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Background: The expression of transglutaminase 2 (TG2) is correlated to DNA damage repair and apoptosis through the p53
pathway. The present study aimed to investigate the potential radiosensitization effect and possible mecha-
nisms of the TG2 inhibitor KCCO09 in lung cancer in vitro.

Material/Methods: A single hit multi-target model was used to plot survival curves and to calculate the sensitizing enhancement
ratios in lung cancer wild-type or mutant p53 of H1299 cells. We performed analyses for changes of cell cy-
cling and apoptotic responses of cells; Western blot analysis and real-time SYBR Green PCR assay were used
to determine the changes of mRNA/protein expressions; ELISA assay was used for examination of cytochrome
c release in cytoplasm.

Results: Our results showed that KCC009 induced radiosensitization in both H1299/WT-p53 and H1299/M175H-p53 cells.
KCCO09+IR induced GO/G1 arrest in H1299/WT cells and G2/M arrest in H1299/M175H-p53 cells. KCCO09+IR
also induced apoptosis in both cell lines. In addition, KCCO09+IR decreased the TG2 expression, and increased
the p53 expression in H1299/WT cells but not in H1299/M175H-p53 cells. KCCO09+IR also increased the ex-
pression of p21, Bax, p-caspase-3, and decreased Bcl-2 and CyclinD expression in H1299/WT cells. While
KCC009+IR induced phosphorylation of caspase-3 and increase Cyt-C level in the cytoplasm of, and decreased
CyclinB, Bcl-2 expression in H1299/M175H-p53 cells, we noticed that Cyt-C level in the nucleus decreased in
the H1299/WT cells.

Conclusions: KCC009, a TG2 inhibitor, exhibits potent radiosensitization effects in human lung cancer cells expressing wild-
type or mutant p53 with different mechanisms.
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Background

Lung cancer is the most common cancer and the leading cause
for cancer-related mortality worldwide [1]. The majority of lung
cancer is NSCLC (non-small-cell lung cancer), which includes
squamous cell carcinoma, adenocarcinoma, and large cell carci-
noma. One third of these patients are diagnosed with stage IlI
disease when curative treatment is extremely limited. Despite
tremendous progresses in diagnosis and treatment of lung can-
cer, the overall treatment outcomes remain poor. Tumor ag-
gressiveness in metastatic lesions is the cause of lethality in
lung cancer patients, and is responsible for more than 90% of
failure for lung cancer treatment [1,2].

Radiotherapy is one of the main treatments for lung cancer
patients, and the p53 pathway plays important roles in regula-
tion of radiotherapeutic responses of cancer cells through DNA
damage repair, cell cycle regulation, and apoptosis. Cancer cells
harboring wild-type (WT) p53 are relatively more susceptible
to radiation-induced apoptosis than cells with mutant p53 ex-
pression [3-5], and radiation relapse due to p53 dysfunction
is a challenge for clinical treatments of lung cancer patients.

Transglutaminase 2 (TG2) is a ubiquitous multifunctional mam-
malian protein that catalyzes the formation of intermolecular
isopeptide bonds between glutamine and lysine residues of
selected proteins [6,7]. The enzymatic activity of TG2 is allo-
sterically regulated by several factors, including guanine nu-
cleotides, Ca+2, and redox potential [8]. TG2 has been found
to be involved in a diverse range of biological processes, in-
cluding apoptosis, membrane signaling, cell adhesion and ex-
tracellular matrix formation, and elevated expression of TG2
was detected in various forms of cancer. In addition, studies
also demonstrated that downregulation of TG2 expression or
inhibition of TG2 enzymatic activity can convert chemoresis-
tance in cancer cell s[9,10]. In this study, we investigated the
radiosensitization effects of KCC009, a TG2 inhibitor, in hu-
man lung cancer cells, and potential role of p53 in the KCC009-
induced enhancement of radiosensitivity in the cancer cells.

Material and Methods

Drugs and reagents

KCCO009 (N- ((2S) -1 -((3-bromo-4,5-dihudroisoxazol-5-yl)
methy) amino)-3-(4-hydroxyphenyl)-1-oxopropan-2-yl)-3,4-
dihydroxybenzamide, C20H20BrN306, Molecular Weight:
478.299) was synthesized by Shanghai Yi Fang Biotechnology
Co., Ltd., and the structure of KCCO09 compound is shown
in Figure 1. KCCO09 was prepared as a 1M stock in dimethyl
sulfoxide (DMSO) and stored at —20°C. RPMI-1640 was pur-
chased from Gibco-BRL (Carlsbad, CA, USA), the Cycle Test™
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Figure 1. Illustration of the structure of KCCO09 compound.

Plus DNA reagent and Annexin V-FITC & Propidium lodide (PI)
Apoptosis Detection kits were obtained from Becton Dickinson
and Co., (Franklin Lakes, NJ, USA), AllPrep DNA/RNA/Protein
Mini Kit (cat no: 80004) was obtained from QIAGEN (Venlo,
Netherlands), Cyt-C-ELISA was obtained from R&D systems Inc.,
(NJ, USA). Antibodies against caspase-3, Bax, Bcl-2, p21, CyclinB,
and CyclinD were obtained from Cell Signaling Technology
(Danvers, MA, USA), antip-actin antibody was from Santa Cruz
Biotechnology, Inc., (Santa Cruz, CA, USA).

Cell culture

Human lung cancer H1299/WT-p53 and H1299/M175H-p53
cells were kindly provided by Dr. Xufeng Chen from University
of California Los Angeles [11]. Cells were grown in RPMI-1640
supplemented with 10% fetal bovine serum, 100 pg/mL pen-
icillin and 100 pg/mL streptomycin at 37°C in a 5% CO2 hu-
midified atmosphere.

Cell proliferation assay

The cell proliferation assays were performed using the MTT
method per manufacturer’s instructions. Briefly, the cells
were seeded in 96-well plates (Costar; Corning Life Sciences,
Cambridge, MA, USA) with 5,000 cells/well. Subsequent to an
overnight incubation, triplicate wells were treated with various
concentrations of KCCO09 for 48 hours, and 20 pyL MTT solu-
tions (5 mg/mL in phosphate-buffered saline; PBS) were then
added to each well and the plate was incubated for 4 hours
at 37°C. The MTT formazan was dissolved in 150 yL DMSO
and the absorbance was measured with a microplate reader
(Multiskan MK3; Thermo Labsystem, Waltham, MA, USA) at a
wavelength of 570 nm. Cell proliferation curves were plotted
with using the drug concentration as the abscissa axis and
the inhibition ratio of the drug as the vertical axis. The 50%
growth inhibition (IC50) was calculated according to the curve.

Determination of radiosensitivity
The growing cells were exposed to KCCO09 at a concentration

of 3.91 Um for 24 hours, and cells were then irradiated with 0,
1,2, 4,6,8, or 10 Gy with using a 6MV X-ray (SIEMENS), and
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collected and plated in 60-mm dish with various cell numbers
according to the irradiation dose. The cells were maintained
in complete medium for 10-14 days and stained with crystal
violet. Colonies consisting >50 cells were considered as surviv-
al colonies and directly scored using an inverted microscope.
The cell survival curve was plotted using the irradiation dos-
age as the abscissa axis and the survival fraction (SF) as the
vertical axis. The average lethal dosage of cells (DO) and the
quasi-field dosage (Dg), which indicates the repair ability of
cells to sublethal injury, and extrapolation number (N) values
were calculated according to the curve. The sensitization en-
hancement ratio (SER) was calculated according to the fol-
lowing equations: SF=1-(1-exp[-D/DO])N; Dg=InN/(1/D0); and
SER=control group DO value/treatment group DO value.

Cell cycle distribution

Cells were treated with radiation, KCC009, or the combination
for 48 hours; and DMSO was used as control. The cells were
harvested and fixed with 70% ethanol and stored overnight at
-20°C. The cells were centrifuged using a Heraeus Labofuge 400
centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) at 300xg
and washed twice with PBS, and were then labeled with 50 mg/
mL Pl with protection from light for 30 minutes prior to analy-
ses by flow cytometry (CellQuest version 3.1; Beckman Coulter,
Inc., Brea, CA, USA). Experiments were performed in triplicate.

Apoptosis measurement

Apoptosis was measured by Pl/Annexin V double staining. The cells
were harvested after treatment for 48 hours, and stained with PI
and Annexin V. The apoptotic fraction was detected by flow cy-
tometry (BD FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).

Real-time SYBR Green PCR assay for TG2 and p53 gene
expression

The cells were harvested after treatment for 48 hours, and
RNA was prepared with TRIzol reagent (Invitrogen, USA). The
Q-PCR reaction was performed in a 20 pL system containing
10 pL 2xiQ SYBR Green Supermix, 0.5 pL of 20 yM forward
primer, 0.5 pL of 20 uM reverse primer, 0.8 pL of cDNA, and
8.2 L double-distilled water (ddH20). The real-time PCR was
carried out as follows: one cycle of 95°C for 5 minutes, fol-
lowed by 40 cycles of 95°C for 15 seconds and 60°C for 35 sec-
onds. Fold change=2-A(ACt), of this equation, ACt=Ct(target)-
Ct(gapdh), A(ACt)=AC t(treated)-ACt.

Western blot analysis
After 48 hours of the indicated treatments, total cell lysates

were prepared and were subjected to SDS-PAGE gel electropho-
resis and transferred to a polyvinylidene fluoride membrane
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Figure 2. Effects of KCCO09 on cell proliferations of H1299/WT-
p53 and H1299-M175H-p53 cells. Cell viability was
determined with MTT assay. The data represent the
average of at least three independent experiments.
Error bars indicate standard deviation.

(Seebio Biotech, Inc., Shanghai, China). The membranes were
incubated overnight with each primary antibody [1: 1,000]
at 4°C with gentle agitation (Wave-SI slim shaker; TAITEC
Corporation, Koshigaya, Japan). The membranes were incubat-
ed for two hours with a horseradish peroxidase-labeled sec-
ondary antibodies (1: 2,000; affinity purified goat anti-mouse
IgG and goat anti-rabbit IgG, Santa Cruz Biotech) at room tem-
perature. All membranes were detected using the ECL system
(Santa Cruz Biotechnology Inc.).

ELISA analysis for Cyt-C in cytoplasm, nucleus, and
mitochondrial

The cells were exposed to KCC009 and/or radiation treatment
and incubated for 48 hours. The ELISA kits were applied ac-
cording to the manufacture’s instruction. All extracts were ana-
lyzed with both the Mustard ELISA Kit-specific and the Mustard
ELISA Kit-total in duplicates.

Results

Effects of KCCO09 on cell proliferation of H1299/WT and
H1299/M175H-p53 cells

We first determined the potential difference of inhibitory ef-
fect of KCCO09 on lung cancer cells expression using differ-
ent types of p53 proteins. The MTT assay results (Figure 2),
however, no significant difference for the inhibitory effects of
KCCO009 were observed on cell proliferation between H1299/WT-
53 and H1299/M175H-p53 (p>0.05). The inhibition rates were
15.33+1.46 (%) for H1299/WT-p53 cells, and 14.31+1.90 (%) for
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Figure 3. Clonogenic survival assays of indicated cells treated with IR or IR combined with KCC009. Cells were pretreated with 3.91
Um of KCCOO09 for 24 hours, and were then irradiated with indicated doses of IR. Colony survival was determined 14-20 days
later and survival curves were determined as described in Materials and Methods section.

Table 1. The radiation biologybiological parameters calculated by a single hit multi-target model.

Cell Group N Dq DO SF2 o B SER
IR 1.33 1.94 5.248 0.78 0.10 0.009

[HPERVAIE/S e i e e 1.55
IR+KC009 0.958 1.17 3.39 0.54* 0.308 0.002
IR 1.00 1.38 3.98 0.6 0.23 0.003

B R 1.65
IR+KC009 0.96 0.84 241 0.42* 0.44 —-0.003

H1299/175 (%)

Control 58.8+2.3 25.1+1.8 16.1+1.8 2.5+1.2 56.1+2.8 26.4+1.5 17.6+1.4 3.540.2
Ckecoos 577419 241416 183823 60:06 585133 236824 179419  63:l5
R 646:25 171616 183413  170s11  651:34  163tl6 186121 13123
KCCOOOHR 776423 113822 111:21 290423 49741 196824 08417 25.0°424

H1299/M175H-p53 cells when cells were treated with KCC009 mathematical model (Figure 3) simulating the cell SF curve,
at concentration of 3.91 uM. through which an associated equation and radioactivity pa-
rameters, DO and Dq (Table 1, Figure 3) showed a declined
KCC009 enhances the radiation sensitivities of H1299/WT- SF2, a decreased Dq and the shoulder of the survival curve is
p53 and H1299/M175H-p53 cells. To determine the effect of decreased, with an SER value of 1.55 and 1.65, based on DO,
KCCO009 on radiation sensitivity in human lung cancer cells, indicating a potential radiosensitization effect of KCC0O09 on
we performed clonogenic survival analysis. Cells were pretreat- lung cancer cells in a p53-independent manner.
ed with 3.91 Um KCCO009 for 24 hours, and were then irradi-
ated with 0, 2, 4, 6, 8, and 10 Gy of IR. The survived colonies KCCO009 induces the cell cycle arrest and apoptosis H1299/
were counted and were plotted for the analysis of the poten- WT-p53 and H1299/M175H-p53 cells in response to radia-
tial radiosensitization effect of KCC009. A multi-target click  tion treatment.
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Figure 4. Effects of KCCO09 on cell cycling and apoptosis in H1299/WT-p53 and H1299-M175H-p53 cells in response to IR treatment.
Cells were treated with 3.91 Um KCC009 for 24 hours, and irradiated with 6 GY, or left un-irradiated. Cells were collected 24
hours later after irradiation treatment, and were analyzed by flow cytometry assays. (A) Effect of KCCO09 on cell cycling; (B).

Effect of KCCO09 on apoptosis.

We next determined the effects of KCCO09 on cell cycling and
apoptosis. The result showed that pretreatment with KCC009
(3.91 Um for 24 hours) combining IR (6 Gy) induced GO/G1
arrest in H1299/WT-p53 cells, and G2/M arrest in H1299/
M175H-p53 cells. Pretreatment with KCC009 combining IR also
induced apoptosis in H1299/WT-p53 (17.0+1.1 to 29.14+2.3%)
and H1299/M175H-p53 (from 13.1+2.3 to 25.0+2.4%) cells

This work is licensed under Creative Common Attribution-
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with statistical significance when compared to the cells re-
ceiving IR treatment alone (Table 2, Figure 4).

Effect of KCCO09 on TG2 expression

We noticed that IR treatment alone increased the expressions
of TG2 and p53 in both cell lines. However, pretreatment with
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Figure 5. Effects of KCCO09 on expressions of TG2 and p53 in irradiated H1299/wt-p53 and H1299-m175H-p53 cells. (A) Q-PCR
results showing the changes of TG2 mRNA expressions determined in cells treated with IR (6 Gy) or IR (6 Gy) combining
with KCCO09 (3.91 Um). Total RNAs were prepared 24 hours after treatments. (B) Western blot results showing the effect of
KCCO009 (3.91Um) on p53 expression in irradiated cells receiving 6 Gy of IR. The data represent the average of at least three
independent experiments. Error bars indicate standard deviation.
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Figure 6. Effects of KCCO09 on protein expressions in H1299/
WT-p53 and H1299-M175H-p53 cells in response to
IR treatment. Representative images of western blot
analyses for indicated proteins.

3.91 Um KCCO009 for 24 hours significantly inhibited IR-induced
increase of TG2. KCCO09 pretreatment also increased the p53
expression slightly in the H1299/WT-p53 cells but not in the
H1299/M175H-p53 cells (Figure 5).

Effects of KCCO09 on expressions of p21, CyclinB, CyclinD,
Bax, p-caspase-3, and Bcl-2, and on localization of Cyt-C in
cells in response to IR treatment

We further assessed the molecules that were potentially in-
volved in the KCCO09 on cell cycle arrest and apoptosis in ir-
radiated H1299/WT-p53 and H1299/M175H-p53 cells. For
this, we determined the expressions of cell cycle checkpoint
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regulators p21, CyclinB, CyclinD, and apoptosis regulators Bax,
p-caspase-3, and Bcl-2. The result showed that pretreatment
of KCCO09 (3.91 Um for 24 hours) increased the expression of
p21, Bax, p-caspase-3; and decreased expressions of Bcl-2, and
CyclinD in irradiated (6 Gy) H1299/WT-p53cells, and increased
the expression of p-caspase-3; and decreased CyclinB and Bcl-
2 expressions in irradiated H1299/M175H-p53 cells (Figure 6).

The ELISA analysis further showed that pretreatment with
KCCO009 significantly increased the release of Cyt-C into the
cytoplasm in cells (from 43.9+3.4 to 78.4+7.3 nM in H1299/
WT-p53 cells, and from 38.1+1.9 to 71.8+4.3 nM in H1299/
M175H-p53 cells) in response to IR treatment. We also noticed
decreased nuclear Cyt-C level in H1299/WT-p53 cells (from
54.4+1.2 to 17.1+1.2) and decreased mitochondrial Cyt-C lev-
el (from 63.3+3.3 to 17.4+1.0) in the H1299/M175H-p53 cells
when cells were treated with KCC009 combining with IR, with
statistical significance (Table 3).

Discussion

Our results presented here revealed that DO, Dg and N values
of irradiated H1299/WT-p53 and H1299-M175H-p53 cells de-
creased when cells were exposed to KCCO09 treatment, and
the average lethal dosage of IR decreased when combined with
KCCO009, indicating that KCC009 could sensitize these cells to
IR treatment. The observed decrease of shoulder in cells treat-
ed with the combination of KCC009 and radiation suggested a
reduced repair ability of cells and sublethal injury in cells with
exposure to KCCO09.
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Table 3. Intracellular distribution of cytochrome C in different experimental groups.

Cyt-C in Cytoplasm

(mean £SD) nM

Cyt-C in nucleus
(mean £SD) nM

Cyt-C in mitochondrion
(mean £SD) nM

IR 43.9+3.4
FA299 MW e R
KC009+IR 78.447.3
IR 38.1+1.9
F1299/175 e e R
KCO09+R 71.8+4.3*

54.4+1.2 61.1+2.8
""""""""""" a2 saome
C eaa1 eu3s3
C sses 174soer

Radiation induces damage in DNA and causes DNA strand
breaks. Single-strand DNA break seems to be a necessary and
a sufficient target to activate p53 signaling, resulting in stabi-
lization of p53 protein and its nuclear localization [12,13]. To
regulate the expression of cell cycle kinases and the DNA re-
pair gene [14], and cells are thus blocked at the G1/S check-
point and DNA repair occurs. In cells where DNA damage is
limited, the cell can efficiently repairs damaged DNA in a few
hours and cells can then reenter the cell cycling; when the dam-
age is too extensive to be repaired, the cell will be driven to
apoptosis which may be induced by the induction of the Bax
protein, or by the activation of the caspase cascade [15-18].
The p53-dependent G1/S arrest is a transient event, allow-
ing DNA repair before entrance into the S phase. Based on
this, it is believed that cells harboring a wild-type p53 have
enhanced DNA repair capability, leading to decreased chro-
mosomal aberrations and increased radioresistance, as com-
pared to cells that have lost or inactivated p53 that are more
susceptible to radiation induced mitotic [19,20]. We found in
this study that exposure to KCC009 significantly increased ex-
pressions of p21 (a target of p53 in cells treated with IR [21])
and CyclinD in H1299/WT-p53 cells, and that it decreased ex-
pression of CyclinB1, which promotes cells through G2/M
into mitosis, in H1299-M175H-p53 cells. Our results further
showed that KCCO09+IR induced GO/G1 arrest in H1299/WT
cells, and G2/M arrest in H1299/M175H-p53 cells, and expo-
sure to KCCO09 increased apoptotic responses of these cells
to IR treatment. Of interest, cells harboring mutant p53 ex-
pressed high levels of CyclinB1, and we noticed that KCC009
decreased the expression of CyclinB1 but significantly restored
G2/M arrest in irradiated H1299/M175H-p53 cells, indicating
that TG2 inhibitor can cause apoptosis after incomplete DNA
repair by radiation [22,23].
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Our result also showed that exposure to KCC009 significantly
increased the accumulation of Cyt-C in the cytoplasm in irra-
diated cells. We also found a decreased nuclear level of Cyt-C
in H1299/WT-p53 cells, and a decreased mitochondrial level of
Cyt-Cin H1299/M175H-p53 cells. KCCO09+IR also significantly
increased the activation of caspase-3 and decreased Bcl-2 ex-
pression in H1299/WT-p53 and H1299/M175H-p53 cells when
compared to the IR treatment alone. Treatment with KCC009
also increases IR-induced Bax expression in H1299/wt-p53
cells. DNA-damaging agents, such as ionizing radiation, trig-
ger release of cytochrome ¢ from mitochondrial intermem-
brane spaces [24-27]. Release of cytochrome c is regulated by
the balance between antiapoptotic (Bcl-2 and Bcl-xl) and pro-
apoptotic (including Bax and Bak) members of the Bcl-2 fami-
ly of proteins [28,29], and Bcl-2/Bax ratio is considered to be a
crucial factor of cell resistance to apoptosis [30,31]. Following
this, caspases act as key components of the apoptotic path-
way. Among them, caspase-3 is a frequently activated death
protease, catalyzing the specific cleavage of numerous key cel-
lular proteins [32]. These observations thus suggest a role of
mitochondrial pathway in KCC009-enhanced apoptosis in ir-
radiated H1299 cells.

Conclusions

Our study showed that KCC009, a TG2 inhibitor, may act as a
radiosensitizer in human lung cancer cells in a p53-indepen-
dent manner, which suggests a potential role of KCC009 as
a component of therapeutic regimens benefiting overall lung
cancer patients. However, further studies are needed for its
clinical application.
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