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Abstract: CC-115 is a dual inhibitor of the mechanistic target of rapamycin (mTOR) kinase and the
DNA-dependent protein kinase (DNA-PK) that is currently being studied in phase I/II clinical trials.
DNA-PK is essential for the repair of DNA-double strand breaks (DSB). Radiotherapy is frequently
used in the palliative treatment of metastatic melanoma patients and induces DSBs. Melanoma cell
lines and healthy-donor skin fibroblast cell lines were treated with CC-115 and ionizing irradiation (IR).
Apoptosis, necrosis, and cell cycle distribution were analyzed. Colony forming assays were conducted
to study radiosensitizing effects. Immunofluorescence microscopy was performed to determine
the activity of homologous recombination (HR). In most of the malign cell lines, an increasing
concentration of CC-115 resulted in increased cell death. Furthermore, strong cytotoxic effects were
only observed in malignant cell lines. Regarding clonogenicity, all cell lines displayed decreased
survival fractions during combined inhibitor and IR treatment and supra-additive effects of the
combination were observable in 5 out of 9 melanoma cell lines. CC-115 showed radiosensitizing
potential in 7 out of 9 melanoma cell lines, but not in healthy skin fibroblasts. Based on our data
CC-115 treatment could be a promising approach for patients with metastatic melanoma, particularly
in the combination with radiotherapy.

Keywords: DNA-PK; mTOR; melanoma; DNA repair; radiosensitivity; non-homologous end-joining
(NHE]J); homologous recombination (HR); kinase inhibitor

1. Introduction

The stability and integrity of the DNA is substantial for its function. Genomic instability plays
a major role in cancer development and is often based on mutations in DNA repair genes [1]. Thus,
taking advantage of the thereby obtained increased sensitivity to DNA-damaging agents may enhance
effectiveness of cancer therapeutics [2—4]. Targeting the DN A-damage response (DDR) is evidenced
by numerous efforts to induce selective cell death [5,6]. Since radiation is known to cause DNA
double-strand breaks (DSB) and subsequent cell death [7,8], radiotherapy is a key component of
cancer therapy and is received by approximately 50% of all cancer patients [9,10]. DSBs are difficult
to repair and rank among the most deleterious forms of DNA damage [11]. In general, there are
two main DSB-repair pathways: homologous recombination (HR) and non-homologous end-joining
(NHE]J) [12]. HR is an error-free repair system occurring only when undamaged sister-templates are
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available [13]. In contrast, NHE], a more common process, can directly mediate the re-ligation of
broken DN A molecules [14-16].

The DNA-dependent protein kinase (DNA-PK), a serine/threonine kinase, has been implicated
in a variety of processes such as transcription, the regulation of gene expression and the activation
of innate immunity, but its primary role is to initiate NHE]J [11,17-19]. DNA-PK consists of PRKDC
(DNA-PKcs), a large catalytic subunit, and Ku, a heterodimeric protein [20]. The Ku heterodimer
recognizes and binds to the free ends of DSBs as a first step of NHE] and recruits the canonical factors
involved in NHE], including PRKDC [21,22]. PRKDC operates as a scaffold protein that facilitates the
loading of repair proteins to the site of damage and phosphorylates numerous substrates through its
catalytic activity which promotes the execution of the DNA damage repair [23]. Different inhibitors of
DNA-PK have been developed recently [24,25] and are currently evaluated in clinical trials for patients
with various malignancies (e.g., NCT02316197, NCT03770689).

The mechanistic (formerly “mammalian”) target of rapamycin (mTOR) is a serine/threonine kinase
interacting with diverse proteins to form two distinct complexes named mTOR complex 1 (mTORC1)
and 2 (mTORC2) [26]. The mTOR protein has a crucial role in cell proliferation, metabolism, autophagy
and survival [27,28]. The upregulation of mTOR signaling has tumor-inducing potential by promoting
its growth and progression and the aberrant regulation of mTOR has been observed in a variety of
cancers [27,29]. Indeed, mTOR inhibitors have been approved for the cancer treatment of renal cell
carcinoma and mantle cell lymphoma and are in clinical trial for other indications [30-33].

CC-115 is a dual mTORC1/mTORC2 and DNA-PK inhibitor that is currently analyzed in
clinical trials [34-36]. The anti-tumor effects of CC-115 in vitro have been shown in hepatocellular,
breast, head, and neck, as well as hematological and non-small-cell lung cancer [34,35]. Currently,
CC-115 is the subject of a phase la/b study in patients with glioblastoma multiforme (GBM),
castration-resistant prostate cancer, head and neck squamous carcinoma, chronic lymphocytic leukemia,
small lymphocytic lymphoma, and Ewing sarcoma (NCT01353625) [37] and a phase Ib study in men
with castration-resistant prostate cancer (NCT02833883). Furthermore, a phase II study investigating
the combination of CC-115 treatment and radiotherapy in patients with GBM is currently in progress
(NCT02977780). Tumor biopsies from CC-115-treated GBM patients showed that CC-115 passes the
blood-brain barrier [37].

Melanoma is a type of skin cancer that originates from melanocytes [38]. The incidence of
melanoma is rising faster than that of any other solid tumor [39,40]. Among all malignancies,
melanoma has the highest risk to spread to the brain besides lung cancer [41]. Notably, brain metastases
represent the main cause of death in melanoma patients [42]. Radiotherapy is frequently used to treat
metastases, e.g., in the brain with stereotactic radiotherapy or bone with fraction regimens of 2 Gy up
to a dose of 50 Gy [43-47]. Also, single symptomatic metastases can be irradiated if systemic treatment
controls disease in the rest of the body. In recent years, targeted therapies such as BRAFMEK inhibitor
therapy and immune check point inhibitors with anti-CTLA4/PD-1 antibodies have improved the
overall survival of patients with metastatic melanoma [48,49] and the combination of radiotherapy
with systemic therapies has been thoroughly evaluated [50-53]. Nevertheless, outcomes are still
dissatisfying, and improvement is required. Furthermore, there are many patients who cannot be
treated sufficiently with the existing therapies. Therefore, there is a need to identify new approaches
that provide alternatives to or complement the existing treatments.

In this study, we examined the effects of CC-115 on melanoma cells in comparison to healthy-donor
skin fibroblasts. Fibroblasts were used because they are the main cause of undesirable side effects such
as fibrosis. Our research objective was to determine whether CC-115 increases cell death with a possible
radiosensitizing effect. To assess the differences between malignant and non-malignant cell lines and
potential underlying molecular mechanisms, we carried out flow cytometry for apoptosis/necrosis as
well as cell cycle analysis. Colony forming assays were performed to evaluate possible radiosensitizing
effects of CC-115 and immunofluorescence microscopy was performed to determine HR activity.
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2. Results

We studied the effect of dual mTOR and DNA-PK inhibitor CC-115 (Figure 1A) in combination
with IR. CC-115 can inhibit NHE] and therefore impair the repair of IR induced DSBs. We used two
skin fibroblast cell cultures of healthy donors, three melanoma cell lines, and six patient-derived
melanoma cell cultures. In a dose-escalation study (Figure 1B) cell death increased linearly with dose of
CC-115 in skin fibroblasts (SBLF7) and reached saturation in the clearly more sensitive melanoma cells
(ARPA, HV18MK). The displayed half maximal inhibitory concentrations (IC50) for the different cell
lines (Figure 1B) underline that healthy-donor skin fibroblasts are less sensitive. Considering, that the
combination of inhibitor treatment and IR could increase cell death rates vigorously, for further analysis
we chose concentrations of CC-115 that resulted in moderate cell death rates during the dose-escalation
study. Additionally, chosen concentrations were supposed to be in line with concentrations used in
previous pre-clinical studies. Therefore, concentrations of 2 and 5 pmol/L CC-115 were chosen for the
following experiments.
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Figure 1. Structural formula of CC-115 and dose escalation study. (A) Chemical structural formula of
CC-115 (C16H16N8O) [54] (B) Healthy donor skin fibroblasts (SBLF7) and patient derived melanoma
cells (ARPA, HV18MK) were treated for 48 h in a dose escalation study with 0.1-25 umol/L
CC-115. Dead cells were defined as sum of apoptotic and necrotic cells measured using flow
cytometry (apoptosis/necrosis analysis by Annexin V-APC/7-AAD staining). Half maximal inhibitory
concentrations (IC50) for the different cell line are displayed. Each value represents mean + SD.

2.1. Apoptosis and Necrosis Analysis

Cells were treated with 2 and 5 umol/L CC-115, IR alone, and with the combination of inhibitor and
IR. Dead cells were defined as the sum of apoptotic and necrotic cells detected using flow cytometry
after Annexin V-APC and 7-AAD staining. Unstained cells (Annexin-negative/7-AAD-negative)
were defined as viable cells. Annexin-positive/7-AAD-negative cells were defined as apoptotic and
Annexin-positive/7-AAD-positive cells as necrotic. Representative dot plots of SBLF9, a skin fibroblast
cell culture and Mel624, a melanoma cell line, are depicted (Figure 2A). The proportion of dead cells
with increasing inhibitor concentration in the presence and without 2 Gy IR is shown (Figure 2B).

After two days of incubation, effects of IR alone compared to control tended to be rather small
or non-existent. In nine out of eleven cell lines/cultures an increasing concentration of CC-115 led to
increased cell death (p = 0.05). In contrast, we observed no or only small differences regarding SBLF9
and ANST. SBLF7, PMelL and A375M showed a small and LIWE and ICNI a medium increase of
cell death at different drug concentrations with and without IR. We noticed strong effects of CC-115
treatment alone and in combination with IR in RERO, ARPA, H18MK, and especially Mel624 cells.
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Figure 2. Cell death induced by CC-115 treatment with/without IR. (A) Flow cytometry was used for
apoptosis/necrosis analysis by V-APC/7-AAD staining. Unstained cells (Annexin-negative/7-AAD-negative)
were defined as viable cells. Annexin-positive/7-AAD-negative cells were defined as apoptotic and
Annexin-positive/7-AAD-positive cells as necrotic. Examples for gating at different CC-115 concentrations
(0, 2 and 5 umol/L) are shown, left: healthy-donor skin fibroblasts: SBLF9, right: melanoma cells: Mel624.
(B) Graphs show proportion of dead cells (defined as sum of apoptotic and necrotic cells) at different CC-115
concentrations (0, 2 and 5 umol/L) with/without IR (2 Gy) in skin fibroblast (SBLF9, SBLF7) and melanoma
cells (RERO, ANST, A375M, LIWE, ICNIL, PMelL, ARPA, HV18MK, Mel624). Each value represents mean +
SD (n = 3). Significance was determined by one-tailed Mann-Whitney U test * p < 0.05.

2.2. Cell Cycle Analysis

The mTOR protein plays an important role in cell cycle regulation, especially for the G1/S
transition [55]. Since CC-115 not only inhibits DNA-PK but also mTOR, cell cycle analysis was
performed to determine possible inhibitory effects on the cell cycle. Depending on the cell cycle phase,
cells react differently to radiation. Cells are most sensitive to radiation during mitosis and G2 phase [56].
Considering this, cell cycle analysis is coherent. The resulting histograms of SBLF9 and Mel624 are
depicted (Figure 3A). Figure S1 shows the gating strategy and the method of excluding doublets more
detailed. The distribution of cells n G0/G1 phase and G2M phase is displayed below (Figure 3B).

Following inhibitor treatment, we observed a significant increase in the proportion of cells in
GO/G1 phase (p = 0.05) in comparison to control in five out of nine melanoma cell lines/cultures
including Mel624, HV18MK, ARPA, ICNI, and PMelL (Figure 3B). Except for ICNI, these cell lines also
showed a significant decrease in the proportion of cells in the G2/M phase (p = 0.05). The proportion of
cells in GO/G1 phase did not differ between control and treatment groups or in some cases we observed
a decrease in the other melanoma cell lines/cultures, namely LIWE, A375M, ANST, and RERO, as well
as in skin fibroblast cell cultures SBLF9 and SBLF7 (Figure 3B).
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Figure 3. Cell cycle distribution under CC-115 treatment with/without IR. (A) Flow cytometry was used
for cell cycle analysis by Hoechst staining. Examples of representative histograms of Hoechst stained
DNA distribution for control and 2 pmol/L CC-115 are shown, left: healthy-donor skin fibroblasts
(SBLF9), right: melanoma cells (Mel624). (B) Graphs show the percentage of cells in GO/G1 phase (left
columns) or G2/M phase (right columns) for 0 and 2 pmol/L CC-115 with/without IR (2 Gy) in skin
fibroblasts (SBLF9, SBLF7) and melanoma cells (RERO, ANST, A375M, LIWE, ICNI, PMelL, ARPA,
HV18MK, Mel624). Each value represents mean + SD (1 = 3). Significance was determined by one-tailed
Mann-Whitney U test * p < 0.05.

2.3. Colony Forming Assay

The colony formation assay was chosen to determine cell reproductive death and radiosensitization
after IR treatment. The assay is also used to evaluate the effectiveness of drug-induced
cytotoxicity [57,58]. Therefore, we analyzed the cells following CC-115 treatment alone, IR alone, and
the combination of both by using colony formation assay. We chose the melanoma cell culture HV18MK
to show inhibitor-dose dependent survival using up to 5 umol/L CC-115 (Figure 4A) and also to
investigate possible differences in cell survival between treated (1 pmol/L CC-115) and untreated cells
while increasing IR up to 5 Gy (Figure 4B). For the more sensitive colony formation assay, lower CC-115
concentrations had to be used.

Increasing CC-115 concentration led to a decrease in cell survival (Figure 4A). Significantly less
HV18MK cells treated with 1 umol/L CC-115 survived at any IR dose compared to untreated cells
(p = 0.016, Figure 4B). This is also observed for the normalized 1 pmol/L CC-115 curve compared to the
non-treated curve (p = 0.031, Figure 4B). For further colony forming assays besides control, we chose
three conditions: 2 Gy IR, 1 pmol/L CC-115 and 1 umol/L CC-115 + 2 Gy IR. We chose identical cell
cultures/lines for colony forming assays as for flow cytometry analysis. It was not possible to perform
the assay with melanoma cell cultures ICNI and ANST because these cells did not grow as single cells.
The survival fraction (SF) following CC-115 exposure alone was distinctly lower than control in all cell
lines except for RERO (Figure 4C). Combined treatment clearly led to lowest SFs compared to CC-115
treatment alone or IR alone in any cell culture (Figure 4C). Dose enhancement factors (DEF) were
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calculated for each cell line as ratio of the isoeffective radiation dose at survival of 70% of untreated
cells to the normalized CC-115-treated cells. We chose a isoeffective survival rate of 70% because the
highest survival in the normalized 1 pmol/L CC-115 curve at 2 Gy was 64%. For the calculation of
DEF we therefore could not fall short of this percentage. DEF > 1 indicates that the inhibitor treatment
induced radiosensitivity [24,59-61]. Normalized CC-115 treatment showed clearly increased effects for
combination of inhibitor and IR in RERO (DEF;; = 2.6), LIWE (DEF; 7 = 1.5), ARPA (DEF,7 = 1.4),
Mel624 (DEF, 7 = 1.4) and HV18MK (DEF; 7 = 1.9). No additive effects (DEF, 7 = 1.0) were found in
SBLF9, SBLF7, PMelL, and A375M. The lowest SF was observed during combined IR and inhibitor
treatment in HV18MK.
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Figure 4. Colony forming assay to study the radiosensitizing potential of CC-115. (A) Decreasing
survival fractions (SF) in colony forming assay under increasing CC-115 concentrations (0.25-5 pmol/L)
in melanoma cells culture HV18MK. (B) Colony forming assay of HV18MK cells treated with up to 5 Gy
IR with/without 1 pmol/L CC-115. Each value represents mean + SD (n = 4). Solid lines (black, blue)
represent mean SF. Dashed line (turquoise) represents mean SF normalized to the cytotoxicity induced
by CC-115 alone. Significance was determined by one-tailed Mann-Whitney U test; p = 0.031 comparing
control to normalized CC-115 treatment; p = 0.016 comparing control to CC-115 treatment. (C) Colony
forming assay of healthy-donor skin fibroblasts (SBLF9, SBLF7) and melanoma cells (PMelL, A375M,
RERO, LIWE, ARPA, Mel624, HV18MK) treated with/without 2 Gy IR with/without 1 umol/L CC-115.
Solid lines (black, blue) represent mean SF. Dashed line (turquoise) represents mean SF normalized to
the cytotoxicity induced by CC-115 alone. Significance was determined by two-tailed Mann-Whitney
U test comparing control to normalized CC-115 treatment (turquoise asterisks) or control to CC-115
treatment (blue asterisks), * p < 0.05, *** p < 0.001 (n = 4). Mean dose enhancement factors (DEF0.7) are
shown and were calculated as ratio of the estimated radiation dose at survival of 70% of untreated cells
to the normalized CC-115-treated cells.

2.4. Homologous Recombination Assay

When blocking the second major DDR pathway NHE], the cells should be forced to use HR.
RAD?51 plays a central role in the HR [62,63]. If cells are able to use HR proficiently the amount of
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RAD51 foci should increase, whereas cells with deficiency in HR should show a stable or decreasing
number of foci. In our assay, cells were forced to use HR by blocking NHE] via the DNA-PK inhibitor
CC-115. A dose of 10 Gy induced DSBs adequately, which were identified by YH2AX. Foci of YH2AX
and RAD51 in a minimum of 150 cells were counted automatized to determine the activity of HR.
The red-dashed line showed the number of foci in the untreated control.

We observed an increase in the number of RAD51 foci in the healthy-donor skin fibroblasts (SBLF7,
SBLF9) and melanoma cell lines ANST and LIWE following CC-115 treatment and radiation treatment
compared to the untreated control (red-dashed line) and thus these cell cultures/lines were defined as
HR-proficient (Figure 5). In contrast, we detected a reduction of RAD51 foci in the melanoma cell lines
ICNI, RERO, ARPA, HV18MK, A375M, Mel624, and PMelL, which were defined as HR-deficient.

1000 HR+ . HR- |
- Hl H2AX treat.
.‘é == RADS51 treat.
O 100t em--N0-- L] - - e e e ———-
o
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]
©
)
=
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Figure 5. Homologous recombination status based on RAD51 foci in untreated and treated cells.
Homologous recombination functionality was evaluated by measuring DNA double-strand breaks
after 24 h of exposure to DNA-PK inhibitor CC-115, followed by irradiation with a 10 Gy dose.
Irradiation-induced DSBs were analyzed via YH2AX foci 4 h after irradiation. Red-dashed line shows
foci number in untreated control. Increase or decrease of RAD51 foci number under CC-115 treatment
indicated HR-proficiency or HR-deficiency. SBLF7, SBLF9, ANST and LIWE increase their number
of RAD5]1 foci in the treated sample compared to the control (HR-proficient). Melanoma cells ICNI,
RERO, APRA, HV18MK, A375M, Mel624 and pMelL showed less RAD51 foci after treatment with the
DNA-PK inhibitor (HR-deficient). (n.m. = not measurable)

3. Discussion

Targeting the DNA-damage response (DDR) in tumor cells has become an important strategy
in cancer treatment [64,65]. Many DDR-targeted drugs affect DSB repair by inhibition of HR or cell
cycle checkpoints [66]. Approximately 50% of all cancer patients receive radiotherapy [9,10] which is
known to cause DSBs [7,8]. Malignant cells often lack a proficient HR [67-69]. Targeting NHE] as an
alternative to HR regarding DSB repair extends the strategy of DDR-targeted therapies. CC-115 not
only targets NHE] by DNA-PK inhibition but also inhibits mTOR [34-36] and is currently studied in
phase I (NCT01353625, NCT02833883) and phase II (NCT02977780) clinical trials. These trials study
the treatment with CC-115 alone as well as the combination with radiotherapy or with enzalutamide,
a nonsteroidal antiandrogen. The recently published results of the first-in-human phase I study of
CC-115 showed peak plasma concentrations (Cmax) of 0.6 (+ 0.1) umol/L at the maximum tolerated
dose [37]. These recent outcomes show that concentrations of CC-115 in our experiments, especially
regarding colony forming assay, were close to concentrations obtainable in patients and therefore
are of physiological relevance. Furthermore, the concentrations in our experiments are in line with
concentrations used in previous pre-clinical studies [34]. Radiation as an important component of
cancer therapy is mostly performed fractionated with single doses of 2 Gy which is why we irradiated
cells at least with this dose. Regarding the full treatment scheme, total doses of 50-60 Gy are common
in vivo. Thus, observable effects in our experiments following a single dose irradiation with 2 Gy that



Int. ]. Mol. Sci. 2020, 21, 9321 8 of 16

are significant but rather small could accumulate during fractionated treatment and therefore increase
in a clinical relevant matter [70-73].

In general, cells are most sensitive to IR during mitosis and G2 phase [56,74]. A decrease of G2/M
phase under combined inhibitor and IR treatment was observed only in PMelL that also showed a
small increase in cell death when treated and a DEF of 1.0. However, none of the cell lines whose
cell death rates were moderately or strongly increased by combined CC-115 and IR treatment nor cell
lines showing DEFs > 1 showed an increased number of cells in G2/M phase. Interestingly, we found
less cells in G2/M phase in melanoma cell lines HV18MK and Mel624 which showed high/highest cell
death rates under combined CC-115 and IR treatment. CC-115-treated malignant cells were partly
affected very strong, even if in less IR sensitive cell cycle phases. In our experiments, the proportions
of cells in G1 phase increased following CC-115 treatment in 4 melanoma cell cultures in which
we therefore suggest a CC-115 induced G1 phase arrest. DNA damage evidently causes G1 phase
arrest [75]. Furthermore, these data could possibly be explained by the inhibition of mTOR which is
also known to induce G1 phase arrest [76]. Homologous recombination (HR) is a very precise DSB
repair pathway mainly occurring in S and G2 phase when sister-templates are available [13]. Thus, an
induced G1 phase arrest leads to reduced HR activity. It also has been reported previously that the
inhibition of DNA-PK activity in general and CC-115 in particular decreases HR in cells [35,77-79].
Non homologous end joining (NHE]) as alternative DSB repair pathway is dominant in G0/G1 and
G2 phase [80] but depends on functioning DNA-PK [18,81,82] which is inhibited by CC-115 [34,36,83].
Published data indicate a key role of NHE] in radio- and chemo-resistance and that DNA-PK deficiency
in cells leads to sensitization to DNA damaging agents [84]. Therefore, blocking CC-115 could lead to
controversial effects.

To assess the functionality of HR we performed an HR assay. The NHE] pathway was blocked by
inhibiting DNA-PK, a key protein in this pathway. Cell lines were defined as HR-proficient when an
increase of RAD51 was observed in comparison to an untreated control. Otherwise, cell lines were
defined as HR-deficient when an inefficient HR pathway led to less RAD51 foci. The healthy-donor
skin fibroblasts (SBLF7, SBLF9) were shown to be HR-proficient as well as the melanoma cell lines
ANST and LIWE. The remaining seven out of nine melanoma cell lines exhibited a HR deficiency.
Our findings about the HR status of our analyzed cells could not explain the differences in the overall
response. DNA damage, if not repaired, is a powerful activator of cell death such as apoptosis and
necrosis [17,85,86]. As a result of NHE] inhibition and decreased HR/HR deficiency, we suggest that
less DSBs are repaired properly leading to more apoptotic and necrotic cells, correlating with higher
cell death rates, especially after DSB inducing events like radiotherapy [7,8]. The focus of the present
study was to assess if simultaneous therapy with CC-115 and IR is superior in terms of tumor control
to sequential treatment with, e.g., pausing targeted therapy during IR. In all colony forming assays
and most of the experiments investigating apoptosis and necrosis the combined IR and inhibitor
treatment compared to IR treatment alone lead to lower survival fractions or higher cell death rates,
which supports this suggestion. Noticeably, IR alone showed relatively low cell death rates in our
FACS analysis, whereas IR alone lead to significant reduction of cell survival in colony forming assays.
Because IR is known to induce DNA damage like single and double strand breaks and therefore
not just cell death but senescence too, it is plausible that effects are increased in the colony forming
assay. These damages need time to accumulate during cell division to develop their full impact on
cell survival. The combination of cell death analysis and colony forming assay, regarding overall a
wide range of cellular mechanisms, helped us to understand biological coherences. Based on our
findings, we suggest that CC-115 has radiosensitizing potential on certain melanoma but not on skin
fibroblast cells. HR proficiency might explain findings in healthy-donor skin fibroblasts because DSBs
are being repaired properly even when NHE] is blocked by CC-115. Interestingly, we also observed
inter-individual differences between melanoma cells, as some of the melanoma cell lines were affected
much stronger by CC-115 than others. Other studies found that overexpression of ABCG2, a member
of ATP-binding cassette transporters, results in increased CC-115 resistance [87]. The diversity of our
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cell lines represents the manifold range of genetic characteristics or mutations of tumors in cancer
patients. Our in vitro data gives hint about the effects of combining irradiation with kinase inhibitor
treatment, which should lead to the understanding that patients react quit different, between low and
strong, and that it will be necessary to monitor them closely.

We also observed strong cytotoxic effects of CC-115 treatment alone and the HR functionality
only correlated partially with the sensitivity of cells to inhibitor treatment, suggesting that the DSB
repair inhibition is not the only cause for the effects we observed. It has been reported earlier that
mTOR inhibition can induce apoptosis [88] and that combined mTOR and DNA-PK inhibition potently
induces p53-independent cell death [34]. Inhibition of mTORC1 seems to affect cell proliferation but
not cell survival [89] whereas mTORC?2 inhibition appears to cause cell death induction in some cell
lines [90]. The mTORC1 and mTORC2 proteins are both inhibited by CC-115 and may contribute to
the effects we observed regarding cell death induction [35,36]. Regarding these two different target
pathways of CC-115 the next step will be to investigate individual mTOR and DNA-PK inhibitors to
differentiate the effects of CC-115.

4. Materials and Methods

4.1. Cell Culture

SBLF7 and SBLF9, both human skin fibroblasts, were extracted from healthy donors. Mel624,
PMelL, and A375M are commercially obtained melanoma cell lines. HV18MK, ARPA, LIWE, ICNI,
ANST, and RERO are patient derived melanoma cells, maintained by the department of Dermatology,
University Hospital Erlangen [91] (Ethic approval No. 204_17 Bc). Primary human skin fibroblasts
SBLF7 and SBLF9 were isolated from healthy donors via skin biopsy of the cutis and subcutis as
described previously [92]. The biopsies were dissected and placed in tissue culture flasks. Each piece
was covered with one drop of F-12 medium (Gibco, Waltham, MA, USA) supplemented with 40%
fetal bovine serum (FBS) (Merck, Darmstadt, Germany). After attachment to culture flasks and
outgrowth of the first fibroblasts, they were covered with medium that consisted of F-12 (Gibco,
Waltham, MA, USA), supplemented with 12% FBS (Merck, Darmstadt, Germany), 2% non-essential
amino acids (NEA) (Merck, Darmstadt, Germany), and 1% penicillin/streptomycin (Gibco, Waltham,
MA, USA). After a series of cell divisions, fibroblasts were detached with trypsin and further cultured
in medium as mentioned above, except FBS was enhanced to 15%. Melanoma cells were cultured in
RPMI-1640 (Sigma Aldrich, Miinchen, Germany), supplemented with 20% FBS (Merck, Darmstadt,
Germany), 1% L-Glutamin (Merck, Darmstadt, Germany), 1% hydroxyethyl-piperazineethane-sulfonic
acid buffer (Merck, Darmstadt, Germany), 1% pyruvat-solution (Gibco, Waltham, MA, USA), 1% NEA
(Merck, Darmstadt, Germany) and 0.04% gentamycin (Merck, Darmstadt, Germany). For experiments,
the concentration of FBS was reduced to 2% in both media. Cell cultures did not exceed 40 passages.
All cells were cultured in a humidified atmosphere at 37 °C in a 5% CO; incubator.

4.2. Irradiation and Inhibitor

The cells were irradiated from 1 up to 8 Gy with ionizing radiation (IR) by an ISOVOLT Titan X-ray
generator (GE, Ahrensburg, Germany). Unirradiated and irradiated samples were processed along
each other. CC-115 (C16H16N8O, My 336.35 g/mol) was obtained from Selleck Chemicals (Houston,
TX, USA), diluted in dimethyl sulfoxide (Roth, Karlsruhe, Germany) and stored at —80 °C. Prior to
each experiment the required amount of CC-115 was freshly thawed.

4.3. Flow Cytometry

Cells cultured in flasks were washed with phosphate-buffered saline (PBS) (Sigma Aldrich,
St. Louis, MO, USA) and detached using trypsin/EDTA (Gibco, Waltham, MA, USA). Thus, a single
cell suspension was prepared. A suitable number of cells were seeded and incubated for 48 to 72 h
so that 50-80% of the bottom of the flask was covered. For the prevention of an artificial increase of
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possible effects of treatment through stimulation of cell proliferation and for reduction of analytical
interference [93,94] FBS-reduced cell culture medium (2% FBS), which included different concentrations
of CC-115 (0.1-25 umol/L) was used. Half of the treated and untreated cells were irradiated with
2 Gy IR 3 h after treatment. After an additional 48 h, cells were harvested by trypsination including
the supernatant.

4.3.1. Apoptosis and Necrosis Analysis

To detect apoptotic and necrotic cells using flow cytometry (Cytoflex, Beckman Coulter, Brea, CA,
USA), harvested cells were suspended in Ringer solution and stained for 30 min on ice with Annexin
V APC (BD, Heidelberg, Germany) and 7-amino-actinomycin D (7-AAD) (BD, Heidelberg, Germany).
Kaluza Flow Cytometry Analysis 2.1 (Beckmann Coulter, Krefeld, Germany) was used to analyze
the resulting data. Unstained cells (Annexin-negative/7-AAD-negative) were defined as viable cells.
Annexin-positive/7-AAD-negative cells were defined as apoptotic and Annexin-positive/7-A AD-positive
cells as necrotic (Figure 2A).

4.3.2. Cell Cycle Analysis

For cell cycle analysis, harvested cells were fixed in 1 mL of FBS-reduced cell culture medium and
10 mL of 70% ethanol (Roth, Karlsruhe, Germany) for at least 12 h at 4 °C. Thereafter, the cells were
suspended in Ringer solution and stained for 60 min on ice with Hoechst 333258 (Invitrogen, Eugene,
OR, USA) and examined by flow cytometry (Cytoflex, Beckman Coulter, Brea, CA, USA). The resulting
data were analyzed by Kaluza Flow Cytometry Analysis 2.1 (Beckmann Coulter, Krefeld, Germany)
showing the distribution of cells in the G0/G1, S and G2/M phases of the cell cycle.

4.4. Colony Forming Assay

A preassigned number of cells was seeded in 60 mm petri dishes (Thermo Fisher Scientific,
Roskilde, Denmark) containing 5 mL of fresh medium. After 4 h, different concentrations of CC-115
were added to the treatment group. After another 3 h, cells were irradiated with 1 to 5 Gy. 48 h
post-irradiation cultures were rinsed, and fresh, drug-free medium was added. After 14 to 17 days
cells were stained with methylene blue (#66725, Sigma Aldrich, Miinchen, Germany) for 30 min and
thereafter colonies containing > 50 cells were counted. Plating efficiency (PE) was calculated as the ratio
of number of colonies formed to the number of cells seeded. Survival fraction (SF) was calculated as the
number of colonies formed, divided by the PE multiplied by the number of cells seeded [95]. Irradiation
survival curves for untreated and treated (1 umol/L CC-115) cells were plotted and an additional
radiation survival curve was generated after normalizing for the cytotoxicity induced by CC-115.
The dose enhancement factor (DEF) of different cell lines was calculated as a ratio of the estimated
radiation dose at a certain SF of untreated cells to the normalized CC-115-treated cells [24,59-61].

4.5. Homologous Recombination Assay (RAD51 Immunofluorescence Staining)

The cells were seeded on cover slides. After reaching 90% confluence the medium was exchanged,
cells were treated (5 ummol/L of kinase inhibitor CC-115), and after 24 h of incubation irradiated
additionally with a 10 Gy dose. The cells were fixed and permeabilized after 4 h (with 4% formaldehyde
and 0.1% Triton x-100/PBS) for 15 min at room temperature. After overnight blocking (1% bovine serum
albumin; SERVA Electrophoresis GmbH, Heidelberg, Germany) slides were stained with primary
antibodies mouse anti-yH2AX (1:1500, Merck, Darmstadt, Germany) and rabbit anti-Rad51 (1:250,
abcam, Cambridge, UK) and secondary antibodies AlexaFluor488 goat anti-mouse and AlexaFluor594
chicken anti-rabbit (Invitrogen, Eugene, OR, USA) at +8 °C. [63]. Cell DNA was stained using
DAPI (Sigma Aldrich, St. Louis, MO, USA) and cover slides were transferred onto glass slides using
Vectashield (Vector Laboratories, Burlingame, CA, USA). Image acquisition was performed by a Zeiss
Axio Plan 2 fluorescence microscope (Zeiss, Gottingen, Germany). Automated quantification was done
by use of Biomas Software (MSAB, Erlangen, Germany).
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4.6. Statistics

IBM SPSS Statistics 24 software was used to perform statistical analysis. All (statistical analyzed)
experiments were performed with n > 3, as declared precisely in the respective figure description.
One/two-tailed Mann-Whitney-U test was used to analyze data. p-value < 0.05 was determined as
significant. Data are presented as mean + standard deviation (SD). Graphs were generated using
GraphPad Prism 8 software.

4.7. Biosecurity and Institutional Safety Procedures

Standard biosecurity and institutional safety procedures were followed.

4.8. Ethics Approval and Consent to Participate

Ethical approval was obtained in the Department of Dermatology, Universitdtsklinikum
Erlangen following approval by the institutional review board (Ethik-Kommission der
Friedrich-Alexander-Universitdt Erlangen-N{irnberg, approval No. 204_17 Bc). The patients provided
written informed consent.

5. Conclusions

In conclusion, we demonstrated that the dual inhibition of mTOR and DNA-PK by CC-115
led to cytotoxic effects of varying degrees in most of the melanoma cell lines. Dose enhancement
factors (DEF) were calculated for each cell line as ratio of the radiation dose at SF 0.7 of untreated
cells to the normalized CC-115-treated cells. DEF > 1 indicates that the inhibitor treatment induced
radiosensitivity [23,56-60]. Normalized CC-115 treatment showed clearly increased effects for a
combination of inhibitor and IR in 5 out of 7 cancer cell lines. Healthy cells were hardly affected or not
at all. CC-115 showed radiosensitizing potential only in melanoma cells. Phase I studies revealed that
CC-115is tolerable in vivo and is able to overcome the blood-brain barrier. Our results support to study
the combination of CC-115 and radiotherapy in clinical trial. CC-115 treatment could be a promising
approach for patients with metastatic melanoma particularly in the combination with radiotherapy.
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DDR DNA-damage response

DEF Dose enhancement factor
DNA-PK DNA-dependent protein kinase
DSB DNA double-strand break

FBS Fetal bovine serum

GBM Glioblastoma multiforme

HR Homologous recombination

IR Ionizing radiation

mTOR Mechanistic target of rapamycin

mTORC1 mTOR complex 1


http://www.mdpi.com/1422-0067/21/23/9321/s1

Int. ]. Mol. Sci. 2020, 21, 9321 12 0of 16

mTORC2  mTOR complex 2

NEA Non-essential amino acid

References

1.  Heinen, C.D.; Schmutte, C.; Fishel, R. DNA repair and tumorigenesis: Lessons from hereditary cancer
syndromes. Cancer Biol. Ther. 2002, 1, 477-485. [CrossRef] [PubMed]

2. Rajendran, P; Ho, E.; Williams, D.E.; Dashwood, R.H. Dietary phytochemicals, HDAC inhibition, and DNA
damage/repair defects in cancer cells. Clin. Epigenetics 2011, 3, 4. [CrossRef] [PubMed]

3.  Barbie, D.; Hahn, W.; Pellman, D. Destabilization of the cancer genome. Cancer Princ. Pract. Oncol. 2008, 8,
35-51.

4. Dobler, C.; Jost, T.; Hecht, M.; Fietkau, R.; Distel, L. Senescence Induction by Combined Ionizing Radiation
and DNA Damage Response Inhibitors in Head and Neck Squamous Cell Carcinoma Cells. Cells 2020, 9,
2012. [CrossRef] [PubMed]

5. Mangerich, A ; Biirkle, A. How to kill tumor cells with inhibitors of poly (ADP-ribosyl) ation. Int. J. Cancer
2011, 128, 251-265. [CrossRef] [PubMed]

6.  Rassool, EV,; Tomkinson, A.E. Targeting abnormal DNA double strand break repair in cancer. Cell. Mol. Life
Sci. 2010, 67, 3699-3710. [CrossRef]

7. Vignard, ].; Mirey, G.; Salles, B. Ionizing-radiation induced DNA double-strand breaks: A direct and indirect
lighting up. Radiother. Oncol. 2013, 108, 362-369. [CrossRef]

8.  Khanna, K.K;; Jackson, S.P. DNA double-strand breaks: Signaling, repair and the cancer connection.
Nat. Genet. 2001, 27, 247-254. [CrossRef]

9.  Barton, M.B.; Jacob, S.; Shafiq, J.; Wong, K.; Thompson, S.R.; Hanna, T.P.; Delaney, G.P. Estimating the
demand for radiotherapy from the evidence: A review of changes from 2003 to 2012. Radiother. Oncol. 2014,
112, 140-144. [CrossRef]

10. Delaney, G.; Jacob, S.; Featherstone, C.; Barton, M. The role of radiotherapy in cancer treatment: Estimating
optimal utilization from a review of evidence-based clinical guidelines. Cancer 2005, 104, 1129-1137.
[CrossRef]

11. Pospisilova, M.; Seifrtova, M.; Rezacova, M. Small molecule inhibitors of DNA-PK for tumor sensitization to
anticancer therapy. J. Physiol. Pharmacol. 2017, 68, 337-344.

12.  Uziel, T,; Lerenthal, Y.; Moyal, L.; Andegeko, Y.; Mittelman, L.; Shiloh, Y. Requirement of the MRN complex
for ATM activation by DNA damage. EMBO J. 2003, 22, 5612-5621. [CrossRef] [PubMed]

13. Karanam, K.; Kafri, R.; Loewer, A.; Lahav, G. Quantitative live cell imaging reveals a gradual shift between
DNA repair mechanisms and a maximal use of HR in mid S phase. Mol. Cell 2012, 47, 320-329. [CrossRef]
[PubMed]

14. Davis, A.J.; Chen, D.J. DNA double strand break repair via non-homologous end-joining. Transl. Cancer Res.
2013, 2, 130-143. [CrossRef] [PubMed]

15. Burma, S.; Chen, B.P.,; Chen, D.J. Role of non-homologous end joining (NHE]) in maintaining genomic
integrity. DNA Repair 2006, 5, 1042-1048. [CrossRef] [PubMed]

16. Weterings, E.; Chen, D.J. The endless tale of non-homologous end-joining. Cell Res. 2008, 18, 114-124.
[CrossRef]

17.  Roos, W.P.; Thomas, A.D.; Kaina, B. DNA damage and the balance between survival and death in cancer
biology. Nat. Rev. Cancer 2016, 16, 20-33. [CrossRef]

18. Surucu, B.; Bozulic, L.; Hynx, D.; Parcellier, A.; Hemmings, B.A. In vivo analysis of protein kinase B (PKB)/Akt
regulation in DNA-PKcs-null mice reveals a role for PKB/Akt in DNA damage response and tumorigenesis.
J. Biol. Chem. 2008, 283, 30025-30033. [CrossRef]

19. Meek, K.; Dang, V.; Lees-Miller, S.P. DNA-PK: The means to justify the ends? Adv. Immunol. 2008, 99, 33-58.
[CrossRef]

20. Neal, J.A.; Meek, K. Choosing the right path: Does DNA-PK help make the decision? Mutat. Res./Fundam.
Mol. Mech. Mutagenesis 2011, 711, 73-86. [CrossRef]

21. Cary, R.B,; Peterson, S.R.; Wang, J.; Bear, D.G.; Bradbury, E.M.; Chen, D.]. DNA looping by Ku and the

DNA-dependent protein kinase. Proc. Natl. Acad. Sci. USA 1997, 94, 4267-4272. [CrossRef] [PubMed]


http://dx.doi.org/10.4161/cbt.1.5.160
http://www.ncbi.nlm.nih.gov/pubmed/12496472
http://dx.doi.org/10.1186/1868-7083-3-4
http://www.ncbi.nlm.nih.gov/pubmed/22247744
http://dx.doi.org/10.3390/cells9092012
http://www.ncbi.nlm.nih.gov/pubmed/32883016
http://dx.doi.org/10.1002/ijc.25683
http://www.ncbi.nlm.nih.gov/pubmed/20853319
http://dx.doi.org/10.1007/s00018-010-0493-5
http://dx.doi.org/10.1016/j.radonc.2013.06.013
http://dx.doi.org/10.1038/85798
http://dx.doi.org/10.1016/j.radonc.2014.03.024
http://dx.doi.org/10.1002/cncr.21324
http://dx.doi.org/10.1093/emboj/cdg541
http://www.ncbi.nlm.nih.gov/pubmed/14532133
http://dx.doi.org/10.1016/j.molcel.2012.05.052
http://www.ncbi.nlm.nih.gov/pubmed/22841003
http://dx.doi.org/10.3978/j.issn.2218-676X.2013.04.02
http://www.ncbi.nlm.nih.gov/pubmed/24000320
http://dx.doi.org/10.1016/j.dnarep.2006.05.026
http://www.ncbi.nlm.nih.gov/pubmed/16822724
http://dx.doi.org/10.1038/cr.2008.3
http://dx.doi.org/10.1038/nrc.2015.2
http://dx.doi.org/10.1074/jbc.M803053200
http://dx.doi.org/10.1016/S0065-2776(08)00602-0
http://dx.doi.org/10.1016/j.mrfmmm.2011.02.010
http://dx.doi.org/10.1073/pnas.94.9.4267
http://www.ncbi.nlm.nih.gov/pubmed/9113978

Int. ]. Mol. Sci. 2020, 21, 9321 13 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.
39.
40.

41.

Mohiuddin, I.S.; Kang, M.H. DNA-PK as an Emerging Therapeutic Target in Cancer. Front. Oncol. 2019, 9.
[CrossRef] [PubMed]

Damia, G. Targeting DNA-PK in cancer. Mutat. Res. /[Fundam. Mol. Mech. Mutagenesis 2020, 821, 111692.
[CrossRef] [PubMed]

Fok, J H.L.; Ramos-Montoya, A.; Vazquez-Chantada, M.; Wijnhoven, PW.G.; Follia, V.; James, N.;
Farrington, PM.; Karmokar, A.; Willis, S.E.; Cairns, J.; et al. AZD7648 is a potent and selective DNA-PK
inhibitor that enhances radiation, chemotherapy and olaparib activity. Nat. Commun. 2019, 10, 5065.
[CrossRef] [PubMed]

Carr, M.I,; Zimmermann, A.; Chiu, L.-Y.; Zenke, ET.; Blaukat, A.; Vassilev, L.T. DNA-PK Inhibitor, M3814, as
a New Combination Partner of Mylotarg in the Treatment of Acute Myeloid Leukemia. Front. Oncol. 2020,
10. [CrossRef] [PubMed]

Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274-293.
[CrossRef] [PubMed]

Hua, H.; Kong, Q.; Zhang, H.; Wang, J.; Luo, T.; Jiang, Y. Targeting mTOR for cancer therapy. J. Hematol.
Oncol. 2019, 12, 71. [CrossRef]

Morita, M.; Gravel, S.P.; Hulea, L.; Larsson, O.; Pollak, M.; St-Pierre, J.; Topisirovic, I. mTOR coordinates
protein synthesis, mitochondrial activity and proliferation. Cell Cycle 2015, 14, 473-480. [CrossRef]

Yin, Y,; Hua, H,; Li, M,; Liu, S.; Kong, Q.; Shao, T.; Wang, ]J.; Luo, Y.; Wang, Q.; Luo, T.; et al. mTORC2
promotes type I insulin-like growth factor receptor and insulin receptor activation through the tyrosine
kinase activity of mTOR. Cell Res. 2016, 26, 46—65. [CrossRef]

Soria, J.C.; Shepherd, FA.; Douillard, J.Y.; Wolf, J.; Giaccone, G.; Crino, L.; Cappuzzo, F; Sharma, S.;
Gross, S.H.; Dimitrijevic, S.; et al. Efficacy of everolimus (RADO0O01) in patients with advanced NSCLC
previously treated with chemotherapy alone or with chemotherapy and EGFR inhibitors. Ann. Oncol. 2009,
20,1674-1681. [CrossRef]

Ellard, S.L.; Clemons, M.; Gelmon, K.A.; Norris, B.; Kennecke, H.; Chia, S.; Pritchard, K.; Eisen, A.;
Vandenberg, T.; Taylor, M.; et al. Randomized phase II study comparing two schedules of everolimus in
patients with recurrent/metastatic breast cancer: NCIC Clinical Trials Group IND.163. . Clin. Oncol. 2009,
27,4536-4541. [CrossRef] [PubMed]

Houghton, PJ. Everolimus. Clin. Cancer Res. 2010, 16, 1368-1372. [CrossRef] [PubMed]

Hudes, G.; Carducci, M.; Tomczak, P.; Dutcher, J.; Figlin, R.; Kapoor, A.; Staroslawska, E.; Sosman, J.;
McDermott, D.; Bodrogi, I. Temsirolimus, interferon alfa, or both for advanced renal-cell carcinoma. N. Engl.
J. Med. 2007, 356, 2271-2281. [CrossRef] [PubMed]

Thijssen, R.; Ter Burg, J.; Garrick, B.; van Bochove, G.G.; Brown, ].R.; Fernandes, S.M.; Rodriguez, M.S.;
Michot, ].M.; Hallek, M.; Eichhorst, B.; et al. Dual TORK/DNA-PK inhibition blocks critical signaling
pathways in chronic lymphocytic leukemia. Blood 2016, 128, 574-583. [CrossRef]

Tsuji, T.; Sapinoso, L.M.; Tran, T.; Gaffney, B.; Wong, L.; Sankar, S.; Raymon, H.K.; Mortensen, D.S.; Xu, S.
CC-115, a dual inhibitor of mTOR kinase and DNA-PK, blocks DNA damage repair pathways and selectively
inhibits ATM-deficient cell growth in vitro. Oncotarget 2017, 8, 74688-74702. [CrossRef]

Mortensen, D.S.; Perrin-Ninkovic, S.M.; Shevlin, G.; Elsner, J.; Zhao, J.; Whitefield, B.; Tehrani, L.; Sapienza, J.;
Riggs, J.R.; Parnes, ].S.; et al. Optimization of a Series of Triazole Containing Mammalian Target of Rapamycin
(mTOR) Kinase Inhibitors and the Discovery of CC-115. J. Med. Chem. 2015, 58, 5599-5608. [CrossRef]
Munster, P.; Mita, M.; Mahipal, A.; Nemunaitis, J.; Massard, C.; Mikkelsen, T.; Cruz, C.; Paz-Ares, L.;
Hidalgo, M.; Rathkopf, D.; et al. First-In-Human Phase I Study of a Dual mTOR Kinase And DNA-PK
Inhibitor (CC-115) In Advanced Malignancy. Cancer Manag. Res. 2019, 11, 10463-10476. [CrossRef]
Dzwierzynski, W.W. Managing malignant melanoma. Plastic Reconstr. Surg. 2013, 132, 446e—460e. [CrossRef]
Holmes, D. The cancer that rises with the Sun. Nature 2014, 515, S110-S111. [CrossRef]

Bibault, J.-E.; Dewas, S.; Mirabel, X.; Mortier, L.; Penel, N.; Vanseymortier, L.; Lartigau, E. Adjuvant radiation
therapy in metastatic lymph nodes from melanoma. Radiat. Oncol. 2011, 6, 12. [CrossRef]

Cagney, D.N.; Martin, A.M.; Catalano, PJ.; Redig, A.J.; Lin, N.U.; Lee, E.Q.; Wen, P.Y,; Dunn, L.F,; Bi, W.L,;
Weiss, S.E.; et al. Incidence and prognosis of patients with brain metastases at diagnosis of systemic
malignancy: A population-based study. Neuro-Oncology 2017, 19, 1511-1521. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fonc.2019.00635
http://www.ncbi.nlm.nih.gov/pubmed/31380275
http://dx.doi.org/10.1016/j.mrfmmm.2020.111692
http://www.ncbi.nlm.nih.gov/pubmed/32172133
http://dx.doi.org/10.1038/s41467-019-12836-9
http://www.ncbi.nlm.nih.gov/pubmed/31699977
http://dx.doi.org/10.3389/fonc.2020.00127
http://www.ncbi.nlm.nih.gov/pubmed/32117773
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://dx.doi.org/10.1186/s13045-019-0754-1
http://dx.doi.org/10.4161/15384101.2014.991572
http://dx.doi.org/10.1038/cr.2015.133
http://dx.doi.org/10.1093/annonc/mdp060
http://dx.doi.org/10.1200/JCO.2008.21.3033
http://www.ncbi.nlm.nih.gov/pubmed/19687332
http://dx.doi.org/10.1158/1078-0432.CCR-09-1314
http://www.ncbi.nlm.nih.gov/pubmed/20179227
http://dx.doi.org/10.1056/NEJMoa066838
http://www.ncbi.nlm.nih.gov/pubmed/17538086
http://dx.doi.org/10.1182/blood-2016-02-700328
http://dx.doi.org/10.18632/oncotarget.20342
http://dx.doi.org/10.1021/acs.jmedchem.5b00627
http://dx.doi.org/10.2147/CMAR.S208720
http://dx.doi.org/10.1097/PRS.0b013e31829ad411
http://dx.doi.org/10.1038/515S110a
http://dx.doi.org/10.1186/1748-717X-6-12
http://dx.doi.org/10.1093/neuonc/nox077
http://www.ncbi.nlm.nih.gov/pubmed/28444227

Int. ]. Mol. Sci. 2020, 21, 9321 14 of 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.
59.

60.

Glitza, I.C.; Heimberger, A.B.; Sulman, E.P,; Davies, M. A. Prognostic factors for survival in melanoma patients
with brain metastases. In Brain Metastases from Primary Tumors; Hayat, M.A., Ed.; Elsevier: Amsterdam,
Netherlands, 2016; Volume 3, pp. 267-297.

Farshad, A.; Burg, G.; Panizzon, R.; Dummer, R. A retrospective study of 150 patients with lentigo maligna
and lentigo maligna melanoma and the efficacy of radiotherapy using Grenz or soft X-rays. Br. ]. Dermatol.
2002, 146, 1042-1046. [CrossRef] [PubMed]

Sause, W.T.; Cooper, J.S.; Rush, S.; Ago, C.T.; Cosmatos, D.; Coughlin, C.T.; JanJan, N.; Lipsett, ]. Fraction size
in external beam radiation therapy in the treatment of melanoma. Int. |. Radiat. Oncol. Biol. Phys. 1991, 20,
429-432. [CrossRef]

Deutsch, M.; Parsons, J.A.; Mercado, R., Jr. Radiotherapy for intracranial metastases. Cancer 1974, 34,
1607-1611. [CrossRef]

Linskey, M.E.; Andrews, D.W.; Asher, A.L.; Burri, S.H.; Kondziolka, D.; Robinson, P.D.; Ammirati, M.;
Cobbs, C.S.; Gaspar, L.E.; Loeffler, ].S. The role of stereotactic radiosurgery in the management of patients
with newly diagnosed brain metastases: A systematic review and evidence-based clinical practice guideline.
J. Neuro-Oncol. 2010, 96, 45-68. [CrossRef]

Mazzola, R.; Jereczek-Fossa, B.A.; Franceschini, D.; Tubin, S.; Filippi, A.R.; Tolia, M.; Lancia, A.; Minniti, G.;
Corradini, S.; Arcangeli, S.; et al. Oligometastasis and local ablation in the era of systemic targeted and
immunotherapy. Radiat. Oncol. 2020, 15, 92. [CrossRef]

Ugurel, S.; Rohmel, J.; Ascierto, P.A.; Flaherty, K.T.; Grob, ].J.; Hauschild, A.; Larkin, J.; Long, G.V,; Lorigan, P;
McArthur, G.A. Survival of patients with advanced metastatic melanoma: The impact of novel therapies.
Eur. J. Cancer 2016, 53, 125-134. [CrossRef]

Davies, M.A ; Saiag, P.; Robert, C.; Grob, J.-J.; Flaherty, K.T.; Arance, A.; Chiarion-Sileni, V.; Thomas, L.;
Lesimple, T.; Mortier, L. Dabrafenib plus trametinib in patients with BRAFV600-mutant melanoma brain
metastases (COMBI-MB): A multicentre, multicohort, open-label, phase 2 trial. Lancet Oncol. 2017, 18,
863-873. [CrossRef]

Hecht, M.; Zimmer, L.; Loquai, C.; Weishaupt, C.; Gutzmer, R.; Schuster, B.; Gleisner, S.; Schulze, B.;
Goldinger, S.; Berking, C. Radiosensitization by BRAF inhibitor therapy—Mechanism and frequency of
toxicity in melanoma patients. Ann. Oncol. 2015, 26, 1238-1244. [CrossRef]

Hecht, M.; Meier, F.; Zimmer, L.; Polat, B.; Loquai, C.; Weishaupt, C.; Forschner, A.; Gutzmer, R.; Utikal, ].S.;
Goldinger, S.M.; et al. Clinical outcome of concomitant vs interrupted BRAF inhibitor therapy during
radiotherapy in melanoma patients. Br. |. Cancer 2018, 118, 785-792. [CrossRef]

Shannan, B.; Matschke, J.; Chauvistré, H.; Vogel, F; Klein, D.; Meier, E; Westphal, D.; Bruns, J;
Rauschenberg, R.; Utikal, J.; et al. Sequence-dependent cross-resistance of combined radiotherapy plus
BRAFV600E inhibition in melanoma. Eur. . Cancer 2019, 109, 137-153. [CrossRef] [PubMed]

Knispel, S.; Stang, A.; Zimmer, L.; Lax, H.; Gutzmer, R.; Heinzerling, L.; Weishaupt, C.; Pfchler, C.;
Gesierich, A.; Herbst, R.; et al. Impact of a preceding radiotherapy on the outcome of immune checkpoint
inhibition in metastatic melanoma: A multicenter retrospective cohort study of the DeCOG. |. Immunother.
Cancer 2020, 8, €000395. [CrossRef] [PubMed]

National Center for Biotechnology Information. PubChem Database. Cc-115, CID=58298318. Available
online: https://pubchem.ncbi.nlm.nih.gov/compound/Cc-115 (accessed on 18 May 2020).

Lamm, N.; Rogers, S.; Cesare, A.J. The mTOR pathway: Implications for DNA replication. Prog. Biophys.
Mol. Biol. 2019, 147, 17-25. [CrossRef] [PubMed]

Sinclair, W.K. Cyclic X-Ray Responses in Mammalian Cells in Vitro. Radiat. Res. 1968, 33, 620-643. [CrossRef]
Franken, N.A.P; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro.
Nat. Protoc. 2006, 1, 2315-2319. [CrossRef]

Puck, T.T.; Marcus, PI. Action of X-rays on Mammalian Cells. J. Exp. Med. 1956, 103, 653-666. [CrossRef]
Akashi, Y.; Okamoto, I.; Iwasa, T.; Yoshida, T.; Suzuki, M.; Hatashita, E.; Yamada, Y.; Satoh, T.; Fukuoka, M.;
Ono, K;; et al. Enhancement of the antitumor activity of ionising radiation by nimotuzumab, a humanised
monoclonal antibody to the epidermal growth factor receptor, in non-small cell lung cancer cell lines of
differing epidermal growth factor receptor status. Br. J. Cancer 2008, 98, 749-755. [CrossRef]

Rahman, W.N.; Bishara, N.; Ackerly, T.; He, C.E; Jackson, P.; Wong, C.; Davidson, R.; Geso, M. Enhancement
of radiation effects by gold nanoparticles for superficial radiation therapy. Nanomed. Nanotechnol. Biol. Med.
2009, 5, 136-142. [CrossRef]


http://dx.doi.org/10.1046/j.1365-2133.2002.04750.x
http://www.ncbi.nlm.nih.gov/pubmed/12072074
http://dx.doi.org/10.1016/0360-3016(91)90053-7
http://dx.doi.org/10.1002/1097-0142(197411)34:5&lt;1607::AID-CNCR2820340508&gt;3.0.CO;2-N
http://dx.doi.org/10.1007/s11060-009-0073-4
http://dx.doi.org/10.1186/s13014-020-01544-0
http://dx.doi.org/10.1016/j.ejca.2015.09.013
http://dx.doi.org/10.1016/S1470-2045(17)30429-1
http://dx.doi.org/10.1093/annonc/mdv139
http://dx.doi.org/10.1038/bjc.2017.489
http://dx.doi.org/10.1016/j.ejca.2018.12.024
http://www.ncbi.nlm.nih.gov/pubmed/30721788
http://dx.doi.org/10.1136/jitc-2019-000395
http://www.ncbi.nlm.nih.gov/pubmed/32371460
https://pubchem.ncbi.nlm.nih.gov/compound/Cc-115
http://dx.doi.org/10.1016/j.pbiomolbio.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/30991055
http://dx.doi.org/10.2307/3572419
http://dx.doi.org/10.1038/nprot.2006.339
http://dx.doi.org/10.1084/jem.103.5.653
http://dx.doi.org/10.1038/sj.bjc.6604222
http://dx.doi.org/10.1016/j.nano.2009.01.014

Int. ]. Mol. Sci. 2020, 21, 9321 150f 16

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Leith, J.T.; Lee, E.S.; Vayer, A]., Jr.; Dexter, D.L.; Glicksman, A.S. Enhancement of the responses of human
colon adenocarcinoma cells to X-irradiation and cis-platinum by N-methylformamide (NMF). Int. J. Radiat.
Oncol. Biol. Phys. 1985, 11, 1971-1976. [CrossRef]

Godin, S.K.; Sullivan, M.R.; Bernstein, K.A. Novel insights into RAD51 activity and regulation during
homologous recombination and DNA replication. Biochem. Cell Biol. 2016, 94, 407—418. [CrossRef]
Mukhopadhyay, A.; Elattar, A.; Cerbinskaite, A.; Wilkinson, S.J.; Drew, Y.; Kyle, S.; Los, G.; Hostomsky, Z.;
Edmondson, R.J.; Curtin, N.J. Development of a Functional Assay for Homologous Recombination Status
in Primary Cultures of Epithelial Ovarian Tumor and Correlation with Sensitivity to Poly(ADP-Ribose)
Polymerase Inhibitors. Clin. Cancer Res. 2010, 16, 2344. [CrossRef] [PubMed]

Pilié, P.G.; Gay, C.M.; Byers, L.A.; Connor, M.].; Yap, T.A. PARP Inhibitors: Extending Benefit Beyond
BRCA—Mutant Cancers. Clin. Cancer Res. 2019, 25, 3759. [CrossRef] [PubMed]

Weigert, V.; Jost, T.; Hecht, M.; Knippertz, I.; Heinzerling, L.; Fietkau, R.; Distel, L.V. PARP inhibitors combined
with ionizing radiation induce different effects in melanoma cells and healthy fibroblasts. BMIC Cancer 2020,
20,775. [CrossRef] [PubMed]

O’Connor, M.J. Targeting the DNA Damage Response in Cancer. Mol. Cell 2015, 60, 547-560. [CrossRef]
Konstantinopoulos, P.A.; Ceccaldi, R.; Shapiro, G.I.; Andrea, A.D. Homologous Recombination Deficiency:
Exploiting the Fundamental Vulnerability of Ovarian Cancer. Cancer Discov. 2015, 5, 1137. [CrossRef]
Hoppe, M.M.; Sundar, R.; Tan, D.S.P; Jeyasekharan, A.D. Biomarkers for Homologous Recombination
Deficiency in Cancer. J. Natl. Cancer Inst. 2018, 110, 704-713. [CrossRef]

Lord, C.J.; Ashworth, A. BRCAness revisited. Nat. Rev. Cancer 2016, 16, 110-120. [CrossRef]

Citrin, D.E. Recent Developments in Radiotherapy. New Engl. ]. Med. 2017, 377, 1065-1075. [CrossRef]
Burjakow, K.; Fietkau, R.; Putz, F; Achterberg, N.; Lettmaier, S.; Knippen, S. Fractionated stereotactic
radiation therapy for adrenal metastases: Contributing to local tumor control with low toxicity. Strahlenther.
Onkol. 2019, 195, 236-245. [CrossRef]

Weissmann, T.; Lettmaier, S.; Roesch, J.; Mengling, V.; Bert, C.; Iro, H.; Hornung, J.; Janka, R.; Semrau, S.;
Fietkau, R; et al. Paragangliomas of the Head and Neck: Local Control and Functional Outcome Following
Fractionated Stereotactic Radiotherapy. Am. J. Clin. Oncol. 2019, 42, 818-823. [CrossRef]

Baehr, A.; Trog, D.; Oertel, M.; Welsch, S.; Kroger, K.; Grauer, O.; Haverkamp, U.; Eich, H.T. Re-irradiation
for recurrent glioblastoma multiforme: A critical comparison of different concepts. Strahlenther. Onkol. 2020,
196, 457-464. [CrossRef] [PubMed]

Pawlik, T.M.; Keyomarsi, K. Role of cell cycle in mediating sensitivity to radiotherapy. Int. J. Radiat. Oncol.
Biol. Phys. 2004, 59, 928-942. [CrossRef] [PubMed]

Agami, R.; Bernards, R. Distinct Initiation and Maintenance Mechanisms Cooperate to Induce G1 Cell Cycle
Arrest in Response to DNA Damage. Cell 2000, 102, 55-66. [CrossRef]

Saqcena, M.; Menon, D.; Patel, D.; Mukhopadhyay, S.; Chow, V.; Foster, D.A. Amino acids and mTOR mediate
distinct metabolic checkpoints in mammalian G1 cell cycle. PLoS ONE 2013, 8, e74157. [CrossRef] [PubMed]
Allen, C.; Halbrook, J.; Nickoloff, J.A. Interactive Competition Between Homologous Recombination and
Non-Homologous End Joining. Mol. Cancer Res. 2003, 1, 913. [PubMed]

Tavecchio, M.; Munck, ].M.; Cano, C.; Newell, D.R.; Curtin, N.]. Further characterisation of the cellular
activity of the DNA-PK inhibitor, NU7441, reveals potential cross-talk with homologous recombination.
Cancer Chemother. Pharmacol. 2012, 69, 155-164. [CrossRef] [PubMed]

Urushihara, Y.; Kobayashi, J.; Matsumoto, Y.; Komatsu, K.; Oda, S.; Mitani, H. DNA-PK inhibition causes a
low level of H2AX phosphorylation and homologous recombination repair in Medaka (Oryzias latipes) cells.
Biochem. Biophys. Res. Commun. 2012, 429, 131-136. [CrossRef]

Ceccaldi, R;; Rondinelli, B.; D’Andrea, A.D. Repair Pathway Choices and Consequences at the Double-Strand
Break. Trends Cell Biol. 2016, 26, 52—-64. [CrossRef]

Hill, R.; Lee, PW. The DNA-dependent protein kinase (DNA-PK): More than just a case of making ends
meet? Cell Cycle 2010, 9, 3460-3469. [CrossRef]

Dong, J.; Zhang, T,; Ren, Y.; Wang, Z.; Ling, C.C.; He, F,; Li, G.C.; Wang, C.; Wen, B. Inhibiting DNA-PKcs
in a non-homologous end-joining pathway in response to DNA double-strand breaks. Oncotarget 2017, 8,
22662-22673. [CrossRef]

Lapalombella, R. Two strikes against CLL. Blood 2016, 128, 470-471. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/0360-3016(85)90279-2
http://dx.doi.org/10.1139/bcb-2016-0012
http://dx.doi.org/10.1158/1078-0432.CCR-09-2758
http://www.ncbi.nlm.nih.gov/pubmed/20371688
http://dx.doi.org/10.1158/1078-0432.CCR-18-0968
http://www.ncbi.nlm.nih.gov/pubmed/30760478
http://dx.doi.org/10.1186/s12885-020-07190-9
http://www.ncbi.nlm.nih.gov/pubmed/32811446
http://dx.doi.org/10.1016/j.molcel.2015.10.040
http://dx.doi.org/10.1158/2159-8290.CD-15-0714
http://dx.doi.org/10.1093/jnci/djy085
http://dx.doi.org/10.1038/nrc.2015.21
http://dx.doi.org/10.1056/NEJMra1608986
http://dx.doi.org/10.1007/s00066-018-1390-3
http://dx.doi.org/10.1097/COC.0000000000000614
http://dx.doi.org/10.1007/s00066-020-01585-0
http://www.ncbi.nlm.nih.gov/pubmed/32016497
http://dx.doi.org/10.1016/j.ijrobp.2004.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15234026
http://dx.doi.org/10.1016/S0092-8674(00)00010-6
http://dx.doi.org/10.1371/journal.pone.0074157
http://www.ncbi.nlm.nih.gov/pubmed/23977397
http://www.ncbi.nlm.nih.gov/pubmed/14573792
http://dx.doi.org/10.1007/s00280-011-1662-4
http://www.ncbi.nlm.nih.gov/pubmed/21630086
http://dx.doi.org/10.1016/j.bbrc.2012.10.128
http://dx.doi.org/10.1016/j.tcb.2015.07.009
http://dx.doi.org/10.4161/cc.9.17.13043
http://dx.doi.org/10.18632/oncotarget.15153
http://dx.doi.org/10.1182/blood-2016-06-719864
http://www.ncbi.nlm.nih.gov/pubmed/27471232

Int. J. Mol. Sci. 2020, 21, 9321 16 of 16

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Collis, S.J.; DeWeese, T.L.; Jeggo, P.A.; Parker, A.R. The life and death of DNA-PK. Oncogene 2005, 24, 949-961.
[CrossRef] [PubMed]

Lips, J.; Kaina, B. DNA double-strand breaks trigger apoptosis in p53-deficient fibroblasts. Carcinogenesis
2001, 22, 579-585. [CrossRef] [PubMed]

Virag, L.; Robaszkiewicz, A.; Rodriguez-Vargas, ].M.; Oliver, EJ. Poly (ADP-ribose) signaling in cell death.
Mol. Asp. Med. 2013, 34, 1153-1167. [CrossRef] [PubMed]

Beebe, J.; Zhang, J.-T. CC-115, a dual mTOR/DNA-PK inhibitor in clinical trial, is a substrate of ABCG2, a risk
factor for CC-115 resistance. J. Pharmacol. Exp. Ther. 2019. [CrossRef]

Hosoi, H.; Dilling, M.B.; Shikata, T.; Liu, L.N.; Shu, L.; Ashmun, R.A.; Germain, G.S.; Abraham, R.T,;
Houghton, P.J. Rapamycin Causes Poorly Reversible Inhibition of mTOR and Induces p53-independent
Apoptosis in Human Rhabdomyosarcoma Cells. Cancer Res. 1999, 59, 886.

Kim, L.C.; Cook, R.S.; Chen, ]. nTORC1 and mTORC2 in cancer and the tumor microenvironment. Oncogene
2017, 36, 2191-2201. [CrossRef]

Sini, P.; James, D.; Chresta, C.; Guichard, S. Simultaneous inhibition of mMTORC1 and mTORC2 by mTOR
kinase inhibitor AZD8055 induces autophagy and cell death in cancer cells. Autophagy 2010, 6, 553-554.
[CrossRef]

Walter, L.; Heinzerling, L. BRAF Inhibitors and Radiation Do Not Act Synergistically to Inhibit WT and
V600E BRAF Human Melanoma. Anticancer. Res. 2018, 38, 1335-1341. [CrossRef]

Hecht, M.; Harrer, T.; Korber, V.; Sarpong, E.O.; Moser, E; Fiebig, N.; Schwegler, M,; Stiirzl, M.; Fietkau, R.;
Distel, L.V. Cytotoxic effect of Efavirenz in BxPC-3 pancreatic cancer cells is based on oxidative stress and is
synergistic with ionizing radiation. Oncol. Lett. 2018, 15, 1728-1736. [CrossRef]

Mannello, E; Tonti, G.A. Concise review: No breakthroughs for human mesenchymal and embryonic stem
cell culture: Conditioned medium, feeder layer, or feeder-free; medium with fetal calf serum, human serum,
or enriched plasma; serum-free, serum replacement nonconditioned medium, or ad hoc formula? All that
glitters is not gold! Stem Cells 2007, 25, 1603-1609. [CrossRef] [PubMed]

Colzani, M.; Waridel, P.; Laurent, J.; Faes, E.; Ruegg, C.; Quadroni, M. Metabolic labeling and protein
linearization technology allow the study of proteins secreted by cultured cells in serum-containing media.
J. Proteome Res. 2009, 8, 4779—-4788. [CrossRef] [PubMed]

Buch, K.; Peters, T.; Nawroth, T.; Sanger, M.; Schmidberger, H.; Langguth, P. Determination of cell survival
after irradiation via clonogenic assay versus multiple MTT Assay—A comparative study. Radiat. Oncol.
2012, 7, 1. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/sj.onc.1208332
http://www.ncbi.nlm.nih.gov/pubmed/15592499
http://dx.doi.org/10.1093/carcin/22.4.579
http://www.ncbi.nlm.nih.gov/pubmed/11285192
http://dx.doi.org/10.1016/j.mam.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23416893
http://dx.doi.org/10.1124/jpet.119.258392
http://dx.doi.org/10.1038/onc.2016.363
http://dx.doi.org/10.4161/auto.6.4.11671
http://dx.doi.org/10.21873/anticanres.12356
http://dx.doi.org/10.3892/ol.2017.7523
http://dx.doi.org/10.1634/stemcells.2007-0127
http://www.ncbi.nlm.nih.gov/pubmed/17395775
http://dx.doi.org/10.1021/pr900476b
http://www.ncbi.nlm.nih.gov/pubmed/19711906
http://dx.doi.org/10.1186/1748-717X-7-1
http://www.ncbi.nlm.nih.gov/pubmed/22214341
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Apoptosis and Necrosis Analysis 
	Cell Cycle Analysis 
	Colony Forming Assay 
	Homologous Recombination Assay 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Irradiation and Inhibitor 
	Flow Cytometry 
	Apoptosis and Necrosis Analysis 
	Cell Cycle Analysis 

	Colony Forming Assay 
	Homologous Recombination Assay (RAD51 Immunofluorescence Staining) 
	Statistics 
	Biosecurity and Institutional Safety Procedures 
	Ethics Approval and Consent to Participate 

	Conclusions 
	References

