3-alkylideneoxindoles containing halogen
substituents [30,32]. Two derivatives (DKP-071 and DKP-073) have been previously tested
in melanoma and cutaneous T-cell lymphoma cells, where they induced apoptosis in
combination with the death ligand TRAIL and affected cell viability [25,47].

In epithelial skin cancer, such as cSCC and basal cell carcinoma, indirubins have not
been reported thus far. Here, we show a particularly high efficacy of these derivatives in
cSCC cells, which was much stronger as compared to equimolar concentrations of non-
substituted indirubin. The active concentration of 10 uM appeared as moderate and may
also be reached in tumor tissue.

Indirubin effects were strongly enhanced in combinations with the death ligand TRAIL.
TRAIL is a promising candidate for tumor therapy itself, but TRAIL or TRAIL receptor
agonistic antibodies have revealed only limited efficacy in clinical trials so far [6]. Thus, the
identification of suitable combination partners appears of particular interest. Enhancement
of TRAIL-induced apoptosis in cSCC has also previously been shown in combinations with
diclofenac and celecoxib [24,33]. As death ligands represent basic elements of an antitumor
immune response driven by cytotoxic T-lymphocytes and natural killer cells [6], it is also
conceivable that indirubins might enhance an immune response against cSCC in patients.
However, first, cytotoxicity studies and investigations of possible side effects on immune
cells are needed. Although non-substituted indirubins were quite well-tolerated in clinical
trials, no in vivo data are so far available on the compounds investigated here. As many
different normal cell types cannot be tested in vitro and as normal cells may reveal largely
different characteristics in culture, tolerability of the substances needs to be thoroughly
tested in animal models.

The mode of action of indirubins in cancer cells still largely remains in the dark. Inhibi-
tion of protein kinases such as JAK, Src, GSK-3 (glycogen synthase kinase), aurora kinase
A and cyclin-dependent kinases (CDKSs) have been reported [39,48]. Three major types of
cell death were distinguished, namely apoptosis, autophagy and necrosis. In principle,
apoptosis can be mediated by caspase-dependent or caspase-independent pathways [23].
Intrinsic apoptosis is further characterized by mitochondrial outer membrane permeability
as well as by activation of executioner caspases, mainly caspase-3. Here, we saw strong
activation of proapoptotic caspase cascades by indirubins alone and even more by combi-
nations with TRAIL. The essential role of caspases was proven by a pan-caspase inhibitor,
which almost completely abolished apoptosis induced by indirubins alone as well as by
indirubin/TRAIL combinations.

Proapoptotic caspase cascades may be blocked by cIAPs (cellular inhibitor of apoptosis
proteins), as XIAP and survivin inhibit effector caspases and caspase-9 [49]. Thus, down-
regulation of XIAP and survivin seen here in ¢SCC cells may contribute to the strongly
activated caspase cascade. Downregulation of survivin and XIAP by indirubin derivatives
has also been seen in breast cancer, melanoma and CTCL cells [25,47,50,51].

There were strong indications that indirubins induce intrinsic apoptosis pathways,
and a number of arguments could be collected. Thus, intrinsic apoptosis is characterized
by MOMP (mitochondrial outer membrane permeability) and activation of executioner
caspases, mainly caspase-3. MOMP leads to loss of the mitochondrial transmembrane
potential, associated with cytochrome c release and caspase-9 activation [8]. In a caspase
cascade, caspase-3 can activate other effector caspases (-6 and -7) as well as—in a positive
feedback loop—caspase-8. Caspase-3 drives DNA fragmentation, e.g., via cleavage of the
inhibitor of caspase-activated DNAse (ICAD). Of particular importance for our present find-
ings, intrinsic apoptosis can be initiated by a variety of microenvironmental perturbations,
which in particular also include overload of reactive oxygen species (ROS) [8,52]. Loss of
MMP in response to indirubins was also seen in melanoma and CTCL cells [25,47]. Intrinsic
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apoptosis pathways are critically controlled by the family of pro- and anti-apoptotic Bcl-2
proteins [9]. In relation to loss of MMP, we identified the downregulation of antiapoptotic
Bcl-2, while proapoptotic Puma was upregulated by indirubins in ¢cSCC cells.

In many cancer cells, persistent activation of STAT3 pathways can promote tumor
cell proliferation, survival, angiogenesis and immune evasion. STAT3 activation may be
induced via JAK, Src or other tyrosine kinases [51]. Related to its inhibitory activity against
JAK, indirubin-induced apoptosis has been related to STAT3 inhibition, as seen in breast
cancer, prostate cancer and melanoma cells [47,50]. Downregulation of phosphorylated
STATS3 (active) in response to indirubin is also described here in cSCC cells. STAT3 acts
as a transcription factor and its inhibition may result in the downregulation of several
antiapoptotic factors, including Bcl-2 and survivin [53], which was also seen here in
cSCC cells.

A proapoptotic function of PKC? has been described in response to DNA-damaging
agents, UV radiation, phorbol 12-myristate-12-acetate as well as in response to ROS. PKC5
is activated through processing of its 78 kDa proform, which releases a 41 and a 37 kDa
fragment [20,21]. In CTCL cells, PKC6 appeared as a master regulator in PEP005-induced
apoptosis [54]. Processing of PKC$§ in response to indirubins was also shown here by
downregulation of the 78 kDa proform and induction of characteristic fragments of 37 and
25 kDa, whereas the 41 kDa fragment was not efficiently detected by the used antibody.
PKCS$ activation appeared as downstream of caspase-3, as its processing could be inhibited
by caspase inhibition. However, PKC$ may have an only contributory role in this setting,
as a PKC inhibitor did not prevent the effects of DKPs.

We furthermore found upregulation of TRAIL receptor-1 (DR5) [55], which may
contribute to the enhanced TRAIL sensitivity in ¢cSCC cells. Finally, p21 represents a well-
known CDK inhibitor [10]. Its upregulation in cSCC cells by indirubins may critically
contribute to the inhibition of cell proliferation seen here. Upregulation of TRAIL receptors
by indirubins has also been seen in hepatoma, cervical, colon cancer and melanoma
cells [47,56,57], whereas upregulation of p21 by indirubin was reported in human laryngeal
carcinoma cells [58].

A particular role is described here for reactive oxygen species (ROS). Besides their
described functions in tissue damaging and aging [22], reactive oxygen species (ROS) can
also mediate proapoptotic signaling in cancer cells and may explain the proapoptotic effects
of several anticancer therapies, as demonstrated in skin cancer cells [23-25,47]. Concerning
the activities of indirubin derivatives, we had previously shown ROS production by
indirubins in melanoma and CTCL cells. As shown in the present study, cSCC cells also
responded with massive ROS production already at 4 h of indirubin treatment. Thus,
ROS production appears as a general mechanism of indirubins in cutaneous cancer cells.
Interestingly, not only apoptotic cells but the whole cell population showed increased ROS
levels, as demonstrated by flow cytometry. Thus, all tumor cells could be targeted.

Based on our previous data, ROS could act as a signaling molecule in melanoma
and CTCL cells by affecting intrinsic, mitochondrial as well as extrinsic, death receptor-
mediated apoptosis pathways [25,47]. Additionally, in cSCC cells, indirubin derivatives
mediated highly pleiotropic effects, enclosing caspases, mitochondrial membrane potential,
PKC$, STAT3, p21 and Bcl-2 proteins. Our data strongly suggest ROS as the unique master
regulator of these pathways in ¢SCC cells. Indeed, production of reactive oxygen species
turned out as upstream of all other identified effects. Namely, the antioxidant NAC
completely abolished the proapoptotic effects of indirubins, restored cell viability and cell
proliferation as well as prevented all other effects induced by indirubins. ROS production
was also reported for other ¢SCC therapies, such as for chemotherapy, photothermal
therapy [59] and photodynamic therapy [60,61].

5. Conclusions

In conclusion, these data suggest indirubin derivatives as possibly promising candi-
dates for therapy of epithelial skin cancer, provided that they may also be tolerated in vivo
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and in the clinical setting. The identification of ROS as particularly responsive for indirubin-
mediated antitumor effects opens new perceptions in ¢SCC therapy. ROS induction should
be considered and may also be suitable for early monitoring of therapeutic effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10101514 /s1. Figure S1: Cytotoxicity in 4 cell lines (a) Exp 1 (b) Exp 2, Figure S2: Dose de-
pendency for DKP-071 / Comparison with non-substituted Indirubin (a) Cell viability (b) Apoptosis,
Figure S3: Apoptosis and cell viability in HaCaT cells in response to DKPs, Figure S4: Dose de-
pendency of ROS production for DKP-071 and Figure S5: Time dependency of ROS production for
DKP-071 (a) 1-4 h (b) 24 h.
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Abstract: The term sinecatechins designates an extract containing a high percentage of catechins
obtained from green tea, which is commercially registered as Veregen or Polyphenon E (PE) and
may be considered for treatment of cutaneous squamous cell carcinoma (cSCC) and actinic keratosis
(AK). As shown here, treatment of four cSCC cell lines with 200 pg/mL of PE resulted in strong,
dose-dependent decrease in cell proliferation (20-30%) as well as strongly decreased cell viability
(4-21% of controls, 48 h). Effects correlated with loss of mitochondrial membrane potential, whereas
early apoptosis was less pronounced. At the protein level, some activation of caspase-3 and en-
hanced expression of the CDK inhibitor p21 were found. Loss of MMP and induced cell death were,
however, largely independent of caspases and of the proapoptotic Bcl-2 proteins Bax and Bak, sug-
gesting that sinecatechins induce also non-apoptotic, alternative cell death pathways, in addition to
apoptosis. Reactive oxygen species (ROS) were downregulated in response to PE at 4 h, followed
by an increase at 24 h. The contributory role of initially reduced ROS was supported by the antiox-
idant N-acetyl cysteine, which in combination with PE further enhanced the negative effects on cell
viability. Thus, sinecatechins inhibited cell proliferation and viability of cSCC cells, which could
suggest the use of PE for AK treatment. The mechanisms appear as linked to an imbalance of ROS
levels.

Keywords: cancer; therapy; cell viability; reactive oxygen species; apoptosis

1. Introduction

About 20% of skin malignancies and skin cancer deaths worldwide result from cuta-
neous squamous cell carcinoma (cSCC) [1,2]. Thus, following basal cell carcinoma, cSCC
is the second most common skin cancer in Caucasians and East Asians [3,4]. Actinic ker-
atosis (AK) is characterized by a particularly high prevalence and is mainly located on
sun-exposed areas of the skin. Clinical and subclinical lesions often coexist across a large
area described as field cancerization [5]. As AK derives from neoplastic epidermal
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keratinocytes, and as lesions have the potential to transform into invasive cSCC, AK was
defined as cSCC in situ, and its treatment is crucial [6].

Several therapies have been established for AK/cSCC in recent years, and the green
tea extract sinecatechins (PE) represent a promising candidate [7,8]. PE contains a partic-
ularly high proportion of epigallocatechin-3-gallate (EGCG; 55%) as well as other poly-
phenolic compounds as epigallocatechin, epicatechin-3-gallate, epicatechin, gallocate-
chins, and gallocatechin gallate [9]. For EGCG, inhibition of cell proliferation and induc-
tion of apoptosis have already been reported in mammary carcinoma, lung cancer and
gastric cancer cells [10-12].

Cell proliferation is critically regulated by cyclin-dependent kinases (CDK 1/2/4/6),
which mediate retinoblastoma (Rb) protein phosphorylation, thus resulting in E2F tran-
scription factor-induced gene expression and activation of the cell cycle [13]. On the other
hand, a panel of CDK inhibitors as of 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 [14]. While
CDK inhibitors critically control cell proliferation in normal cells, they may be downreg-
ulated or abolished in cancer [15].

Induction of apoptosis represents an important goal in cancer therapy [16], and in-
trinsic proapoptotic pathways are activated by different anticancer drugs. This relies on
mitochondrial membrane permeability and loss of mitochondrial membrane potential,
which may further result in caspase activation [17]. The major effector caspase (caspase-
3) cleaves multiple death substrates, which finally results in DNA fragmentation and
apoptosis induction. Caspase-3 itself can be activated by the initiator caspase of the ex-
trinsic apoptosis pathway (caspase-8) or by the initiator caspase of the intrinsic apoptosis
pathway (caspase-9) [18]. The intrinsic, mitochondrial apoptotic pathways are mainly con-
trolled by pro- and antiapoptotic Bcl-2 proteins. Here, the functionally related, proapop-
totic, multidomain proteins Bax and Bak play essential roles, because, once activated, they
cause mitochondrial outer membrane permeability and release of proapoptotic compo-
nents from the intermembrane space into the cytosol [17]. In particular, mitochondria-
mediated apoptosis is prevented in Bax/Bak knockout cells [19-21].

Reactive oxygen species are involved in different signaling pathways and play im-
portant roles in disease of the neuronal, cardiovascular, and nervous systems as well as in
aging [22]. ROS have been further related to apoptosis induction in cancer cells, as recently
shown in ¢SCC cells for celecoxib [23] and for indirubin derivatives [24].

Besides the often discussed possible roles of sinecatechins in cancer prevention, they
were also suggested as therapeutic strategy for skin canceras for AK [7]. Nevertheless, there
is still only limited information on its direct effects and mechanisms in skin cancer cells.
We therefore investigated its effects in four cSCC cell lines, which also represent cell cul-
ture models of AK. In particular, inhibition of cell proliferation, loss of cell viability, induc-
tion of apoptosis and molecular mechanisms were addressed.

2. Materials and Methods
2.1. Cells and Treatment

The effects of sinecatechins were studied in four established ¢SCC cell lines: SCL-I,
SCL-II, SCC-12, and SCC-13. As AK is defined as ¢SCC in situ, these cell lines also serve
as models for AK. SCC-12 and SCC-13 were kindly provided by Prof. ].G. Rheinwald (De-
partment of Dermatology, Brigham and Women’s Hospital, Harvard Medical School, Bos-
ton, MA, USA); SCL-I and SCL-II were kindly provided by Prof. N.E. Fusenig (DKFZ,
Heidelberg, Germany). SCC-12 and SCC-13 derive from rapidly growing, well-differenti-
ated SCCs of the epidermis; SCL-I and SCL-II derive from squamous cell carcinomas of
human skin. All four cell lines form monolayers in cell culture; atypical and poor stratifi-
cation of colonies had been reported as well as tumorgenicity in nude mice [25,26]. SCL-I
has shown resistance to diclofenac in a previous project, while the other cell lines were
sensitive [27]. SCC cells were cultured at 5% CO:2 in growth medium RPMI 1640 (Life
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Technologies, Darmstadt, Germany), which was supplemented with FCS (10%), gluta-
mine (2 mM), non-essential amino acids and antibiotics.

For determination of Bax/Bak dependency, HCT-116 colon carcinoma wild-type cells
(HCT-116 WT) and the isogenic double knockout subline HCT-116-Bax*-/Bak~- (HCT-116
KO) were used, which had been kindly provided by Dr. R.J. Youle, National Institutes of
Health, Bethesda, MD, USA [19]. HCT-116 cells were grown at 37 °C and 5% CO: in
DMEM growth medium (Invitrogen (Karlsruhe, Germany) supplemented with 10% FCS,
penicillin and streptomycin. For control, normal human fibroblast cells (MRC-5) were
used, which were derived from embryonic lung tissue (CCL-171, ATCC, Manassas, VA,
USA).

Most assays were performed in 24-well plates, and 5 x 104 cells were seeded per well.
Sinecatechins (PE) was supplied by CPM Aenova (Feldkirchen, Germany); stock solutions
were prepared in aqua iniectabilia at concentrations of 5 mg/mL, sterilized by filtration
(0.2 pm filters) and stored at —80 °C. Light protection was applied at all steps. PE was
applied in concentrations of 10, 25, 50, 100, and 200 pg/mL. For positive control, cells were
treated with EGCG (Epigallocatechin gallate; Sigma-Aldrich E4143; 25 and 100 pg/mL).
For further apoptosis control, cells were treated with an indirubin derivative (DKP-071,
10 uM) and/or TRAIL (TNF-related apoptosis inducing ligand; KillerTRAIL, Adipogen,
San Diego, CA, AG-40T-0001; 50 ng/mL). The pan-caspase inhibitor Q-VD-OPH (Merck,
Darmstadt, Germany, 5 uM) was applied 1 h before the other treatments.

2.2. Cell Proliferation

Relative cell proliferation rates were determined by WST-1 assay (Roche Diagnostics,
Penzberg, Germany), which is based on staining cells with the water-soluble tetrazolium
salt WST-1. In metabolically active cells, WST-1 is converted to formazan dye by mito-
chondrial dehydrogenases. The assay was quantified in an ELISA reader at 450 nm. As
the enzyme activity is restricted to viable cells, the read-out reflects both cell numbers and
cell viability. Thus, reduced WST-1 values may reflect either less cells (reduced cell pro-
liferation) or less mitochondrial enzyme in single cells (less viable).

2.3. Apoptosis Induction and Cell Viability

For quantification of apoptosis by cell cycle analysis, cells were harvested by tryp-
sinization and were dissolved in a hypotonic buffer containing sodium citrate (0.1%), tri-
ton-x 100 (0.1%) and propidium iodide (PI, Sigma-Aldrich, St. Louis, MO, USA, 40
ug/mL), in PBS. In this way, cells were lysed, and isolated cell nuclei were stained for at
least 1 h with propidium iodide at 4 °C. Nuclei in cell cycle phases G1, G2 and S-phase as
well as apoptotic sub-G1 nuclei were identified by flow cytometry at FL3A using a FACS
Calibur (BD Bioscience, Bedford, MA, USA). As small DNA fragments are washed out of
the nuclei by this procedure, apoptotic cells with DNA fragmentation are characterized
by nuclei with less DNA (sub-G1 populations).

As an independent cell death assay, cells were stained with Annexin V-fluorescein
isothiocyanate (AnnV) and propidium iodide (PI). In brief, cells harvested by tryp-
sin/EDTA were washed twice with cold PBS and resuspended at 1 x 10 cells/mL in 10 mM
Hepes (pH 7.4), 140 mM NaCl, 2.5 mM CaCl.. For 100 uL of cell suspension (1 x 103 cells),
5 uL of AnnV-FITC (BD Biosciences, Heidelberg, Germany) and 10 pL PI (20 mg/mL,
Sigma-Aldrich) were added, and cells were incubated for 10 min on ice. Subsequently,
samples were analyzed using a FACScan and CELLQuest software (Becton Dickinson,
Heidelberg, Germany).

For determination of cell viability, cells were stained with calcein-AM (PromoCell,
Heidelberg, Germany), which is transported through the cellular membrane into live cells.
Upon transport, cellular esterases cut off the AM groups, the molecules bind to calcium
within cells resulting in acquiring strong green fluorescence. As dead cells largely lack
esterases, only live cells are efficiently marked. Cells were grown and treated in 24-well
plates; they were harvested by trypsinization and stained with calcein-AM (0.5 uM) at 37
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°C for 1 h. Before measurement by flow cytometry (FL2H), cells were washed two-times
with PBS. Due to the evaluation by flow cytometry, the percentage of viable and non-
viable cells can be determined, independently of the total cell number. As controls in cal-
cein assays, cells without calcein labelling were also compared, and the effect of PE treat-
ment on cell size was determined by monitoring FSC (forward scatter) in flow cytometry.

2.4. Mitochondrial Membrane Potential

For determination of the loss of mitochondrial membrane potential, cells were
stained with the fluorescent dye tetramethylrhodamine-6-maleimide (TMRM?; Sigma-Al-
drich). TMRM" is transported into mitochondria with sufficient high mitochondrial mem-
brane potential. Cells were grown and treated in 24-well plates; they were harvested by
trypsinization and stained by TMRM* (1 uM, 20 min, 37 °C). After 2x washing with PBS,
cells were measured by flow cytometry (FL2H).

For microscopic visualization of MMP as well as of morphological changes in course
of apoptosis, SCC cells were seeded into 6-well plates (2 x 10° cells/2 mL) and treated for
24 h. Thereafter, cells were incubated for 30 min with 2 pg/mL JC-1 (5,5,6,6 -tetrachloro-
1,1°,3,3'-tetraethyl-benzimidazolylcarbocyanin iodide; Life Technologies) and with 0.2
pug/mL Hoechst-33342 (Sigma-Aldrich Chemie, Taufkirchen, Germany). After staining,
microscopy images were taken with an Axiovert 200 inverse fluorescence microscope
(Carl Zeiss, Jena, Germany) equipped with appropriate fluorescence filter sets and a Ha-
mamatsu ORCA-ER digital camera.

2.5. Analysis of Reactive Oxygen Species

To determine intracellular ROS levels, cells were stained with the cell-permeable and
non-fluorescent chemical 2’,7’-dichlorodihydrofluorescein diacetate (H:DCF-DA; D-399,
Thermo Fisher Scientific, Hennigsdorf, Germany), which is oxidized in cells with high
ROS levels to the fluorescent 2’,7’-dichlorodihydrofluorescein (DCF). Cells were grown in
24-well plates and were pre-incubated for 1 h with H2DCF-DA (10 uM), before starting
treatment with other effectors. After 4-24 h of treatment, cells were harvested by trypsini-
zation, washed two-times with PBS and were then analyzed by flow cytometry (FL1H).
As positive controls, cells were treated with 1 mM H20: for 1 h. The antioxidant N-acetyl-
cysteine (NAC, Sigma-Aldrich, Taufkirchen, Germany; 1 mM) was applied simultane-
ously with PE, aiming at a further decrease in PE-reduced ROS levels.

2.6. Western Blotting

For Western blotting, total proteins were extracted by lysing the cells in cell lysis
buffer, containing 150 mM NaCl, 1 mM EDTA, 1% NP-40, 50 mM Tris-HCI, pH 8.0, and
inhibitors for proteases and phosphatases. After SDS polyacrylamide gel electrophoresis,
proteins were transferred by electro blotting to nitrocellulose membranes.

The following primary antibodies were used: Cleaved caspase-3 (9664, rabbit, 1:1000;
Cell Signaling, Danvers, MA, USA); Caspase-8 (9746, mouse, 1:1000; Cell Signaling),
Caspase-9 (9502, rabbit, 1:1000; Cell Signaling); p21 (sc-6246, mouse, 1:200; Santa Cruz Bi-
otech, Dallas, TX, USA); p19 (sc-1063, rabbit, 1:200; Santa Cruz Biotech); B-actin (sc-47778,
mouse, 1:200; Santa Cruz Biotech). The following secondary antibodies were used: perox-
idase-labeled goat anti-rabbit and goat anti-mouse (Dako, Hamburg, Germany; 1:5000).

2.7. Statistical Analyses

Results of assays were generally proven by two to three independent experiments.
Each individual experiment was consisted of triplicate values (three wells that were
seeded, treated and analyzed individually). Thus for statistical analysis, there were at least
six values in each group. For calculation of statistical significance, Student’s t-test was
used, and significance is indicated by asterisks in all figures (* p < 0.05). Western blot ex-
periments were repeated at least once by using two independent series of protein extracts.
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For semi-quantitative analysis, selected protein bands were quantified by densitometry,
normalized by the respective $-actin signals, and median values were formed from two
independent experiments.

3. Results
3.1. Dose-Dependent Inhibition of Cell Proliferation by Sinecatechins (PE)

The targeting of cancer cell proliferation and reduction of cell numbers represent im-
portant goals in anticancer therapy. Effects on cell proliferation were investigated in cSCC
cell lines SCL-I, SCL-II, SCC-12, and SCC-13 in response to increasing concentrations of
PE (10, 25, 50, 100 and 200 pg/mL). As determined by quantitative WST-1 assays, PE re-
sulted in strong and dose-dependent decrease in cell counts in all four cell lines. Effects
were somewhat stronger at 48 h as compared to 24 h. Thus at 48 h, cell proliferation was
decreased by 100/200 pg/mL PE to 43%/22% (SCL-I), 29%/19% (SCL-II), 39%/29% (SCC-
12) and to 37%/24% (SCC-13), respectively (Figure 1). For comparison, cells were treated
with 25 and 100 pg/mL EGCG. Largely comparable effects were obtained as for 50 and for
200 pg/mL of PE, respectively, reflecting the roughly 55% of EGCG in PE (Figure 1). The
IC50 values for PE treatment at 48 h were determined with 89 (SCL-I), 61 (SCL-II), 25 (SCC-
12) and 82 pg/mL (SCC-13). For control, we investigated MRC-5 normal human fibro-
blasts, which were seeded and treated in an identical way as cSCC cells. In contrast to
cSCC cells, no significant antiproliferative effects were found in MRC-5at 24 h or 48 h (10—
200 pg/mL PE), as determined by WST-1 assay (Supplementary Figure S1A).
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Figure 1. Reduced cell proliferation by PE. SCL-I, SCL-II, SCC-12, and SCC-13 were seeded in 96-
well pates and were treated with increasing concentrations of PE (10-200 pg/mL). As controls,
EGCG was used at 25 and 100 ug/mL. Cell proliferation was quantified by WST-1 assay at 24 h and
at 48 h of treatment. One of two independent experiments is shown here, each one consisting of
triplicate values. Effects on cell proliferation are shown as percentages of non-treated controls (Ctr
=100%). Statistical significance of PE treatments was calculated from all individual values (#6) and
is indicated by asterisks (p < 0.05, as compared to Ctr).
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3.2. Strongly Reduced Cell Viability and Moderate Induction of Early Apoptosis

The effects of PE in cSCC cells were further investigated at the levels of cell viability
(calcein-AM staining) and apoptosis (propidium iodide staining). Reduced cell prolifera-
tion rates, as shown above, coincided with strongly reduced cell viability at 24 h and 48 h.
Thus, numbers of viable cell were reduced by PE (200 pg/mL) at 48 h to 4% (SCL-I), 16%
(SCL-II), 4% (SCC-12) and 3% (SCC-13), respectively (non-treated controls: 53-90%; Figure
2A,B). In parallel with loss of cell viability, cell size somewhat decreased, as determined
by reduced FSC (forward scatter) in flow cytometry. Thus, PE-200 resulted in decreased
FSC of 68%, 67%, 90%, and 49%, in SCL-I, SCL-II, SCC-12, and SCC-13, respectively, as
compared to controls (data not shown). The reduced size alone, however, cannot explain
the strongly reduced calcein staining. Comparable loss of cell viability was obtained at 48
h with 100 pug/mL of EGCG, reflecting the 55% of EGCG in PE. MRC-5 normal human
fibroblasts were again seeded and treated in an identical way as cSCC cells and were used
as control. In contrast to cSCC cells, no significant loss of cell viability was found in MRC-
5 at 24 h or 48 h (50200 pg/mL PE), as determined by calcein staining (Supplementary
Figure S1B).

In contrast to strongly reduced cell viability, effects on apoptosis induction, as deter-
mined by cell cycle analysis (sub-G1 cell populations), remained on a lower level reaching
at maximum 13% +/- 7% in SCL-II and 14% +/- 4% in SCC-13 (48 h, PE-200; Figure 2C). In
SCL-T and SCL-II, cell death was also investigated at 24 h by Annexin V-FITC / PI staining
(AnnV/PI). As positive controls for apoptosis induction, cells were treated with a combi-
nation of an indirubin derivative (DKP-071) and TRAIL, as reported previously [24]. Early
apoptotic cells were identified as AnnV(+)/PI(-) (Figure 2D). While early apoptosis was
strongly enhanced by DKP/TRAIL in both cell lines (28%, 40%), PE-induced early apop-
tosis remained on a lower level (7-11%, Figure 2E), comparable to the values obtained by
cell cycle analysis, shown above. On the other hand, numbers of AnnV(+)/PI(+) cells (late
apoptosis or necrosis) were strongly enhanced at 24 h in SCL-I (29%) and SCL-II (39%;
Figure 2D,E).
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Figure 2. Reduced cell viability by PE. (A-C) SCL-I, SCL-II, SCC-12, and SCC-13 were seeded in
24-well plates and were treated with PE (100, 200 pug/mL) for 24 h and 48 h, respectively. For control,
cells were also treated with 100 ug EGCG for 48 h. (A) Cell viability was determined by calcein-AM
staining and flow cytometry. Values represent the percentage of cells with high calcein staining (=
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viable cells). (B) Examples of flow cytometry reading are shown for the cell lines at 24 h and 200
ug/mL PE treatment (overlays of treated cells vs. Ctr, logarithmic scale). Non-viable and viable cell
populations are indicated. For control, cells are also shown without calcein staining (PE-200-treated,
w/o). (C) Apoptosis was quantified by propidium iodide staining and flow cytometry (cell cycle
analyses). Values represent the percentage of sub-G1 cells (=apoptotic cells). (A,C) Each one of at
least two independent experiments is shown; each independent experiment consisted of triplicate
values. Statistical significance for PE treatments was calculated from all individual values (#6) and
is indicated by asterisks (p < 0.05, as compared to Ctr). (D) For SCL-I and SCL-II, induced cell death
by PE-100 and PE-200 was determined by AnnV/PI staining. Treatment with the indirubin deriva-
tive DKP-071 in combination with TRAIL was used as control (DKP/TR). Representative flow cy-
tometry histograms are shown of treated and control cells. (E) Mean values and SDs of
AnnV(+)/PI(+) cells and of AnnV(+)/PI(-) cells are shown (in %). Mean values and SDs correspond
to each six individual values obtained in two independent experiments with triplicates.

3.3. Loss of Mitochondrial Membrane Potential

Maintenance of mitochondrial membrane potential (MMP) represents a critical issue
in viable cells, and its early loss may be a characteristic feature of activation of intrinsic,
proapoptotic pathways. We thus monitored MMP in response to PE at 24 h by applying
TMRM* staining and flow cytometry. In contrast to only moderately induced early apop-
tosis (Figure 2C,E), loss of MMP at 24 h appeared as a strong effect. As seen in flow cy-
tometry charts, almost the whole cell populations of SCL-I, SCL-II, SCC-12, and SCC-13
were shifted, resulting in values of 75%, 97%, 61%, and 84% of cells with low MMP (200
ug/mL PE; Figure 3A).

Loss of MMP in PE-treated cells was further visualized by JC-1/ Hoechst-33342 dou-
ble staining. While cell nuclei are stained blue with Hoechst-33342, the cationic dye JC-1
accumulates in mitochondria of viable cells, where it forms red fluorescent aggregates.
Upon loss of MMP, however, JC-1 locates to the cytosol and fluorescence shifts from red
to green. Treatment with an indirubin derivative (DKP-071, 10 uM) in combination with
TRAIL was applied as positive control, as reported previously [24]. Whereas vital control
cells were characterized by red-stained mitochondria, PE-100 and PE-200 treatment re-
sulted in complete loss of red mitochondrial staining, reflecting loss of MMP. Only blue
nuclear staining and green cytosolic staining remained, due to fact that cytosolic JC-1 is
green (Figure 3B). However, upon PE treatment, there was only little incidence of a typical
apoptotic cell morphology characterized by rounding and detachment of cells as well as
by membrane blebbing, which was typically seen in positive control cells (DKP-
071/TRAIL, Figure 3B). Thus, loss of MMP by PE appeared as a strong effect but was de-
coupled from apoptosis induction.
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Figure 3. Loss of mitochondrial membrane potential. (A) SCL-I, SCL-II, SCC-12, and SCC-13 were
seeded in 24-well pates and were treated with PE (100, 200 ug/mL) for 24 h. Mitochondrial mem-
brane potential (MMP) was determined at 24 h by TMRM" staining and flow cytometry. Values
represent the percentage of cells with low MMP. Right, examples of flow cytometry reading are
shown for 200 pug/mL treatment (overlays of treated cells vs. Ctr). Cell populations with low and
normal MMP are indicated. One of two independent experiments is shown; each individual exper-
iment consisted of triplicate values. Statistical significance was calculated from all individual values
(#6) and is indicated by asterisks (p < 0.05, as compared to Ctr). (B) Cells were treated with PE-100
and PE-200 as well as with DKP-071 (10 uM)in combination with TRAIL (DKP/TR, positive control).
For microscopic visualization of low MMP, cells were stained with JC-1 and counterstained with
Hoechst-33342 at 24 h of treatment. Blue, nuclear staining; red, mitochondria with high (normal)
MMP; faint green, JC-1-stained cytosol; bright green or turquoise, rounded and detached cells.

3.4. Caspase Activation and Upregulation of p21

To identify protein factors that may mediate apoptosis induction as well as inhibition
of cell proliferation and cell viability by PE, the cell cycle inhibitors p19 and p21, the main
effector caspase-3 as well as proapoptotic initiator caspases (-8 and -9) were investigated
by Western blotting (Figure 4). Some induction of caspase-3 processing was seen in re-
sponse to PE treatment (characteristic cleavage products of 18 and 16 kDa), indicative of
caspase-3 activation. However, this remained on a relatively low level, as seen in compar-
ison with a positive control consisting of SCC-12 cells treated with the indirubin derivative
DKP-071 in combination with TRAIL [24]. Semi-quantitative analyses revealed induction
factors of 3x — 4x for the active p16 caspase-3 cleavage product after PE treatment, while
p16 was induced > 60-fold in the positive control. Similarly, only weak activation was seen
for initiator caspases of the proapoptotic extrinsic and intrinsic pathways. Thus, caspase-
8 proform was downregulated to 64% in SCL-II by 200 mg/mL PE, and caspase-9 cleavage
products (35/37 kDa) were slightly upregulated by 200 ug/mL PE in SCL-I (1.7x) and in
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SCC-12 (3.7x). The weak caspase processing was in agreement with only moderately in-
duced apoptosis described above.

As concerning inhibition of cell proliferation, we found dose-dependent upregula-
tion of the CDK inhibitor p21 (21 kDa) by PE-200 in two cell lines (SCL-I, 2.9-fold; SCC-
12, 3.1-fold), whereas there was no upregulation in SCL-II. Also, a representative of the
INK4A family, p19, was not upregulated (Figure 4).

sCC-12 «~—— sCL-| —— +— SCL-l| —— «——8SCC-12——  kDa

= o . "
Csp3 B Y .t -
o e e . —-—— ‘<—16
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- S Y S S—" S — — — d — 4]

B-actin

+) () PE PE () PE PE () PE PE
Ctr Ctr 100 200 Ctr 100 200 Ctr 100 200

Figure 4. Weak caspase activation. Expression of caspase-3, caspase-8, caspase-9, p19, and p21 is
shown by Western blotting in cell lines SCL-I, SCL-II, and SCC-12. Cells were treated for 24 h with
PE (100, 200 ug/mL). Protein size (in kDa) is indicated on the right side, as determined in comparison
to a protein size marker separated in parallel. Caspase activation is seen either by characteristic
cleavage products, as 18/16 kDa for caspase-3 and 35/37 kDa for caspase-9 or by loss of the caspase-
8 proform (55 kDa). For demonstrating full caspase-3 activation, a positive control is shown, (+)Ctr,
consisting of SCC-12 cells treated with an indirubin derivative in combination with the death ligand
TRAIL (TNF-related apoptosis-inducing ligand [24]. Expression of B-actin is shown as loading con-
trol. Largely similar results were obtained in two independent Western blot experiments using in-
dependent series of cell extracts.

3.5. No Dependence on Caspases or the Proapoptotic Bcl-2 Proteins Bax and Bak

As seen in Figure 2D,E, PE treatment resulted in less increase in early apoptotic cells
characterized by AnnV (+)/PI(-), whereas numbers of late apoptotic/necrotic cells charac-
terized by AnnV(+)/PI(+) were strongly increased. To further prove, whether cells may die
by apoptosis, i.e., via a caspase-dependent pathway, and to evaluate the possible signifi-
cance of caspases in PE-induced cell death, the pan-caspase inhibitor Q-VD-Oph was ap-
plied in SCL-I and SCL-II, and cell death was evaluated by AnnV/PI staining. When con-
sidering AnnV(+)/PI(-) cells (early apoptosis), the applied positive control (DKP-
071/TRAIL) induced apoptosis in 30% and 43% of SCL-I and SCL-II cells, respectively.
This proapoptotic effect was completely prevented by 10 uM Q-VD-Oph (Figure 5A). Sim-
ilarly, induction of AnnV(+)/PI(+) cells by DKP-071/TRAIL was strongly reduced in SCL-
I and was prevented in SCL-II by Q-VD-Oph, indicating late apoptotic (secondary ne-
crotic) cells. In contrast, cell death induced by PE-200 was not significantly decreased by
Q-VD-Oph, indicating also caspase-independent and non-apoptotic pathways induced by
PE.

Mitochondrial apoptosis is typically mediated by either one of the multi-domain Bcl-
2 proteins Bax or Bak [17]. Their possible role in PE-induced cell death was evaluated in a
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cell culture model based on HCT-116 colon carcinoma cells. While HCT-116 WT cells ex-
press functional Bax and Bak, the double knockout strain is deficient for both proteins
(HCT-116 KO), as described by Wang and Joule [19]. In our experiments, HCT-116 WT
cells were sensitive for TRAIL (46% apoptosis) as well as showed a comparable response
to PE treatment at 24 h as cSCC cells. Indicating the important roles of Bax/Bak in these
cells, TRAIL-induced apoptosis was completely abolished in HCT-116 KO cells, whereas
PE-mediated effects were much less decreased in KO cells (Figure 5B). When considering
both AnnV(+)/PI(-) and AnnV (+)/PI(+) cells, the effects of PE-100 decreased from 26% to
19%, and the effects of PE-200 decreased from 35% to 28%.

To further analyze the possible role of Bax/Bak in PE-induced loss of MMP, HCT-116
WT and KO cells were stained with JC-1/Hoechst-33342. Again, the effects of TRAIL, here
loss of MMP, were completely blocked in Bax/Bak-deficient cells, whereas loss of MMP
by PE was less affected (Figure 5C). Together, these data indicate that also Bax and Bak
were not essentially required for PE-induced cell death and loss of MMP, again suggesting
the additional role of non-apoptotic, alternative pathways involved in PE-induced cell
death.
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Figure 5. Less effects of caspase inhibition and Bax/Bak knockdown. (A) SCL-I and SCL-II cells
were treated with 200 ug/mL PE (PE-200) or with an indirubin derivative DKP-071 in combination
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with TRAIL (DKP/TR, positive control). In addition, cells received the pancaspase inhibitor Q-VD-
Oph (10 uM), when indicated. (B,C) HCT-116 WT cells and HCT-116 double knockout cells for Bax
and Bak (KO) were treated with PE (100 or 200 pg/mL) or with TRAIL (positive control). A, B) Cell
death analysis by AnnV/PI staining and flow cytometry was performed after 24 h. Representative
flow cytometry histograms of treated and control cells are shown on the right side or below. Mean
values and SDs of two cell death fractions, namely AnnV(+)/PI(-) and AnnV (+)/PI(+) cells are shown
(in %). (C) For microscopic visualization of low MMP and of morphological changes, cells were
double stained with JC-1/Hoechst-33342 at 24 h. Blue, nuclear staining; red, mitochondria with high
(normal) MMP; faint green, JC-1-stained cytosol; bright green or turquoise, rounded and detached
cells.

3.6. Role of Reactive Oxygen Species

Increasing evidence in recent years has shown that the control of reactive oxygen
species may play vital roles in cellular homeostasis, and induced ROS production can trig-
ger apoptosis programs in cancer cells. On the other hand, antioxidative activities have
been described for EGCG, a major constituent of PE [9]. Thus, the control of ROS in re-
sponse to PE appeared of particular interest.

Indeed, reduced ROS levels were obtained in all four cell lines as an early response
to PE treatment (100/200 pg/mL), as determined by the ROS-sensitive dye H:.DCF-DA and
flow cytometry. Thus, ROS were reduced in response to 200 pg/mL at 4 h to 26% (SCL-I),
69% (SCL-II), 40% (SCC-12) and 26% (SCC-13), respectively. As seen from the cytometry
charts, the whole cell populations appeared as responsive (Figure 6A).

The situation, however, reversed at 24 h. Then, ROS levels were enhanced in response
to PE. Values of 420% (SCL-II), 160% (SCC-12) and 180% (SCC-13) were determined for
200 pg/mL PE, and again almost all cells appeared as responsive, as seen in the cytometry
charts (Figure 6B). In SCL-], the early reduction of ROS was also abolished, but its induc-
tion at 24 h was not significant (114%).

In order to assess the relations between ROS and the observed loss of cell viability in
response to PE, we used the antioxidant N-acetyl cysteine (NAC, 1 mM). While NAC itself
remained almost without effect on cell viability, it significantly further enhanced the re-
duction of cell viability by PE. Thus, viability values at 24 h decreased from 16% to 1%
(SCL-I), from 51% to 5% (SCL-II), from 41% to 9% (SCC-12) and from 8% to 6% (SCC-13),
respectively (Figure 6C). A similar tendency was seen for the WST-1 values at 24 h, when
cells were treated with a combination of PE-100 and NAC (1 mM), as compared to PE
treatment alone. Thus, WST-1 values decreased from 34% to 27% (SCL-I), 20% to 13%
(SCL-II), 28% to 23% (SCC-12) and from 33% to 21% (SCC-13) (Figure 6D). These data
suggest that the PE-mediated ROS imbalance may be the signal for its inhibitory effects.
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Figure 6. Dysregulation of ROS by PE. (A,B) SCC cells were seeded in 24-well plates and treated
with PE (100, 200 ug/mL) for 4 h (A) and for 24 h (B), respectively. Cellular levels of ROS were
determined by H:2DCF-DA staining and flow cytometry. Values represent means of ROS levels in
cells in percent, as compared to non-treated controls (Ctr, 100%). Examples of flow cytometry read-
ings are shown below (overlays of cells treated with 200 ug/mL PE vs. Ctr). Each one of two inde-
pendent experiments is shown; each individual experiment consisted of triplicate values. Statistical
significance was calculated from all individual values (#6) and is indicated by asterisks (p <0.05, as
compared to Ctr). (C) SCC cell lines seeded in 24-well plates were treated with PE (200 ug/mL) +/-
N-acetylcysteine (NAC, 1 mM), as indicated. Cell viability was determined at 24 h of treatment by
calcein-AM staining and flow cytometry. Values represent the percentage of cells with high calcein
staining (viable cells). (D) SCC cell lines seeded in 96-well plates (10,000 cells/well) were treated
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with PE (100 pg/mL) +/~ 1 mM NAG, as indicated. Cell proliferation rates were determined at 24 h
of treatment by WST-1 assay. (C,D) At least two independent experiments revealed highly compa-
rable results; each individual experiment consisted of triplicate values. Statistical significance of dif-
ferences between PE/NAC-treated cells and PE-treated cells was calculated from all individual val-
ues in a group (at least 6) and is indicated by asterisks (p < 0.05).

4. Discussion

Due to high incidence and malignant progression, cSCC represents a severe health
problem worldwide [3,4]. Additionally, treatment of field cancerization in AK is crucial,
concerning the high risk to proceed to invasive cSCC [6]. Polyphenols as green tea extracts
are under basic research for their potential use as antitumor agents [28,29]. Thus, sinecat-
echins (PE) includes a mixture of different catechin derivatives and other green tea com-
ponents as epigallocatechin-3-gallate (EGCG), epigallocatechin, epicatechin-3-gallate, epi-
catechin, gallocatechins, gallocatechin gallate, gallic acid, caffeine, and theobromine [9].

PE ointment has been approved in 2006 for treatment of genital warts, after extensive
testing in clinical trials, which showed complete clearance in more than 50% of patients
and few side effects [30,31]. Based on this experience, it was also suggested for treatment
of AK [7]. Although there is a large body of literature on green tea and skin cancer, a large
part of the literature deals with the protective effects of green tea extracts, e.g., against
irradiation-induced carcinogenesis [32], while other papers focus on the clinical use of PE
for treatment of AK [7,8]. On the other hand, there is much less information on its direct
mechanisms and mode of action in skin cancer cells. We thus investigated the effects of
PE in cutaneous SCC cell lines, which represent suitable models for cSCC as well as for
AK, due to the definition of AK as c¢SCC in situ. The effects of PE may be furthermore
compared to those of epigallocatechin gallate (EGCG), which represents the most abun-
dant catechin in green tea [9], and was here applied as a positive control.

Significant antitumor effects were obtained at the levels of cSCC cell proliferation and
viability. Effects were comparable to the effects of EGCG, when used at half the concen-
tration. Considering the 55% of EGCG in sinecatechins, these findings strongly sug-
gestthat EGCG was the active compound here. PE treatment resulted in less induction of
early apoptotic cells, whereas numbers of late apoptotic/necrotic cells were strongly in-
creased, as shown by Annexin V/PI double staining. Also in mammary carcinoma cells
(MCEF-7), strong antiproliferative effects (up to 90%) had been reported in response to
EGCG, while apoptosis was only at 6% [10]. In contrast, more pronounced apoptosis in-
duction by EGCG was reported in other cancer cells. Thus, in lung cancer cells (H1299,
A549), apoptosis induction by EGCG was up to 40% [11]. In gastric cancer cells (SGC7901),
inhibition of cell proliferation was up to 70-fold, and apoptosis was up to 25% [12]. In ER-
negative breast cancer cells (MDA-MB-468), EGCG resulted in strongly inhibited cell pro-
liferation, loss of cell viability (up to 80%) as well as induced apoptosis (up to 70%) [33].
Furthermore, in colorectal cancer cells (SW480, SW620, LS411N), EGCG resulted in signif-
icant inhibition of cell proliferation and induction of apoptosis (up to 60%) [34]. Thus,
while green tea components strongly induced apoptosis in other cell types, this effect
could be masked in ¢cSCC cells.

When raising the question of possible effects in normal cells, which may result in side
effects in the clinical setting, it may be considered that green tea extracts have been used
in traditional Chinese medicine for many years and PE topical treatment has been tested
in several clinical trials. Major side effects are not known and have not been reported from
the clinical trials. Thus, polyphenon E was approved for treatment of genital warts [30,31].
Here, the effects of PE were investigated in normal human fibroblasts, which did not show
significant inhibition at the levels of cell viability and cell proliferation. Comparably, al-
most no inhibitory effects were reported for PE in combination with lactoferrin in normal
human gingival fibroblast cells [35]. Additionally, EGCG and PE preferentially inhibited
growth of colon cancer cells when compared with a normal human fetal colon cell line
[36].
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Inhibition of cell proliferation by PE correlated with dose-dependent upregulation of
the cyclin-dependent kinase (CDK) inhibitor p21<¢! in two of three investigated cSCC cell
lines. This inhibitor mainly targets CDK2, although capable of inhibiting also other cy-
clin/CDK complexes [37,38]. Besides p21, the family of Cip/Kip inhibitors includes also
p27 and p57 [14]. Upregulation of p21 and p27 in response to EGCG has also been reported
in MCF-7 breast carcinoma cells, in prostate carcinoma cells as well as in SCC-13 [39-41].
These CDK inhibitors may thus contribute to the antiproliferative effects of EGCG/PE, but
the lack of p21 upregulation in SCL-II and its only limited upregulation in SCL-I and SCC-
12 may suggest that this factor cannot be solely responsible for the antiproliferative effects
induced by PE. Inhibition of cell proliferation may also be related to targeting EGFR and
Notch pathways, as shown in SCC cells [42]. It is well known that the regulation of cell
proliferation and viability is due to multiple factors and multiple pathways.

Concerning the mechanisms of PE-induced cell death in ¢SCC cells, loss of mitochon-
drial membrane potential (MMP), caspase activation and the roles of Bax and Bak were
investigated. Significant caspase-3 activation in response to EGCG had been reported in
bladder and colon cancer cells [43,44]. In cSCC cells, however, activation/processing of
initiator caspases (-8 and -9) and the major effector caspase-3 remained on a lower level.
Consistent with this, PE-mediated cell death was less affected by a pancaspase inhibitor
(Q-VD-Oph), which, on the other hand, completely abolished apoptosis induced by an
indirubin derivative in combination with TRAIL [24], used a positive control. This clearly
indicated that also caspase-independent, non-apoptotic pathways were induced by PE in
cSCC cells, besides some early induction of apoptosis.

Early loss of MMP often correlates with release of proapoptotic mitochondrial fac-
tors, e.g., cytochrome c, which then trigger intrinsic proapoptotic pathways via caspase-
9/caspase-3 [17,18]. Thus, in HeLa cervical cancer cells, loss of MMP by EGCG was re-
ported at 24 h [45,46]. Interestingly, PE resulted in a complete loss of MMP at 24 h in ¢cSCC
cells. However, there was only little incidence of typical apoptotic cell morphology upon
PE treatment. Thus, loss of MMP by PE appeared as a strong effect but was decoupled
from apoptosis induction.

Activation of intrinsic proapoptotic pathways typically depends on the multidomain
proapoptotic proteins Bax and/or Bak [17]. Their possible role in PE-mediated cell death
was evaluated in a cell culture model based on HCT-116 colon carcinoma cells [19-21],
which showed a comparable response to PE as cSCC cells in Annexin V/PI staining as well
as in JC-1 staining. While TRAIL-induced apoptosis was completely abolished in HCT-
116 Bax/Bak double knockout cells, PE-mediated effects were less decreased. Together,
these data indicate that neither caspases nor Bax or Bak were essentially required for the
main effects of PE on cell death and loss of MMP. This was clearly suggestive for addi-
tional, non-apoptotic, alternative pathways involved in PE-induced cell death.

The intracellular formation of different kinds of reactive oxygen species can result in
molecular damage and increased oxidative activity, and ROS are involved in multiple sig-
naling pathways, including cell death signaling pathways. For different kinds of disease
as of the neuronal, cardiovascular and nervous systems as well as in aging, ROS play im-
portant roles [22]. For polyphenols as for EGCG, antioxidative and thus protective effects
have been reported, e.g., in cardiovascular disease, Alzheimer’s disease and in skin dam-
age [47-49].

On the other hand, reactive oxygen species may critically contribute to the induction
of apoptosis and other cell death pathways in skin cancer cells, as shown for an iron-sub-
stituted nucleoside analogue in melanoma cells [50], for celecoxib in cSCC cells [23] and
for indirubin derivatives in cutaneous T-cell lymphoma, melanoma and c¢SCC cells
[24,51,52]. ROS may derive from mitochondrial leakage or other sources [53], but their
relations to apoptosis pathways are still largely elusive to date. ROS production was also
reported in different kinds of cSCC therapy, such as chemotherapy, photothermal, and
photodynamic therapy [54-56].
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While for other treatments the effects on ROS were rapid and strong upregulation,
the effects of PE in cSCC cells were biphasic. Thus, PE resulted in an initial decrease in
ROS (4 h) followed by a moderate ROS upregulation at 24 h. Increased ROS levels in re-
sponse to EGCG had also been reported in HepG2 hepatocellular carcinoma cells [57], in
primary effusion lymphoma cells [58] and in malignant mesothelioma cells [59]. In all
three reports, ROS induction was also obtained at later times, namely 24 h.

Thus, polyphenols may exert both antioxidative and pro-oxidative activities. Ambiv-
alent effects on ROS levels have also been reported for other agents. Thus, the antioxidant
vitamin C may also reveal pro-oxidative activities in cancer cells [60]. Pro- and antioxidant
effects have also been reported for flavonoids in plant extracts [61] and for different phe-
nolic compounds in food [62]. The modulation of ROS appears as a suitable strategy for
selective targeting cancer cells. Thus, cancer cells are often characterized by elevated ROS
levels and may on one hand be more sensitive for ROS-inducing agents. On the other
hand, cancer cells are adjusted to the elevated ROS levels and may thus be also more sen-
sitive to a suppression of ROS, as shown here for PE. A switch from antioxidative to pro-
oxidative activity may depend on the cellular redox systems, ROS balance by pro- and
antioxidative enzymes, pH, iron and oxygen [63].

We suggest, that PE mediates an imbalance of ROS in cSCC cells, characterized by an
initial decrease and subsequent increase. This may be responsible for the decreased cell
viability observed in course of PE treatment in cSCC cells. The hypothesis was supported
by the use of the additional antioxidant N-acetylcysteine (NAC). While NAC alone re-
mained without significant effects on cSCC viability, the combination of PE with NAC
resulted in a further strong decrease in cell viability. Of course, early antioxidative effects
cannot be a sufficient step for decreasing cell viability. The green tea extract PE may have
even more activities beyond its antioxidative effects that finally lead to the inhibition of
cSCC cells.

5. Conclusions

Sinecatechins has been approved in 2006 as ointment for treatment of genital warts
(Polyphenon E, Veregen). Based on these experiences, it was also suggested for treatment
of actinic keratosis, however, mechanistic studies in skin cancer cells were rare. In this
investigation, we demonstrate the particular high activity of sinecatechins in cSCC cells,
which also serve as models for actinic keratosis. Induced cell death was, however, less
related to classical apoptosis pathways, e.g., activation of caspases or of Bax and Bak. Ra-
ther, alternative cell death pathways were also involved, which enclose loss of MMP and
a dysbalance of ROS, finally leading to loss of cell viability and cell proliferation. These
data may support ideas for further development of PE in the treatment of AK. In general,
the considering of targeted strategies for ROS may extend the therapeutic options in can-
cer therapy.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/antiox11071416/s1, Figure S1: MRC-5 cells (human fetal lung fibro-
blast cells) were seeded and treated in an identical way as ¢SCC cells. Cell proliferation (A), WST-1
assay) and cell viability (B), calcein staining) were performed at 24 h and at 48 h, respectively. Mean
values and SDs were calculated for 6 (A) and 4 (B) individual wells.

Author Contributions: Conceptualization, J.E. and E.S.; methodology, ].Z., B.G. and ].E.; investiga-
tion, J.Z,, B.G., D.L.D.T., and S.M.; resources, J.E. and C.U,; data curation, J.Z., D.L.D.T., S.M., and
J.E.; writing—original draft preparation, J.E., J.Z. and B.G.; writing—review and editing, J.E., ].Z.,
B.G., C.U,, and E.S,; supervision, J.E.; funding acquisition, J.E. and C.U. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the European skin cancer foundation (ESCF), Deutsches
Stiftungszentrum, 45239 Essen, Germany; project S0251/10015/2020.

Institutional Review Board Statement: Not applicable.



109

Antioxidants 2022, 11, 1416 18 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the manuscript and supplementary materi-
als.

Acknowledgments: We acknowledge support from the German Research Foundation (DFG) and
the Open Access Publication Fund of Charité-Universitatsmedizin Berlin.

Conflicts of Interest: E.S. is working as a consultant for Aresus Pharma GmbH, Strausberg, Ger-
many, and he holds patents for polyphenon E. Other authors declare no conflicts of interest. The
funders had no role in the design of the study; in the collection, analyses, or interpretation of data;
in the writing of the manuscript; or in the decision to publish the results.

References

1. Alam, M., Ratner, D. Cutaneous squamous-cell carcinoma. N. Engl. J. Med. 2001, 344, 975-983.
https://doi.org/10.1056/NEJM200103293441306.

2. Szewczyk, M.; Pazdrowski, J.; Golusiniski, P.; Daficzak-Pazdrowska, A.; Marszatek, S.; Golusiniski, W. Analysis of selected risk
factors for nodal metastases in head and neck cutaneous squamous cell carcinoma. Eur. Arch. Otorhinolaryngol. 2015, 272, 3007—
3012. https://doi.org/10.1007/s00405-014-3261-6.

3. Agbai, O.N,; Buster, K.; Sanchez, M.; Hernandez, C.; Kundu, R.V.; Chiu, M.; Roberts, W.E.; Draelos, Z.D.; Bhushan, R.; Taylor,
S.C.; et al. Skin cancer and photoprotection in people of color: A review and recommendations for physicians and the public. J.
Am. Acad. Dermatol. 2014, 70, 748-762. https://doi.org/10.1016/j.jaad.2013.11.038.

4. Amaral, T.,; Osewold, M.; Presser, D.; Meiwes, A.; Garbe, C.; Leiter, U. Advanced cutaneous squamous cell carcinoma: Real
world data of patient profiles and treatment patterns. J. Eur. Acad. Dermatol. Venereol. 2019, 33 (Suppl. 8), 44-51.
https://doi.org/10.1111/jdv.15845.

5. Stockfleth, E. The importance of treating the field in actinic keratosis. ]. Eur. Acad. Dermatol. Venereol. 2017, 31 (Suppl. 2), 8-11.
https://doi.org/10.1111/jdv.14092.

6.  Cramer, P.; Stockfleth, E. Actinic keratosis: Where do we stand and where is the future going to take us? Expert Opin. Emerg.
Drugs 2020, 25, 49-58. https://doi.org/10.1080/14728214.2020.1730810.

7.  Stockfleth, E.; Meyer, T. Sinecatechins (Polyphenon E) ointment for treatment of external genital warts and possible future
indications. Expert. Opin. Biol. Ther. 2014, 14, 1033-1043. https://doi.org/10.1517/14712598.2014.913564.

8.  Bobyr, I; Campanati, A.; Offidani, A. “SENECA” Sinecatechins 10% ointment: A green tea extract for the treatment of actinic
keratosis. Case series. Dermatol. Ther. 2018, 31, e12634. https://doi.org/10.1111/dth.12634.

9. Khan, N, Mukhtar, H. Tea Polyphenols in Promotion of Human Health. Nutrients 2018, 11, 39.
https://doi.org/10.3390/nu11010039.

10. Huang, C.Y,; Han, Z; Li, X; Xie, H.-H.; Zhu, S.S. Mechanism of EGCG promoting apoptosis of MCF-7 cell line in human breast
cancer. Oncol. Lett. 2017, 14, 3623-3627. https://doi.org/10.3892/01.2017.6641.

11. Gu, JJ; Qiao, K.S;; Sun, P.; Chen, P.; Li, Q. Study of EGCG induced apoptosis in lung cancer cells by inhibiting PI3K/Akt
signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 4557-4563. https://doi.org/10.26355/eurrev_201807_15511.

12. Fu,].D.; Yao, ].J.; Wang, H.; Cui, W.G.; Leng, J.; Ding, L.Y.; Fan, K.Y. Effects of EGCG on proliferation and apoptosis of gastric
cancer SGC7901 cells via down-regulation of HIF-1a and VEGF under a hypoxic state. Eur. Rev. Med. Pharmacol. Sci. 2019, 23,
155-161. https://doi.org/10.26355/eurrev_201901_16759.

13. Roufayel, R.; Mezher, R.; Storey, K.B. The Role of Retinoblastoma Protein in Cell Cycle Regulation: An Updated Review. Curr.
Mol. Med. 2021, 21, 620-629. https://doi.org/10.2174/1566524020666210104113003.

14. Roy, A, Banerjee, S. p27 and leukemia: Cell cycle and beyond. ]. Cell. Physiol. 2015, 230, 504-509.
https://doi.org/10.1002/jcp.24819.

15. Li, J.; Poi, M.J.; Tsai, M.D. Regulatory mechanisms of tumor suppressor P16(INK4A) and their relevance to cancer. Biochemistry
2011, 50, 5566-5582. https://doi.org/10.1021/bi200642e.

16. Eberle, J. Countering TRAIL Resistance in Melanoma. Cancers 2019, 11, 656. https://doi.org/10.3390/cancers11050656.

17.  Chipuk, J.E; Moldoveanu, T.; Llambi, F.; Parsons, M.].; Green, D.R. The BCL-2 family reunion. Mol. Cell 2010, 37, 299-310.
https://doi.org/10.1016/j.molcel.2010.01.025.

18. Fischer, U,; Janicke, R.U.; Schulze-Osthoff, K. Many cuts to ruin: A comprehensive update of caspase substrates. Cell Death
Differ. 2003, 10, 76-100. https://doi.org/10.1038/sj.cdd.4401160.

19. Wang, C,; Youle, R.J. Predominant requirement of Bax for apoptosis in HCT116 cells is determined by Mcl-1’s inhibitory effect
on Bak. Oncogene 2012, 31, 3177-3189. https://doi.org/10.1038/onc.2011.497.

20. Gillissen, B.; Richter, A.; Richter, A.; Overkamp, T.; Essmann, F.; Hemmati, P.G.; Preissner, R.; Belka, C.; Daniel, P.T. Targeted
therapy of the XIAP/proteasome pathway overcomes TRAIL-resistance in carcinoma by switching apoptosis signaling to a
Bax/Bak-independent ‘type I’ mode. Cell Death Dis. 2013, 4, e643. https://doi.org/10.1038/cddis.2013.67.

21. Gillissen, B.; Richter, A.; Richter, A.; Preissner, R.; Schulze-Osthoff, K.; Essmann, F.; Daniel, P.T. Bax/Bak-independent

mitochondrial depolarization and reactive oxygen species induction by sorafenib overcome resistance to apoptosis in renal cell
carcinoma. J. Biol. Chem. 2017, 292, 6478-6492. https://doi.org/10.1074/jbc.M116.754184.



110

Antioxidants 2022, 11, 1416 19 of 20

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020,
21, 363-383. https://doi.org/10.1038/s41580-020-0230-3.

Zhu, J.; May, S.; Ulrich, C.; Stockfleth, E.; Eberle, J. High ROS Production by Celecoxib and Enhanced Sensitivity for Death
Ligand-Induced Apoptosis in Cutaneous SCC Cell Lines. Int. J. Mol. Sci. 2021, 22, 3622. https://doi.org/10.3390/ijms22073622.
Zhu, J.; Langer, P.; Ulrich, C,; Eberle, J. Crucial Role of Reactive Oxygen Species (ROS) for the Proapoptotic Effects of Indirubin
Derivatives in Cutaneous SCC Cells. Antioxidants 2021, 10, 1514. https://doi.org/10.3390/antiox10101514.

Rheinwald, J.G.; Beckett, M.A. Tumorigenic keratinocyte lines requiring anchorage and fibroblast support cultured from human
squamous cell carcinomas. Cancer Res. 1981, 41, 1657-1663.

Tilgen, W.; Boukamp, P.; Breitkreutz, D.; Dzarlieva, R.T.; Engstner, M.; Haag, D.; Fusenig, N.E. Preservation of morphological,
functional, and karyotypic traits during long-term culture and in vivo passage of two human skin squamous cell carcinomas.
Cancer Res. 1983, 43, 5995-6011.

Fecker, L.F.; Stockfleth, E.; Braun, F.K,; Rodust, P.M.; Schwarz, C.; Kohler, A.; Leverkus, M.; Eberle, J. Enhanced death ligand-
induced apoptosis in cutaneous SCC cells by treatment with diclofenac/hyaluronic acid correlates with downregulation of c-
FLIP. ]. Invest. Dermatol. 2010, 130, 2098-2109. https://doi.org/10.1038/jid.2010.40.

Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727-747. https://doi.org/10.1093/ajcn/79.5.727.

Chen, D.; Wan, S.B.; Yang, H.; Yuan, J.; Chan, T.H.; Dou, Q.P. EGCG, green tea polyphenols and their synthetic analogs and
prodrugs for human cancer prevention and treatment. Adv. Clin. Chem. 2011, 53, 155-177. https://doi.org/10.1016/b978-0-12-
385855-9.00007-2.

Stockfleth, E.; Meyer, T. The use of sinecatechins (polyphenon E) ointment for treatment of external genital warts. Expert Opin.
Biol. Ther. 2012, 12, 783-793. https://doi.org/10.1517/14712598.2012.676036.

Gross, G.; Meyer, K.G.; Pres, H.; Thielert, C.; Tawfik, H.; Mescheder, A. A randomized, double-blind, four-arm parallel-group,
placebo-controlled Phase II/IIl study to investigate the clinical efficacy of two galenic formulations of Polyphenon E in the
treatment of external genital warts. J. Eur. Acad. Dermatol. Venereol. 2007, 21, 1404-1412. https://doi.org/10.1111/j.1468-
3083.2007.02441.x.

Prasanth, ML.L; Sivamaruthi, B.S.; Chaiyasut, C,; Tencomnao, T. A Review of the Role of Green Tea (Camellia sinensis) in
Antiphotoaging, ~ Stress ~ Resistance, = Neuroprotection, and  Autophagy.  Nutrients 2019, 11, 474
https://doi.org/10.3390/nu11020474.

Roy, A.M,; Baliga, M.S.; Katiyar, S.K. Epigallocatechin-3-gallate induces apoptosis in estrogen receptor-negative human breast
carcinoma cells via modulation in protein expression of p53 and Bax and caspase-3 activation. Mol. Cancer Ther. 2005, 4, 81-90.
Luo, KW.; Xia, J.; Cheng, B.H.; Gao, H.C.; Fu, LW.; Luo, X.L. Tea polyphenol EGCG inhibited colorectal-cancer-cell
proliferation and migration via downregulation of STAT3. Gastroenterol.  Rep. 2021, 9, 59-70.
https://doi.org/10.1093/gastro/goaa072.

Mohan, K.V.; Gunasekaran, P.; Varalakshmi, E.; Hara, Y.; Nagini, S. In vitro evaluation of the anticancer effect of lactoferrin and
tea polyphenol combination on oral carcinoma cells. Cell Biol. Int. 2007, 31, 599-608. https://doi.org/10.1016/j.cellbi.2006.11.034.
Shimizu, M.; Deguchi, A.; Lim, J.T.; Moriwaki, H.; Kopelovich, L.; Weinstein, LB. (-)-Epigallocatechin gallate and polyphenon
E inhibit growth and activation of the epidermal growth factor receptor and human epidermal growth factor receptor-2
signaling pathways in human colon cancer cells. Clin. Cancer Res. 2005, 11, 2735-2746. https://doi.org/10.1158/1078-0432.Ccr-04-
2014.

Xiong, Y.; Hannon, G.J.; Zhang, H.; Casso, D.; Kobayashi, R.; Beach, D. p21 is a universal inhibitor of cyclin kinases. Nature 1993,
366, 701-704. https://doi.org/10.1038/366701a0.

Abbas, T.; Dutta, A. p21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9, 400-414.
https://doi.org/10.1038/nrc2657.

Liang, Y.C,; Lin-Shiau, S.Y.; Chen, C.F.; Lin, ] K. Inhibition of cyclin-dependent kinases 2 and 4 activities as well as induction of
Cdk inhibitors p21 and p27 during growth arrest of human breast carcinoma cells by (-)-epigallocatechin-3-gallate. J. Cell.
Biochem. 1999, 75, 1-12.

Gupta, S.; Hussain, T.; Mukhtar, H. Molecular pathway for (-)-epigallocatechin-3-gallate-induced cell cycle arrest and apoptosis
of human prostate carcinoma cells. Arch. Biochem. Biophys. 2003, 410, 177-185. https://doi.org/10.1016/s0003-9861(02)00668-9.
Balasubramanian, S.; Adhikary, G.; Eckert, R.L. The Bmi-1 polycomb protein antagonizes the (-)-epigallocatechin-3-gallate-
dependent suppression of skin cancer cell survival. Carcinogenesis 2010, 31, 496-503. https://doi.org/10.1093/carcin/bgp314.

Liu, X;; Zhang, D.Y.; Zhang, W.; Zhao, X.; Yuan, C.; Ye, F. The effect of green tea extract and EGCG on the signaling network in
squamous cell carcinoma. Nutr. Cancer 2011, 63, 466-475. https://doi.org/10.1080/01635581.2011.532901.

Luo, KW.; Lung, W.Y.; Chun, X.; Luo, X.L.; Huang, W.R. EGCG inhibited bladder cancer T24 and 5637 cell proliferation and
migration via PIBK/AKT pathway. Oncotarget 2018, 9, 12261-12272. https://doi.org/10.18632/oncotarget.24301.

Zhu, W,; Li, M.C.; Wang, F.R.; Mackenzie, G.G.; Oteiza, P.I. The inhibitory effect of ECG and EGCG dimeric procyanidins on
colorectal cancer cells growth is associated with their actions at lipid rafts and the inhibition of the epidermal growth factor
receptor signaling. Biochem. Pharmacol. 2020, 175, 113923. https://doi.org/10.1016/j.bcp.2020.113923.

Singh, M.; Singh, R.; Bhui, K.; Tyagi, S.; Mahmood, Z.; Shukla, Y. Tea polyphenols induce apoptosis through mitochondrial
pathway and by inhibiting nuclear factor-kappaB and Akt activation in human cervical cancer cells. Oncol. Res. 2011, 19, 245
257. https://doi.org/10.3727/096504011x13021877989711.



111

Antioxidants 2022, 11, 1416 20 of 20

46.

47.

48.

49.

50.

51:

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Chakrabarty, S.; Nag, D.; Ganguli, A.; Das, A.; Ghosh Dastidar, D.; Chakrabarti, G. Theaflavin and epigallocatechin-3-gallate
synergistically induce apoptosis through inhibition of PI3K/Akt signaling upon depolymerizing microtubules in HeLa cells. J.
Cell. Biochem. 2019, 120, 5987-6003. https://doi.org/10.1002/jcb.27886.

Tipoe, G.L.; Leung, T.M.; Hung, M.W.; Fung, M.L. Green tea polyphenols as an anti-oxidant and anti-inflammatory agent for
cardiovascular protection. Cardiovasc. Hematol. Disord. Drug Targets 2007, 7, 135-144.
https://doi.org/10.2174/187152907780830905.

Singh, N.A.; Mandal, A K.; Khan, Z.A. Potential neuroprotective properties of epigallocatechin-3-gallate (EGCG). Nutr. ]. 2016,
15, 60. https://doi.org/10.1186/s12937-016-0179-4.

Avadhani, K.S.; Manikkath, J.; Tiwari, M.; Chandrasekhar, M.; Godavarthi, A.; Vidya, SM.; Hariharapura, R.C.; Kalthur, G;
Udupa, N.; Mutalik, S. Skin delivery of epigallocatechin-3-gallate (EGCG) and hyaluronic acid loaded nano-transfersomes for
antioxidant and anti-aging effects in UV radiation induced skin damage. Drug Deliv. 2017, 24, 61-74.
https://doi.org/10.1080/10717544.2016.1228718.

Franke, J.C; Plotz, M.; Prokop, A.; Geilen, C.C,; Schmalz, H.G.; Eberle, ]. New caspase-independent but ROS-dependent
apoptosis pathways are targeted in melanoma cells by an iron-containing cytosine analogue. Biochem. Pharmacol. 2010, 79, 575~
586. https://doi.org/10.1016/j.bcp.2009.09.022.

Soltan, M.Y.; Sumarni, U.; Assaf, C.; Langer, P.; Reidel, U.; Eberle, ]. Key Role of Reactive Oxygen Species (ROS) in Indirubin
Derivative-Induced Cell Death in Cutaneous T-Cell Lymphoma Cells. Int. ]. Mol. Sci. 2019, 20, 1158.
https://doi.org/10.3390/ijms20051158.

Zhivkova, V.; Kiecker, F.; Langer, P.; Eberle, J. Crucial role of reactive oxygen species (ROS) for the proapoptotic effects of
indirubin derivative DKP-073 in melanoma cells. Mol. Carcinog. 2019, 58, 258-269. https://doi.org/10.1002/mc.22924.

Quast, S.A.; Berger, A.; Eberle, ]. ROS-dependent phosphorylation of Bax by wortmannin sensitizes melanoma cells for TRAIL-
induced apoptosis. Cell Death Dis. 2013, 4, e839. https://doi.org/10.1038/cddis.2013.344.

Liu, P; Yang, W.T.; Shi, L.; Zhang, H.Y.; Xu, Y.; Wang, P.R.; Zhang, G.L.; Chen, W.R.; Zhang, B.B.; Wang, X.L. Concurrent
photothermal therapy and photodynamic therapy for cutaneous squamous cell carcinoma by gold nanoclusters under a single
NIR laser irradiation. J. Mater. Chem. B 2019, 7, 6924-6933. https://doi.org/10.1039/c9tb01573f.

Austin, E.; Koo, E; Jagdeo, J. Thermal photodynamic therapy increases apoptosis and reactive oxygen species generation in
cutaneous and mucosal squamous cell carcinoma cells. Sci. Rep. 2018, 8, 12599. https://doi.org/10.1038/s41598-018-30908-6.
Niu, T.H.; Tian, Y.; Wang, G.Y.; Guo, G.J.; Tong, Y.; Shi, Y. Inhibition of ROS-NF-kappa B-dependent autophagy enhances
Hypocrellin A united LED red light-induced apoptosis in squamous carcinoma A431 cells. Cell. Signal. 2020, 69, 109550.
https://doi.org/10.1016/j.cellsig.2020.109550.

Khiewkamrop, P.; Phunsomboon, P.; Richert, L.; Pekthong, D.; Srisawang, P. Epistructured catechins, EGCG and EC facilitate
apoptosis induction through targeting de novo lipogenesis pathway in HepG2 cells. Cancer Cell Int. 2018, 18, 46.
https://doi.org/10.1186/s12935-018-0539-6.

Tsai, C.Y.; Chen, C.Y.; Chiou, Y.H.; Shyu, HW.; Lin, KH.; Chou, M.C.; Huang, M.H.; Wang, Y.F. Epigallocatechin-3-Gallate
Suppresses Human Herpesvirus 8 Replication and Induces ROS Leading to Apoptosis and Autophagy in Primary Effusion
Lymphoma Cells. Int. ]. Mol. Sci. 2017, 19, 16. https://doi.org/10.3390/ijms19010016.

Ranzato, E.; Martinotti, S.; Magnelli, V.; Murer, B.; Biffo, S.; Mutti, L.; Burlando, B. Epigallocatechin-3-gallate induces
mesothelioma cell death via H20:-dependent T-type Ca* channel opening. ]. Cell. Mol. Med. 2012, 16, 2667-2678.
https://doi.org/10.1111/1.1582-4934.2012.01584.x.

Kazmierczak-Barariska, J.; Boguszewska, K.; Adamus-Grabicka, A.; Karwowski, B.T. Two Faces of Vitamin C-Antioxidative and
Pro-Oxidative Agent. Nutrients 2020, 12, 1501. https://doi.org/10.3390/nu12051501.

Chobot, V.; Hadacek, F.; Bachmann, G.; Weckwerth, W.; Kubicova, L. In Vitro Evaluation of Pro- and Antioxidant Effects of
Flavonoid Tricetin in Comparison to Myricetin. Molecules 2020, 25, 5850. https://doi.org/10.3390/molecules25245850.

do Carmo, M.A.V,; Granato, D.; Azevedo, L. Antioxidant/pro-oxidant and antiproliferative activities of phenolic-rich foods and
extracts: A cell-based point of view. Adv. Food Nutr. Res. 2021, 98, 253-280. https://doi.org/10.1016/bs.afnr.2021.02.010.
Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50-64.



112

Curriculum Vitae

Mein Lebenslauf wird aus datenschutzrechtlichen Grinden in der

elektronischen Version meiner Arbeit nicht veroffentlicht.



113

Publication list

1. Zhu, J., May, S., Ulrich, C., Stockfleth, E., & Eberle, J. (2021). High ROS
Production by Celecoxib and Enhanced Sensitivity for Death Ligand-Induced
Apoptosis in Cutaneous SCC Cell Lines. Int J Mol Sci, 22(7).
doi:10.3390/ijms22073622. (IF= 4,556)

2. Zhu, J., Langer, P., Ulrich, C., & Eberle, J. (2021). Crucial Role of Reactive
Oxygen Species (ROS) for the Proapoptotic Effects of Indirubin Derivatives
in Cutaneous SCC Cells. Antioxidants (Basel), 10(20).
doi:10.3390/antiox10101514. (IF= 5,014)

3. Zhu, J.; Gillissen, B.; Dang Tran, D.L.; May, S.; Ulrich, C.; Stockfleth, E.;
Eberle, J. Inhibition of Cell Proliferation and Cell Viability by Sinecatechins
in Cutaneous SCC Cells Is Related to an Imbalance of ROS and Loss of
Mitochondrial Membrane Potential. Antioxidants 2022, 11, 1416.
https://doi.org/ 10.3390/antiox11071416. (IF= 6,312)



114

Acknowledgments

Learning and living in Berlin has impressed a profound meaning into my life. After two
and half special years, we witnessed the courage and wisdom of human beings
bursting out in facing diseases and challenges and allowed me to explore more
profound in scientific research. Everyone | have met here has accompanied me

through such a marvelous and unforgettable time.

First of all, I thank my supervisors, PD. Dr. Jiurgen Eberle gave me the valuable
opportunity to work in our lab and complete my project.

Dr. Eberle was often enthusiastic in helping me to solve my difficulties. Without his
enthusiastic support and sincere encouragement, | would never have been able to
achieve this promotion and enjoy this special moment. Dr. Eberle has helped me on
many occasions to discuss research ideas and revise my project manuscript. He
always had great research ideas and under his guidance | learned the meaning of
research, which will undoubtedly be very important for my future work. | am sure that

this will continue to guide me on my future research journey and it will never end.

| am grateful to my friends Uly and Zina who not only helped me with my project, but
we often discussed research and other life topics together. They have taught me a lot
about international etiquette and culture. Their open-mindedness is an example to me.
They always helps me whenever | have difficulties in life or in my studies. | believe that

friendship knows no distance, even when | return to China.

| am also grateful to my friends Zhe Peng who helped me with my project and
contribution to my dissertation submission. We often discussed research and other life

topics together. We had a great time together.

| thank my friends Mengdi Xia and Dashan Wu for their help in my life and
encouragement when | was at a low point in my experiments and life. They made me
realize what a true friend is, especially Mengdi Xia, whose advice always made me

better at cooking.



115

| thank my friend Yu Zhang for her help in my study and life, we often share the good

moments in our lives.

Finally, 1 would like to thank my family, my father even though he has passed away
and did not have the opportunity to see me graduate from my MD, but the thought of
him has been my motivation to keep going. My mother, as well as my sister, for their

support in my studies, even though they has missed me.

Thank you for all the support they have given me in the last two and a half years. Thank

you!



