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Abstract

Background and Aims: Topoisomerase I (TOP1) partici-
pates the repair of DNA double-strand breaks (DSBs) upon
radiation therapy (RT). RNF144A mediates ubiquitination
of catalytic subunit of DNA protein kinase (DNA-PKcs), a
critical factor in DSB repair. This study aimed to investigate
the natural killer (NK) cell-mediated radiosensitization with
TOP1 inhibition and the mechanism by DNA-PKcs/RNF144A.
Methods: In vitro synergism with TOP1i or cocultured NK
cells and RT were evaluated in human hepatocellular car-
cinoma (HCC) cell lines (Huh7/PLC5) by clonogenic surviv-
als. Orthotopic xenografts were treated with Lipotecan and/
or RT. Protein expression was analyzed by western blotting,
immunoprecipitation, subcellular fractionation, and confocal
microscopy. Results: Lipotecan/RT had a superior synergis-
tic effect to RT on HCC cells. Combined RT/Lipotecan reduced
the xenograft size by 7-fold than RT (p<0.05). Lipotecan
caused more radiation-induced DNA damage and DNA-PKcs
signaling. The expression of major histocompatibility com-
plex class I-related chain A and B (MICA/B) on tumor cells
is associated with the sensitivity to NK cell-mediated lysis.
Cocultured NK and HCC cells with Lipotecan radiosensitized
HCC cells/tissues with the expression of MICA/B. RNF144A
increased more in Huh7 cells with combined RT/TOP1i, and
reduced the prosurvival function of DNA-PKcs. The effect was
reversed by inhibiting the ubiquitin/proteasome system. In
comparison, RNF144A decreased through nuclear transloca-
tion with the cumulated DNA-PKcs and radio-resistance of
PLCS cells. Conclusions: TOP1i reinforces NK cell-activated
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anti-HCC effect of RT through RNF144A mediated DNA-PKcs
ubiquitination. RNF144A provides a reason for differentiating
radiosensitization effect between HCC cells.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies worldwide and ranked as the second leading
cause of cancer-related death.! Due to pre-existing liver
cirrhosis, co-morbidities, or poor performance status, most
patients with locally advanced HCC are not eligible for po-
tentially curative treatment.2 With the advancement of tech-
nology, radiotherapy (RT) has become one of the treatment
choices for localized HCC tumor(s) not suitable for the con-
ventional treatments.3 However, enhancing the therapeutic
effect of RT while protecting the surrounding healthy tissue is
a great challenge to liver tumors. Hence, specific compounds
targeting the inhibition of radiation-activated signaling might
meet the requirement.4

Sorafenib, a multikinase inhibitor, provides an additional
therapeutic option for HCC patients with extrahepatic spread
or vascular invasion, and improves the survival rate among
patients with advanced HCC.> Several preclinical studies in-
vestigated the radiosensitizing effect of sorafenib in vitro and
in vivo.6 Combination of RT and sorafenib in unresectable
HCC showed toxicities in phase I and II clinical trials.”

The lethal effect of RT on cancer cells is the DNA double-
strand break (DSB). Type I topoisomerase (TOP1) is the key
enzyme involved in DNA DSB repair.8 Inhibition of topoi-
somerases causes DNA damage, inhibits DNA replication,
fails to repair strand breaks and results in cell death. Classic
example of TOP1 inhibitors (TOP1i) are camptothecins, in-
cluding topotecan (Hycamtin), irinotecan (CPT11), and their
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derivatives.

TOP1-targeted drugs have been recently shown to be
the excellent radiation sensitizers.® The role of camptoth-
ecin derivative-based radiosensitization is limited due to the
toxicities which includes esophagitis, pneumonitis, diarrhea,
nausea, and vomiting. Among TOP1i, Lipotecan is a novel
camptothecin analog, synthesized with the unique lactone
ring changes from camptothecin. In an in vitro study, Lipote-
can increased radiation-induced DNA damage and inhibited
DNA DSB repair in lung cancer cells.10 Lipotecan was also
reported to be well tolerated and no cumulative toxicity for
patients with solid tumors in a phase I trial.!! The combina-
tion treatment of RT with TOP1i, such as Lipotecan, is worthy
of further investigation for the potential radiosensitizing ef-
fect.12 Until now, Lipotecan has not been approved for the
clinical use.

TOP1 inhibition induces DNA-dependent protein kinase,
catalytic subunit (DNA-PKcs) phosphorylation at serine
2056, required for the DSB repair.!3 During cellular DNA
damage response (DDR), DNA-PKcs acts as the active DNA-
PK holoenzyme with the Ku80/Ku70 heterodimer. After DNA-
PKcs is activated by phosphorylation of DDR signals, a set
of downstream factors are recruited for nonhomologous end
joining (NHEJ) repair and prevent the cell from apoptosis.!4
The ring finger protein family is a complex set of proteins
containing an RNF domain, which includes 40-60 amino ac-
ids.15> Many RNF family members have been reported to play
critical roles in carcinogenesis and development. Among
them, RNF144A is an E3 ubiquitin ligase for DNA-PKcs. RN-
F144A promotes DNA damage-induced cell apoptosis in a
p53-dependent way and targes DNA-PKcs for ubiquination
and degradation.16

Patients with HCC were reported to have perturbations of
Natural killer (NK) cell-related receptor/ligand axes which are
an essential part of innate immunity against cancer.l” The
DNA-targeting chemotherapeutics, including doxorubicin,
paclitaxel, and methotrexate, upregulates the expression of
major histocompatibility complex class I-related chain A and
B (MICA/B) and augment NK cell-mediated cytotoxicity. In-
creased expression of MICA/B sensitizes cancer cells to NK
cells.18 RT also upregulated MICA/B in glioblastoma models,
with the upregulated MICA/B to potentially evoke immune
surveillance evasion.!® The upregulated MICA/B functions as
a “kill me” signal through the receptor on NK cells. This study
aimed to clarify the underlying mechanism responsible for
the TOP1i related DNA-PKcs/RNF144A signaling, and the en-
hanced immunogenicity of MICA/B in HCC.

Methods

Cell lines

Human HCC cell line Huh7 was obtained from the JCRB cell
bank (Okayama, Japan), and the PLC5 cell line was obtained
from American Type Culture Collection (ATCC, Manassas, VA,
USA). The human NK cell line NK92 (ATCC CRL-2407) was
purchased from BCRC, Hsinchu, Taiwan. NK92 cells were
maintained in culture with 100 IU/ml recombinant IL-2. Cells
were maintained in Dulbecco’s minimal essential Eagle me-
dium supplemented with 10% fetal bovine serum and 50 U/
ml penicillin/streptomycin. Cells were cultured at 37°C in a
humidified atmosphere of 5% CO,.

Reagents

Lipotecan was kindly provided by Taiwan Liposome Company,
Ltd., (Taipei, Taiwan) as a lyophilized powder (40 mg/vial).
Lipotecan was reconstituted in ddH20 at the concentration of

100 pM. Sorafenib purchased from US Biological (#S5343-
01) was reconstituted in dimethyl sulfoxide (DMSO) at the
concentration of 5 mM. Irinotecan (Campto) was purchased
from Pfizer Inc. (New York, NY, USA) as a ready-to-use clini-
cal formulation solution in 5ml vials containing 100 mg of the
drug (20mg/ml). SN-38 (ab141108) was purchased from Ab-
cam (Cambridge, MA, USA), and MG132 (BML-P1102-0005)
from Enzo Life Sciences (Farmingdale, NY, USA).

Irradiation of cells

HCC cells in culture flasks were irradiated with different dos-
es, using a Cs-137 unit at a dose rate of 1.8 Gy/min. The
source-skin-distance technique was set with 30 cm at the
bottom of the flask. Dosimetry measurement was verified
with an ionization chamber. Cells were plated on chamber
slides and allowed to attach overnight and exposed to ir-
radiation of 10 Gy either alone or combined with reagents,
Lipotecan 10 nM or irinotecan 5 uM. After treatment, cells
were incubated for 4 h and harvested for western blot or im-
munoprecipitation.

Colony formation assay

Cells (1,000/well) were seeded in six-well plates and treated
with different doses of radiation (2.5-10 Gy) following 1-h
pretreatment with various doses of Lipotecan, sorafenib,
irinotecan, or DMSO vehicle. The concentrations of irinote-
can for PLC5 cells and Huh7 cells were used differently. Cells
were then cultured for an additional 7 days, after which the
number of colonies in each well (clusters of over 50 cells)
were counted using an inverted phase-contrast microscope
at 100x magnification and photographed. All experiments
performed independently in triplicate.

Western blot analysis

Total protein from cell lysates was extracted using Mamma-
lian Protein Extraction Reagent (Pierce, Rockford, IL, USA).
For each condition, 50 pg of protein was loaded for western
blot staining. Membranes were incubated overnight at 4°C
with the proper dilution of these primary antibodies: anti-
RNF144A (33 kDa, HPA049939, Sigma-Aldrich, St. Louis,
MO, USA), anti-phospho-DNA-PKcs (460 kDa, ab 124918),
anti-DNA-PKcs (469 kDa, ab44815, Abcam, Cambridge, MA,
USA) and anti-Akt (60 kDa, #9272, Cell Signaling Technolo-
gy, Beverly, MA, USA). Anti-B-actin antibodies were used (42
kDa, A5441, 1:5,000; Sigma-Aldrich) to visualize protein gel
loading. The appropriate horseradish peroxidase-conjugated
secondary antibodies were used. All experiments repeated
independently at least three times.

Subcellular fractionation

Cells were washed with phosphate buffered saline, resus-
pended in 400 pL of ice cold buffer (10 mM HEPES [pH 7.4],
10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, and protease in-
hibitor; Roche, Mannheim, Germany), incubated on ice for 15
m to allow swelling. After adding of 25 pL of 10% NP-40, the
suspension was vortexed vigorously for 10 seconds, centri-
fuged to pellet the nuclei, washed twice with ice cold buffer
containing NP-40, and resuspended in 150 pL of 20 mM, pH
7.4 HEPES buffer (0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, and
protease inhibitor; Roche). Subcellular fractions containing
50 pg of protein were applied to SDS-PAGE gels for immuno-
blotting, as described above. The presence of endogenously
expressed lamin B1 and the cytoskeleton protein a-tubulin in
the nuclear and cytoplasmic fractions were shown by west-
ern blotting. All experiments were independently repeated at
least three times.
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Immunofluorescence microscopy

Cells were plated on polylysine-coated coverslips, allowed to
attach overnight, and exposed to ionizing irradiation of 10
Gy either alone or combined with Lipotecan or sorafenib 10
nM and 0.5 pM for Huh7 cells and 30 nM and 3 puM for PLC5
cells. The cells were incubated for 4 h, washed three times
with ice cold PBS, fixed in 4% formaldehyde/PBS for 30 m,
permeabilized in 0.5% Triton X-100 in PBS for 1 h, blocked
in 5% bovine serum albumin for 1 h at room temperature,
incubated with fluorescein isothiocyanate (FITC) conjugated
anti-phospho-histone y-H2AX (Ser139); JBW301 05-636,
17kDa, 1:1,500 (Millipore, Billerica, MA, USA), anti-RNF144A
(sc 393432), 1:200 (Santa Cruz Biotechnology, CA, USA),
or anti-phospho-DNA-PKcs (ab18192), 1:600 (Abcam, Cam-
bridge, UK) for 2 h at room temperature in the dark, washed
with PBS, and mounted in Vectashield mounting medium
containing diamidino-2-phenylindole (Vector Laboratories,
Burlingame, CA, USA). In each sample, y-H2AX foci were
counted per nucleus using a fluorescence microscope (Axio
Imager A1; Zeiss, Jena, Germany) at high magnification. The
average number of y-H2AX foci for 150 nuclei were calcu-
lated. The microscope was located at the Imaging Core Facil-
ity of the First Core Laboratory, College of Medicine, National
Taiwan University. The average number of y-H2AX foci per
nucleus were the total of DSB per nucleus. All experiments
were repeated independently at least three times. Colocali-
zation analysis of RNF144A and anti-phospho-DNA-PKcs was
quantified using the JACoP plugin in Imagel.2% Quantification
was performed at least 150 cells per condition from three
independent experiments.

Immunoprecipitation

Total cell lysates were prepared with RIPA buffer (CN89900;
ThermoFisher Scientific, Waltham, MA, USA). Lysates (0.5
mg) were precleared with 40 pL protein A/G-agarose beads
(Santa Cruz Biotechnology, CA, USA) for 1 h. Protein A/G-
agarose beads were added to the antibodies and rotated at
4°C for 1 h. Precleared proteins and bead-conjugated anti-
bodies were mixed, rotated at 4°C overnight, pelleted, and
washed five times with RIPA buffer. An equal volume of 6x
Laemmli buffer was added, and the samples were boiled and
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). All experiments were repeated independently at least
three times.

Flow cytometry

Human HCC cells (5%10%) were incubated with phycoeryth-
rin-conjugated anti-MICA mAb (FAB1300P; R&D Systems,
Minneapolis, USA), or allophycocyanin-conjugated anti-MICB
mAb (FAB1599A; R&D Systems) according to the manufac-
turer’s protocol. The fluorescence signals were detected with
FACS Calibur (BD Biosciences, San Jose, CA) and analyzed
with BD CellQuest Pro software. All experiments were re-
peated independently at least three times.

In vivo orthotopic tumor model

Male severe combined immunodeficiency (SCID) mice 6
weeks of age were obtained from the Animal Center of Na-
tional Taiwan University. All experimental procedures were
approved by National Taiwan University Institutional Animal
Care and Use Committee. Huh7 cells (1x10%) were injected
directly into the left hepatic lobe. One week after tumor cell
injection, 36 mice were randomized to: (1) control treatment
(vehicle), (2) intravenous Lipotecan (40 mg/kg/day on days
0, 4, and 8), (3) oral sorafenib (20 mg/kg/day on days 0-9),
(4) RT (5 Gy daily on days 1, 4, and 9), (5) the combination
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of Lipotecan and RT, and (6) the combination of sorafenib
and RT. Living Image software was used to process the bio-
luminescent signals and generate growth curves of liver tu-
mors once a week from weeks 0 to 3. Mice from each group
were sacrificed 3 weeks after treatment.

Radiotherapy to orthotopic liver tumor

Mice were immobilized, simulated, and irradiated with a
half-beam rectangular field to the left two-thirds of the liver
covering the tumor. A 6-MV photon linear accelerator and a
small animal X-ray irradiator (X-RAD SmART small animal
radiotherapy; Precision, Madison, CT, USA) was used to ir-
radiate the liver tumor with three fractions of 5 Gy/day on
days 1, 4, and 9.

Immunohistochemical staining

Mice from each group were sacrificed on day 21. The tumor
was fixed in 10% neutral buffered formalin and processed
for histopathological and immunohistochemical staining. Af-
ter fixation, tumor tissues were embedded in paraffin blocks
and sectioned (5 pm). Tumor cells were detected in repre-
sentative stained sections. The expression of phospho-DNA-
PKcs (#74965), phospho-Akt (#4060), cleavage caspase 3
(#9964; Cell Signaling Technology, Beverly, MA, USA), and
MICA/B (ab203679; Abcam, Cambridge, UK) were evaluated
after immunohistochemical staining with specific antibod-
ies. Pictures were recorded using a Zeiss AxioImager micro-
scope. Images of immunohistochemical staining with MICA/B
were analyzed in an unsupervised and blinded fashion using
TMARKER, a software toolkit for histopathologic staining es-
timation.2! Immunoreactivity was analyzed by three inves-
tigators.

Statistical analysis

All experiments were repeated at least three times. Statisti-
cal analysis was carried out using an unpaired two-tailed Stu-
dent’s t-test or the Mann-Whitney rank-sum test. P-values
<0.05 were considered significant.

Results

Superior radiosensitizing effect of TOP1i to RT but dif-
ferent efficacy on clonogenicity in two HCC cell lines

To investigate the potential role of TOP1i in HCC radiosensiti-
zation, we first compared the synergistic effect of a novel TO-
P1i Lipotecan with RT. Radiotherapy combined with Lipotecan
had a significant synergistic effect on clonogenicity in two
human HCC cell lines, Huh7 and PLC5. In clonogenic survival
assays, the combination of radiation (2.5-10 Gy) and Lipote-
can treatment (2.5-12.5 nM in Huh7 cells, 7.5-37.5 nM in
PLC5 cells) induced a noticeable dose-dependent reduction
of cell viability (Fig. 1A), and was more effective in Huh7
than PLC5 cells. To confirm the similar radiosensitizing effect
by another TOP1i, the combination of radiation and irinote-
can (0.1-0.5 uM in Huh7 cells, 0.5-2.5 pM in PLC5 cells), a
common TOP1i in clinical use, also induced differential dose-
dependent reduction of cell viability (Supplementary Fig. 1)
in both cell lines.

Lipotecan induces radiation-induced DNA damage

Phosphorylated H2AX (y-H2AX) generated at the foci of radi-
ation-induced DSB is one of the gold standards for estimat-
ing DSB. To analyze differences of DNA damage by Lipote-
can, y-H2AX foci per cell was counted in Huh7 and PLC5 cells
treated with radiation (10 Gy) alone, and combined radia-
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Fig. 1. Radiosensitizing effect of topoisomerase 1 inhibitor (TOP1i, Lipotecan) on hepatocellular carcinoma (HCC) cells. (A) Lipotecan enhances the ra-
diosensitization of HCC cell lines, Huh7 better than PLC5 in clonogenic survival assays. Cells were seeded in six-well plates and treated with different doses of radiation
(2.5-10 Gy) following 1-h pretreatment with various doses of Lipotecan, or dimethyl sulfoxide vehicle. Cells were then cultured for an additional 7 days. The surviving
fraction was determined as described in Material and Methods. All experiments were performed independently in triplicate. Quantitative results of clonogenic assays
after combination treatment with Lipotecan and irradiation (RT). Data in the graph are means + SD. At each dose level, the colony count is expressed as a fraction of
the number in the corresponding control group. (B) The average number of y-H2AX foci after RT-induced DNA damage with/without Lipotecan in Huh7 and PLC5 cells,
*p<0.05. (C) Representative immunofluorescence images of y-H2AX formed in the nuclei of Huh7 and PLC5S cells treated by sham, Lipotecan, RT, and combined RT/
Lipotecan are shown. Each cell line was exposed to ionizing irradiation of 10 Gy either alone or combined with Lipotecan. The Lipotecan concentrations were 10 nM for
Huh7 cells, and 30 nM for PLC5 cells. The cells were then incubated for 4 h before harvest. Data are from a representative experiment of at least triplicate.

tion and Lipotecan. At 4 h, the combined Lipotecan increased
the number of y-H2AX foci/cell by 1.1-fold compared with
radiation alone (19.1+0.4 vs. 17.4+0.3, p<0.05) in Huh7
cells. The difference remained significant at 8 h by 1.7-fold
(14.2+0.2 vs. 8.4%£0.3, p<0.05; Fig. 1B). In PLC5 cells, Li-
potecan increased the number of y-H2AX foci/cell by 1.17-
fold compared with radiation alone (18.0+0.3 vs. 13.7+£0.1,

p<0.05) at 4 h.

TOP1 inhibitor better synergizes the antitumor effect
of RT

To confirm the in vivo antitumor effect of RT combined with
TOP1i (Lipotecan), we used a SCID mouse model bearing an
orthotopic liver tumor. All mice were implanted with 1x10°
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Fig. 2. Radiotherapy (RT) combined with topoisomerase 1 inhibitor (TOP1, Lipotecan) inhibited orthotopic liver xenograft tumor models in severe
combined immunodeficient mouse. Huh7 cells (1x105) were injected directly into the left hepatic lobe. One week after the tumor cell injections, mice were ran-
domized to: (1) sham treatment (vehicle), (2) intravenous Lipotecan, (3) RT, and (4) the combination of Lipotecan and RT. Tumor growth was tracked and measured
by xenogen bioluminescence imaging. (A) Representative xenogen imaging results of one representative bioluminescence image in each group from week 0 to 3 are
shown. Color bars represent tumor cell intensity from low (blue) to high (red). (B) Photographs livers dissected on day 21 from two representative mice in each group.
Black arrows indicate the liver tumor. (C) The combination of RT and Lipotecan significantly reduced tumor growth by 7-fold compared with RT alone (*p<0.05) at the
end of week 3. Data are mean £ SD (n=6 for each group; *p<0.05, **p<0.01, compared with RT and Lipotecan, t-test). All experiments were repeated independently

at least three times.

Huh7Fluc cells by injection into the parenchyma of the left
hepatic lobe. After the activity of luciferase, tumor reached
the threshold level, 24 mice were randomly divided into four
groups: (1) control treatment (vehicle), (2) intravenous Li-
potecan (40 mg/kg/day on days O, 4, and 8), (3) RT (5 Gy
daily on days 1, 4, and 9), and (4) the combination of Lipote-
can and RT. In vivo bioluminescent imaging was used weekly
to evaluate the antitumor effect. Figure 2A shows represent-
ative bioluminescence images of the tumor response in each
group between weeks 0 and 3. The imaging data of livers
dissected from two representative mice in each group in Fig-
ure 2B illustrate the consistent between-group differences. A
comparable tumor growth pattern was seen in each group.
The combination of RT and Lipotecan significantly reduced
tumor growth by 7-fold compared with RT alone (p<0.05)
at the end of week 3 (Fig. 2C). The data confirmed that the
combination treatment of RT and Lipotecan improved the
control of orthotopic liver tumors more effectively than the
other treatment groups.

Using immunohistochemical (IHC) staining, a reduction
of radiation-activated pDNA-PKcs and pAkt was found in or-
thotopic HCC tumors. The combination treatment of RT and

Lipotecan significantly suppressed the expression of pDNA-
PKcs and pAkt compared with RT alone (Supplementary Fig.
2A, B). In addition, IHC staining of caspase 3 showed that
combined RT and Lipotecan increased apoptosis in the or-
thotopic tumors (Supplementary Fig. 2C). IHC staining of
pDNA-PKcs, pAkt, and caspase 3 did not differ following the
RT alone or RT plus sorafenib. The results indicate that Li-
potecan radiosensitized HCC xenografts in vivo via impairing
DNA-PKcs and Akt-dependent DNA DSB repair and inducing
caspase 3-related apoptosis. The in vivo Huh7 xenografts
had increased y-H2AX and RNF144A expression after radia-
tion combined with TOP1i as in the in vitro results (Supple-
mentary Fig. 2D, E).

TOP1i inhibits radiation-activated DNA-PKcs and Akt
signaling of Huh7 but not PLC5 cells

To investigate the molecular mechanism of TOP1i on radia-
tion-induced DNA-dependent protein kinase, catalytic subu-
nit (DNA-PKcs), and Akt phosphorylation, Huh7 and PLC5
cells were treated with Lipotecan at the indicated concentra-
tions. Phosphorylated DNA-PKcs (pDNA-PKcs) and phospho-
rylated Akt (pAkt) were then assayed by western blotting.
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Fig. 3. Topoisomerase 1 inhibitor (TOP1i) inhibits radiation (RT)-activated DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) signaling in
Huh? but not PLC5 cells. Western blotting (WB) showed that the levels of phosphorylated DNA-PKcs (pDNA-PKcs) increased after RT and were inhibited by Lipote-
can in (A) Huh7 but not (B) PLC5 cells. (C) The inhibitory effect of radiation-induced phosphorylated DNA-PKcs (pDNA-PKcs) was not observed with higher doses of
Lipotecan (50 nM and 100 nM) in irradiated PLC5 cells. (D) Phosphorylated DNA-PKcs increased after RT and was inhibited by Lipotecan in Huh7 cells but not in PLC5
cells. WB shows that the levels of RNF144A increased after RT and were inhibited by Lipotecan, in Huh7 cells but not in PLC5 cells. (E) After Lipotecan with/without
RT, RNF144A was detected by WB in immunoprecipitates (IPs) with antibody to DNA-PKcs in Huh7 and PLC5 cells (upper three panels). DNA-PKcs were detected by
WB in IP with antibody to RNF144A after Lipotecan with/without RT in Huh7 and PLCS5 cells (lower three panels). Cells were exposed to ionizing irradiation of 10 Gy
either alone or combined with Lipotecan 10 nM. After treatment, cells were incubated for 4 h and harvested for WB or IP. Data are means + SD from a representative

experiment of at least triplicate.

Interestingly, the combination of radiation and Lipotecan in-
hibited radiation-activated pDNA-PKcs and pAkt expression
in Huh7 (Fig. 3A) but not in PLC5 cells (Fig. 3B). To confirm
the difference, higher doses of Lipotecan (50 nM and 100
nM) were used in irradiated PLC5 cells. Despite the reduction
of radiation-activated pAkt, the inhibitory effect of Lipotecan
on radiation-induced pDNA-PKcs was still not shown in PLC5
cells (Fig. 3C).

RNF144A mitigates the prosurvival function of radia-
tion-induced DNA-PKcs phosphorylation after TOP1i

DNA-PKcs is an integral part of nonhomologous DNA end
joining (NHEJ) promoting cell survival after radiation injury.22
RNF144A is an E3 ubiquitin ligase for DNA-PKcs that increas-
es DNA damage-induced cell apoptosis.23 To understand the
possible mechanism that controls the expression of DNA-PK-
cs, the changes of RNF144A after RT and TOP1i (Lipotecan
and irinotecan) were analyzed in the two HCC cell lines. With
the increased expression of phosphorylated DNA-PKcs after
radiation, Lipotecan (Fig. 3D) and irinotecan (Supplementary
Fig. 1C) inhibited RT-activated DNA-PKcs signaling in Huh?7
but not in PLC5 cells. The expression of RNF144A was acti-
vated after radiation combined with irinotecan in Huh7 cells
but not in PLC5 cells (Fig. 3D and Supplementary Fig. 1C).

Journal of Clinical and Translational

The active metabolite of irinotecan, SN38, also inhibited the
expression of radiation-induced DNA-PKcs and activated the
expression of RNF144A in Huh7 but not in PLC5 cells (Sup-
plementary Fig. 4). So it was assumed that the RNF144A is
counteracting the effect of DNA-PKcs.

Interaction of DNA-PKcs and RNF144A after TOP1i
with/without irradiation

Co-immunoprecipitation was performed to check the interac-
tion of DNA-PKcs and RNF144A-related ubiquitination after
TOP1i and/or radiation. HCC cells were treated with Lipote-
can/irinotecan and/or radiation and whole-cell extracts were
prepared for the immunoprecipitation assay. The extracts
were immunoprecipitated with antibody to DNA-PKcs had
RNF144A and vice versa. RNF144A DNA-PKcs increased after
combined Lipotecan and radiation in Huh7 cells but decreased
in PLC5 cells (Fig. 4C). RNF144A DNA-PKcs also increased
after combined Lipotecan and radiation in Huh7 cells but de-
creased in PLC5 cells (Fig. 3E). A similar effect was seen after
combined irinotecan and radiation in Huh7 and PLC5 cells
(Supplementary Fig. 1D, E). The data show that RNF144A
targeted DNA-PKcs in Huh7 cells for ubiquitination and deg-
radation during DNA damage after TOP1i and radiation. That
shows for the first time that RNF144A-related ubiquitination
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a representative experiment of at least triplicate.

may be responsible for the differential response in Huh7 and
PLCS5 cells to combined treatment.

Differential effect on nuclear translocation of RN-
F144A in Huh7 and PLC5 cells after radiation and
TOP1 inhibition

The location of the DNA-PK complex has been reported to
be a critical factor involving DNA damage/repair machinery
after RT.24 Hence, change in the localization of the RNF144A/
DNA-PKcs complex after DNA damage was investigated.
First, the subcellular localization of RNF144A was character-
ized by using indirect immunofluorescence. After RT, nuclear
translocation of RNF144A was seen in PLC5 cells (Fig. 4B)
but not in Huh7 cells (Fig. 4A) by staining of RNF144A and
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DNA-PKcs. Yellow fluorescence in the cytoplasm formed by
the overlap of red and green fluorescence indicated that the
colocalization of DNA-PKcs and RNF144A, showed ubiquit-
ination of DNA-PKcs by RNF144A acting in the cytoplasm.
Next, the nuclear and cytosolic proteins were separated for
western blotting assay with antibodies against DNA-PKcs
and RNF144A proteins. Similarly, intranuclear accumulation
of RNF144A was seen after combining RT with Lipotecan in
PLC5 cells (Fig. 4D), compared with the increased expression
of RNF144A in the cytoplasm of Huh7 cells (Fig. 4C). Also,
increased expression of DNA-PKcs was shown in the cyto-
plasm of PLC5 cells (Fig. 4D). A similar effect was also shown
with treatment of irinotecan and/or radiation in Huh7 (Sup-
plementary Fig. 3A) and PLC5 cells (Supplementary Fig. 3B).
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Reverse effects with proteasome inhibition on phos-
phorylated DNA-PKcs and RNF144A after combining
TOP1i and radiation

In mammalian cells, proteasomes control the degradation
of ubiquitin-conjugated proteins.25 We investigated whether
inhibiting the ubiquitin/proteasome system with MG132, a
potent and reversible proteasome inhibitor, increased the ex-
pression of pDNA-PKcs in Huh7 cells after combined TOP1i
and radiation. With proteosome inhibition, the differential ef-
fects of combined Lipotecan and radiation in Huh7 and PLC5
cells (Fig. 4E) and with combined irinotecan and radiation on
pDNA-PKcs and RNF144A were reversed (Fig. 4F).

TOP1i radiosensitizes HCC cells to NK cell-mediated
killing and upregulates radiation-induced MICA/B
expression

NK cells cocultured with HCC cells increased the radiosen-
sitizing effect by TOP1i, Lipotecan (Fig. 5A). The effects of
RT on MICA/B expression in HCC cells were shown by the
increase of major histocompatability complex class I chain-
related protein A MICA expression by 1.18 fold and 1.36 fold
with RT and combined RT/Lipotecan in Huh7 cells, and 1.14
fold and 1.47 fold in PLC5 cells. Increases of MICB expres-
sion were 1.30-fold with RT and 1.36-fold with combined RT/
Lipotecan in Huh7 cells, and 1.07-fold and 1.26-fold in PLC5
cells (Fig. 5B-D). In orthotopic HCC tumors, the expression
of MICA/B also increased significantly with RT and/or Lipote-
can on IHC staining (p<0.01; Fig. 6A, B). Taken together,
the results indicate that DNA-PKcs increased in response to
radiation-induced DNA damage. TOP1li mediated the ubig-
uitination and degradation of cytosolic DNA-PKcs regulated
by RNF144A, and accounts for the differential radiosensitiz-
ing effect in Huh7 and PLC5 cells. In Huh7 cells, combining
radiation with TOP1i increased DNA-PKcs ubiquitination by
RNF144A, suppressed subsequent DNA repair, and resulted
in a better radiosensitizing effect. In PLC5 cells, the com-
bined treatment induced RNF144A nuclear translocation with
fewer DNA-PKcs ubiquitination/degradation. Intranuclear ac-
cumulation of RNF144A and increased cytosolic DNA-PKcs
may be involved in DNA repair for less effective cytotoxicity.
The combination of RT and TOP1i enhanced the expression
of MICA/B ligands to sensitize the NK cell-mediated killing
effectiveness of HCC cells (Fig. 6C).

Discussion

With the advancement of technology, RT has become one
of the treatment options for localized HCC not suitable for
or refractory to conventional treatments.3 Despite the intra-
arterial approach by yttrium-90 and increased dose inten-
sity by stereotactic body RT (SBRT), radiotherapeutic effects
remain unsatisfactory.2é The inhibition of radiation-activated
signaling pathways to overcome the sublethal effect may be
a strategy to enhance the therapeutic effect of RT on he-
patic tumors.* Sorafenib, a multikinase inhibitor that blocks
c-RAF vascular endothelial growth factor and platelet-derived
growth factor-a kinases, is the first systemic treatment with
a proven survival benefit for advanced HCC. Several pre-
clinical studies investigated the radiosensitizing effect of
sorafenib in vitro and in vivo.527 However, combined treat-
ment with RT and sorafenib in unresectable HCC showed tox-
icities in clinical use.”28 In this study, TOP1i was shown as
a more potent radiosensitizer than sorafenib for HCC. The
mechanism of radiosensitization by TOP1i was by ubiquitina-
tion of radiation-induced DNA-PKcs by RNF144A to interfere
with DNA-PKcs-related DNA repair, resulting in an enhanced

lethal effect in HCC. This study also demonstrated a differen-
tial radiosensitizing effect in two HCC cell lines with different
amounts of ubiquitination of DNA-PKcs and nuclear translo-
cation of RNF144A.

Effects of TOP1i

DNA is the critical target of radiation, and DSB in DNA is
the primary lethal lesion after RT. Nuclear DNA TOP1 is an
essential enzyme involved in DNA DSB repair.8 Irinotecan
stabilizes cleavable TOP1-DNA complexes, which results in
DNA damage and apoptosis of cancer cells. In vitro stud-
ies showed SN38, the active metabolite of irinotecan, had
promising anticancer effectiveness in HCC.2° Irinotecan is the
first-line chemotherapy in patients with various solid tumors,
including colorectal®® and pancreatic cancer.3! However, the
response to irinotecan in HCC patients was not satisfactory.®
Clinical studies of TOP1i have not shown a significant benefit
in patients with HCC because of dose-dependent toxicity.32
Clinical trials of other agents and irinotecan used a lower
dose to improve safety and efficacy.33 Recent findings sup-
port the use of the TOP1i as a promising combination treat-
ment for HCC.34

DNA-PKcs and radiosensitization

Accumulating evidence indicates the critical role of DNA-PKcs
in HCC development and progression.3> DNA-PKcs have an
important role in the NHEJ DNA repair pathway and provides
prosurvival signaling during DNA damage. Activation of DNA-
PKcs requires the phosphorylation of specific amino acid resi-
dues in its catalytic subunit, in which T2609 and S2056 have
been identified to be essential for NHEJ repair of DNA DSBs.36
Likewise, deletion of these phosphorylation sites results in
enhanced cellular sensitivity to irradiation.37 Lipotecan inhib-
ited autophosphorylation of DNA-PKcs S2056 in Huh7 cells,
which became more sensitive to radiation. In NHEJ, broken
DNA ends are bound with high affinity by the Ku70/Ku80
heterodimer followed by recruitment and activation of the
DNA-PKcs.38 This study showed that TOP1i suppressed ra-
diation-induced DNA-PKcs and had a better anticancer and
radiosensitizing effect that sorafenib, the most common tar-
geted drug in advanced HCC (Supplementary Figs. 5 and 6).

RNF144A and DNA repair

RNF144A, the E3 ubiquitin ligase for DNA-PKcs, is mainly lo-
calized in the cytoplasmic vesicles and plasma membrane
and interacts with cytoplasmic DNA-PKcs.3° It mediates the
ubiquitination of DNA-PKcs and promotes apoptosis upon
DNA damage. Depletion of RNF144A leads to an increased
level of DNA-PKcs and resistance to DNA damaging agents,
which is reversed by DNA-PKcs inhibitors2®> RNF144A is in-
volved in apoptosis by downregulation of DNA-PKcs when
cells suffer from persistent or severe DNA damage insults.*?
In this study, TOP1 inhibitors increased the ubiquitination of
DNA-PKcs in Huh7 cells and conjugated with RNF144A. In
contrast, increased translocation of RNF144A to the nucleus
was seen in PLC5 cells. Such differences between Huh7 and
PLC5 cells might be responsible for their differential response
to a combined treatment of RT and TOP1 inhibitors.

The ubiquitin-proteasome system

RNF144A involves the ubiquitination of DNA-PKcs and its
degradation in proteasomes.?3 The ubiquitin-proteasome
system (UPS) plays a key role in the processes of the cell
cycle, apoptosis, receptor signaling, endocytosis, and many
others.4! Several molecular analyses of HCC have highlighted
many genetic and epigenetic changes influenced by the UPS.
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Fig. 5. TOP1-inhibition radiosensitized HCC cells to NK cell-mediated killing and upregulates radiation-induced MICA/B expression. (A) HCC cells
pretreated with Lipotecan and/or radiation were cocultured with NK92 cells. Cells were seeded and treated with different doses of radiation (2.5-10 Gy) following
1-h pretreatment with Lipotecan, or DMSO vehicle. Cells were then cocultured with NK92 cells for an additional 7 days. The surviving fraction was determined as
described in Materials and Methods. All experiments were performed independently in triplicate. (B) Quantitative results of HCC cells treated with Lipotecan and/or
radiation for 24 h were immunolabeled with anti-MICA or anti-MICB antibodies and fluorescent signals were detected by flow cytometry analysis (C) Huh 7 and (D)
PLC 5 cells with the isotype controls shown as green histograms. **p<0.01, ***p<0.001, and ****p<0.0001. Data are means £ SD from a representative experi-

ment of at least triplicate.
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The UPS has been a novel target for drug development. Bort-
ezomib, a proteasome inhibitor, was tested combined with
doxorubicin for patients with advanced HCC in a phase II
trial, but the primary endpoint of objective response was not
met.42 Bortezomib sensitized HCC cells to RT by the inhibition
of protein phosphatase 2A (CIP2A).43 CIP2A regulates the
activity of serine/threonine protein phosphatases that control
Akt and ERK. Although DNA-PK is a nucleolus protein, the
catalytic subunit, DNA-PKcs is abundant in the cytoplasm.44
RNF144A was reported to induce the ubiquitination and deg-
radation of cytoplasmic DNA-PKcs during DDR.1® To prevent
the therapeutic effect of the proteasome inhibitor, a low dose
of MG132 was used, to test the molecular mechanism on RT.
The findings were consistent with previous studies showing
that the low-dose proteasome inhibitor increased the accu-
mulation of DNA-PKcs in Huh7 cells.

Immune recognition receptors of MICA/B

Combining targeted therapy with immunotherapy results in a
potentially additive benefit in several types of cancer, includ-
ing HCC.4> Stimulation of the receptors on tumor cells im-
proves tumor control through the immune recognition func-
tions of NK and T cells.*¢ Available evidence suggests that RT
improves the antitumor effect of immunotherapy.#” The ma-
lignant potential of HCC including proliferation, invasion, and

metastasis, are closely related to cellular immune function.
NK cells are the major cytolytic effectors in innate immu-
nity.48 RT was reported to enhance the NK-cell-induced anti-
tumor effect in leukemia.4® In solid tumors, RT was shown to
increase immune-priming for a better response to immuno-
therapy.5? MICA/B is a vital signal to induce anti-tumor im-
munity during HCC carcinogenesis.>! Our findings indicated
the increased expression of MICA/B expression in HCC cells
treated with RT and Lipotecan and in orthotopic HCC tumors.

Limitations

The study has some limitations. First, it did not provide evi-
dence regarding the direct knockdown of the target genes,
RNF144A. Instead, using TOP1i is commonly seen in other
studies,?3 and we have a complete data set for the effective-
ness of TOP1i, Lipotecan, and irinotecan. Second, this study
did not expand the application of RNF144A as a prediction
marker in patients undergoing HCC treatment. The ways to
develop RNF144A as a predictive or prognostic marker for ra-
diosensitization are still under investigation. Third, the com-
prehensive interaction with DNA damage/repair after nuclear
translocation of RNF144A in PLC5 cells is not clear. Studies
are ongoing to discover the determining function of RNF144A
in the nucleus. Fourth, the dose-response mechanism of NK
cell-mediated cytotoxicity by combined RT/Lipotecan remains
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to be determined. Low-dose RT had a tendency to increase
the function of NK cells and high-dose RT decreased the func-
tion. During RT for HCC, high-dose RT always focused on the
tumor and low-dose RT spread to nearby normal liver tissue.
A low dose to the normal liver might boost the cytotoxicity of
NK cells. Fifth, the SCID mouse model used in this study had
no T and B cells, had abundant innate immune system com-
ponents like NK cells, macrophages, granulocytes, and com-
plement proteins. Karube et al.,52 reported that phosphoryl-
ated Akt levels in NK cell lines were significantly lower than
in other cell lines. The majority of the pDNA-PKcs and pAkt
expressions in our study were found in the tumor (Supple-
mentary Fig. 2). Tumor cells, rather than infiltrating immune
cells, were thought to be the source of pDNA-PKcs and pAkt
production. However, we cannot confirm that in this study.

Conclusion

DNA-PKcs has a prosurvival function in the repair pathway af-
ter RT-induced DNA damage. In this study, Lipotecan a novel
TOP1 inhibitors, was a radiosensitizing agent that mediated
the ubiquitination and degradation of DNA-PKcs by RNF144A,
which was responsible for the differential radiosensitizing ef-
fects in two HCC cell lines. TOP1 inhibitors have the potential
to act synergistically with RT for immune-priming in HCC im-
munotherapy.
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