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Background: Previously, we identified the interaction between DNA-PKcs and Snail1.
Results: Inhibition of the interaction between two molecules using Snail1 peptide (7-amino acid construct) sensitized cancer
cells and inhibited tumor migration.
Conclusion: Interfering with the protein-protein interaction between DNA-PKcs and Snail1 may be an effective strategy for
cancer treatment.
Significance: Interfering with the interaction between DNA-PKcs and Snail1 may be a novel target for cancer treatment.

Our previous study suggested that the DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs) interacts with Snail1,
which affects genomic instability, sensitivity to DNA-damaging
agents, and migration of tumor cells by reciprocal regulation
between DNA-PKcs and Snail1. Here, we further investigate
that a peptide containing 7-amino acid sequences (amino acids
15–21) of Snail1 (KPNYSEL, SP) inhibits the endogenous inter-
action betweenDNA-PKcs and Snail1 through primary interac-
tion with DNA-PKcs. SP restored the inhibited DNA-PKcs
repair activity and downstream pathways. On the other hand,
DNA-PKcs-mediated phosphorylation of Snail1 was inhibited
by SP, which resulted in decreased Snail1 stability and Snail1
functions. However, these phenomena were only shown in p53
wild-type cells, not in p53-defective cells. From these results, it
is suggested that interfering with the protein interaction
betweenDNA-PKcs andSnail1might be an effective strategy for
sensitizing cancer cells and inhibiting tumor migration, espe-
cially in both Snail1-overexpressing and DNA-PKcs-overex-
pressing cancer cells with functional p53.

The epithelial-mesenchymal transition, a major mechanism
of cancer metastasis, is initiated by repression of the epithelial
adhesion molecule, E-cadherin. This repression is mediated by
several transcription factors including Snail (also known as

Snail1) and Slug (also known as Snail2) (1–5). In most human
cancers, metastatic tumors are resistant to radiation or chem-
otherapy, and emerging evidence suggests a correlation
between epithelial-mesenchymal transition and resistance of
cancer cells to chemo and radiotherapy (6–11).
TheDNA-dependent protein kinase catalytic subunit (DNA-

PKcs)5 is a DNA-activated serine/threonine protein kinase and
is abundantly expressed in almost all mammalian cells. DNA-
PKcs is most commonly known as a critical component in the
DNA damage repair pathway, including nonhomologous end-
joining repair and homologous recombinant repair. DNA-PKcs
has been shown to phosphorylate several cellular proteins,
including itself, the variant histone H2AX, and p53 (12–15).
Homozygous knock-out mice of DNA-PKcs catalytic subunit
(DNA-PKcs�/�) are hypersensitive to ionizing radiation (IR)
and chemical treatment and have defects inDNA repair activity
(16–18). From this observation, one might hypothesize that
DNA repair inhibitor would sensitize the tumor cells, and in
some cases, reverse the resistance phenotype, when adminis-
tered in combinationwith drugs and/or irradiation. However, a
DNA repair inhibitor generally exhibits no specific activity in
killing the tumor cells, and the screening procedure should
include aDNA-damaging treatment (19, 20).Moreover, a num-
ber of studies have reported a lack of correlation between cell
sensitivity/resistance to IR and down/up-regulation of DNA-
PKcs expression (18, 21). DNA repair is also involved in the
maintenance of genome stability, and deficient activity may
contribute to neoplastic transformation, as has been repeatedly
documented in relation to mismatch repair and nucleotide
excision repair. DNA-PKcs is found at the end of chromo-
somes, suggesting a role in telomere maintenance and preven-
tion of chromosomal end-to-end fusion (22–26). Interestingly,
although DNA-PKcs is highly expressed in human cells, the
other nonhomologous end-joining factors are not as abundant,
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and the high levels of DNA-PKcs in human cells do not impart
any increased ability to repair DNA damage. If the amount of
expressed DNA-PKcs essentially exceeds the demand for DNA
damage repair, it is not yet understood why human cells uni-
versally express such high levels of this complex. Indeed, DNA-
PKcs is also reported tobe involved inmetabolicgene regulation in
response to insulin, independently from the nonhomologous end-
joining repair system (27–29).
In our previous study, we identified a novel function ofDNA-

PKcs as a regulator of Snail1 (30). The direct interaction
between DNA-PKcs and Snail1 induced Snail1 phosphoryla-
tion at Ser-100, which stabilized the Snail1 protein and poten-
tiated Snail1 functions, such as E-cadherin promoter repression
and metastasis properties. Snail1 phosphorylation exhibited
reciprocal inhibition of DNA-PKcs kinase activity, resulting in
impaired DNA damage repair and induction of chromosomal
or genomic instability. In this study, we further utilized a novel,
7-amino acid-containing Snail peptide (SP), which is included
in the binding site for interaction with DNA-PKcs. In addition,
SP can abrogate the DNA-PKcs-mediated Snail1 phosphoryla-
tion at Ser-100 that resulted in the blocking of Snail1-mediated
radioresistance and metastasis. SP also restored DNA-PKcs-
mediated repair activity, which was due to direct interaction
with endogenous Snail1. These results suggest a novel strategy
for anticancer therapy through inhibition of binding between
DNA-PKcs and Snail1 in cancer cells with overexpression of
bothDNA-PKcs and Snail1. This approach highlights how pro-
tein-protein interfaces can be exploited to develop novel tar-
gets, which can be used to dissect signal transduction mecha-
nisms and provide leads for novel therapeutics to target specific
Snail1-DNA-PKcs protein-protein interactions in cancer cells.

EXPERIMENTAL PROCEDURES

Plasmids—DNA-PKcs deletion constructs were generated
using PCR, by isolating internal regions from the full-length
cDNA for DNA-PKcs, kindly given to us by Dr. KatherynMeek
(Michigan State University, East Lansing, MI). PCR fragments
were inserted into the pCMV6 (31) expression vector using
NotI and KpnI restriction sites; products were sequenced for
verification (Cosmogenetech Co., Ltd., Seoul, Korea). Expres-
sion vectors pCR3.1-Snail1-FLAG and Snail1 mutant proteins
with FLAG epitope tails, including the S100A mutant, were
prepared as described previously (32, 33).
Cell Culture and Transfection—DLD-1 human colorectal

adenocarcinoma cells, M059J/M059K human glioblastoma
cells, and CT26 murine colon carcinoma cells were cultured in
Dulbecco’s minimal essential medium (DMEM; Life Technol-
ogies), supplemented with heat-inactivated 10% fetal bovine
serum (FBS; Life Technologies) and antibiotics. The expression
of peptides (4 �M) was introduced into cells using Lipo-
fectamine� 2000 transfection reagent (Invitrogen).
Antibodies and Reagents—Cycloheximide, propidium iodide,

and a monoclonal antibody for FLAG were purchased from
Sigma. Monoclonal antibodies for DNA-PKcs, Ku86, p53, pre-
designed siRNAs for humanDNA-PKcs, and a negative control
siRNA were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Snail1 and phospho-p53 were purchased from
Cell SignalingTechnology (diluted 1:1000,Danvers,MA).Anti-

phospho-DNA-PKcs (Ser-2056) was purchased from Abcam
(diluted 1:1000, Cambridge, MA), and �-H2AX was purchased
from Millipore (diluted 1:1000, Billerica, MA). Anti-phospho-
Snail1 (Ser-100) was raised in a rabbit through inoculation with
a synthetic peptide, corresponding with the residues of human
Snail1 (phosphorylated at Ser-100) and further purified by
affinity chromatography (diluted 1:1000, Young In Frontier,
Seoul, Korea). Control peptide and Snai1 peptide were pur-
chased from AnyGen (Jangseong-gun, Korea). TGF-�1 was
purchased from BD Biosciences.
Immunoblotting and Immunoprecipitation—For immuno-

blotting, cells were lysed with radioimmune precipitation
buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet
P-40, 0.1% SDS, and 1% sodium deoxycholate) supplemented
with 1mMNa3VO4, 1 mMDTT, 1mMNaF, and protease inhib-
itor mixture (Roche Applied Science). The samples were boiled
for 5 min, and an equal amount of protein was analyzed on
SDS-PAGE.
For immunoprecipitation, cells (1 � 107) were lysed in

immunoprecipitation buffer (50 mM HEPES, pH 7.6, 150 mM

NaCl, 5 mM EDTA, 0.1% Nonidet P-40). After centrifugation
(10min at 15,000� g) to remove particulate material, superna-
tants were incubated with antibodies (1:100) against DNA-
PKcs, biotin, and FLAG with constant agitation at 4 °C. Immu-
nocomplexes were precipitated with protein A-Sepharose
(Sigma) and analyzed by SDS-polyacrylamide gel electrophore-
sis using enhanced chemiluminescence detection.
Irradiation—Cells or mice were exposed to �-ray with a

137Cs �-ray source (Atomic Energy of Canada, Mississauga,
Ontario, Canada) with a dose rate of 3.18 Gy/min.
DNA-PKcs Kinase Assay—DNA-PKcs kinase activity was

analyzed, using the signaTECT DNA-PKcs assay system (Pro-
mega, Madison, WI). Nuclear extracts were isolated for DNA-
PKcs kinase activity analysis. The phosphorylation reactions
were carried out in the presence of [�-32P]ATP (PerkinElmer
Life Sciences) for 5 min at 30 °C with 25 �g of biotinylated-p53
peptide (biotin-EPPLSQEAFADLWKK; Promega) as the sub-
strate. The efficiency of 32P labeling of the substrate was meas-
ured using a PhosphorImager.
Ubiquitination Assay—For cell-based ubiquitination assays,

DLD-1 cells were transfected with HA-ubiquitin constructs.
After transfection, the cells were lysed with immune precipita-
tion assay buffer, and samples were briefly sonicated. After cen-
trifugation, clear lysateswere immunoprecipitatedwithanti-ubiq-
uitin (Santa Cruz Biotechnology) antibodies. Immunocomplexes
were analyzed byWestern blot, using anti-ubiquitin or anti-Snail1
antibodies.
E-cadherin Promoter Assays—Cells growing at�70% conflu-

ence in 60-mm dishes were transfected using Lipofectamine�
2000 transfection reagent (Invitrogen) according to the manu-
facturer’s protocol. For experiments assessing activation of 1�g
of pGL3-control vector (Promega) or E-cadherin reporter gene
construct by endogenous factors, 1 �g of E-cadherin reporter
gene construct and 200 ng of �-galactosidase expression vector
were transfected into cells. The cells were harvested 48 h after
transfection using reporter lysis buffer (Promega) followed by
determination of luciferase and �-galactosidase activities. All
results represent the mean of three independent experiments.
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MigrationAssay—Cellmigrationwas assayed using a Boyden
chamber assay, as described previously (34). Cells were har-
vested with trypsin (0.1 mg/ml), centrifuged, counted, and
resuspended in serum-free media. The cells were plated on the
upper side of a collagen-treated, polycarbonate membrane,
separating the two chambers of 6.5-mm Transwell culture
plates (Costar, Corning, NY). After 16 h, the cells on the upper
face of themembranewere scrapedusing a cotton swab, and the
cells that migrated to the lower face of the membrane were
stained with DiffQuickWright-Giemsa solution (Baxter, Deer-
field, IL).
Linear dsDNA-associated Protein Pulldown Assay—Nuclear

extracts were isolated for a dsDNA pulldown assay. A biotiny-
lated oligonucleotide (1 kb), which was generated by PCR
amplification of pcDNA3 (5.4 kb) with the biotinylated forward
primer 5�-GACTCTCAGTACAATCTGCTCTGA-3� and
reverse primer 5�-AGCTCTAGCATTTAGGTGACACT-3�,
was immobilized on streptavidin beads (Sigma). Immobilized
DNA was mixed with nuclear extracts and incubated for 3 h at
4 °C. The beads were washedwith buffer D (10mMTris, pH 7.6,
and 100 mM NaCl) and boiled for 5 min in 2� SDS sample
buffer. Double-stranded DNA-associated proteins were ana-
lyzed by SDS-PAGE using enhanced chemiluminescence
detection (ECL, Amersham Biosciences).
Immunofluorescence Analysis—For immunofluorescence

analysis, cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100 in PBS, and then washed three
times with PBS. The cells were then incubated with anti-DNA-
PKcs or anti-biotin diluted to 1:200 in PBS with 5% FBS for 1 h
at room temperature in a humidified chamber. Excess antibody
was removed by washing the coverslips three times with PBS.
The cells were then incubatedwithAlexa Fluor-488 (green) and
Alexa Fluor-568 (red) secondary antibodies (Invitrogen) at a
1:200 dilution in PBS with 5% FBS for 2 h. After washing three
times with PBS, coverslips were mounted onto microscope
slides using ProLong anti-fade mounting reagent (Molecular
Probes, Eugene, OR). The slides were analyzed using a confocal
laser-scanning microscope (Leica Microsystems, Wetzlar,
Germany).
Cell Cycle Analysis—For cell cycle analysis, the cells were

fixed in 70% ethanol at �20 °C for at least 18 h. The fixed cells
were washed once with PBS-EDTA and resuspended in 1 ml of
PBS. After the addition of 10 �l each of propidium iodide (5
mg/ml) and RNase (10 mg/ml), the samples were incubated for
30 min at 37 °C and analyzed using a FACScan flow cytometer
(BD Biosciences).
Comet Assay—The cells were exposed to IR (5 Gy) and sub-

jected to a comet assay to detect DNA damage and repair at the
single-cell level, using a commercially available assay system
(Trevigen, Gaithersburg, MD). Briefly, after treatment with IR,
cells were harvested and mixed with low melting temperature
agarose. After lysis, electrophoresis was performed at 1 V cm�1

and 15mA for 40min. Slides were stained with SYBR green dye
for 10 min. Twenty randomly selected cells per sample were
captured under a Zeiss fluorescent microscope, and digital flu-
orescent images were obtained using Comet software (Andor,
Belfast, UK). The comet distance moment was proportional to
the amount of DNA damage present in the individual nuclei

and was measured by the Olive tail moment using the Comet
software.
Lung Colonization Assay—All protocols involving mice were

approved by the Institutional Animal Care and Use Committee
of EwhaWomans University. To generate lungmetastases, 2 �
106 CT26 cells were injected into the tail vein of C57BL6 mice
(Central Lab. Animal Inc., Seoul, Korea). Two days later, meas-
urement of 3 Gy of whole body irradiation was performed.
Intraperitoneal injection of control peptide (CP) or SP at 3
mg/kg in PBS was performed once before IR and four times
after IR. Lungs were harvested 2 weeks after cell injection,
weighed, and fixed in formalin. Colony number and colony area
in lung were counted.
Statistical Analyses—A Student’s t test and an analysis of

variance were used to determine significant differences
between the experimental groups. Statistical analyses were per-
formed using GraphPad Prism 5.0 (GraphPad Software, Inc.).

RESULTS

DNA-PKcs Interacts with Both Snail1 and Slug—Our previ-
ous study suggested that Snail1 interacts with DNA-PKcs (30),
and Snail1 and Slug belong to the same Snail super family of
zinc finger transcription factors (35–38). When DLD-1 cells
overexpressed FLAG-Snail1 or FLAG-Slug, immunoprecipi-
tated DNA-PKcs bound to both Snail1 and Slug (Fig. 1A).
Sequence analysis of Snail1 and Slug revealed that only amino
acids 15–21 of Snail1 and Slug showed sequence homology.
Because these sequences have only 7 overlapping amino acids
(KPNYSEL), we were able to synthesize these SPs. A CP, made
up of an amino acid sequence that was not homologous to
either Snail1 or Slug, was also prepared (NPEFTFQ). Biotin-
labeled SP interacted with DNA-PKcs; however, biotin-labeled
CP did not (Fig. 1B, left). Interaction between Snail1 and DNA-
PKcs was inhibited by an increased addition of SP to Snail1-
overexpressing cells (Fig. 1B, middle and right). Immunofluo-
rescence data also revealed that biotin-labeled SP co-localized
with DNA-PKcs in nucleus of the cells, but biotin-labeled CP
did not (Fig. 1C). When we added Site 7, amino acids 3534–
4129 of the kinase domain of DNA-PKcs, which is the binding
site of DNA-PKcs for interaction with Snail1, binding of biotin-
labeled SP with Site-7 occurred. This suggests that SP inter-
acted with DNA-PKcs at the Snail binding site (Fig. 1D). To
examine the physiological relevance, samples were treated with
TGF-�, transcriptional activator of Snail1 (39–41), and bind-
ing activity was detected. Increased binding activity between
DNA-PKcs and Snail1 by TGF-�was inhibited by additional SP
transfection (Fig. 1E). The peptide sequences selected from
Snail1 and Slug, hypothesized to interact with DNA-PKcs,
included 7 amino acids, and treatment of this peptide inhibited
endogenous binding activity between Snail1 (or Slug) and
DNA-PKcs.
SP Activates DNA Repair Activity and Inhibits DNA-PKcs-

mediated Snail1 Phosphorylation at Ser-100 after IR—We
hypothesized that SP might interfere with direct interaction
between DNA-PKcs and Snail1. To confirm this, we examined
the downstream pathway of DNA-PKcs after IR. SP treatment
potentiated IR-induced phosphorylation of DNA-PKcs at Ser-
2056 and of p53 at Ser-15 and �-H2AX when compared with
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the results of CP-treated cells. However, in the case of DNA-
PKcs knockdown cells, these differences were not observed
(Fig. 2A). IR-inducedDNA-PKcs kinase activity, using p53 pep-
tide as a substrate, was inhibited by Snail1 overexpression; how-
ever, SP treatment restored theDNA-PKcs kinase activitywhen
compared with the CP-treated cells. Moreover, adding Site 7 of
DNA-PKcs, which can interact with SP, blocked the restoring
DNA-PKcs kinase activity, whichwas possibly due to an endog-
enous interaction between Snail1 and DNA-PKcs (Fig. 2B). We
also observed recruitment of DNA-PKcs to double-stranded

breaks inDNA after transfection of DNAwith double-stranded
(ds) oligonucleotides (double-stranded break pulldown assay).
SP increased recruitment of DNA-PKcs or Ku86 to double-
stranded break sites, whereas CP did not. In the case of cells in
which DNA-PKcs was knocked down through treatment with
Si-DNA-PKcs, no recruitments were observed (Fig. 2C).
To examine its physiological relevance, we examined double-

stranded break repair activity. We observed that SP treatment
significantly inhibited IR-mediated comet tail production and
reduced IR-mediated aneuploidy (�4N) when compared with

FIGURE 1. DNA-PKcs interacts with both Snail1 and Slug. A, FLAG-tagged Snail1 or FLAG-tagged Slug was transfected into DLD-1 cells. Western blotting or
immunoblotting (IB) was conducted following immunoprecipitation (IP) using cell extracts. B, CP (4 �M) and SP (4 �M) were transfected into DLD-1 cells (left) or
SP (0, 1.5, 3, and 6 �M) was transfected into a vector control or FLAG-tagged Snail1-overexpressing cells. After 24 h, the cells were harvested, and lysates were
generated for immunoprecipitation and immunoblotting (middle). The relative binding activity between Snail1 and DNA-PKcs was calculated by comparing
densitometric scans of the sample immunoblots after immunoprecipitation with the values of control samples set at 1 (right). Error bars indicate mean � S.D.
C, DLD-1 cells were transfected with biotin-labeled CP or SP (each 4 �M). The cells were immunostained for detection of peptide (green) and DNA-PKcs (red).
DNA was stained with DAPI. Localization was analyzed by confocal microscopy. Error bars indicate mean � S.D. D, c-Myc-tagged, truncated DNA-PKcs
constructs (amino acids 3534 – 4129 of the kinase domain, Site 7) were transfected into CP- and SP-transfected cells. Western blotting or immunoblotting were
conducted following immunoprecipitation using cell extracts. E, after transfection of CP or SP to DLD-1 cells, TGF-� (10 ng/ml) was incubated for 24 h. Western
blotting and immunoprecipitation were performed.
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cells treated with CP; however, these phenomena were not
detected in DNA-PKcs knockdown cells (Fig. 2D).
Phosphorylation of Snail1 at Ser-100 Is Blocked by SP, Which

Results in Snail1 Protein Degradation by the Ubiquitination
Pathway—Our previous data suggested that DNA-PKcs phos-
phorylated Snail1 at Ser-100, thereby increasing its protein sta-
bility (30). Because SP blocked interaction between DNA-PKcs
and Snail1, we examined whether SP would affect DNA-PKcs-
mediated Snail1 phosphorylation at Ser-100. The phosphory-

lation of Snail1 at Ser-100 was increased by IR in CP-treated
cells; however, in the case of SP-treated cells, IR did not induce
an increase in phosphorylation at Ser-100. When DNA-PKcs
was knocked down, the potential of Snail1 phosphorylation at
Ser-100 by IR was attenuated, and treatments of CP and SP
showed no differences in the patterns of Snail1 phosphoryla-
tion (Fig. 3A).
Because Snail1 phosphorylation at Ser-100 increased the sta-

bility of Snail1 protein, we compared the half-life of Snail1 after

FIGURE 2. SP activates DNA repair activity and inhibits DNA-PKcs-mediated Snail phosphorylation at Ser-100 after IR. A, after transfection of CP (4 �M)
or SP (4 �M) into control (Si-CON)- or siRNA of DNA-PKcs (Si-DNA-PKcs)-transfected DLD-1 cells, immunoblotting was performed at the indicated time points
after exposure of the cells to 5 Gy of radiation (IR) (upper). The relative protein band intensity was calculated from densitometric scans of immunoblots with the
control values set to 1. (n � 3, data are presented as mean � S.D.) (lower). *, p � 0.05 versus CP-treated cells. p indicates phosphorylated form. B, CP or SP was
transfected into c-Myc-tagged, truncated DNA-PKcs construct (amino acids 3534 – 4129 of the kinase domain, Site 7) transfected cells. An in vitro DNA-PKcs
kinase assay was performed. The SAM membrane or 3-mm filter disc was analyzed using a PhosphorImager system, and values of Si-Con using p53 peptide as
a substrate were set to 1. C, the protein levels of DNA-PKcs and Ku86 in the dsDNA pulldown lysates, as well as in complete whole nuclear extracts (WNE), were
analyzed. DSB, double-stranded break. D, Sh-control (Sh-CON) or Sh-DNA-PKcs (Sh-DNA-PKcs) was stably transfected into DLD-1 cells. After 12 h of 5 Gy of IR,
immunoblotting (left), a comet assay (middle), and flow cytometry analysis, after propidium iodide staining for detection of �4N cells (right), were performed.
Experiments were performed more than three times, and data are presented as mean � S.D. *, p � 0.05.
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treatment with SP by using cycloheximide to block protein syn-
thesis. SP treatment appeared to result in a shorter half-life of
Snail1 when compared with CP-treated cells. However, these
differences were not shown in DNA-PKcs knockdown cells
(Fig. 3B). Indeed, ubiquitination patterns also indicated that
ubiquitinated Snail1 was increased by SP treatment when com-
pared with the CP-treated cells (Fig. 3C).
SP Increases E-cadherin Promoter Activity and Inhibits

Tumor Migration—To elucidate whether the inhibition of
Snail1 phosphorylation at Ser-100 by SP affected Snail1 func-
tion, we examined E-cadherin promoter activity, which is
reported to be inhibited by Snail1. E-cadherin promoter activity
was higher in SP-treated cells than in CP-treated cells. The
knockdown of DNA-PKcs increased E-cadherin promoter

activity; however, SP treatment did not increase E-cadherin
promoter activity. These phenomena were also observed when
wild-type (M059K) and DNA-PKcs-deleted (M059J) cells were
used (Fig. 4A). We also examined the protein expression of
E-cadherin, and similar effects were observed (Fig. 4B). Also,
migration activity was inhibited by SP treatment; however,
migration activity of DNA-PKcs knockdown cells was not
affected by SP treatment (Fig. 4C). As Snail1 function is neces-
sary for tumor metastases and expansion, we examined
whether SP affected the Snail1-mediated growth of lungmetas-
tasis in animal models. Stable transfection of murine CT26
colon carcinoma cells with Snail1 WT or Snail1 S100A (phos-
pho-defective mutant) was performed and controlled. Trans-
fected cells were injected into mice by tail vein to generate lung

FIGURE 3. Phosphorylation of Snail at Ser-100 is blocked by SP and results in Snail1 degradation by ubiquitination pathway. A, at the indicated time
points of 5 Gy of radiation (IR) after transfection of CP (4 �M) or SP (4 �M), Western blotting was performed using anti-phospho-Snail1 (p-Snail1) (upper). Relative
protein band intensity was calculated by comparing densitometric scans of the sample immunoblots with the values of control samples set at 1. Result is the
representative of three independent experiments (lower). Si-CON, control; Si-DNA-PKcs, siRNA of DNA-PKcs. B, protein extracts were prepared at the indicated
time points following cycloheximide (CHX) treatment (20 �g/ml) to control (Si-CON)- or siRNA of DNA-PKcs (Si-DNA-PKcs)-transfected DLD-1 cells, also trans-
fected with either CP or SP. Western blot analysis was performed. The relative protein band intensity was calculated from densitometric scans of immunoblots
with the control values set at 1 (n � 3, data are presented as means � S.D. *, p � 0.05 versus CP-treated cells). C, for ubiquitination assays, CP or SP was
transfected into control (Si-CON) or siRNA of DNA-PKcs (Si-DNA-PKcs)-transfected DLD-1 cells. Cell lysates were immunoprecipitated (IP) and immunoblotted
(IB). Ub, ubiquitin.
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colonies. When compared with irradiated mice after injection
with control CT26 cells (3 Gy of IR alone), irradiatedmice after
injection with Snail1 WT overexpressed cells did not show any
significant differences in lung colonies, as observed in lung
weights, lung tumor nodule counts, and lung tumor area in lung
tissues. Interestingly, SP treatment in combination with IR sig-
nificantly inhibited lung colonies; these data were similar to
those of S100A-transfected cells. However, in the case of CP
treatment, no inhibition was observed (Fig. 4D). In summary,
SP inhibited tumor metastasis by inhibition of Snail1 function.
SP Sensitizes IR-mediated Cell Death—Because SP induced

restoration of DNA-PKcs kinase activity and radiation sensitiv-

ity by blocking the interaction between Snail1 and DNA-PKcs,
we decided to examine cell death after IR, with and without SP.
Treatment of IR with SP potentiated an increase in cell death;
however, in the DNA-PKcs knockdown cells, SP did not cause
this effect, indicating that SP effects were dependent upon
DNA-PKcs (Fig. 5A). Expression of apoptosis-related mole-
cules, such as cleaved PARP-1 and cleaved caspase 3, also sug-
gests a synergistic effect of SP and IR (Fig. 5B). A clonogenic
survival assay also indicated that SP potentiated IR effects (Fig.
5C). However, these phenomena were not observed in DNA-
PKcs knockdown cells. From these results, we conclude that SP
can sensitize cancer cells in combination with IR.

FIGURE 4. SP increases E-cadherin promoter activity and inhibits tumor migration. A, control (Si-CON) or siRNA of DNA-PKcs (Si-DNA-PKcs)-treated DLD-1
cells (left) or M059K and MO59J cells (right) with transfection of CP (4 �M) or SP (4 �M) were transiently transfected with E-cadherin promoter construct fused
to a luciferase reporter gene. A luciferase assay was then performed. The E-cadherin promoter activity of CP-treated cells was set at 1. Data are presented as
mean � S.D. *, p � 0.05. B, after transfection of CP or SP to control (Si-Con) or siRNA of DNA-PKcs (Si-DNA-PKcs)-transfected DLD-1 cells, Western blotting was
performed. E-Cad., E-cadherin. C, after transfection of CP or SP to control (Si-Con) or siRNA of DNA-PKcs (Si-DNA-PKcs)-transfected DLD-1 cells, cellular inva-
siveness was compared. Data are presented as mean � S.D. *, p � 0.05. D, after stable transfection of Snail1 WT or mutant Snail1 S100A plasmids to CT26 colon
carcinoma cells, Western blot analysis was performed (upper). CT26 cells were intravenously injected through tail vein of the mice, and 3 Gy of radiation (IR) was
administered. Intraperitoneal injection of CP or SP at 3 mg/kg in PBS was performed once before IR and four times after IR. The metastasis of CT26 cells was
assessed by lung histology, lung weight, the number of lung metastatic nodules, and lung tumor area present 14 days after cell injection. Quantitative analysis
of the number of lung weights (upper), metastatic nodules (middle), and tumor area (lower) (Normal, no tumor cell injection; Con, CT26 cell injection; WT, Snail1
WT; S100A, Snail1 S100A) was performed. Data are presented as mean � S.D. of five mice from each group. *, p � 0.05.
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Effects of SP Are p53-dependent—Because SP treatment
restoredDNA-PKcs kinase and repair activity, and p53 is one of
the DNA-PKcs substrates, we decided to examine whether the
effects of SP were affected by p53 status. SP potentiated phos-
phorylation of DNA-PKcs and decreased protein stability of
Snail1 in both p53	/	 and p53�/� cells. Phosphorylation of p53
and �-H2AX was also potentiated in p53	/	 cells. However, in
the case of p53�/� cells, no increase of phosphorylation of
�-H2AX was observed (Fig. 6A). A colony-forming assay, cell
death detection by FACS, and caspase cleavage data also sug-
gest that the SP sensitization of IR-mediated cell death is p53-
dependent (Fig. 6, B–D).

DISCUSSION

The Snail1 and Slug proteins play an essential role in cancer-
associated epithelial-mesenchymal transition (1–5). Although
many functions of the Snail family and epithelial-mesenchymal
transition are well recognized, there are still unknown mecha-
nisms of Snail. In this study, we identified that the 7-amino acid
(KPNYSEL, SP) peptide sequence, contained by both Snail1 and
Slug, can interact with DNA-PKcs (Fig. 7). Treatment with SP
blocked the endogenous binding activity between Snail1 and
DNA-PKcs, resulting in abolishment of DNA-PKcs-mediated
Snail1 phosphorylation at Ser-100 and Snail protein stability.
Additionally, SP treatment provided effective sensitization of
cancer cells and inhibited tumor metastasis in both Snail-over-
expressing and DNA-PKcs-overexpressing cancer cells.
In our previous study, we identified a novel function ofDNA-

PKcs as a regulator of Snail1 (30). Thedirect interaction between

DNA-PKcs andSnail1 inducedSnail1 phosphorylation at Ser-100,
which stabilized the Snail1 protein and potentiated Snail1 func-
tions, such as E-cadherin promoter repression and metastasis
properties. Snail1 phosphorylation exhibited reciprocal inhibition
of DNA-PKcs kinase activity, resulting in impairment of DNA
damage repair and induction of chromosomal and genomic
instability.
In this study, we aimed to determine whether disruption of

the protein-protein interaction between DNA-PKcs and Snail1
would give rise to similar and/or novel biological insights on the
sensitization of cancer cells and inhibition of tumormetastasis.
Because DNA-PKcs kinase activity is very important to DNA
damage control, kinase inhibition by Snail1 phosphorylation,
which was induced by TGF� treatment, or IRmay lead tomore
serious genomic instability of the cancer cells.
Because DNA-PKcs interacted with both Snail1 and Slug, we

searched sequence homology between two proteins and found
that only 7 amino acids (SP) showed sequence homology. Not
only did SP interact with DNA-PKcs, it inhibited the endoge-
nous interaction betweenDNA-PKcs and Snail1. SP attenuated
DNA-PKcs-mediated phosphorylation of Snail1 at Ser-100,
which resulted in decreased protein stability of Snail1.
In terms of physiological relevance, defective DNA damage

repair and aneuploidy production can result from defective
DNA-PKcs kinase activity through the interaction with Snail1.
In addition, tumor migration is increased by DNA-PKcs-in-
duced phosphorylation of Snail1 at Ser-100; however, SP treat-
ment restored DNA-PKcs kinase activity and blocked Snail1

FIGURE 5. SP sensitizes IR-mediated cell death. A, after 48 h of 5 Gy of radiation (IR) was applied to DLD-1 cells transfected with CP (4 �M) or SP (4 �M), cell
death was analyzed by FACS. Data are presented as mean � S.D. *, p � 0.05. Si-CON, control; Si-DNA-PKcs, siRNA of DNA-PKcs. B, Western blot analysis was
performed using anti-cleaved-caspase 3 and poly(ADP-ribose) polymerase-1 (PARP-1) antibodies. C, CP or SP were transfected into DLD-1 cells with or without
siRNA of DNA-PKcs (SiPK-CP and SiPK-SP). A colony-forming assay was then conducted after the cells were treated with various doses of radiation. Data are
presented as mean � S.D. *, p � 0.05.
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phosphorylation. SP treatment actually sensitized cancer cells,
and in combination with IR, inhibited tumor migration, or
metastasis, in both in vitro and in vivo systems.
One of the targets of DNA-PKcs is p53; function of this pro-

tein is essential inDNA repair and cancer cell sensitization (42).
Indeed, SP effects were only observed in p53-functional cells,
not in p53-defective cells, suggesting that intact p53 function is
necessary for SP-mediated inhibition of migration and sensiti-
zation of tumor cells. Of course, our finding has limitations
because SP treatment alone only exhibitedminor effects on the
sensitization of cancer cells and inhibition of tumormetastasis.
These results suggest that DNA-PKcsmay be involved in only a
small portion of Snail functions, especially after a DNA-dam-
aging incident such as IR. Another limitation of our findings is
that cancer cells showed p53 deletion ormutation; however, SP

showed sensitization of cancer cells and inhibition of tumor
metastasis only with wild-type p53. Nonetheless, because
Snail1 has a critical role in cancer metastasis (1–5) and because
DNA-PKcs, which we do not knowmuch about in cancer, is an
abundant protein in cancer tissue (28), inhibition of these two
proteins might be an effective strategy for cancer treatment,
focusing on our identification of a peptide motif as a key bind-
ing site for DNA-PKcs involved in protein-protein interactions
with Snail1. This peptide found in Snail1, which competes with
endogenous Snail1 for interaction with DNA-PKcs, can induce
sensitization of cancer cells and inhibition of tumormetastasis.
Therefore, interfering with the protein-protein interaction
between DNA-PKcs and Snail1 may be an effective strategy for
sensitizing cancer cells to treatment and inhibiting tumor
metastasis. This concept is relatively important to address due

FIGURE 6. SP shows sensitization of cancer cells in p53-dependent manner. A, p53	/	 and p53�/� HCT116 cells or siRNA p53 (Si-p53)-transfected p53	/	

HCT cells were transiently transfected with CP (4 �M) or SP (4 �M) at the indicated time points after exposure of the cells to 5 Gy of radiation (IR). Cell lysates were
obtained, and immunoblotting was performed (upper).p indicates phosphorylated form. The relative protein band intensity was calculated from densitometric
scans of immunoblots with the control values set at 1. (n � 3, date are presented as mean � S.D., *, p � 0.05 versus corresponding CP-treated cells.) B, a
colony-forming assay was then conducted after the cells were treated with various doses of IR. C, after 48 h of 5 Gy of IR, cell death was analyzed by FACS. Data
in A–C are presented as mean � S.D., *, p � 0.05. D, Western blot analysis was performed.
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to a growing interest in pharmaceutical development to target
protein-protein interactions as a therapeutic strategy against
diseases such as cancer (43).
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