Biology Contribution

International Journal of

Radiation Oncology
biology e physics

www.redjournal.org

Ablative Hypofractionated Radiation Therapy bl

Enhances Non-Small Cell Lung Cancer Cell Killing

Check for
updates

via Preferential Stimulation of Necroptosis

In Vitro and In Vivo

Huan-Huan Wang, MD, PhD,* Zhi-Qiang Wu, PhD,*

Dong Qian, MD, PhD,* Nicholas G. Zaorsky, MD, ' Ming-Han Qiu, MD,*
Jing-Jing Cheng, MD, PhD,* Chao Jiang, MD,* Juan Wang, MD,*
Xian-Liang Zeng, MD,* Chun-Lei Liu, MD,* Li-Jun Tian, MD,*
Guo-Guang Ying, PhD," Mao-Bin Meng, MD, PhD,*

Xi-Shan Hao, MD, PhD,’ and Zhi-Yong Yuan, MD, PhD*

Departments of *Radiation Oncology, CyberKnife Center, and “Gastrointestinal Cancer Biology,
‘Department of Cancer Cell Biology, Tianjin Medical University Cancer Institute & Hospital, Key
Laboratory of Cancer Prevention and Therapy, National Clinical Research Center for Cancer, Tianjin,
China; "Department of Radiation Oncology, Fox Chase Cancer Center, Philadelphia, Pennsylvania

Received Jul 15, 2017, and in revised form Jan 4, 2018. Accepted for publication Jan 9, 2018.

Summary

Our purpose is to investigate
how necroptosis, i.e. pro-
grammed necrosis, is
involved in killing of
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Purpose: To investigate how necroptosis (ie, programmed necrosis) is involved in
killing of non-small cell lung cancer (NSCLC) after ablative hypofractionated radia-
tion therapy (HFRT).

Methods and Materials: Deoxyribonucleic acid damage, DNA repair, and the death
form of NSCLC cells were assessed after radiation therapy. The overexpression and
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NSCLC after ablative HFRT.
This study demonstrated that
ablative HFRT at > 10 Gy
per fraction induces more
necroptosis than apoptosis
and that inhibition of RIP3
expression or activity re-
duces the sensitivity of
NSCLC cells to HFRT. We
also provide clinical data
which suggests that pretreat-
ment tumoral RIP3 expres-
sion may provide a
predictive marker with which
to select patients with favor-
able responses to SBRT if it
can be validated in larger,
prospective studies.

silencing of receptor-interacting protein kinases 3 (RIP3, a key protein involved acti-
vation of necroptosis)-stable NSCLC cell lines were successfully constructed. The
form of cell death, the number and area of colonies, and the regulatory proteins of ne-
croptosis were characterized after radiation therapy in vitro. Finally, NSCLC xeno-
grafts and patient specimens were used to examine involvement of necroptosis after
ablative HFRT in vivo.

Results: Radiation therapy induced expected DNA damage and repair of NSCLC cell
lines, but ablative HFRT at >10 Gy per fraction preferentially stimulated necroptosis
in NSCLC cells and xenografts with high RIP3 expression, as characterized by induc-
tion and activation of RIP3 and mixed-lineage kinase domain-like protein and release
of immune-activating chemokine high-mobility group box 1. In contrast, RNA inter-
ference of RIP3 attenuated ablative HFRT-induced necroptosis and activation of its
regulatory proteins. Among central early-stage NSCLC patients receiving stereotactic
body radiation therapy, high expression of RIP3 was associated with improved local
control and progression-free survival (all P < .05).

Conclusions: Ablative HFRT at >10 Gy per fraction enhances killing of NSCLC with
high RIP3 expression via preferential stimulation of necroptosis. RIP3 may serve as a
useful biomarker to predict favorable response to stereotactic body radiation therapy.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Stereotactic body radiation therapy (SBRT), the use of
high dose-per-fraction radiation therapy (RT) in 5 frac-
tions or fewer, is a definitive treatment option for pe-
ripheral early-stage non-small cell lung cancer (NSCLC).
Local recurrence occurs in up to 10% of peripheral lesions
(1) and up to 40% of central lesions treated with risk-
adapted SBRT (2). There are limited therapeutic options
available for the salvage of local failure after SBRT;
therefore, the exploration of the mechanisms behind the
biology of cell death after SBRT is essential for the
development of novel treatment strategies.

Radiation therapy causes cellular death via various
pathways, including apoptosis, autophagy, mitotic catas-
trophe, and necrosis (3). Radiobiological research reveals
that low dose-per-fraction regimens (eg, <5 Gy per frac-
tion) provoke mitotic catastrophe, apoptosis, and auto-
phagy; in contrast, high dose-per-fraction regimens (eg,
>8-10 Gy per fraction) induce necrosis (4, 5). Cancer cells
that evade death by these pathways are typically radio-
resistant (6), and more research is needed to understand the
pathways and exploit them with novel treatment strategies.

Necrosis has been considered an accidental mode of cell
death in cancer cells; however, it has recently been recog-
nized that necroptosis, a programmable form of necrosis,
may be regulated via defined signal transduction pathways
(7). Receptor-interacting protein kinase 3 (RIP3) and re-
ceptor-interacting protein kinase 1 (RIP1) are 2 critical
kinases responsible for mediating necroptosis (8, 9), and
absence of RIP3 contributes to necroptosis resistance (10).
Further, the mixed lineage kinase domain-like (MLKL)
pseudokinase is a direct executioner of necroptosis (11).
Finally, the extracellular chemokine high-mobility group

box 1 (HMGBI1) attracts immune cells to cancer cells un-
dergoing necroptosis (12). Thus, RIP3, RIP1, and MLKL
activation are currently all synonymous with the onset of
necroptosis, and HMGBI1 is purported to be involved in
subsequent immune response. Accumulating evidence in-
dicates that necroptosis is involved in the regulation of
cancer and resistance to subsequent therapy (13-15).

The exploration of tumor cell necroptosis after SBRT
will inform our understanding of radiation biology and may
be used for clinical decisions. In this study we hypothesized
that ablative hypofractionated radiation therapy (HFRT),
including SBRT, enhances killing of NSCLC via prefer-
ential stimulation of necroptosis. We explored this hy-
pothesis in vitro, by characterizing proteins involved in
cellular death of NSCLC treated with ablative HFRT, and
in vivo, using NSCLC xenografts and analyzing patients
treated with SBRT.

Methods and Materials

Ethics

The animal study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
our Institutional Animal Care and Use Committee. The
clinical protocol was in accordance with the ethical
guidelines of the Declaration of Helsinki and was approved
by the independent ethics committees at our hospital.

Cell lines and cell culture

The normal lung bronchial epithelial BEAS-2B cell and
NSCLC cell lines A549, H520, SPC-A1, H460, H292, and
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LTEP-A2 were obtained from American Type Culture
Collection (Rockville, MD) and Cell Bank of our institute.
Cells at passages 5 to 8 were used for all experiments. Cells
were maintained in 1640 medium (Hyclone, Logan, UT)
containing 10% heat-inactivated fetal bovine serum
(F. Hoffmann-La Roche, Basel, Switzerland), 100 U/mL
penicillin, and 100 pg/mL streptomycin (Hyclone) and kept
in a humidified 5% CO, atmosphere incubator at 37°C.

Establishment of stable transfected cell lines

RIP3-RNAi#1 and RIP3-RNAi#2 and shlLacZ, which served
as control short hairpin RNA (shRNA), were cloned into
pLV-H1-EFla-puro vector (provided by professor Jia-Huai
Han, Xiamen University). The targeting sequences were as
follows: RIP3-RNAi#1: GTGGCTAAACAAACTG
AATCT; RIP3-RNAi#2: GGGTGCAAGTTGGAGA
CAACA; and shLacZ: GTGACCAGCGAATACC
TGTTC. The N terminal flag tagged RIP3 coding sequence
(CDS) was amplified from pBOB-Flag-hRIP3 (provided by
Prof. Jia-Huai Han, Xiamen University) and subcloned into
pLVX-IRES-Neo vector. To establish stable transfected cell
lines with overexpression or knockdown of RIP3, the indi-
cated plasmids were packed into lentivirus in 293T cells.
The infected target cell lines were selected with antibiotics
(1 pg/mL for puromycin and 0.5-1 mg/mL for G418).

Cell clonogenic formation assay

Stable transfected NSCLC cell lines or the cells pretreated
with 100 UM necroptotic inhibitor necrostatin-1 (Nec-1, the
first inhibitor of necroptosis described in the literature (8))
were seeded in 6-well plates (100, 200, 500, 800, 1500,
3000, 5000, and 10,000 cells per well in triplicate, corre-
sponding to the radiation dose of 0, 2, 4, 6, 8, 10, 12, and
15 Gy per fraction, respectively). After overnight incu-
bation, the cells were irradiated with 160-kv X rays
using a RS-2000 Biological Irradiatiator (Rad Source
Technologies, Buford, GA) at a dose rate of 8.3 Gy/min.
The medium was replenished after irradiation. Two weeks
later the cells were washed 3 times with phosphate-buffered
saline (PBS) to remove cellular debris and were fixed with
methanol and stained with 0.1% crystal violet. The number
of colonies, defined as >50 cells per colony, was counted.
The plating efficiency was calculated as the ratio of the
number of colonies to the number of plated cells, and the
survival fraction was calculated as the normalized plating
efficiency to the nonirradiated controls. Next, survival
curves were fitted to a linear-quadratic (LQ) model using
SigmaPlot 12.0 software (Systat Software, San Jose, CA).
The experiments were performed in triplicate to ensure
accuracy and precision of the data.

Western blotting analysis

The NSCLC cell lines A549, LTEP-A2, LTEP-A2 with
RNAIi-RIP3, SPC-Al, or SPC-Al1 with RNAi-RIP3 were

treated with irradiation at a dose of 0, 2, 4, 10, 15, and 18 Gy
per fraction as described above. At time points of 0, 0.5, 1, 2,
4, 6, 8, 16, and 24 hours later, the cells were harvested and
lysed in Laemmli sample buffer (Bio-Rad Laboratories,
Hercules, CA) or phospho-protein extraction buffer (KeyGEN
Biotech, Nanjing, China), followed by centrifuging at
13,000 x g at 4°C for 30 minutes. After measurement of total
protein concentrations, the cell lysates (30 |ig per lane) were
separated on 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride
membrane. After blocking with 5% nonfat milk in Tris-
buffered saline, 0.1% Tween 20 for 1 hour, the membranes
were incubated overnight at 4°C with or without the specific
antibodies against H,AX phosphorylation at Thr139 (y-
H,AX, #ab2893, abcam, Cambridge, United Kingdom),
p53-binding protein 1 (53BP1, #ab36823, abcam), DNA-
dependent protein kinase, catalytic subunit (DNA-PKcs,
#ab1832, abcam), DNA-PKcs phosphorylation at Thr2609
(#ab18356, abcam), DNA-PKcs phosphorylation at Ser2056
(#ab18192, abcam), ataxia telangiectasia mutated (ATM,
#ab199726, abcam), ATM phosphorylation at Ser1981
(#ab79891, abcam), Ku-70 (#ab3114, abcam), Ku-80
(#ab119935, abcam), RIP1 (#ab72139, abcam), RIP3
(#ab152130, abcam), MLKL (#5870, Sigma), MLKL phos-
phorylation at Ser358 (p-MLKL, #ab187091, abcam), and B-
actin (#ab8226, abcam). The bound antibodies were detected
with horseradish peroxidase (HRP)-conjugated secondary
antibodies (abcam) and visualized using Immobilon Western
Chemiluminescent HRP Substrate (abcam).

In addition, the amount of HMGBI1 (#ab18256, abcam) in
the supernatant of the cell culture was also detected by Western
blotting. To ensure accuracy and precision of the data, the ex-
periments were performed in triplicate, and the relative target
proteins expression levels were calculated relative to B-actin.

Immunofluorescence staining

The NSCLC cell lines were first seeded in 6-well culture
plates and cultivated for 24 hours at 37°C to adhere. Cells
were then treated with irradiation as described above. Four
hours later the cells were fixed and permeabilized with
—20°C cold methyl alcohol for 10 minutes, then blocked in
5% donkey serum in PBS for 1 hour and then co-incubated in
a primary antibody DNA-PKcs, p-DNA-PKcs (p-T2609), p-
DNA-PKcs (p-S2056), ATM, p-ATM (p-S1981), Ku-70, Ku-
80, or RIP3 with the y-H,AX in PBS containing 1% bovine
serum albumin at 4°C overnight. Then the cells were washed
3 times with PBS to remove cellular debris and incubated
with a secondary antibody for 30minutes. The -cells
were washed with PBS and stained with 6-diamino-2-
phenylindole for 10minutes and viewed by a confocal
laser-scanning microscope (LSM 510 META; Carl Zeiss,
Jena, Germany).

In addition, immunofluorescence (IF) doubling stain-
ing necrosis marker propidium iodide (PI; BD Phar-
mingen, USA) and apoptosis marker Venus-based
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caspase-3-like protease activity indicator (VC3AI) were
used to distinguish apoptosis from necroptosis/necrosis
at time points of 0, 3, 6, 12, 24, and 48 hours after a
variable dose of irradiation, as previously described (16).
For quantification of IF staining, 5 randomly selected
tumor cells per slide and 5 slides of each group were
observed. The foci in cell nucleus and the integrated
optical density values of positive region were objectively
assessed under 1000-fold magnification by independent
researchers who were blinded to the cellular treatment to
ensure accuracy and precision of the data. The integrated
optical density of IF images were measured using ImageJ
Software (ImageJ 1.37v; National Institutes of Health,
Bethesda, MD).

Fluorescence-activated cell sorting

The Annexin V—fluorescein isothiocyanate conjugate (BD
Pharmingen, San Jose, CA) and PI binding assay were
performed to distinguish apoptosis from necroptosis/
necrosis in vitro. A549, A549 cells with overexpression of
RIP3, LTEP-A2, LTEP-A2 with RNAi-RIP3, SPC-Al, or
SPC-A1 with RNAi-RIP3 were seeded in a 6-well plate.
When the cells adhered, the cells were treated with irradi-
ation as described above. After 12 and 24 hours the cells
were trypsinized, washed in PBS, and resuspended in
binding buffer. Fluorescein isothiocyanate conjugate con-
jugated Annexin-V and PI were added per the manufac-
turer’s instructions (BD Science, New Jersey, USA).
Positive Annexin V staining indicated apoptosis, whereas
positive PI staining indicated necroptosis/necrosis. Cells
were examined using a flow cytometer (BD FACSArray,
BD Biosciences, New Jersey, USA).

Animal and tumor model

Five- to six-week-old female nude mice were matched for
weight (20.32 £ 2.03 g) and were obtained from the
Experimental Animal Center. The mice were housed in a
specific pathogen-free facility with free access to normal
chow and water. Twenty-five nude mice were inoculated
subcutaneously with LTEP-A2 cells and RIP3-RNAi-
LTEP-A2 cells (1 x 10° cells in 0.1 mL of PBS) in the right
leg. Perpendicular tumor diameters were measured with a
vernier caliper every 2 to 3 days, and tumor volumes were
calculated. On day 11, 10 nude mice were excluded if the
tumor metastasized, weight and survival status scores did
not meet requirements, or the xenograft did not reach 150
to 200 mm”>. Then eligible individual mice were randomly
and equally assigned to 4 groups (10 in each group): vector,
RIP3-RNAI, vector + ablative HFRT (12 Gy per fraction),
and RIP3-RNAi + ablative HFRT (12 Gy per fraction).
After index treatments, the body weights and xenograftic
growth of eligible mice were measured every other day by 2
independent researchers who were blinded to the animals’
treatment, and the xenograftic volumes were calculated

using the formula V = a x b2/2, where a and b are the
largest and smallest xenograftic diameter, respectively. The
mice were killed, and the xenograftic weights were also
assessed. Each experiment was performed in triplicate.

Before ablative HFRT, mice were anesthetized with chloral
hydrate and then restrained on an acrylic board with adhesive
tape. With a lead board shielding the mice bodies, only the
tumor-bearing legs were irradiated locally at the center of the
24 x 2-cm field. Ablative HFRT was delivered via a precision
6-MYV photon beam from a linear accelerator at a dose rate of
4.0 Gy/min (1232 Medical Linear Accelerator; Elekta,
Stockholm, Sweden). A 1.0-cm bolus was used to achieve
homogeneous dose deposition in the xenografts.

Inclusion and exclusion criteria of xenograftic nude
mice were described above. When tumor volume reached
150 to 200 mm?, eligible mice were randomly and equally
divided into variable doses of RT, with 10 mice in each RT
arm. Then the tumor-bearing legs were irradiated. There-
after, eligible mice were killed by cervical dislocation,
4 hours after RT. Using the xenograftic tissues and blood
samples, further analyses were performed focusing on
changes in the form of cell death and immunity activation
potential, as well as its intrinsic mechanisms.

Enzyme-linked immunosorbent assay

The NSCLC xenografts were exposed to various doses of RT,
the blood samples from xenograftic mice were centrifuged at
3000 rpm for 5 minutes at 4°C, and the separated serum
samples were stored at —20°C until use for assay. Levels of
HMGB1 were measured using the monoclonal anti-mouse
antibody (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions. Calibration curves were estab-
lished, and each microtiter plate with a standard curve. The
colorimetric reaction was read with a Benchmark Microplate
Reader (Benchmark Electronics, Angleton, TX).

Transmission electronic microphotography

Transmission electronic microphotography was performed
to identify the NSCLC cell death morphology after ablative
HFRT; the xenograftic tissues from an individual group of
mice were dissected. The xenograftic tissues were superfused
with 3% glutaraldehyde. The xenografts were sliced into
blocks with faces of 1 to 2 mm? and fixed by immersion in the
same fixative for 72 hours at 4°C. The blocks were then rinsed
twice in PBS containing 0.2 M sucrose and postfixed in 1%
osmium tetroxide, dehydrated in an ascending series of
acetone, cleared in propylene oxide, and embedded in
Epon812. At least 3 blocks per xenograft were chosen at
random, and semi-thin sections of 1-mm? thickness were cut.
Each block was further trimmed to ultra-thin sections of 50-
nm thickness and stained with uranyl acetate and lead citrate.
The sections were observed with a transmission electron
microscope (H600 electron microscope; Hitachi, Tokyo,
Japan) at an accelerating voltage of 75 kV.
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Treatment schedule and tumor control of eligible
NSCLC patients

To explore the role of RIP3 expression in tumor control of
central early-stage NSCLC patients after SBRT, eligible
patients were selected from our CyberKnife Center. All
patients were screened and enrolled in the present study by
oncologists according to the following criteria: (/) any age;
(2) Karnofsky performance score >70; (3) diagnosed with
NSCLC on the basis of histopathologic examinations; (4)
clinical T1-2 NO MO, according to either computed to-
mography (CT) and/or positron emission tomography
(PET)-CT examinations; (5) unamenable to resection either
because of anatomic tumor characteristics, patient comor-
bidities, or refusal; (6) central lesion, defined as a tumor
within 2 cm in all directions around the proximal bronchial
tree and immediately adjacent to mediastinal or pericardial
pleura as in Radiation Therapy Oncology Group protocol
0813 (17, 18); and (7) informed about the potential benefits
and risks of SBRT, with written informed consent.

All included patients were seen in follow-up 1 month
after completion of SBRT, then every 3 months for the first
year, then 6 months until July 2016. Imaging, adverse
events, and compliance of all patients were monitored for
the follow-up period using our clinical database. The pri-
mary endpoint was local control (LC), defined as no pro-
gression of treated disease on follow-up scans, with
complete response, or partial response, or stable disease,
defined using the Response Evaluation Criteria in Solid
Tumors (RECIST 1.1). The secondary endpoints were: (/)
overall survival (OS), defined as the time between the date
of the SBRT and the date of death or the date of the last
follow-up for censored patients; and (2) progression-free
survival (PFS), defined as the time between the date of
the SBRT and the date of disease progression or the date of
the last follow-up for censored patients.

Given patient comorbidities and the relatively unreliable
negative predictive value of biopsy, tissue diagnosis of
failure was not always possible or necessary. The following
high-risk features were suggestive of local failure: (/)
enlarging opacity at primary site; (2) sequential enlarging
opacity; (3) enlarging opacity after 12 months; (4) bulging
margin; (5) loss of linear margin; and (6) air bronchogram
loss. A PET-CT scan was used to assist with differentiating
radiation-related changes from local or regional recurrence.
A local recurrence was classified as having at least 3 high-
risk features and a PET-CT standardized uptake value >2.5
or >3 high-risk features without PET-CT (19). Local fail-
ure was assessed carefully after SBRT, to avoid uncertainty
associated with early transient radiographic changes within
the high-dose region.

Immunohistochemical assay and evaluation

The expression of MLKL phosphorylation at Ser358 (p-
MLKL, #ab187091, abcam) and RIP3 in tumor tissues of

mice and patients’ NSCLC specimens were determined by
immunohistochemical (IHC) analysis. Briefly, the tumor
tissues from an individual group of mice and included pa-
tients before treatment were obtained, and then tissue sec-
tions at 4 im were rehydrated, treated with 3% H,O,, and
blocked with 3% bovine serum albumin. Subsequently the
tissue sections were incubated with anti-RIP3 antibody and
anti-p-MLKL at Ser358 or with control immunoglobulin G
overnight at 4°C. The bound antibodies were detected with
HRP-conjugated second antibodies and Diaminobenzidine
(DAB), followed by imaging under a light microscope.

The expression levels of p-MLKL and RIP3 in tumor
tissues of mice and patient specimens were assessed by 4
independent physician scientists who were blinded to
clinical follow-up data. Their conclusions were in complete
agreement for 85% of cases, indicating that this scoring
method was highly reproducible. If 3 or all 4 agreed with
the scoring results, the value was selected. If there was a
disagreement (2 agreeing vs 2 disagreeing), then the pa-
thologists worked collaboratively to confirm the score.

For evaluation of RIP3 staining, a semi-quantitative
scoring criterion was used, in which both staining intensity
and positive areas were recorded. A staining index (values
0-16) obtained as the intensity of positive staining (weak, 1;
moderate low, 2; moderate high, 3; strong, 4) and the
proportion of positive cells of interest (0%, 0; <10%, 1;
10%-50%, 2; 51%-80%, 3; >80%, 4) were calculated.
Finally, cases were classified into 2 different groups: low
expression cases (score 0-8) and cases with high expression
(score 9-16).

Statistical analyses

Continuous variables were expressed as the mean £ standard
deviation, and these were compared using an unpaired Stu-
dent ¢ test and linear regression analysis. Xenograftic
regrowth was compared using repeated measures one-way
analysis of variance. Local control, OS, and PFS
curves were estimated using Kaplan-Meier analysis and
compared using the stratified log-rank test. The differ-
ences with P < .05 (2-tailed) were considered statistically
significant. Data were analyzed using the statistical soft-
ware Intercooled Stata version 8.2 for Windows (StataCorp,
College Station, TX).

Results

The difference in LQ model—estimated isoeffective
NSCLC survival after ablative HFRT

We first tested the appropriateness of the LQ model to
describe isoeffective survival of NSCLC cell lines,
including A549, LTEP-A2, and SPC-Al, after variable RT
doses. The A549 cells conformed closely to those of the LQ
model; however, the LQ model underestimates doses for
isoeffective LTEP-A2 and SPC-Al cell survival with
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Fig. 1. The radiosensitivity of NSCLC cells were performed and HFRT at >10 Gy per fraction preferentially stimulated
necroptosis in NSCLC cells. (A) The NSCLC cell lines A549, LTEP-A2, and SPC-A1 were exposed to 0, 2, 4, 6, 8, 10, 12,
and 15 Gy per fraction as indicated. After 14 days, colonies were stained and colony numbers were counted. (B) The NSCLC
cell lines were treated with various doses of radiation therapy at 12 and 24 hours; then, fluorescence-activated cell sorting
using Annexin-V/propidium iodide (PI) double staining determined cell death forms. Apoptosis: Annexin-V—positive cells;
necrosis: PI-positive cells. The data are presented as mean =+ standard deviation. (C-D) LTEP-A2 cells were exposed to
various doses of radiation therapy 6 hours later or 10 Gy per fraction at different times, ranging from 0 to 48 hours later, then
cells were stained with PI and VC3AI under a fluorescence microscope at 10 x 40. *P < .05 versus apoptosis.
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ablative dose at >10 Gy per fraction (Fig. 1A and Fig. E1l
[available online at www.redjournal.org]). These findings
suggest that there may be in part different intracellular
mechanisms of DNA damage and corresponding DNA
repair with ablative doses of >10 Gy per fraction (vs
<10 Gy per fraction) among these cells.

RT-induced similar DNA double-strand breaks and
nonhomologous end-joining repair of NSCLC cells
in vitro

Radiation therapy mainly induces DNA double-strand
breaks (DSBs) and corresponding DNA nonhomologous
end-joining (NHEJ) repair. We addressed whether there was
a difference in DNA DSBs and DNA NHEJ repair among
NSCLC cell lines after variable RT doses; our results
revealed that RT significantly induced Y-H,AX and 53BP1
foci formation in a dose-dependent manner (Figs. E2A-C
and E3A and E3B; available online at www.redjournal.org).
Correspondingly, exposure to RT significantly recruited
a robust phosphorylation of DNA-PKcs at Thr2609 and
Ser2056, as well as phosphorylation of ATM at Ser1981
into the DNA damage site for corresponding repair other
than DNA-PKcs, ATM, Ku-70, and Ku-80 in NSCLC cell
lines (Figs. E2B and E2D, E3A, and E3C-I; available on-
line at www.redjournal.org). Taken together, these results
suggested that RT induces similar DNA DSBs and corre-
sponding NHEJ repair in NSCLC cell lines, and the dif-
ference in LQ model estimates at high dose-per-fraction RT
(ie, >10 Gy per fraction) in part may be due to different
mechanisms of cell death forms except for other causes.

Ablative HFRT preferentially stimulated
necroptosis in NSCLC in vitro

Fluorescence-activated cell sorting analyses and IF double
staining with PI and VC3AI exhibited an apparent increase
in both apoptosis and necroptosis among NSCLC cells
treated with RT at <10 Gy per fraction in a dose-dependent
manner. However, ablative HFRT with doses >10 Gy per
fraction resulted in killing of NSCLC cells via preferential
stimulation of necroptosis in LTEP-A2 and SPC-A1 cell
lines but not A549 cells (Fig. 1B-D).

Ablative HFRT—induced necroptosis in an
RIP3-dependent manner in vitro

To test the role of RIP3-dependent necroptosis in the
sensitivity of NSCLC cell lines treated with RT, the
expression levels of RIP3 and RIP1 in BEAS-2B and 6
NSCLC cell lines (A549, H520, SPC-A1, H460, H292, and
LTEP-A2) were evaluated by Western blot assays. RIP1
had similar moderate expression among these cell lines; in
contrast, RIP3 expression was higher in BEAS-2B, LTEP-
A2, and SPC-Al. Conversely, there was almost no RIP3
expression in A549, H520, H460, and H292 (Fig. 2A).

Importantly, RT resulted in an RIP3 induction and y-H,AX
foci formation in a dose-dependent manner, although the
induction may vary among cell lines (Fig. 2C and Fig. E4
[available online at www.redjournal.org]). These data sug-
gest that ablative HFRT-induced RIP3 might be companied
by Y-H2AX foci formation.

Next we successfully constructed A549 cells with over-
expression of RIP3, LTEP-A2, and SPC-A1 cell lines with
RNAIi-RIP3, corresponding controls, and parental lines.
After demonstrating the authenticity, the expression levels of
RIP3 in 3 cell lines were tested by Western blot assays.
Transfection with control plasmid did not significantly
modulate RIP3 expression, as expected; transfection with
overexpression of RIP3 increased the expression of RIP3 in
A549 cells, whereas RNAi-RIP3 reduced the expression of
RIP3 in LTEP-A2 and SPC-A1 cell lines (Figs. 2B and 2C).

We used necroptotic inhibitor Nec-1, RIP3 over-
expression in A549, or RIP3 silencing in LTEP-A2 and
SPC-AT1 cell lines at ablative HFRT, 10 Gy per fraction, to
determine necroptosis and apoptosis levels at different
times. RIP3 overexpression significantly increased ne-
croptosis in A549 cells. In contrast, Nec-1 and RNAi-RIP3
significantly decreased necroptosis after ablative HFRT in
LTEP-A2 and SPC-A1 cell lines but not in A549 cells
(Fig. 2D-F).

RIP3-dependent necroptosis impacted the
radiosensitivity of NSCLC cells to ablative HFRT
in vitro

To further validate RIP3 overexpression or silencing on
their radiosensitivity, colony formation analyses showed
that the number of colonies formed by RNAi-RIP3 cells
was significantly increased compared with that of control
cells in LTEP-A2 and SPC-Al with ablative HFRT at
higher doses, >10 Gy per fraction (all P < .05); however,
the number of colonies formed by overexpression of RIP3
cells was significantly decreased compared with that of
control cells in the A549 cell at ablative doses of HFRT,
>10 Gy per fraction (P < .05). Similarly, the number of
colonies formed in LTEP-A2 and SPC-A1 cells pretreated
with Nec-1 was significantly increased compared with that
of control cells at ablative doses of HFRT of >10 Gy per
fraction (all P < .05); however, there was no significant
change in the amount of necroptosis in A549 cells pre-
treated with Nec-1 compared with control cells at any dose
of RT (P > .05).

Interestingly, transfection with plasmid and pretreatment
with Nec-1 of LTEP-A2 and SPC-ALl cell lines revealed
that they conformed closely to those of the LQ model; in
contrast, the A549 cells did not (Fig. 2G-L). These data
suggest that interference of RIP3 expression decreases the
radiosensitivity of NSCLC cell lines at ablative doses of
HFRT, >10 Gy per fraction and that necroptosis may in
part cause cell death, which was not explained by the
classic radiobiological LQ model.
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Fig. 2.

Ablative hypofractionated radiation therapy (HFRT) induces necroptosis in a RIP3-dependent manner. Knockdown

of RIP3 or use of the necroptotic inhibitor Nec-1 induces ablative HFRT resistance by attenuating necroptosis in vitro. (A)
RIP3 and RIP1 endogenous expression levels in normal lung bronchial epithelial cells BEAS-2B and 6 non-small cell lung
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Knockdown of RIP3-induced ablative HFRT
resistance by attenuating necroptosis in vivo

To determine the effect of RIP3 silencing on the radio-
sensitivity in vivo, nude mice were inoculated subcutane-
ously with 1 x 10° LTEP-A2 cells and LTEP-A2 with
RNAIi-RIP3. When the implanted tumors grew to 150 to
200 mm? in volume, the mice were randomized with vector,
RIP3-RNAi alone, vector + ablative HFRT (12 Gy per
fraction), or RIP3-RNAi + ablative HFRT (12 Gy per
fraction). The body weights and the growth of xenografts in
individual mice were monitored longitudinally, and the
body weights in different groups of mice were evaluated at
individual time points.

The xenograftic tissues were dissected, and transmission
electronic microphotography revealed that apoptotic cells
exhibited morphologic and biochemical characteristics
including condensation of cytoplasm, chromatin marginal-
ization, nuclear fragmentation, and externalization of
phosphatidyl-serine on the cell surface. In contrast, ne-
croptotic cells were characterized by extensive vesiculation
of cytoplasmic organelles, dilation of the endoplasmic re-
ticulum elements, cytoskeletal degradation, and rupture of
plasma membrane (Fig. 3A).

Furthermore, treatment with control plasmid and RIP3-
RNAi alone did not affect the growth of xenografts,
whereas ablative HFRT or ablative HFRT with RIP3-RNAi
significantly inhibited the growth of xenografts in nude
mice (all P <.05; Figs. 3B and 3C). Similarly, increases in
xenograftic weight and growth were observed in mice
treated with RIP3-RNAi + ablative HFRT compared with
single ablative HFRT treatment (P < .05; Fig. 3B-D). These
data suggest that knockdown of RIP3 attenuates necroptosis
after ablative HFRT in vivo.

MLKL induction and activation as well as the
release of HMGB1 were involved in ablative
HFRT-induced necroptosis in vitro and in vivo

Activation of MLKL was identified as a critical downstream
effector of RIP3 during the execution of necroptosis. In
multiple cell lines there was no endogenous MLKL

expression, whereas HMGB1 had moderate endogenous
expression in BEAS-2B and 6 NSCLC cell lines (Fig. 4A).
The treatment of LTEP-A?2 cells with ablative HFRT resulted
in a robust MLKL induction, phosphorylation at Ser358, and
trimerization, as well as release of HMGB1; however, MLKL
induction and activation as well as release of HMGB1 were
significantly decreased in A549 cells and LTEP-AZ2 cells with
RNAIi-RIP3 (Figs. 4B and 4C and 5A-C).

Additionally, nude mice were inoculated subcutaneously
with 1 x 10° LTEP-A2 cells, and when the implanted tu-
mors grew to 150-200 mm® in volume, LTEP-A2 xeno-
grafts were treated with variable doses of RT. Then the
xenograftic tissues were dissected, and IHC assay revealed
that RT resulted in RIP3 and MLKL phosphorylation in a
dose-dependent manner in LTEP-A2 xenografts (Fig. 4D).

The extracellular chemokine HMGBI1 attracts immune
cells to cancer cells undergoing necroptosis. Enzyme-
linked immunosorbent assay showed that RT significantly
induced release of HMGBI1 in a dose-dependent manner. In
contrast, the release of HMGB1 was significantly decreased
in A549 and LTEP-A2 cells with RNAi-RIP3 xenografts
in vivo (Fig. 5D). These data suggest that MLKL induction
and activation as well as release of HMGB1 are involved in
ablative HFRT-induced necroptosis in vitro and in vivo.

RIP3 and necroptosis were associated with clinical
outcomes of NSCLC patients after SBRT

To examine whether RIP3 and necroptosis were associated
with clinical outcomes of eligible central early-stage
NSCLC patients after SBRT, the pretreatment RIP3
expression levels were analyzed by IHC assays. Among
these patients, high expression of RIP3 was associated with
improved LC and PFS after SBRT (all P < .05; Fig. 6A-D).
Patients with high expression of RIP3 had a non-
statistically significant trend toward improvement in OS
(50 months vs 29 months), which might be limited by the
sample size. Additionally, characteristics of patients with
local recurrence are summarized in Table El (available
online at www.redjournal.org). These data suggest that
RIP3 expression and necroptosis are associated with the
clinical outcomes of central early-stage NSCLC patients
receiving SBRT.

cancer cell lines, including A549, H520, SPC-A1, H460, H292, and LTEP-A2, were evaluated by Western blot assays. (B)
The plasmids of over expression of RIP3 in A549 cells as well as RNAi-RIP3 in LTEP-A2 and SPC-A1 cell lines, control,
and parental were successfully constructed. (C) Non-small cell lung cancer cells were exposed to various doses of radiation
therapy; 4 hours later, RIP3 expression levels were evaluated by Western blot assays. (D-F) Effects of RIP3 overexpression or
silencing as well as the necroptotic inhibitor Nec-1 on the form of cell death after ablative HFRT in vitro. The cells were
exposed to 10 Gy per fraction as indicated. After 12 and 24 hours, fluorescence-activated cell sorting using Annexin-V/
propidium iodide double staining determined cancer cell death forms. (G-I) Effects of RIP3 overexpression or silencing
on radiosensitivity in vitro. The cells were exposed to 0, 2, 4, 6, 8, 12, and 15 Gy per fraction of radiation therapy as
indicated. After 14 days, colonies were stained, and colony numbers were counted. Knockdown or overexpression of RIP3
interferes with ablative HFRT sensitivity by attenuating or inducing necroptosis in vitro in the 3 cell lines tested, A549,
LTEP-A2, and SPC-A1. (J-L) The necroptotic inhibitor Nec-1 induces ablative HFRT resistance by attenuating necroptosis in
LTEP-A2 and SPC-A1 cells but not in A549 cells. *P < .05.
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Fig. 3.

Ablative HFRT (12 Gy)

Knockdown of RIP3 attenuates necroptosis after ablative hypofractionated radiation therapy (HFRT) in vivo. Nude

mice were inoculated with LTEP-A2 cells and LTEP-A2 with RNAi-RIP3 cells, and when the xenografts grew to 150 to

200 mm® in volume, the nude mice were randomized to treatment with vector, RIP3-RNA1i alone, vector +

ablative HFRT

(12 Gy per fraction), and RIP3-RNAi + ablative HFRT (12 Gy per fraction). The body weights and xenografts growth of
individual mice were monitored longitudinally. (A) Transmission electronic microphotography was performed to identify the
cancer cell death morphology after ablative HFRT. (B, C) The xenograftic growth curve in vivo. (D) The xenograftic weights

of mice. *P < .05 versus vector 4 ablative HFRT group.

Discussion

The LQ model has been the dominant model used to
predict cell survival in clinical situations; however, it is
unknown whether this model is appropriate for ablative
high dose-per-fraction (eg, >8-10 Gy per fraction) RT
(20-23). We characterized NSCLC cell death after ablative
HFRT to find alternative mechanisms of cell death not
explained by the LQ model (24, 25). Our results suggest
that ablative HFRT at >10 Gy per fraction enhances
killing of NSCLC with high RIP3 expression via
preferential stimulation of necroptosis, as characterized
by induction and activation of RIP3 and MLKL protein,
and release of immune-activating chemokine HMGBI.
Further, RIP3 may serve as a useful biomarker to predict
favorable response to SBRT if it can be validated in larger,
prospective studies (Fig. 6E).

In contemporary radiobiology, DNA DSBs are recog-
nized as the most biologically important form of damage
caused by RT; our data were consistent with these findings
when using conventionally fractionated RT. After conven-
tionally fractionated RT, we noted the expected robust
phosphorylation of DNA-PKcs at Thr2609 and Ser2056, as

well as ATM at Ser1981 to repair DNA DSBs in vitro.
However, because induction in DNA DSBs and corre-
sponding NHEJ repair is similar in 3 NSCLC cell lines, we
speculated that the difference in LQ model estimates and
NSCLC patient survival after ablative HFRT might be in
part due to different mechanisms, including vascular/stro-
mal endothelial damage, antitumor immunity activation,
the eradication of subpopulations of tumor stem cells, and
necroptosis (26, 27).

Accumulating evidence indicates that necroptosis is
involved in the regulation of cancer therapy (13-15), and
further insights into the cancer cell death patterns will
likely have important implications in tumors treated with
RT (28). We therefore focused on the cell death forms
accompanied by radiation dose enhancement, and our
findings showed an apparent increase in both apoptosis and
necroptosis among NSCLC cells treated with RT at <10 Gy
per fraction in a dose-dependent manner. However, ablative
HFRT with doses of >10 Gy per fraction resulted in killing
of NSCLC cells via preferential stimulation of necroptosis
in LTEP-A2 and SPC-A1l cell lines. These results are
consistent with previous studies (4, 5), suggesting that
lower radiation therapy doses used in conventionally and
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Fig. 4. Induction and activation of MLKL as well as release of HMGB1 were involved in ablative hypofractionated ra-
diation therapy—induced necroptosis in vitro and in vivo. (A) Endogenous expression of MLKL and HMGB1 was evaluated
by Western blot assays in BEAS-2B, A549, H520, SPC-A1, H460, H292, and LTEP-A2. (B, C) A549, LTEP-A2, and LTEP-
A2 with RNAi-RIP3 cells were exposed to various doses of radiation therapy; next, MLKL induction, p-MLKL, and MLKL
trimerization expression levels were evaluated by Western blot assays. (D) LTEP-A2 xenograftic tissues were dissected after
ablative hypofractionated radiation therapy, and the expression levels of RIP3 and p-MLKL in tumor tissues were determined
by immunohistochemical analysis (bars = 20 pm).

moderately fractionated regimens (ie, 1.8-8 Gy per frac- known to lack the expression of RIP3 and was therefore
tion) can provoke mitotic catastrophe, apoptosis, and used in this study as a control in vitro. Our results
autophagy, whereas high dose-per-fraction ablative HFRT demonstrate that resistance to HFRT is exhibited by
induces necroptosis. A549 cells, and this resistance is induced by RNAi-RIP3 or
Currently the mechanisms underlying necroptosis are pretreatment with Nec-1 in LTEP-A2 and SPC-A1 cell lines
under investigation, and interference with necroptosis at ablative HFRT with >10 Gy per fraction. Furthermore,
could have therapeutic implications. For example, Meng knockdown of RIP3 attenuates necroptosis after ablative
et al (13) suggest that necroptosis may be executed by HFRT in vivo.
necrosomes, including RIP1, RIP3, and MLKL. In Clinically, Kaplan-Meier survival analysis indicates that
contrast, Wu et al (29) demonstrated that necroptosis was high expression of RIP3 is associated with improved LC
dependent on RIP3, and RIP1 was not always required and PFS (all P < .05; Fig. 6A-D). Local control in this
(29). Moreover, RIP3 deficiency was theorized to study is slightly lower than that of the Radiation Therapy
contribute to necroptosis resistance in malignant mela- Oncology Group 0813 trial (17, 18), in part because eligible
noma (10), and RIP1 has been purported to act as an in- central early-stage NSCLC patients received individualized
hibitor of necroptosis under some conditions (30). risk-adapted RT that maximized dose to the tumor while
Therefore, in our experiments, RIP3-overexpressing and trying to attain all dose constraints. Therefore, RIP3 may
RIP3-silent NSCLC cell lines were successfully con- serve as a useful biomarker to predict favorable response to
structed; next, the mechanism of cell death, the number of SBRT if it can be validated in larger, prospective studies. In
colonies, and the regulated proteins of necroptosis were other words, despite demonstrating equivalent outcomes,
characterized in vitro and in vivo. lobectomy is still considered the standard of care for
We found that the NSCLC cell lines LTEP-A2 and SPC- medically operative patients with stage I NSCLC. If vali-
Al both had robust RIP3 expression, as determined by dated, a predictive biomarker such as tumoral RIP3
Western blot assays. In contrast, the A549 cell line is expression could identify patients who may be better
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Fig. 5. Induction and activation of MLKL as well as release of HMGB1 were involved in ablative hypofractionated ra-

diation therapy—induced necroptosis in vitro and in vivo. (A, B) LTEP-A2 cells were exposed to various doses of radiation
therapy; next, MLKL induction and MLKL trimerization expression levels were evaluated by Western blot assays. (C, D)
A549, LTEP-A2, and LTEP-A2 with RNAi-RIP3 xenograftic mice were exposed to various doses of radiation therapy, serum
was obtained, and the release of HMGB1 was determined by enzyme-linked immunosorbent assay. *P < .05 versus LTEP-

A2 + RNAIi-RIP3.

managed with SBRT. Further studies should investigate
whether an activator of RIP3 or its downstream effectors
may be used clinically to radiosensitize tumor cells to
ablative HFRT with doses >10 Gy per fraction.

Furthermore, MLKL induction and activation were
identified as a critical downstream effector of RIP3 during
the execution of necroptosis, and our results showed
that RT significantly induced MLKL induction and acti-
vation in vitro and in vivo. Activity of MLKL was signif-
icantly decreased in NSCLC cells with RNAi-RIP3 and in
cells without expression of RIP3. Interestingly, recent
studies suggested that MLKL expression could serve as a
potential prognostic biomarker for patients with cancer
of the pancreas (31), ovaries (32), and colon (33). Our
understanding of the necroptosis pathway continues to
evolve, and further studies are necessary to character its
role after RT.

Cancer cell death after RT and/or chemotherapy
may precede, trigger, or amplify immunity. Emerging evi-
dence suggests that ablative HFRT elicits a pronounced
antitumor immune effect (34-36). The immune response
depends on the dose per fraction; higher doses per fraction
(eg, >8-10 Gy) stimulate an immune response, whereas use
of conventionally fractionated radiation therapy (ie,
approximately 2 Gy per fraction) does not stimulate as
profound an immune effect and may contribute to subse-
quent death of lymphocytes that migrate to the tumor
(37, 38). In this study we found that ablative HFRT with
doses >10 Gy further resulted in the release of immune-

activating molecule HMGBI, and therefore the treated
tumor cells could stimulate an antitumoral response.

However, uncontrolled necroptosis could potentially cause
irreversible tissue damage (39), and the immune inflamma-
tory cells recruited by the inflammatory factors released by
necrotic cells may promote angiogenesis and cancer cell
proliferation (40). If invasive tumors tolerate necrosis, they
may gain growth-stimulating factors from the recruited
tumor-promoting inflammatory cells (41). The immunomod-
ulatory properties of ablative HFRT, such as CD8+ T-cell
infiltration of tumors, merit further investigation.

There are limitations to this study. First, there is no
broad consensus defining cell death, including its mecha-
nism, timing, or association with dose of ablative HFRT.
This is in part because many of the pathways that influence
cell death are unknown, vary among cell types, exist
among a spectrum, and are difficult to assess individually.
Second, it is unclear how necroptosis differs from necrosis,
and we assessed them as a single mechanism in our ex-
periments. Necroptosis is a broad term, its pathways are yet
to be validated and defined, and new tools are needed to
differentiate apoptosis from necroptosis (42). Third, the
clonogenic formation assay is very difficult to perform
at ablative HFRT, and the results should be repeated in
other tumor cells and interpreted with caution. Addition-
ally, it is unclear how other intracellular (eg, PKM2, RAS,
TGF-B) (43, 44) and extracellular (eg, pericytes, mesen-
chymal stem cells) components (45, 46) may contribute to
necroptosis.
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Fig. 6. Immunohistochemistry and hematoxylin-eosin (HE) of patient specimens, local control and progression-free sur-
vival, and diagrammatic illustrations of signaling pathways involved. (A) Representative images of RIP3 immunohisto-
chemical (IHC) staining in early-stage non-small cell lung cancer tissues (magnification x400, bar = 20 pwm). Normal: a
correspondent normal lung tissue (case 3) shows no expression of RIP3 (IHC score: 0). Low expression: a non-small cell lung
cancer tissue (case 17) exhibited low expression of RIP3 (IHC score: 2). High expression: a non-small cell lung cancer tissue
(case 12) exhibited high expression of RIP3 (IHC score: 16). (B) A 78-year-old woman presented with worsening cough for
more than 2 years. Computed tomography revealed a central mass (3.2 x 2.5 cm) without lymph node metastasis, and fine-
needle aspiration tissues demonstrated a lung adenocarcinoma with high RIP3 expression. She received stereotactic body
radiation therapy at 60 Gy/6 fractions. Two months later, a 1.5 X 1-cm nodule was noted at the site of stereotactic body
radiation therapy. She underwent lobectomy, and the final pathology showed fibrosis without tumor. (C, D) Kaplan-Meier
survival analyses of local control (LC) and progression-free survival (PFS) were divided by the RIP3 expression levels.
(E) Diagrammatic illustrations of signaling pathways involved. Radiation therapy at <10 Gy per fraction or ablative
hypofractionated radiation therapy (HFRT) >10 Gy per fraction with low expression of RIP3-induced apoptosis and nec-
roptosis in a dose-dependent manner; in contrast, ablative HFRT >10 Gy per fraction with high expression of PIP3 pref-
erentially stimulated necroptosis, accompanied by enhanced MLKL induction and activation as well as HMGBI1 release
in vitro and in vivo. These results will inform our understanding of radiation biology after ablative HFRT.

Mitotic catastrophe is considered to be the primary In conclusion, our results revealed that ablative HFRT at

mechanism of cell death after RT, with subsequent senes-
cence and cell death by autophagy, apoptosis, or necrosis.
This classification system has been disputed; for example,
mitotic catastrophe has been reported to be fundamentally
different from apoptosis but has also been classified as a
special type of apoptosis (47). Given the discrepancies in
definition of cell death and the variability of cell death
among different cell types, we therefore focused on the 2
best-known regulated forms of tumor cell death: apoptosis
and necroptosis. Notably we did not show that inhibition of
apoptosis does not also render tumor cells resistant to
hypofractionated doses, as it does with conventionally
fractionated RT. Further studies are necessary to demon-
strate that modulation of apoptosis has less effect on tumor
cell survival (or ideally tumor growth delay in vivo) after
HFRT than modulation of necroptosis, and further studies
are warranted to assess a role of cross-talk among these
tumor cell death modes. The forms of possible cell death
along the dose fractionation spectrum are summarized in
Figure E5 (available online at www.redjournal.org).

>10 Gy per fraction enhances killing of NSCLC with high
RIP3 expression via preferential stimulation of necroptosis.
RIP3 may serve as a useful biomarker to predict favorable
response to SBRT if it can be validated in larger, pro-
spective studies. These findings provide further under-
standing of radiation biology after SBRT and potential
mechanisms to improve the therapeutic ratio.
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