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Abstract. Background/Aim: ALK inhibitors like Crizotinib,
Ceritinib and Alectinib are targeted therapies used in
patients with anaplastic lymphoma kinase (ALK)-positive,
advanced non-small cell lung cancer (NSCLC). Since in this
tumor entity radiotherapy is employed sequentially or
concomitantly, potential synergistic effects were investigated,
which  may support the hypothesis of induced
radiosensitization by using ALK inhibitors. Materials and
Methods: Two cell lines expressing wild-type (WT) or
echinoderm microtubule-associated protein-like 4 (EML4)-
ALK were treated with ALK inhibitors, followed by
irradiation. Cell survival, cell death, cell cycle and
phosphorylation of H2A histone family, member X (H2AX)
were examined. Results: Combined treatment with ALK-
inhibitors plus 10 Gy-irradiation led to effects similar to
those of sole radiotherapy, but was more effective than sole
drug treatment. Conclusion: There is no clear evidence of
sensitization to radiation by treating EML4-ALK mutated
cells with ALK inhibitors.

Lung cancer is one of the leading causes of cancer deaths in
the world (1). The translocation echinoderm microtubule-
associated protein-like 4 (EML4)- anaplastic lymphoma
kinase (ALK) is the predominant ALK-fusion in lung cancer
and occurs in about 4 to 5% of NSCLC patients, which
results in 40,000 new cases per year worldwide (2-4). There
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is an association of EML4-ALK NSCLC with young age,
non- or light-smoking and adenocarcinomas (2, 5, 6).

The kinase domain of ALK is predominantly fused to the
N-terminus of EML4 and leads to aberrant and constitutive
activation of the ALK tyrosine kinase and the associated
downstream signaling (7, 8).

ALK-rearranged lung cancer shows high sensitivity to
ALK tyrosine kinase inhibitors (TKI), which suppress the
growth of cancer cells and induce apoptosis (2, 9, 10).

Crizotinib, a first-generation ALK-TKI, was accredited in
2011 and is more effective than cytotoxic chemotherapy in
advanced ALK-rearranged NSCLC (6, 11). Later, second-
generation ALK-TKI such as Ceritinib and Alectinib were
developed. They are highly active in advanced, crizotinib-
refractory ALKpositive NSCLC (12, 13). In this context,
Alectinib is the preferred first-line ALK-TKI (14). However,
the development of different resistance mechanisms to
several first- and second-generation ALK-TKI generates the
need for continuous research (15). Moreover, new third-
generation ALK-TKI such as Lorlatinib have been
developed, which can be applied when disease progression
occurs after treatment with first- or second-generation ALK-
TKI (16).

Furthermore, radiotherapy is a standard therapeutic regime
in the treatment of NSCLC (17). Crizotinib has been shown
to act as a radiation sensitizer in EML4-ALK positive cells
(10), and the combined treatment (Crizotinib plus
radiotherapy) elicits beneficial effects in ALK-positive
NSCLC lines (18).

The aim of our study was to examine whether there is a
potential synergy between ALK inhibitors and radiotherapy
in NSCLC cells, which may support the hypothesis of
inducing radiosensitization by using ALK inhibitors. Two
cell lines expressing wild-type (WT) or EML4-ALK were
treated with ALK inhibitors followed by irradiation. Three
ALK-TKI (Crizotinib, Ceritinib and Alectinib), which are all
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accredited by the US Food and Drug Administration (FDA)
(6) were used. Cell survival, cell death and cell cycle
distribution were analyzed as well as the presence of double-
strand breaks after treatment.

Materials and Methods

Cell lines. Two human NSCLC cell lines - “ATCC-CCL-185 I1G”,
with EML4-ALK rearrangement and “ATCC- CLL-185 negative”,
without any mutation (both obtained from LGC Standards; Wesel,
Germany) - were cultivated in F12K medium (Life Technologies,
Darmstadt, Germany), supplemented with 10% heat-inactivated fetal
calf serum (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
and 20 pg/ml Gentamicin (Biozym, Hessisch Oldendorf, Germany).
Experiments were performed in 6-well-plates and cells were plated
at a density of about 150,000 cells per well. Cells were harvested
using trypsin 24 h after seeding and counted by using CASY system.

ALK-inhibitors and irradiation. Both cell lines were treated with
Crizotinib/PF-2341066 (stock concentration 10 mM), Ceritinib/
LDK378 (stock concentration 10 mM) or Alectinib/CH5424802
(stock concentration 5 mM), all obtained from Abmole via
HOLZEL Diagnostika (Cologne, Germany).

Dimethylsulfoxide (DMSO; from Sigma-Aldrich Chemie GmbH)
was used to dissolve the drugs that were stored at —80°C and further
as control treatment.

Irradiation was performed at 6 or 10 Gy (generated by a General
Electric Isovolt 160 with a dose rate of 4 Gy/min) at the Department
of Radiotherapy.

WST-1-assay. Water soluble tetrazolium (WST-1, from Sigma-
Aldrich Chemie GmbH) was used to determine viable cells. Wells
were filled with 150 pl F12K medium containing 2,500 mutant or
WT cells and incubated for 4 h. All experiments were carried out in
duplicates. Then, 15 pl diluted ALK-inhibitors (concentration 1 pM)
or 15 pl DMSO (diluted 1:500, Sigma-Aldrich Chemie GmbH) were
added to the wells. After 20 h the plates were irradiated with 0, 6
or 10 Gy. On that day and the following three days, WST-1-assays
were performed adding 15 pl of WST-1-substance and incubating
for another 4 h. Absorbance was measured at a wavelength of 450
nm with a Wallac Victor 2 plate reader operated by Wallac 1420
Manager Software.

Cell death. Tissue culture flasks were filled with 250,000 cells in
F12K medium. After 4 h ALK-inhibitors or DMSO was added.
After 20 h the cells were irradiated with 10 Gy, the next day
harvested with trypsin and subsequently counted by using CASY
system. Then, double stained for Annexin V using an Annexin V-
Kit (eBioscience, San Diego, CA, USA) and propidium iodide
(Genaxxon Bioscience, Ulm, Germany). Annexin V staining
indicates early apoptotic cells, while additional staining by
propidium iodide indicates necrosis.

Cells were identified and counted using BD FACS CANTO II
Flow cytometer operated with BD FACS Diva Software. The flow
cytometry analyses were illustrated with FlowJo Version 10
software with gating on singlet events.

Cell cycle. The cells were treated with the drugs, then irradiated,
harvested with trypsin and counted by using CASY system as
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described for cell viability above. After the cells were washed with
phosphate buffered saline (PBS, Biozym, Hessisch Oldendorf,
Germany), cold ethanol (70%) was added and the tubes were put
on ice for 30 min. Then, they were washed twice with 1 ml cold
PBS, and 50 pl RNase (Qiagen, Hilden, Germany) and 200 pl
propidium iodide (Genaxxon Bioscience) were added. The DNA
content of the cells was inferred by the amount of propidium iodide
binding. It was quantified with BD FACS CANTO II Flow
cytometer operated with BD FACS Diva Software. The flow
cytometry analyses were illustrated with FlowJo Version 10
software with gating on singlet events.

H2AX. Triggered by double stranded DNA damage, H2A Histone
Family, Member X (H2AX) is phosphorylated during DNA repair,
which can be visualized by immunofluorescence (19, 20).

The cells were treated with the drugs, then irradiated, harvested
with trypsin and counted by using CASY system as described in cell
viability above. Fixation solution (Merck Millipore, Darmstadt,
Germany) was added and the cells were incubated on ice for 20
min. Afterwards they were washed twice with cold PBS and then
Permeabilization solution (Merck Millipore) was added. The cells
were split, 3.5 pl anti-phospho-H2AX FITC (Merck Millipore) were
added to one half and 3.5 pl normal mouse IgG FITC (Merck
Millipore) were added to the other half. The cells were left on ice
for 20 min, washed with wash solution (Merck Millipore) and 150
ul PBS was added. The cells were identified and measured using
BD FACS CANTO II Flow cytometer operated with BD FACS Diva
Software. The flow cytometry analyses were illustrated with FlowJo
Version 10 software with gating on singlet events.

Results

EML4-ALK mutated cells were more sensitive to Crizotinib
than to Ceritinib and Alectinib. We determined the effects of
monotherapy by different ALK-inhibitors on the cell lines
CCL-185 IG (mutated) and ATCC CLL-185 negative (WT).
Both cell lines were treated with different concentrations of
ALK-inhibitors (Alectinib, Crizotinib and Ceritinib) starting
with 0.01 pM up to 3 uM. The mutant cell line was more
sensitive than the WT cell line when treated with higher
concentrations of Crizotinib (Figure 1C). In detail, there was
a slightly higher sensitivity of the mutant cell line at the
concentrations of 0.3 pM, 1 uM and 3 pM of Crizotinib
compared to the WT line. Ceritinib and Alectinib had no
noteworthy effect on both cell lines at concentrations between
0.01 uM and 1 uM compared to vehicle (Figure 1A and B).
For the following experiments we used a drug concentration
of 1 uM (for all ALK-inhibitors) based on the plasma
concentrations obtained by clinically used doses (12, 21-28).

Alectinib plus radiotherapy led to most cytotoxicity, while
Ceritinib plus radiotherapy showed the best synergistic
effect. Cell viability of both cell lines treated with ALK-
inhibitors with or without subsequent irradiation was
quantified by the WST1-assay.

Figure 2A shows that the mutant cell line was more sensitive
to the three drugs than the WT cell line when treated with
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Figure 1. Concentration dependent effect of different ALK-Inhibitors.
Cell survival response curve of inhibition of non-small cell lung cancer
cell lines by different anaplastic lymphoma kinase (ALK)-inhibitors.
Wild-type (CCL WT) and echinoderm microtubule-associated protein-
like 4 (EMLA4)-ALK mutated (CCL mutated) cell lines were treated with
increasing concentrations of (A) Alectinib, (B) Ceritinib and (C)
Crizotinib. Two days after drug treatment viable cells were measured
by using water soluble tetrazolium (WST-1)-assay. Data are presented
as mean+SEM of 4 separate experiments performed in duplicate.

ALK-TKI only. Crizotinib and Ceritinib induced selectively
more cytotoxicity in the mutant than in the WT cells. On day
3 after Ceritinib treatment the percentage of viable mutant cells
was reduced by 16% and at day 4 by 9% (both results

significant (p<0.05), while the values of the viable WT cells
were almost equal compared to vehicle at these days (Figure
2A). Alectinib induced more cytotoxicity in both cell lines than
Crizotinib or Ceritinib and showed less selectivity between
mutated and non-mutated cells on day 2 and 3.

Following treatment with irradiation only, both cell lines
showed the same sensitivity one day after irradiation (day 2),
in the sense of detecting fewer viable cells than the following
days (days 3 and 4), (Figure 2B). In contrast, on days 3 and
4 the cells grew more in the absence of irradiation (Figure
2B). In addition, the WT cells exhibited higher sensitivity to
irradiation (6 Gy as well as 10 Gy) compared to the mutated
cells on day 2.

In most cases treatment with drugs plus irradiation led to
the lowest numbers of living cells on the 2" day. The most
effective cytotoxic combination was that of Alectinib plus
irradiation. As shown in Figure 3A treatment with Alectinib
followed by 10 Gy irradiation decreased the number of
viable cells of the mutant cell line to 65% and that of the WT
line to 72%. Particularly, treatment with Alectinib without
irradiation led to 69% viable mutated cells and to 77% viable
WT cells on day 2. Combined treatment with Ceritinib and
10 Gy-irradiation resulted in 78% viable mutated cells on the
2" day versus 85% viable mutated cells on the 2nd day after
sole treatment with Ceritinib (Figure 3A). Ceritinib therefore
showed the best synergistic effect with radiotherapy in
mutated cells.

Sole treatment with Crizotinib led to 70% viable mutated
cells, whereas the combined treatment of Crizotinib plus 10
Gy-irradiation resulted in 77% viable mutated cells on the
27 day, indicating that there was no effect when comparing
the two treatments (Figure 3A).

However, the results of the combined treatment were
relatively close to those of the drug treatment alone. Also, in
comparison to irradiation alone, combined treatment (drugs
+ 10 Gy) of the mutated cell line resulted in a considerably
higher decrease in the number of living cells than the WT
line on day 2 (Figure 3B). However, compared to sole
irradiation, treatment with Alectinib plus irradiation with 10
Gy led to a statistically significant reduction in the survival
of the ALK positive cell line on the 2" day (Figure 3B).

Drug treatment plus irradiation led to increased necrosis
rates. In order to investigate whether treatment with ALK
inhibitors -with and without irradiation- triggers apoptosis
and/or necrosis, we performed a cell death experiment. The
results showed that both cell lines reacted to sole irradiation
with increased apoptosis and necrosis rates (Figure 4A and
B). Sole drug treatment led to a slight increase in apoptosis
and necrosis of both cell lines. Drug treatment in combination
with irradiation led to increased apoptotic and necrotic rates
of both cell lines compared to vehicle (Figure 4A and B). For
instance treatment with Alectinib plus irradiation (10 Gy)
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Figure 2. Time-dependent effects of (A) different ALK-Inhibitors and (B) different irradiation doses. Time course of inhibition of lung carcinoma
cell lines with (CCL mutated) and without anaplastic lymphoma kinase (ALK)-mutation (CCL WT) by (A) treatment with different ALK-inhibitors
and (B) irradiation with 6 Gy and 10 Gy compared to no irradiation. Cell survival responses were assessed by performing water soluble tetrazolium
(WST-1)-assay at the indicated time points. Data are presented as mean+SEM of 3 separate experiments performed in duplicate. An unpaired t-test
was conducted to examine the effect of (A) drug or (B) irradiation on cell survival. Asterisks indicate statistical significance (p<0.05) of (A) the
results of the mutated line compared to the wild-type (WT) line (treated with the same drug and measured on the same time) and of (B) 10 Gy-
irradiation compared to no irradiation (same cell line, same indicated time of measurement).

resulted in doubling of the necrotic (3% to 7%) and apoptotic
(10% to 20%) rates compared to the DMSO response of the
WT cell line, while in the mutated cells Alectinib plus
irradiation led to a doubling of apoptotic rate (5% to 9%) and
to higher than triplication of the necrotic rate (7% to 25%),
compared to the DMSO response (Figure 4A and B).

In the mutant cell line combined treatment had no effect
on the apoptotic cell death compared to sole radiotherapy or
monotherapy with ALK-inhibitors. However necrotic cell
death was increased in the mutant cell line by combined
treatment compared to sole drug treatment (significant), but
had no significant effect compared to sole irradiation (Figure
4B). Combined treatment of the WT cell line showed that
apoptotic rates as well as necrotic rates did not differ
significantly from those with sole drug treatment or sole
irradiation (Figure 4A).
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Irradiation increased G, cell-cycle arrest, while ALK-
inhibitors had no significant effects on the cell-cycle. Cell
cycle analysis provides information regarding the distribution
of the cells in the various phases (Gy, S or G,). The aim was
to investigate which changes result from treatment with ALK
inhibitors and radiation alone or their combination. Sole
Irradiation led to increased number of cells in the G, -cell-
cycle phase in both cell lines, and simultaneously, to
decreased numbers of cells in the G;- und S- phases. In
detail, the percentage of cells in the G,-phase increased from
18% before irradiation (initial percentage of both cell lines)
to 41% (WT) or 40% (EML4-ALK) after irradiation (Figure
5A and B). Treatment with ALK-inhibitors only was not
significantly different in comparison to treatment with vehicle
in both cell lines (Figure SA and B). Compared to sole drug
treatment, the combined treatment led to higher numbers of
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Figure 3. Treatment with ALK-inhibitors plus irradiation - results of day 2 (A) Effect of combined treatment with different anaplastic lymphoma
kinase-inhibitors (Alectinib, Ceritinib, Crizotinib), followed by irradiation of the mutated cell line (CCL mutated) and the wild-type cell line (CCL
WT). [Exemplary data for irradiation with 10 Gy compared to 0 Gy and cell viability measured using water soluble tetrazolium (WST-1) 2 days
after drug treatment.] (B) Comparison of treatment with vehicle (DMSO) followed by irradiation versus combined treatment with different anaplastic
lymphoma kinase-inhibitors (Alectinib, Ceritinib, Crizotinib) followed by irradiation of the mutated cell line (CCL mutated) and the wild-type cell
line (CCL WT) [Exemplary data for irradiation with 10 Gy and cell viability measured using water soluble tetrazolium (WST-1) 2 days after drug
treatment.] Data are presented as mean+SEM of 3 separate experiments performed in duplicate. An unpaired t test was conducted to examine the
effect of drug treatment and irradiation on cell survival. There was no statistically significant (p<0.05) differences of the effects of 10 Gy-irradiation
compared to no irradiation (A). Asterisks indicate statistically significant (p<0.05) differences between (B) the results of treatment with ALK-
inhibitors followed by irradiation and those of treatment with vehicle (DMSO) followed by irradiation.

cells in the G,-phase in both cell lines. Treatment with drugs
plus irradiation compared to sole irradiation had no
significant effects on the G,-phase. However, treatment of the
mutated cell line with Alectinib plus irradiation showed
similar G,-cell-cycle arrest compared to sole radiotherapy,
while treatment with Ceritinib or Crizotinib plus irradiation
led to less G,-cell-cycle arrest compared to sole radiotherapy
(Figure 5A and B).

Irradiation led to double strand breaks. In order to determine
whether irradiation (and ALK-inhibitors) led to double strand
breaks, we investigated the cell response by examining the
phosphorylation of H2AX.

There was an obvious increase of phosphorylated H2AX
after irradiation, while both cell lines reacted similarly as
measured by median fluorescence intensity. However
combined treatment led to similar results for both cell lines
than sole irradiation (Table I).

Discussion

The results showed that the mutant cell line was more
sensitive than the WT cell line when treated with higher
concentrations of Crizotinib. However, sole treatment with
different concentrations of Ceritinib or Alectinib did not alter
the percentage of living cells in both cell lines.

4941



ANTICANCER RESEARCH 40: 4937-4946 (2020)

A
30
c 25
0
® 20
= T
g- = Apoptosis
o - T
10
E 5 17— J‘ l I I I 1 ol B Necrosis
X 0 . . . . . : :
N N N N N N N N\
"00 x@(‘, XQC" x'&e x°(9 x\’é’ xQG x\,o
O R o R K ) .
& £ S & & Ry & Ry
9 4 & & & & 29 X
* v\ C (,0 (} c}\
B
30 *
*
c 25 *
S .
E 20
S
g' 15 Apoptosis
g 1 ] ] . ]
§ 5 £. I I ' I B Necrosis
°\° 0 T T T T T T T
N N N N 3\ 3\ XY XY
00 '&(o 00 '&0 00 '&0 00 '&0
x x -‘Ox x .,o" x .v" -vx
Q vsel v\@ (IQI (;Q é\ﬂo d&o

Figure 4. Cell death. Cell death following treatment with different anaplastic lymphoma kinase -inhibitors (Alectinib, Ceritinib, Crizotinib) or vehicle
(DMSO) followed by irradiation (0 Gy or 10 Gy) of (A) the wild-type and (B) mutated non-small cell lung cancer cell line was measured by flow
cytometry. Early apoptosis indicated by Annexin+ /propidium iodide- singlet events (light grey) and necrosis indicated by propidium iodide+ singlet
events (dark grey) are illustrated as percentages of the total cell population. Data are presented as mean +SEM of 3 separate experiments. A one-
way ANOVA was conducted to examine the effect of drug treatment and irradiation on cell death. Asterisks indicate statistically significant (p<0.05)
differences between the combined treatment (drug + 10 Gy) and drug treatment only (same cell line), or of the sole irradiation (DMSO + 10 Gy)
and control (DMSO+0 Gy), all referring to necrosis.

Table 1. H2A Histone family member X (H2AX) measurements.

DMSO Alectinib Ceritinib Crizotinib
CCL WT + 0 Gy 854+122 806103 850+99 939+53
CCL WT + 10 Gy 1,834+184* 1,821+105* 1,825+191%* 1,731£76*
CCL mutated + 0 Gy 850+71 76129 763+35 7319
CCL mutated + 10 Gy 1,710+ 95%* 1,846+26* 1,682+73* 1,586+55%

Median fluorescence intensities (MFI) £SEM of phosphorylated H2AX measurements of the wild-type (CCL WT) and the mutant (CCL mutated)
non-small cell lung cancer cell line after treatment with different anaplastic lymphoma kinase -inhibitors (Alectinib, Ceritinib, Crizotinib) or vehicle
(DMSO) followed by irradiation (0 Gy or 10 Gy). An unpaired #-test was conducted to examine the effect of drug treatment and irradiation on the
phosphorylation of H2AX. Asterisks indicate statistically significant (p<0.05) differences between combined treatment (drug + irradiation) and sole
drug treatment (same cell line) or of sole irradiation (DMSO + 10 Gy) and the control (DMSO+0 Gy, same cell line).
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Figure 5. Cell-cycle analyses. Cell-cycle analyses after treatment with different anaplastic lymphoma kinase -inhibitors (Alectinib, Ceritinib,
Crizotinib) or vehicle (DMSO) followed by irradiation (0 Gy or 10 Gy) of (A) the wild-type and (B) the mutant non-small cell lung cancer cell line.
Data are presented as mean +SEM of 4 separate experiments. An unpaired t-test was conducted to examine the effect of drug treatment and
irradiation on the distribution of cells in the cell cycle. Asterisks indicate statistically significant (p<0.05) differences between the combined treatment
(drug + irradiation) and the sole drug treatment (same cell line) or of the sole irradiation (DMSO + 10Gy) and the control (DMSO+0Gy), all

referring to G,-phase.

In the experiment of cell viability, Crizotinib and Ceritinib
induced selectively more cytotoxicity in the mutant than in
the WT cells. Alectinib showed less selectivity between the
mutated and non-mutated cells but induced more cytotoxicity
in both cell lines than the other drugs. Sole irradiation led to
fewer live mutated and WT cells on the following day. The
most effective combination in inducing cytotoxicity was
Alectinib plus irradiation, whereas Ceritinib had the best
synergistic effect with radiotherapy.

Drug treatment in combination with irradiation led to
increased necrotic rates at least in the mutated cell line,
while apoptotic rates did not differ or were even slightly
smaller compared to those of sole irradiation. Treatment of
the mutated cell line with Alectinib plus irradiation showed
a similar G,-cell-cycle arrest, while treatment with Ceritinib

or Crizotinib plus irradiation led to less G,-cell-cycle arrest
compared to sole radiotherapy. ALK-inhibitors did not show
any effect on cell-cycle. Irradiation led to double strand
breaks in the mutated as well as in the WT cells, while no
effect was observed when cells were treated with ALK-
inhibitors only.

In conclusion, there was no clear evidence of sensitization
to radiation of the EML4-ALK mutated cell line. The results
showed that sole radiotherapy and the combined treatment
with ALK-inhibitors plus 10 Gy-irradiation led to similar, not
significantly different effects. None of the experiments we
performed showed radiosensitization by using ALK-
inhibitors in EML4-ALK mutated cells. However, nearly all
of our experiments showed that the combined treatment was
more effective than sole drug treatment in the mutated cells.
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Moreover, it should not be neglected that the WT cells often
responded to the combined treatment in a way similar to that
of the mutated cells.

A previous in vitro study has demonstrated that Crizotinib
inhibits the growth of cells harboring EML4-ALK in a dose-
dependent manner and, together with additional radiotherapy
induced also apoptosis in these cells (10). In addition it was
reported that Crizotinib combined with irradiation decreases
cell proliferation of EML4-ALK positive cells more than
sole radiotherapy and causes a doubling of apoptosis
compared to sole Crizotinib treatment (18).

Moreover, both studies explored whether Crizotinib
sensitizes EML4-ALK mutated cells to radiation (10, 18).
Compared to our findings, the inhibition of the growth of
mutated cells by Crizotinib was not as prominent, but
induced apoptosis in combination with radiotherapy.
However, combined treatment (Crizotinib followed by
radiotherapy) led to an increase in the growth of the mutated
cells and finally there was no evidence of radiosensitization.
The differences in results between the different studies can
be due to variations in the assays, the number of repetitions
of the experiments, as well as the characteristics of the
human cancer cells.

Furthermore, the higher sensitivity of the cells to
treatment with Alectinib may be the underlying mechanism
of the longer progression-free survival observed in the
Global Phase III ALEX Study of Alectinib compared to
Crizotinib (29, 30).

Several clinical trials have investigated the use of the
second-generation ALK-inhibitors Ceritinib or Alectinib
following a failure of the desired clinical response by
treatment with the other (due to acquired resistance) in order
to improve clinical outcome (31, 32). In this context it would
be interesting to discover whether combined radiotherapy
would lead to similar or even enhanced results and
furthermore may delay the development of different
resistance mechanisms.

Conclusion

In summary, there is no indication for radiation sensitization
of the EML4-ALK mutated cells after treatment with the
used ALK-inhibitors. Our results support the hypothesis that
the combined treatment of EML4-ALK mutated NSCLC
with ALK- inhibitors and irradiation will have a beneficial
effect.

However, it should not be neglected, that there is a
potentially damaging effect of this combined or sequential
treatment of TKI and radiation, especially in the brain.
Alectinib may accumulate in the brain (e.g. in contrast to
Crizotinib), because it is not a substrat of efflux transporters
like P-glycoprotein, has a high CNS tissue penetration and
may lead to a brain injury as a possible consequence (13, 33,
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34). In addition, we would like to emphasize that our
findings, which were performed in vitro, are not directly
transferable in vivo.

Conflicts of Interest

The Authors Kathrin Fleschutz, Lisa Walter and Rumo Leistner do
not have any conflicts of interest in relation to this study.

Lucie Heinzerling indicates conflict of interests in relation to fees
for consultancy activities she received from Novartis, Roche, BMS,
MSD, Curevac and Amgen.

This work was supported by Novartis Pharma GmbH
(Nuremberg, Germany). Novartis Pharma GmbH had no
involvement in study design, the collection, analysis and
interpretation of data, in the writing of the report and in the decision
to submit the article for publication.

Authors’ Contributions

Lucie Heinzerling, Lisa Walter and Kathrin Fleschutz conceived the
project and designed the experiments. Kathrin Fleschutz and Lisa
Walter executed the experiments an analyzed the data. All Authors
wrote and approved the manuscript.

Acknowledgements

This work was supported by Novartis Pharma GmbH (Nuremberg,
Germany). The Authors thank Waltraud Frohlich for excellent
technical support and Luitpold Distel for use of the radiation
chamber. Kathrin Fleschutz performed the present work in
fulfillment of the requirements of the Friedrich-Alexander-
University Erlangen-Nuremberg (FAU) for obtaining the degree
“Dr. med.”.

References

1 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA and Jemal
A: Global cancer statistics 2018: Globocan estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin 68(6): 394-424, 2018. PMID: 30207593. DOI:
10.3322/caac.21492

2 Shaw AT and Engelman JA: Alk in lung cancer: Past, present,
and future. J Clin Oncol 31(8): 1105-1111, 2013. PMID:
23401436. DOI: 10.1200/JC0.2012.44.5353

3 Choi YL, Soda M, Yamashita Y, Ueno T, Takashima J, Nakajima
T, Yatabe Y, Takeuchi K, Hamada T, Haruta H, Ishikawa Y,
Kimura H, Mitsudomi T, Tanio Y, Mano H and Group ALKLCS:
Eml4-alk mutations in lung cancer that confer resistance to alk
inhibitors. N Engl J Med 363(18): 1734-1739, 2010. PMID:
20979473. DOI: 10.1056/NEJMoal007478

4 Chia PL, Mitchell P, Dobrovic A and John T: Prevalence and
natural history of alk positive non-small-cell lung cancer and the
clinical impact of targeted therapy with alk inhibitors. Clin
Epidemiol 6: 423-432, 2014. PMID: 25429239. DOI:
10.2147/CLEP.S69718

5 Shaw AT, Yeap BY, Mino-Kenudson M, Digumarthy SR, Costa
DB, Heist RS, Solomon B, Stubbs H, Admane S, McDermott U,
Settleman J, Kobayashi S, Mark EJ, Rodig SJ, Chirieac LR,



Fleschutz et al: ALK Inhibitors in EML4-ALK NSCLC

Kwak EL, Lynch TJ and lafrate AJ: Clinical features and
outcome of patients with non-small-cell lung cancer who harbor
eml4-alk. J Clin Oncol 27(26): 4247-4253, 2009. PMID:
19667264. DOI: 10.1200/JC0O.2009.22.6993

6 Lin JJ, Riely GJ and Shaw AT: Targeting ALK: Precision
medicine takes on drug resistance. Cancer Discov 7(2): 137-155,
2017. PMID: 28122866. DOI: 10.1158/2159-8290.CD-16-1123

7 Heuckmann JM, Holzel M, Sos ML, Heynck S, Balke-Want H,
Koker M, Peifer M, Weiss J, Lovly CM, Grutter C, Rauh D, Pao
W and Thomas RK: Alk mutations conferring differential
resistance to structurally diverse alk inhibitors. Clin Cancer Res
17(23): 7394-7401, 2011. PMID: 21948233. DOI: 10.1158/1078-
0432.CCR-11-1648

8 Koivunen JP, Mermel C, Zejnullahu K, Murphy C, Lifshits E,
Holmes AJ, Choi HG, Kim J, Chiang D, Thomas R, Lee J,
Richards WG, Sugarbaker DJ, Ducko C, Lindeman N, Marcoux
JP, Engelman JA, Gray NS, Lee C, Meyerson M and Janne PA:
Eml4-alk fusion gene and efficacy of an alk kinase inhibitor in
lung cancer. Clin Cancer Res /4(13): 4275-4283, 2008. PMID:
18594010. DOI: 10.1158/1078-0432.CCR-08-0168

9 Friboulet L, Li N, Katayama R, Lee CC, Gainor JF, Crystal AS,
Michellys PY, Awad MM, Yanagitani N, Kim S, Pferdekamper
AC, Li J, Kasibhatla S, Sun F, Sun X, Hua S, McNamara P,
Mahmood S, Lockerman EL, Fujita N, Nishio M, Harris JL,
Shaw AT and Engelman JA: The alk inhibitor ceritinib
overcomes crizotinib resistance in non-small cell lung cancer.
Cancer Discov 4(6): 662-673, 2014. PMID: 24675041. DOI:
10.1158/2159-8290.CD-13-0846

10 Sun Y, Nowak KA, Zaorsky NG, Winchester CL, Dalal K,
Giacalone NJ, Liu N, Werner-Wasik M, Wasik MA, Dicker AP
and Lu B: Alk inhibitor pf02341066 (crizotinib) increases
sensitivity to radiation in non-small cell lung cancer expressing
eml4-alk. Mol Cancer Ther 712(5): 696-704, 2013. PMID:
23443800. DOI: 10.1158/1535-7163 MCT-12-0868

11 Shaw AT, Kim DW, Nakagawa K, Seto T, Crino L, Ahn MJ, De
Pas T, Besse B, Solomon BJ, Blackhall F, Wu YL, Thomas M,
O'Byrne KJ, Moro-Sibilot D, Camidge DR, Mok T, Hirsh V,
Riely GJ, Iyer S, Tassell V, Polli A, Wilner KD and Janne PA:
Crizotinib versus chemotherapy in advanced alk-positive lung
cancer. N Engl J Med 368(25): 2385-2394, 2013. PMID:
23724913. DOI: 10.1056/NEJMoal214886

12 Shaw AT, Kim DW, Mehra R, Tan DS, Felip E, Chow LQ,
Camidge DR, Vansteenkiste J, Sharma S, De Pas T, Riely GJ,
Solomon BJ, Wolf J, Thomas M, Schuler M, Liu G, Santoro A,
Lau YY, Goldwasser M, Boral AL and Engelman JA: Ceritinib
in alk-rearranged non-small-cell lung cancer. N Engl J Med
370(13): 1189-1197, 2014. PMID: 24670165. DOI:
10.1056/NEJMoal311107

13 Ou SH, Ahn JS, De Petris L, Govindan R, Yang JC, Hughes B,
Lena H, Moro-Sibilot D, Bearz A, Ramirez SV, Mekhail T, Spira
A, Bordogna W, Balas B, Morcos PN, Monnet A, Zeaiter A and
Kim DW: Alectinib in crizotinib-refractory alk-rearranged non-
small-cell lung cancer: A phase II global study. J Clin Oncol 34(7):
661-668,2016. PMID: 26598747. DOI: 10.1200/JC0O.2015.63.9443

14 Rotow J and Bivona TG: Understanding and targeting resistance
mechanisms in nsclc. Nat Rev Cancer 17(11): 637-658, 2017.
PMID: 29068003. DOI: 10.1038/nrc.2017.84

15 Gainor JF, Dardaei L, Yoda S, Friboulet L, Leshchiner I,
Katayama R, Dagogo-Jack I, Gadgeel S, Schultz K, Singh M,
Chin E, Parks M, Lee D, DiCecca RH, Lockerman E, Huynh T,

Logan J, Ritterhouse LL, Le LP, Muniappan A, Digumarthy S,
Channick C, Keyes C, Getz G, Dias-Santagata D, Heist RS,
Lennerz J, Sequist LV, Benes CH, Iafrate AJ, Mino-Kenudson
M, Engelman JA and Shaw AT: Molecular mechanisms of
resistance to first- and second-generation alk inhibitors in alk-
rearranged lung cancer. Cancer Discov 6(10): 1118-1133, 2016.
PMID: 27432227. DOI: 10.1158/2159-8290.CD-16-0596

16 Zhu C, Zhuang W, Chen L, Yang W and Ou WB: Frontiers of
ctdna, targeted therapies, and immunotherapy in non-small-cell
lung cancer. Transl Lung Cancer Res 9(/): 111-138, 2020.
PMID: 32206559. DOI: 10.21037/tlcr.2020.01.09

17 Johung KL, Yao X, Li F, Yu JB, Gettinger SN, Goldberg S,
Decker RH, Hess JA, Chiang VL and Contessa JN: A clinical
model for identifying radiosensitive tumor genotypes in non-
small cell lung cancer. Clin Cancer Res /9(19): 5523-5532,
2013. PMID: 23897899. DOI: 10.1158/1078-0432.CCR-13-0836

18 Dai Y, Wei Q, Schwager C, Moustafa M, Zhou C, Lipson KE,
Weichert W, Debus J and Abdollahi A: Synergistic effects of
crizotinib and radiotherapy in experimental eml4-alk fusion
positive lung cancer. Radiother Oncol 7/4(2): 173-181, 2015.
PMID: 25592111. DOI: 10.1016/j.radonc.2014.12.009

19 Osoegawa A, Hiraishi H, Hashimoto T, Takumi Y, Abe M,
Takeuchi H, Miyawaki M, Okamoto T and Sugio K: The
positive relationship between gammah2ax and pd-11 expression
in lung squamous cell carcinoma. In Vivo 32(7): 171-177, 2018.
PMID: 29275316. DOI: 10.21873/invivo.11221

20 Liu Y, Long YH, Wang SQ, Li YF and Zhang JH: Phosphorylation

of h2a.X(t)(yr39) positively regulates DNA damage response and

is linked to cancer progression. FEBS J 283(24): 4462-4473,

2016. PMID: 27813335, DOI: 10.1111/febs.13951

Gadgeel SM, Gandhi L, Riely GJ, Chiappori AA, West HL, Azada

MC, Morcos PN, Lee RM, Garcia L, Yu L, Boisserie F, Di

Laurenzio L, Golding S, Sato J, Yokoyama S, Tanaka T and Ou

SH: Safety and activity of alectinib against systemic disease and

brain metastases in patients with crizotinib-resistant alk-rearranged

non-small-cell lung cancer (af-002jg): Results from the dose-

finding portion of a phase 1/2 study. Lancet Oncol /5(10): 1119-

1128, 2014. PMID: 25153538. DOI: 10.1016/S1470-

2045(14)70362-6

22 Center for Drug Evaluation and Research:
pharmacology review (2016, March 4th).

23 Highlights of prescribing information (2017, November).
Available at: https://www.gene.com/download/pdf/alecensa_
prescribing.pdf [Last accessed July 20, 2020]

24 Seto T, Kiura K, Nishio M, Nakagawa K, Maemondo M, Inoue
A, Hida T, Yamamoto N, Yoshioka H, Harada M, Ohe Y,
Nogami N, Takeuchi K, Shimada T, Tanaka T and Tamura T:
Ch5424802 (ro5424802) for patients with alk-rearranged
advanced non-small-cell lung cancer (af-001jp study): A single-
arm, open-label, phase 1-2 study. Lancet Oncol /4(7): 590-598,
2013. PMID: 23639470. DOI: 10.1016/S1470-2045(13)70142-6

25 European Medicines Agency: Assessment report zykadia (2015,
February 26%). Available at: http://www.ema.europa.eu/
docs/en_GB/document_library/EPAR_-_Public_assessment_
report/human/003819/WC500187506.pdf. [Last accessed July
15,2020]

26 Nishio M, Murakami H, Horiike A, Takahashi T, Hirai F,
Suenaga N, Tajima T, Tokushige K, Ishii M, Boral A, Robson M
and Seto T: Phase i study of ceritinib (1dk378) in japanese
patients with advanced, anaplastic lymphoma kinase-rearranged

2

—_

Clinical

4945



ANTICANCER RESEARCH 40: 4937-4946 (2020)

27

28

non-small-cell lung cancer or other tumors. J Thorac Oncol
10(7): 1058-1066, 2015. PMID: 26020125. DOI: 10.1097/JTO.0
000000000000566

Zhou WJ, Zhang X, Cheng C, Wang F, Wang XK, Liang YJ, To
KK, Zhou W, Huang HB and Fu LW: Crizotinib (pf-02341066)
reverses multidrug resistance in cancer cells by inhibiting the
function of p-glycoprotein. Br J Pharmacol /66(5): 1669-1683,
2012. PMID: 22233293. DOI: 10.1111/j.1476-5381.2012.01849 .x
U.S. Food and Drug Administration: Crizotinib briefing package
pediatric ODAC meeting (2010, November).

29 Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, Kim DW,

Ou SI, Pérol M, Dziadziuszko R, Rosell R, Zeaiter A, Mitry E,
Golding S, Balas B, Noe J, Morcos PN and Mok T: Alectinib
versus crizotinib in untreated alk-positive non-small-cell lung
cancer. N Engl J Med 377(9): 829-838,2017. PMID: 28586279.
DOI: 10.1056/NEJMoal704795

30 Camidge DR, Dziadziuszko R, Peters S, Mok T, Noe J, Nowicka

31

M, Gadgeel SM, Cheema P, Pavlakis N, de Marinis F, Cho BC,
Zhang L, Moro-Sibilot D, Liu T, Bordogna W, Balas B, Miiller B
and Shaw AT: Updated efficacy and safety data and impact of the
eml4-alk fusion variant on the efficacy of alectinib in untreated
alk-positive advanced non-small cell lung cancer in the global
phase iii alex study. J Thorac Oncol 74(7): 1233-1243, 2019.
PMID: 30902613. DOI: 10.1016/].jtho.2019.03.007

Oya Y, Yoshida T, Kuroda H, Shimizu J, Horio Y, Sakao Y, Hida
T and Yatabe Y: Clinical efficacy of alectinib in patients with
alk-rearranged non-small cell lung cancer after ceritinib failure.
Anticancer Res 37(11): 6477-6480, 2017. PMID: 29061835.
DOI: 10.21873/anticanres.12103

4946

32

33

34

Yoshida H, Kim YH, Ozasa H, Sakamori Y, Tsuji T, Nomizo T,
Yasuda Y, Yamamoto T, Ajimizu H and Hirai T: Efficacy of
ceritinib after alectinib for alk-positive non-small cell lung
cancer. In Vivo 32(6): 1587-1590, 2018. PMID: 30348720. DOI:
10.21873/invivo.11418

Shaw AT, Gandhi L, Gadgeel S, Riely GJ, Cetnar J, West H,
Camidge DR, Socinski MA, Chiappori A, Mekhail T, Chao BH,
Borghaei H, Gold KA, Zeaiter A, Bordogna W, Balas B, Puig O,
Henschel V, Ou SI and study i: Alectinib in alk-positive,
crizotinib-resistant, non-small-cell lung cancer: A single-group,
multicentre, phase 2 trial. Lancet Oncol 17(2): 234-242, 2016.
PMID: 26708155. DOI: 10.1016/S1470-2045(15)00488-X
Petrelli F, Lazzari C, Ardito R, Borgonovo K, Bulotta A, Conti
B, Cabiddu M, Capitanio JF, Brighenti M, Ghilardi M, Gianni
L, Barni S and Gregorc V: Efficacy of alk inhibitors on nsclc
brain metastases: A systematic review and pooled analysis of 21
studies. PLoS One /3(7): 0201425, 2018. PMID: 30052658.
DOI: 10.1371/journal.pone.0201425

Received June 24, 2020
Revised July 20, 2020
Accepted July 21, 2020



