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Abstract
Stereotactic body radiotherapy (SBRT) is now widely used in cancer therapy. However, the biological effects of SBRT compared
with conventional radiotherapy (CRT) are not clear. The cytoskeleton plays an important role in many biological processes and
cellular life activities. The effects of SBRT or CRT on the morphology and cytoskeletal structure of non-small cell lung cancer
(NSCLC) cells remain unknown. Based on the biologically equivalent dose (BED) formula, we designed SBRT and CRT
fractionation regimens with the same BED. The morphology was captured during radiation, and rhodamine-phalloidin im-
munofluorescence was used to study the cytoskeleton. A lactate dehydrogenase assay kit was used to determine the cell
membrane permeability, and western blot was used to detect the cytoskeleton protein expression levels. The morphology and
cytoskeleton expanded after SBRT or CRT, with an increase in cell membrane permeability and stable cytoskeleton protein
levels. Besides, different dose of SBRT (10,20,30 Gy) induce similar morphology and cytoskeleton enlargement. Our findings
indicate that SBRT and CRT can induce cytoskeleton reorganization and the enlargement of cell morphology (at different rates)
in NSCLC. The morphology and cytoskeleton enlargement after SBRT are dose independence.

Keywords
stereotactic body radiotherapy, conventional radiotherapy, morphology, cytoskeleton, non-small cell lung cancer

Introduction

Radiation plays an important role in cancer treatment, and
almost half of cancer patients receive radiotherapy.1 According
to the classical ‘‘4 Rs’’ theory and previous clinical experience,

conventional radiotherapy (CRT) typically applies a dose of
1.8–2 Gy per fraction.2,3 Owing to the development of radiation
therapy equipment, imageology, and the radiation treatment
planning system, it is possible to deliver a higher dose (8–
30 Gy) in a shorter time; this is known as stereotactic body
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radiotherapy (SBRT) or hypofractionated radiation therapy.
SBRT is an accurate and precise technique with high doses for
cancer treatment. Recently, SBRT has been widely used for
lung cancer, prostate cancer, liver cancer, etc.4-6 However,
despite the success of SBRT in the clinical setting, the bio-
logical effects of SBRT vs CRT are not fully understood.

According to the classical ‘‘4 Rs’’ theory, the major difference
between SBRT and CRT is the delivery of higher doses in less
fractions, which results in a high biologically equivalent dose
(BED), in SBRT. However, the radiobiological difference be-
tween SBRT and CRT when using the same BED is less un-
derstood. Our previous study revealed that biological effects such
as colony formation, apoptosis, necrosis, senescence, DNA
damage, proliferation, and invasion capability differ after SBRT
and CRT.7 This study focused on changes in cell morphology and
cytoskeleton rearrangement after SBRT and CRT. To reduce the
interference of intrinsic radiosensitivity on the results, we selected
two non-small cell lung cancer (NSCLC) cell lines, A549 and
H460, with different radiosensitivities. According to the literature,
the α/β value of A549 is 12.40 and that of H460 is 2.95.8,9

The cytoskeleton is a dynamic three-dimensional structure
that plays an important role in many biological processes and
cellular life activities. Cytoskeletons are composed of three
cytoskeletal polymers—actin filaments, intermediate filaments,
and microtubules—acted on by three families of motor proteins
(dynein, kinesin, and myosin, respectively).10 We selected
β-actin, β-tubulin, and KRT8 as the respective proteins of actin
filaments, microtubules, and intermediate filaments.11 Cyto-
skeleton rearrangement is the structural basis for the exchange
of intracellular and extracellular information after radiation.12

The cytoskeleton is mainly composed of actin microfilaments,
and provides a mechanical support framework for maintaining
cell morphology, and endothelial integrity and repair.13 The
cytoskeleton also plays a vital role in cell adhesion, prolifer-
ation, motility, differentiation, division, etc.14,15 Owing to its
importance for cell survival, some microtubule-targeting drugs
are widely used to control cancer cell proliferation.15

External stimuli, such as radiation, photobiomodulation, and
acoustic mechanical stress, can induce cytoskeleton
reorganization.16-18 Through cytoskeleton reorganization and
dynamic changes, cancer cells can recognize these stimuli and
alter gene expression and cell signaling.19 These stimuli pro-
mote cytoskeleton reorganization, thereby altering cancer cell
biological processes and cell functions.19 Although radiother-
apy is currently one of the most effective treatments for cancer,
the effects of X-ray irradiation (SBRT and CRT) on the cy-
toskeleton and morphology architecture are poorly understood.

In this study, we investigated the effects of X-ray irradiation
on the morphology and cytoskeletal structure of NSCLC cells
in SBRTand CRTmodels with the sameBED. Additionally, we
examined whether the changes in membrane permeability and
cytoskeleton protein levels after SBRT and CRT were the
possible mechanisms for these effects. This research provided a
new insight into the biological difference between SBRT and
CRT; this might help refine radiotherapy treatment in the future.

Materials and Methods

Cell Lines and Culture

The human NSCLC cell lines, A549 and H460, were obtained
from ATCC (Gaithersburg, MD, USA). The NSCLC cells
were cultured in RPMI 1640 medium (HycloneTM Labora-
tories, Logan, UT) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin (HycloneTM Laboratories),
using a professional cell incubator at 37°C and 5% CO2 under
a fully humidified atmosphere.

See Supplementary File 1-4 for more detailing.

Radiation

Cells were divided into three groups: control group, CRT group,
and SBRT group. As cell lines from different laboratories may
exhibit subtle differences in radiosensitivity, we used colony-
forming and linear-quadratic assays. We established a model to
determine the α/β values of the A549 and H460 cell lines in our
lab. Through colony formation experiments, we determined
that the α/β values of A549 and H460 cells were 10.11 and 3.07,
respectively, in our previous study.7 Based on the BED formula,
BED = nd (1+d/(α/β)), and the different α/β values, we designed
two fractionation regimens with the same BED: A549-SBRT,
10 Gy/1fx/1w; A549-CRT, 16 Gy/8fx/2w; H460-SBRT, 10 Gy/
1fx/1w; and H460-CRT, 26 Gy/13fx/3w. A 6 MV X-ray linear
accelerator with a 200 Mu/min dose rate (Primus, Siemens AG,
Erlangen, Germany) was used for both SBRT and CRT. To
maintain consistency with clinical radiotherapy, the CRT group
received radiation from Monday to Friday, and not on week-
ends. In order to study the biological effects of different SBRT
dose, 10 Gy, 20 Gy, 30 Gy were selected. The daily radio-
therapy schedule is shown in Supplementary File 1.

Morphology

NSCLC cells were cultured in 6-well plates (Corning Inc.,
Corning, NY). The cell number per well was 50 000 in the
beginning. When the cancer cells were in the logarithmic phase,
they were subjected to radiation according to different radiation
regimens with the same BED value. All cells kept in the same
culture dish without any separation during the 15 consecutive
culture days. Cell morphologywas captured at a magnification of
×100 using an inverted phase contrast microscope (Olympus
America Inc., Melville, NY) for 15 consecutive days. The cell
areawas analyzed using ImageJ software (version 1.8.0; National
Institutes of Health) with 50 cells per group chosen randomly.

Cytoskeleton

Rhodamine-phalloidin immunofluorescence was used to study
the cytoskeleton. NSCLC cells after SBRT and CRTwere seeded
onto sterile cover slips, incubated overnight, and fixed in 4%
formaldehyde. After washing with phosphate-buffered saline (PBS)
thrice, the cells were permeabilized using .1%TritonX-100. After
washing thrice with PBS again, 100 nM rhodamine-phalloidin
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(Abcam, Cambridge, England) was used to dye the cells for 30
min at room temperature (RT). After washing thrice with PBS, the
cells were treated with DAPI for 10 min, and the slides were
mounted using 5%glycerol. Detection timewas 24h after thefinal
fraction for A549 and H460 cells. Images were captured at a
magnification of ×200with a Zeiss scanning confocal microscope
(Carl Zeiss AG, Oberkochen, Germany) and Olympus FV500
microscope (Olympus America Inc.).

Cell Membrane Permeability

The cell membrane permeability after radiation was tested
using a lactate dehydrogenase (LDH) assay kit (Beyotime,
Nanjing, China), according to the manufacturer’s instructions,
with 5 h incubation. LDH release percentage (%) = (OD value
of experimental group � OD value of blank)/(OD value of
maximum LDH release of experimental group � OD value of
blank) × 100%. Detection time was 24h after the last fraction
for A549 and H460 cells. The experiment was repeated thrice.

Western Blot (WB) Analysis

NSCLC cells were lysed in lysis buffer (RIPA buffer and 1%
PMSF) (Beyotime) on ice. Then, the cell lysate was sonicated for
15 s and centrifuged at 12 000 r/min for 15min. The protein
concentrations were quantified using the BCA reagent (Ap-
plygen Technologies, Beijing, China). The whole-cell extracts
were boiled for 5 min in sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) buffer (Beyotime). The samples
were separated in 8–12% SDS–polyacrylamide gels and elec-
trotransferred to polyvinylidene difluoride membranes. After
blocking with 8% non-fat milk in Tris-buffered saline Tween, the
membranes were probed overnight with the following antibodies
at 4°C: GAPDH (Abcam), β-tubulin (ABclonal, Seoul, Korea),
β-actin (Abcam), and KRT8 (ABclonal). The membranes were
then incubated with horseradish peroxidase-conjugated goat anti-
rabbit and goat anti-mouse (Abcam) secondary antibodies at RT
for 1 h. Finally, an enhanced chemiluminescence detection kit
(Beyotime) was used to visualize the immunoreactive proteins.7

Statistical Analysis

Data from at least three independent experiments with du-
plicate determinations were expressed as means ± SEM.
Student’s t-test or the analysis of variance test was used to
determine the statistical significance with GraphPad Prism 6
software (LaJolla, CA). P < .05 was considered to indicate a
statistically significant difference.

Results

Enlargement of Cell Morphology During SBRT and CRT

During SRBT and CRT, the obvious changes in cell mor-
phology attracted our attention. Hence, we took photos for 15

consecutive days and found that the sizes of A549 and H460
cells increased gradually during radiation. The morphology
expanded in both the A549 and H460 cell lines after the
radiation regimens of SBRT and CRT (Figures 1A and 1B).
For A549 cells, the final area of the cell was 8240.83 ±
383.61 μm2 after SBRT and 8202.16 ± 421.66 μm2 after CRT;
the control group area was 1264.40 ± 58.28 μm.2 The increase
was 6.52-fold for SBRT/control and 6.49-fold for CRT/control
in the A549 cell line (Figure 1C). For H460 cells, the final area
of the cell was 8022.02 ± 411.51 μm2 after SBRTand 8081.11
± 407.31 μm2 after CRT; the control group area was 1303.52 ±
73.53 μm.2 The increase was 6.15-fold for SBRT/control and
6.14-fold for CRT/control in the H460 cell line (Figure 1D).
The sizes of NSCLC cells from the SBRT group increased
faster than those from the CRT group during radiation. Finally,
the sizes of NSCLC cells from the two groups became similar,
and almost 6 times their original values.

Extension of Cytoskeleton After SBRT and CRT

The cytoskeleton helps establish the shapes of cells.10

Rhodamine-phalloidin is generally used to study the cyto-
skeleton.20 Hence, we used rhodamine-phalloidin immuno-
fluorescence to detect changes in the cytoskeleton. After
SBRTand CRT, we found expansions of cell skeletons in both
A549 and H460 cells (Figure 2). The results suggested that the
enlargement of cell morphology was due to the extension of
the cytoskeleton.

Increase in Cell Membrane Permeability After SBRT
and CRT

LDH is a soluble enzyme that is located in the cytosol; it can
be released into the surrounding culture medium when cells
suffer damage or undergo lysis. Therefore, the LDH activity in
the culture medium can be used to measure the plasma
membrane permeability, and as an indicator of cell membrane
integrity.21 The LDH release percentage increased obviously
for both A549 and H460 cells after SBRT and CRT. This
revealed that radiation increased cell membrane permeability
in the A549 and H460 cell lines (Figures 3A and 3B). These
data suggest that both SBRT and CRT can destroy cell
membrane integrity and increase permeability.

Detection of Cytoskeleton Protein Levels After SBRT
and CRT

We investigated the mechanism of cytoskeleton swelling, that
is, whether cytoskeleton protein levels increase or the skeleton
simply stretches. WB showed that the amount of cell skeleton
protein did not increase despite enlargement of the skeleton
(Figure 4). This result suggested that the increase in cell size
was due to the swelling of the cytoskeleton and increase in
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permeability of the cellular membrane without cell skeleton
protein amplification.

Different Dose of SBRT Induce Enlargement of Cell
Morphology and Extension of Cytoskeleton

We investigated whether enlargement of cell morphology and
extension of cytoskeleton will be different in different dose.

The SBRT doses were 10 Gy, 20 Gy, 30 Gy. The data showed
that the enlargements of cell morphology are similar at 10 Gy,
20 Gy, 30 Gy dose groups and all reached almost 6 times their
original size values. For A549 cells, the final area of the cell
was 8188.39 ± 272.61 μm2 after SBRT-10 Gy, 8228.97 ±
334.54 μm2 after 20 Gy, and 8565.12 ± 206.13 μm2 after
30 Gy, while the control group is 1264 ± 58.28 μm2 (Figure
5A). For H460 cells, the final area of the cell was 8070.86 ±

Figure 2. Extension of cytoskeleton after SBRT and CRT. A-B, Cytoskeletons were visualized using rhodamine-phalloidin
immunofluorescence; the nuclei are depicted in blue and cytoskeletons in red. The cytoskeletons of A549 and H460 cells expanded after
both SBRT (10 Gy) and CRT. The images were captured at a magnification of ×200. SBRT and CRT both extend the cytoskeleton similarly.

Figure 1. Enlargement of cell morphology during SBRT and CRT. A-B, Images captured during SBRT (10 Gy) and CRT of A549 and H460 cell
lines. The images of cell morphology were taken consecutively for 15 days using an Olympus microscope at a magnification of ×100. All cells
kept in the same culture dish without any separation during the 15 consecutive culture days. C-D, Area of cells in A549 and H460 cell lines
calculated using ImageJ with 50 cells chosen randomly. SBRT enlarged cell morphology faster than CRT. SBRT= Stereotactic body
radiotherapy; CRT= conventional irradiation.
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504.17 μm2 after SBRT-10 Gy, 7955.48 ± 441.54 μm2 after
20 Gy and 8009.59 ± 283.03 μm2 after 30 Gy, while the
control group is 1303.52 ± 73.53 μm2 (Figure 5B). Besides,
the cytoskeletons of A549 and H460 cells also expanded after
SBRT ( 10 Gy, 20 Gy, 30 Gy dose) (Figure 5C-D). The results
suggested that the enlargement of cell morphology and cy-
toskeleton are dose independent.

Discussion

Advances in radiotherapy equipment and technology have
made it possible to deliver radiation with a higher dose for a
lesser fraction in shorter time than with CRT. SBRT can
deliver one or a few large dose fractions of 8–30 Gy per
fraction with an acceptable level of normal tissue injury,
through high accuracy, reduced margins, and high dose
conformation.22 SBRT is rapidly becoming a widely accepted
practice for radiation therapy of tumors, especially NSCLC.23

SBRT has become a standard treatment for early-stage non-
operable patients.24 However, the radiobiological principles of
SBRT have not been clearly defined, and further research is
required to determine its biological advantage over CRT.
Through a better understanding of how high doses of ionizing
radiation act and the differences between SBRT and CRT,
doctors will know exactly what needs to be done to improve
the radiotherapy effect, making it possible to refine

radiotherapy treatments in the future.22,25 This study explored
the differences in cell morphology and cytoskeleton between
SBRT and CRT radiobiology; the results may help us un-
derstand more about the radiobiological characteristics of
different radiotherapy fractionation schedules.

Cells need protein polymers to form a cytoskeleton, which
helps establish the cell morphology.10 The cytoskeleton is a
distinctive and dynamic network of interconnected polymers,
which contain actin filaments, intermediate filaments, and
microtubules.26 The cytoskeleton maintains cell morphol-
ogy, intracellular transportation, cell division, and other cell
life processes.10,26 In addition, the cytoskeleton also parti-
cipates in phagocytosis, cell proliferation, cell migration and
invasion, secretion, pinocytosis, and intracellular signal
transduction.19,27,28 Therefore, changes in cell morphology
and the cytoskeleton would affect cellular function and cel-
lular life activity.

Microfilaments are important components of the cyto-
skeleton and are composed of actin filaments (F-actin) or
globules (G-actin).29 Stimuli can induce the intracellular
aggregation of free G-actin, which results in the formation of
F-actin.30 Microfilaments play an important role in intercel-
lular connections, maintaining cell morphology, and extra-
cellular matrix adhesion. In addition, microfilaments are
sensitive to X-ray irradiation, which modifies the structure and
activity of the cell cytoskeleton.17 Ionizing radiation, for

Figure 3. Increase in cell membrane permeability after SBRT and CRT. A-B, The cell membrane permeability was determined using an LDH
assay kit; The LDH release ratio was calculated when tumor cells reached their largest sizes after radiation. *P < .05, **P < .01, ***P < .001.
Data represent three independent experiments. SBRT (10 Gy) and CRT increased cell membrane permeability in the A549 and H460 cell
lines.

Figure 4. Detection of cytoskeleton protein level after SBRT and CRT. The protein was extracted 24h after SBRT (10 Gy) and CRT.
Western blot was used to detect the expression of the cytoskeleton-related proteins, β-tubulin, β-actin, and KRT8, with GAPDH as an
internal normalization control in A549 and H460 cells. Western blot revealed that cell skeleton protein β-actin, β-tubulin, and KRT8 did not
increase.
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example, a60Co gamma beam, can alter the cell and nucleus
morphology and cytoskeleton organization.31 We used
rhodamine-phalloidin to dye the F-actin of NSCLC cells, and
the results revealed that the cytoskeletons were similarly
modified by SBRT and CRT.

Few studies have focused on the effects of SBRT on cell
morphology and cytoskeletal structure. In the present study,
we firstly investigated changes in the cytoskeleton and
morphology of NSCLC cells after SBRT and CRT with the
same BED. Owing to the BED effect on X-ray irradiation
radiobiology, we designed the radiation regimens for the A549
and H460 cell lines according to the BED formula, to better
compare the difference between SBRT and CRT.25 Our study
demonstrated that SBRT and CRT both induce cytoskeleton
reorganization and morphology changes at different rates. The
BED formula quantitatively evaluates the total dose, changes
in dose-per-fraction, overall time, and dose rate, and can
quantitatively indicate the biological effect of any radio-
therapy treatment, such as SBRT and CRT.25 The BED for-
mula based on linear quadratic cell survival in radiobiology is
also applicable to biological changes of the cytoskeleton and
morphological changes of cells. A difference might occur in
the rate of cell morphology enlargement. Our results revealed
that SBRT could enlarge the morphology and cytoskeleton

faster than CRT. This indicates that the appropriate time might
be different when using drugs, such as some microtubule-
targeting drugs, during or after different fractionation
regimens.15

In addition to the enlargement of cell morphology due to
cytoskeleton extension, the cytosolic volume greatly increases
in a short time. Cells cannot produce sufficient amounts of
cytosol to fill the blanks, and extracellular fluid might enter
into the cytosol through the cell membrane. This suggests that
cell membrane permeability might increase. X-ray or carbon
ion irradiation can damage membrane permeability and in-
tegrity.32 The LDH release percentage indicated that SBRT
and CRT could similarly destroy the cell membrane integrity
and increase permeability. In addition to the membrane per-
meability, cytoskeleton protein levels may be factors asso-
ciated with cytoskeleton swelling. However, WB results
revealed that the levels of the skeleton proteins β-tubulin,
β-actin, and KRT8 did not increase, implying that only
skeleton stretching occurred. These results reveal that the
membrane permeability increased after SBRT and CRT, and
cytoskeleton extension occurred without an increase in cy-
toskeleton protein levels. Besides, it is interesting to find that
the enlargement of cell morphology and cytoskeleton after
SBRT at 10-30 Gy were similar. The cell size after radiation

Figure 5. Different dose of SBRT induce enlargement of cell morphology and extension of cytoskeleton. A-B, Images captured after SBRT of
10 Gy, 20 Gy and 30 Gy in A549 and H460 cell lines.C-D, The cytoskeletons of A549 and H460 cells expanded after both SBRT at different
dose. The detection time was 10 days after SBRT in A549 cell line and 13 days after SBRT in H460 cell line. The images were captured at a
magnification of ×200.
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reached almost 6 times their original size values, which seems
the maximum of cytoskeleton extension, and higher radiation
dose would not increase the cell size any more.

Conclusion

In summary, our study demonstrated that both SBRTand CRT
could induce cell morphology enlargement and cytoskeleton
reorganization, which were caused by an increase in the
permeability of the cellular membrane and cytoskeleton
stretching without protein amplification in vitro. The en-
largement of cell morphology and cytoskeleton are dose in-
dependent. These findings may enable a better understanding
of the radiobiology of SBRT and CRT, and may provide a
theoretical basis for combination therapy with SBRT/CRTand
microtubule-targeting drugs for cancer in the future.
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