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ABSTRACT: Ornithine decarboxylase (ODC) antizyme targets ODC for ubiquitin-independent proteosome
degradation, thereby inhibiting polyamine synthesis. It has been shown to regulate DNA methylation and
has tumor suppressor activity. Increasing evidence suggested that antizyme may also have ODC-independent
functions. Here, we report that antizyme plays a role in DNA double-strand break repairs. A zinc-inducible
human antizyme gene expression vector was transfected into UM1 human oral squamous cancer cells
that do not express endogenous antizyme. The resultant upregulated genes were screened by cDNA arrays
and confirmed by quantitative real-time polymerase chain reaction. DNA-dependent protein kinase including
its catalytic subunit DNA-PKcs and regulatory subunit Ku70, two key proteins of the DNA damage
repair machinery, was significantly upregulated after ectopic expression of antizyme. Consistently, we
found that UM1 cells are sensitive toγ irradiation and deficient in DNA damage repairs, as shown by
radio-sensitivity and Comet assays. Ectopic expression of antizyme increased radio-resistance of UM1
cells and restored their capacity of DNA damage repairs to the level of UM2 cells that have an identical
genetic background but express endogenous antizyme. Plasmid end-joining assays confirmed that antizyme
enhances the ability of UM1 cells to repair DNA double-strand breaks by the nonhomologous end-joining
pathway.

Ornithine decarboxylase (ODC) catalyzes decarboxylation
of L-ornithine to form putrescine and is the rate-limiting
enzyme in the polyamine biosynthesis pathway. Enhanced
ODC activity (1-4) and elevated polyamine levels (5) have
been reported in a variety of human cancers. Inhibition of
ODC activity and polyamine depletion byR-difluoromethyl-
ornithine have been shown to inhibit cell proliferation and
induce terminal differentiation of F9 teratocarcinoma cells,
accompanied by global DNA hypomethylation (6). ODC
activity is negatively regulated by ODC antizyme (7), an
intracellular protein that targets ODC for ubiquitin-indepen-
dent proteasomal degradation. Four antizyme isoforms have
been identified (8). Antizyme 1 is ubiquitously expressed.
It binds reversibly to ODC, inhibits its activity, and targets
it for degradation by 26S proteasomes (9). Antizyme 2 also
has a wide tissue distribution, binds to ODC, and inhibits
its activity but lacks the function to mediate protein degrada-
tion (10). Antizyme 3 is testis-specific and expressed only
during late spermatogenesis (11, 12). Antizyme 4 was
identified as a sequence tag with unknown tissue distribution

(8). Antizyme expression is regulated at the translational level
by a+1 frame-shifting mechanism controlled by polyamines
(13). Antizyme activity is also regulated at the protein level
by an antizyme inhibitor protein that competes with ODC
for antizyme binding (14).

We have shown that downregulation of antizyme is
associated with cancer progression in the hamster buccal
pouch carcinogenesis model (15). Ectopic expression of the
antizyme gene in HCPC-1 hamster malignant oral kerati-
nocytes results in DNA demethylation at the cytosine
residues of the CCGG regions, leading to cell differentiation
and reversal of the malignant phenotype (16). Moreover,
overexpression of antizyme in transgenic mice suppresses
skin tumor growth (17). These results indicate that antizyme
has a tumor-suppressor function. However, it is unclear how
antizyme exerts its tumor-suppressor function. Expressions
of both ODC and antizyme are cell-cycle-dependent. In
normal human fibroblasts, ODC expression decreases in the
G1 phase and increases in the S phase, whereas antizyme
expression increases in the G1 phase but decreases in the S
phase (18). Thus, antizyme may have ODC-independent
functions. Indeed, antizyme has been shown to inhibit cyclin
D1 in an ODC-independent manner (19, 20).

To better understand the role that antizyme plays in human
cancer, we attempted to identify human genes that are
upregulated by ectopic expression of human antizyme. We
first surveyed a number of normal and malignant human oral
keratinocyte lines for antizyme expression and found that
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the UM1 human oral squamous cancer cells do not express
detectable amounts of endogenous antizyme proteins, whereas
the UM2 cells have a significant level of antizyme expres-
sion. UM1 and UM2 cells were isolated from the same
tongue cancer lesion and have an identical genetic back-
ground. Both UM1 and UM2 cells form tumor burdens when
they are injected into nude mice subcutaneously. However,
when they were injected intravenously, only UM1 cells are
able to form metastatic nodules in distant organs (21).
Therefore, we chose these two human cell lines to study the
effect of ectopic expression of human antizyme. A cDNA
array screening approach was used to identify genes up-
regulated by antizyme. To focus on the genes that are
potentially regulated via DNA demethylation, we compared
the gene expression profile of antizyme overexpression with
that of 5-Aza-2′-deoxycytidine (5-Aza-CdR) treatment. 5-Aza-
CdR is a demethylating reagent that is incorporated into
replicating DNA, rendering the DNA refractory to methyl-
ation (22, 23). It has been widely used to uncover methyl-
ation-silenced genes. We thought that the outcome of 5-Aza-
CdR treatment would provide a dataset that can be used to
identify those genes whose expression is altered by antizyme
possibly through DNA demethylation. A subset of genes that
are commonly upregulated by antizyme and 5-Aza-CdR has
been identified. However, sequence analyses did not reveal
any CpG islands in the promoter regions of these genes.
Thus, our approach failed to identify antizyme-induced gene
upregulation through DNA demethylation. Instead, we found
that antizyme upregulates the expression of G1 genes
involved in cell-cycle checkpoint and DNA damage repair
processes. Therefore, we examined the sensitivity of UM1
cells toγ irradiation and their ability to repair DNA double-
strand breaks before and after antizyme transfection. We
found that UM1 cells are sensitive toγ irradiation and are
deficient in DNA damage repair as compared to UM2 cells.
Transfection of antizyme increases the radio-resistance and
DNA damage repair ability of UM1 cells to a level
comparable to that of UM2 cells.

MATERIALS AND METHODS

Cell Culture.Human normal oral keratinocyte lines OKF4
and OKF6 and human oral squamous cell carcinoma lines
SCC4, SCC15, SCC66, and SCC105L were provided by J.
Rheinwald (Brigham and Women’s Hospital). They were
cultured in keratinocyte-SFM supplemented with 50µg/
mL bovine pituitary extract and 0.1 ng/mL epidermal growth
factor (EGF). UM1 and UM2 human oral squamous cell
carcinoma cells (21) were cultured in Dulbecco’s modified
eagle medium (DMEM)/F-12 plus 10% fetal bovine serum
(FBS).

Transfection of UM1 Cells with Antizyme cDNA.The zinc-
inducible human wild-type antizyme 1 gene expression vector
(pMT/CB6+HuFSAZ-wt) was provided by S. Mizutani (24).
This vector and the control vector pMT/CB6+ were trans-
fected into UM1 cells by a Gene-Gun (Bio-Rad) at 150 psi.
Stable transfectants were selected with 1 mg/mL of G418
for 2 weeks. Antizyme expression was induced by the
treatment of the cells with 100µM ZnSO4 for 5 days.

Cell-Cycle Analysis.The UM1 parent cells, vector and
antizyme transfectants, and UM2 cells were cultured in the
presence of 100µM ZnSO4 for 5 days to 60-70% conflu-

ence, trypsinized, and fixed in ice-cold ethanol. After the
DNA was stained with propidium iodide, the cells were
analyzed for cell-cycle position with a FC500 flowcytometer
(Beckman-Coulter).

cDNA Array Screening.Total RNA was isolated by the
Chirgwin method (25). Radiolabeled cDNA probes were
synthesized from 10µg of total RNA with a gene-specific
primer mixture containing primers for all spotted genes (BD
Biosciences Clontech) as described in the protocol of the
manufacturer. cDNA probes synthesized from the total RNA
of the experimental and control groups were hybridized in
parallel to an identical set of BD Atlas Human 3.6 Array
membranes. After hybridization and washes, the membranes
were exposed and the screens were scanned with a phos-
phorimager (Molecular Dynamics).

Array Data Analysis.The AtlasImage 2.7 analysis software
was used to identify differentially expressed genes. The
default external method was used for background calculation
to adjust the signal intensities of the two membranes. The
global normalization method (sum method) was employed
in which the experimental array was normalized with respect
to the control array based on the combined signal intensities
of the entire membranes. A normalization coefficient was
calculated and applied to the background-adjusted intensity
of each gene. A threshold of 2-fold difference in the adjusted,
normalized intensities was used to determine whether or not
a gene is differentially expressed.

QuantitatiVe Real-Time Polymerase Chain Reaction (qRT-
PCR). qRT-PCR was performed to verify the results of
cDNA array screening. The group of genes that are upregu-
lated by both ectopic antizyme expression and 5-Aza-CdR
treatment were analyzed. The first strand cDNA was
synthesized from the same RNA samples that have been used
for the cDNA array experiments. The PCR primers were
designed using MacVector version 7.2 software based on
the cDNA sequences that were downloaded from the NCBI
database according to the GenBank accession numbers
provided with the array membranes. The qRT-PCR reactions
were performed using a LightCycler with LightCycler
FastStart DNA Master SYBR Green I kit. Amplification of
sample cDNA was monitored with the fluorescent DNA-
binding dye SYBR Green in combination with an ABI 5700
sequence detection system.â-actin was used as an endog-
enous control for normalization. The PCR primer sequences,
optimal annealing temperatures, and amplicon sizes are listed
in Table 1.

Radio-SensitiVity Assay. The sensitivity of cells toγ
irradiation was performed according to Asaumi et al. (26).
Cells were cultured in triplicates and were irradiated at a
dose ranging from 0 to 12 Gy. A total of 3 days after
irradiation, cells were fixed with 4% formaldehyde solution
in phosphate-buffered saline (PBS), stained with 10% Gimsa
solution, and counted.

Comet Assay.A commercial CometAssay kit (R&D
Systems) was used to measure DNA fragmentation (27). The
assay was carried out in neutral condition that allows for
the detection of mainly DNA double-strand breaks (28). Cells
were adjusted to a density of 1× 105 cells per mL and were
mixed with melted LM agarose at 37°C at a ratio of 1:10
(v/v). A 75 µL of the mixture was applied onto a CometSlide.
The slides were placed in prechilled lysis solution, incubated
for 30 min at 4°C, and washed by immersing in 50 mL of
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Table 1: List of PCR Primers for qRT-PCR

genes and primer sequences annealingT (°C) amplicon size (nt)

actin 56 146
forward: 5′-TGAAGGTGACAGCAGTCGGTTG-3′
reverse: 5′-GGCTTTTAGGATGGCAAGGGAC-3′

alkaline phosphatase, placental type 3 precursor 57 118
forward: 5′-TCACCAGGGGGATTTTGACAC-3′
reverse: 5′-GAAGTTGAGATTTGGGGCAAGC-3′

R-actinin 1 57 177
forward: 5′-GGAGTTCAAAGCCTGCCTCATC-3′
reverse: 5′-TGGTCTGCTGTATCTGTGTCGG-3′

amyloid-like protein 2 53 143
forward: 5′-ATACAGATGAGGGTGTCCGCTG-3′
reverse: 5′-ATAGTTGGAAGGGGAAGTGAACG-3′

antioxidant protein 2, AOP2 54 135
forward: 5′-TGGCAAGAAATACCTCCGCTAC-3′
reverse: 5′-GCTGTGATGACACCAGGATGTG-3′

antizyme inhibitor 53 335
forward: 5′-GCAACAACTGTCAGGTTAGTGATGC-3′
reverse: 5′-TTTGAATAAACTTGGGGGGAGG-3′

ATP-dependent DNA helicase II, 70 kDa subunit, Ku70 58 197
forward: 5′-AGAGTGGTCTGAAGAAGCAGGAGC-3′
reverse: 5′-GCCTCAAAAACATAAAGTCCCTCG-3′

calcium-binding protein p22; calcium-binding protein CHP 54 124
forward: 5′-GAGGGAGAGGACCAGGTAAACTTC-3′
reverse: 5′-TGTTGCTTCGGCTGTTGAGTG-3′

clathrin heavy subunit 1, CLH-17; KIAA0034 52 149
forward: 5′-AGAAGATTATCAGGCTCTGCGAAC-3′
reverse: 5′-TCTGTTTCCAGCGATTGTTGC-3′

cyclin-dependent kinase regulatory subunit 1, CKS1 52 107
forward: 5′-GAGGAAGCATCTGAGTTTGAGACC-3′
reverse: 5′-CATAAATCCGCAAGTCACCACAC-3′

cytochrome P450 IB1, CYP1B1 52 131
forward: 5′-TTATGTCAACCAGGTCCAGATGTG-3′
reverse: 5′-AGCCAGGTAAACTCCAAGCACC-3′

DNA-dependent protein kinase catalytic subunit, DNA-PKcs 55 156
forward: 5′-CAAGTGAAGTGCCTGATGGACC-3′
reverse: 5′-TGGAATGCTGCCAACCAAAG-3′

DNA fragmentation factor 40 kDa subunit, CAD, DFF40 54 246
forward: 5′-ATGGCAAGAAATAGGAAACCCC-3′
reverse: 5′-TAGTAACGCTGACCAACGGAGC-3′

DNA polymerase-R catalytic subunit 61 167
forward: 5′-CAAATGCTTCTCCAGCCATCC-3′
reverse: 5′-ACCTGCTCAGTGTGTGTCTGTTGG-3′

ephrin type A receptor 2 precursor, EphA2 57 143
forward: 5′-TATTCCCAAGCCGACCTTCC-3′
reverse: 5′-ACCCAGTCAAGTTCACAGTCTGCC-3′

ER lumen protein-retaining receptor 1; KDEL receptor 1; ERD 21 57 146
forward: 5′-TTCTGGCGTTCCTGGTCAATC-3′
reverse: 5′-CAAGTAGTGGCTGGTGATGGTCTC-3′

fascin; FX 60 175
forward: 5′-TGGAAACCCCAGAGAAAACGG-3′
reverse: 5′-AAGAAAGAGGTGCCAGACTCGC-3′

fos-related antigen, FRA1 57 100
forward: 5′-ACCACACCCTCCCTAACTCCTTTC-3′
reverse: 5′-TGCTGCTGCTACTCTTGCGATG-3′

G2/mitotic-specific cyclin B1 52 109
forward: 5′-GTCAAGAACAAGTATGCCACATCG-3′
reverse: 5′-CAAGTTACACCTTTGCCACAGCC-3′

heat-shock cognate 71 kDa protein 52 130
forward: 5′-TCCTTGGATGTCTGAGTGACCC-3′
reverse: 5′-AACCCTTCTTTCTCCCTGACGC-3′

intercellular adhesion molecule-1, ICAM-1 55 141
forward: 5′-TTCCCCCCAAAACTGACACC-3′
reverse: 5′-AGGACAAGAGGACAAGGCATAGC-3′

interferon-inducible RNA-dependent protein kinase (P68 kinase) 53 105
forward: 5′-TGGAAAGCGAACAAGGAGTAAGG-3′
reverse: 5′-ATTAGCCCCAAAGCGTAGAGGTCC-3′

KIAA0115 58 140
forward: 5′-CGGACAAGCCTATCACCCAGTATC-3′
reverse: 5′-TGCTGAGTTGAAGTTGGAGTCGC-3′

MAP kinase-activated protein kinase 2, MAPKAP kinase 2 57 155
forward: 5′-TGCTGAAGAGGCGGAAGAAAGC-3′
reverse: 5′-AGAGGAGGCAGATGTGGACAGTTC-3′
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TBE buffer. The slides were electrophoresed in TBE for 20
min at 15 V, rinsed with water, fixed with 70% ethanol for
5 min, stained with 50µL of SYBR Green solution, and
observed with a fluorescent microscope. A total of 80 cells
in each group were photographed and analyzed. The outcome
was analyzed using a TriTek CometScore software version
1.5.2.6 (http://autocomet.com). Tail moment was used in this
study to measure the degree of DNA fragmentation.

Immunofluorescence of H2AX and Ku70.Cells were
cultured on cover slips and fixed with methanol at-20 °C
for 10 min, washed 3 times with PBS, and blocked with 10%
FBS in PBS at pH 7.4 for 30 min at room temperature. Cells
were then incubated with polyclonal rabbit anti-human
phosphorylated histone H2AX (γ-H2AX) antibody (Trevi-
gen) and monoclonal mouse anti-human Ku-70 antibody
(Santa Cruz Biotechnology) at 1:100 dilution in PBS
containing 10% FBS for 1 h, washed with PBS 3 times, and

incubated with Alexa 555 goat F(ab′)2 anti-rabbit IgG and
Alexa 350 goat F(ab′)2 anti-mouse IgG at 1:200 dilution in
PBS for 1 h. The cover slips were mounted on glass slides
and examined under a Leica DFC 480 fluorescent micro-
scope.

Plasmid End-Joining Assay.A double-strand DNA break
repair assay was performed according to the method by
Zhong et al. (29) with modification. Red fluorescent protein
was used instead of luciferase. A DNA fragment encoding
red fluorescent protein was generated from a promoterless
pDsRed2-1 vector by PCR with the primers: forward, 5′-
ACG CGT CGA CAT GGC CTC CTC CGA GAA CGC-3′
containing aSalI site; reverse, 5′-ATA AGA ATG CGG
CCG CTC AGT TAT CTA GAT CCG GTG G-3′ containing
a NotI site. This DsRed2 cDNA was cloned into theSalI
andNotI sites of the pCI-neo vector. The pCI-neo-DsRed2
was then digested withEcoRI between the CMV promoter

Table 1 (Continued)

genes and primer sequences annealingT (°C) amplicon size (nt)

minichromosome maintenance 4, MCM4 56 297
forward: 5′-AAAGGCTCCACAGAGGGAAGTGAG-3′
reverse: 5′-GGAAACACACCAAAGGAAGTGC-3′

minichromosome maintenance 5, MCM5 56 130
forward: 5′-ATGAGGAGAGGGATGTGATGCTGG-3′
reverse: 5′-ACTCGGCAGTAGGCAATAAACTTC-3′

minichromosome maintenance 7, MCM7 56 120
forward: 5′-TGTATCTCGTGGCTTCACACCC-3′
reverse: 5′-GCAGGCTGGAATCAGACAAAAG-3′

monocarboxylate transporter 1, MCT1 52 147
forward: 5′-AACTTTGGCAACATCTTGGCTG-3′
reverse: 5′-CTTTGAACAGGGGAGCAGAAATAG-3′

nonmetastatic protein 23B (NM23B) 57 337
forward: 5′-CTACATTGACCTGAAAGACCGACC-3′
reverse: 5′-GCTGAAGGAGACTGCTGTTGTGTC-3′

proliferation cyclic nuclear antigen, PCNA 53 151
forward: 5′-ACTAAGCTCTTTGAGAACTGCTTCTAAG-3′
reverse: 5′-TATTCTTTAAACAAATTGGAGAGAATAGAG-3 ′

protein-tyrosine phosphataseκ precursor 55 141
forward: 5′-GGACATTCACCCTGGAAAGGAG-3′
reverse: 5′-GGTTTGATAACTTGACTCGCCG-3′

putative receptor protein, PM1 57 238
forward: 5′-TCTCCTGGCAGTTTGACCCTTG-3′
reverse: 5′-GTTTTGCTTCGCTCCCTGTTC-3′

pyruvate kinase M2 isozyme, PKM2 58 123
forward: 5′-TATTTGAGGAACTCCGCCGC-3′
reverse: 5′-CAGACTTGGTGAGGACGATTATGG-3′

replication factor C 37 kDa subunit, RFC37 52 131
forward: 5′-TGCCGAAGTTGACAAATGCC-3′
reverse: 5′-TTTACAAAACCCCCCATCCAG-3′

60S ribosomal protein L4, L1 54 142
forward: 5′-AACGATACGCCATCTGTTCTGCCC-3′
reverse: 5′-GCTTCCTTGGTCTTCTTGTAGCC-3′

60S ribosomal protein L22, RPL22 55 163
forward: 5′-CCCACCCTGTAGAAGATGGAATC-3′
reverse: 5′-TTGGAGAAAGGCACCTCGGATGTC-3′

skeletal muscle lim-protein 1, SLIM 1 52 130
forward: 5′-CATCAATAGGGAAGAGTGGTCC-3′
reverse: 5′-GCAGGGTTGCTTTTTGCTAAATGC-3′

sorcin 22 kDa protein, SRI; CP-22 53 147
forward: 5′-TGGCTGGAGACAACACTTTATCAG-3′
reverse: 5′-CCATTGGTGCTGTATCGTTTTGC-3′

thymosinâ-4 54 140
forward: 5′-CGAAACTGAAGAAGACAGAGACGC-3′
reverse: 5′-AGAAGGCAATGCTTGTGGAATG-3′

transcription factor 11, TCF11; locus control region factor 1 57 137
forward: 5′-TGCTGTCCAAATACCAGTTGAGTG-3′
reverse: 5′-CACATCACGCTCCAGATTCAGG-3′

vascular endothelial growth factor precursor, VEGF 58 489
forward: 5′-CTCAGAGCGGAGAAAGCATTTG-3′
reverse: 5′-TATGTGGGTGGGTGTGTCTACAGG-3′
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and DsRed2 coding sequence to linealize the plasmid. The
linealized plasmid was transfected into the UM1 parent cells,
vector and antizyme transfectants, and UM2 cells using a
Gene-Gun. RFP expression was examined under a fluorescent
microscope after 24 h of culture.

Differential Assay of Nonhomologous End-Joining (NHEJ)
and Homologous Recombination (HR) Double-Strand DNA
Break Repair.A plasmid-base DNA repair assay was used
to differentiate the two major DNA repair processes (30). A
linealized plasmid DNA (pREC, kindly provided by Dr.
Takashi Kohno of the National Cancer Center Research
Institute, Tokyo, Japan) containing two identical 400 bp
inserts flanking the break point was transfected into the cells.
The break-point junctions of the repaired plasmid DNA in
the cells were analyzed by PCR to determine which repair
processes have occurred. The pREC plasmid was double-
digested withBsmBI andEcoRV, and the linealized plasmid
was transfected into the cells with a Gene-Gun (150 psi).
Cellular DNA was collected from the transfectants 16 h post-
transfection. PCR reactions were carried out using the Cy5-
F1 and R2 primer set as described (30). This set of primers
will amplify a DNA fragment of 3132 and 2488 bp,
respectively, from the NHEJ and HR repair products of the
linealized pREC (30).

RESULTS

Expression of the Antizyme Protein in Normal and
Malignant Human Oral Keratinocytes.To identify a suitable
human cell line for antizyme transfection, we measured the
endogenous antizyme protein levels in a number of normal
and malignant human oral keratinocyte lines by Western
blotting. Figure 1 shows that the antizyme protein was
detected in the OKF4 and OKF6 normal oral keratinocytes
and in the SCC66 and UM2 oral squamous cell carcinoma
lines but not in the SCC4, SCC15, SCC105L, and UM1 oral
squamous cell carcinoma lines. Among these cells, UM1 and
UM2 were isolated and established from the same primary
tongue cancer region of a patient (21). The two cell lines
have been cultured over 60 passages, and genetic analysis
has revealed that they have identical genetic background (21).
We therefore chose UM1 cells to study gene upregulation
mediated by ectopic expression of antizyme.

Morphological Changes of UM1 Cells Induced by Ectopic
Antizyme Expression.UM1 cells were transfected with the
Zn-inducible human antizyme expression vector pMT/CB6+-
HuFSAZ-wt or with the control vector pMT/CB6+. Stable
transfectants were selected, and antizyme protein levels were
determined by Western blotting analysis. As shown in Figure
2A, the antizyme protein was detected in the antizyme

transfectants treated with 100µM ZnSO4 for 5 days. No
corresponding band was detected in antizyme transfectants
without ZnSO4 treatment or in control vector transfectants
both with and without ZnSO4 treatment.

Induction of ectopic antizyme expression by 100µM
ZnSO4 for 5 days resulted in the formation of epithelial island
structures with tight cell-cell contacts (Figure 2D), similar
to that seen in UM2 cells (Figure 2E). The vector control
transfectants with ZnSO4 treatment (Figure 2C) had a
dispersed growth pattern without cell-cell adhesions, same
as the UM1 parent cells (Figure 2B). Antizyme-induced
morphological change is not mediated by E-cadherin because
Western blotting showed that the E-cadherin protein level
in UM1 cells was not altered by antizyme transfection
(middle panel in Figure 2A).

Antizyme Induces G1 Accumulation.Next, we examined
the effect of antizyme expression on the cell-cycle distribu-
tion of UM1 cells. Table 2 shows that antizyme expression
in UM1 cells increases G1 cells from 37.0 to 52.0% with a
concomitant decrease in both S and G2 cells. The decrease
in the G2 phase (from 21.3 to 13.1%, representing a 38.5%
decrease) is more dramatic than that in the S phase (from
41.7 to 34.9%, representing a 16.3% decrease). The cell-
cycle distribution of UM1 antizyme transfectants is similar

FIGURE 1: Antizyme protein levels in human normal and malignant
oral keratinocytes. Cellular proteins from log-phase cells were
extracted and analyzed by Western blotting (50µg per lane) with
a rabbit anti-rat antizyme polyclonal antibody (1:2000 dilution).
Actin was blotted with a rabbit anti-actin polyclonal antibody (1:
5000 dilution) as loading controls.

FIGURE 2: Effect of ectopic expression of antizyme on UM1 cell
morphology. UM1 cells were transfected with antizyme expression
vector pMT/CB6+HuFSAZ-wt or control vector pMT/CB6+. Stable
transfectants were selected and cultured in the presence of 100µM
ZnSO4 for 5 days. The antizyme and E-cadherin protein levels were
analyzed by Western blotting (A). (B-E) Cell morphologies after
5 days of culture in the presence of 100µM ZnSO4.

Table 2: Antizyme Increases G1 Cell Population

cells G1 S G2

UM1 32.5( 1.8 39.6( 2.7 27.9( 1.0
UM2 46.8( 2.4 35.0( 2.0 18.2( 0.8
UM1, vector 37.0( 0.4 41.7( 0.3 21.3( 0.4
UM1, antizyme 52.0( 2.3 34.9( 0.5 13.1( 1.9
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to that of the UM2 cells, suggesting that antizyme is
responsible for the differential cell-cycle distribution between
UM1 and UM2 cells. Student’st test indicated that the
increases in G1-phase cells of the UM1 antizyme transfectants
with respect to the UM1 parent cells and the UM1 vector
transfectants are significant (p < 0.01), whereas there is no
significant difference in G1 cell distribution between UM1

parent cells and vector transfectants and between UM1
antizyme transfectants and UM2 cells (p > 0.05).

Antizyme activity is known to be regulated at the protein
level by the antizyme inhibitor (31). We therefore examined
the expression level of the antizyme inhibitor by qRT-PCR.
While the mRNA level of the antizyme inhibitor in UM2
cells is 39% of that in UM1 cells, antizyme transfection in

Table 3: Genes Commonly Upregulated by 5-Aza-CdR Treatment and Antizyme Transfection

genes and classification Genebank number 5-Aza-CdRa antizymeb

cyclins, CDKs, CDK inhibitors, and intracellular kinases
G2/mitotic-specific cyclin B1 (CCNB1) M25753 3.5 3.4
cyclin-dependent kinase regulatory subunit 1 (CKS1) X54941 4.0 3.9
MAP kinase-activated protein kinase 2 U12779 2.0 2.7
transcription factor 11 (TCF11); HBZ17 U08853 4.7 3.3

oncogenes and tumor suppressor
fos-related antigen (FRA1); FOS-like antigen 1 X16707 61.6 22.3
nonmetastatic protein 23B (NM23B) L16785/M36981 2.1 2.8

DNA polymerases, replication factors, and topoisomerases
MCM4 DNA replication licensing factor X74794 3.3 2.6
DNA replication licensing factor X74795 2.0 2.0
DNA replication licensing factor D55716 3.6 5.6
proliferating cyclic nuclear antigen (PCNA) M15796 2.0 2.7
Ku 70 kDa subunit M32865/S38729 3.4 4.6
DNA polymerase-R catalytic subunit (POLA) X06745/J04718 2.1 3.4
activator 1 37 kDa subunit; RFC4 M87339 11.9 7.4

DNA damage repair proteins and ligases and DNA fragmentation proteins
DNA-PK catalytic subunit (DNA-PKcs) U35835 53.3 74.9
CAD; DNA fragmentation factor 40 kDa subunit (DFF40) AF064019 2.0 3.5

death kinases intracellular kinase network members
interferon-inducible RNA-dependent protein kinase M35663/U50648 2.2 3.1

symporters and antiporters
monocarboxylate transporter 1 (MCT1) L31801 2.1 4.8

intracellular transducers, effectors, and modulators
ephrin type A receptor 2 precursor, EphA2 M59371/M3639 8.0 9.8

matrix adhesion receptors
intercellular adhesion molecule 1 precursor (ICAM1) J03132 2.0 3.3

heat-shock proteins
heat-shock cognate 71 kDa protein Y00371 2.2 2.9

growth factors, cytokines, and chemokines
vascular endothelial growth factor precursor M32977/M2728 6.1 6.7

extracellular communication proteins
thymosinâ 4; FX M17733 3.0 4.3

basic transcription factors
skeletal muscle lim-protein 1 (SLIM 1)) (FHL-1) U60115 8.6 7.3

trafficking and targeting proteins
ER lumen protein-retaining receptor 1 X55885 2.2 2.1
calcium-binding protein p22 U61538 2.6 2.3
clathrin heavy subunit 1 (CLH-17); KIAA0034 D21260 2.5 2.0

complex carbohydrate metabolism
KIAA0115 D29643 3.6 3.0

energy metabolism
pyruvate kinase M2 isozyme (PKM2) M23725 2.2 3.3
alkaline phosphatase, placental type 3 precursor M14170 5.5 8.7

ribosomal proteins
60S ribosomal protein L22 (RPL22) X59357 3.4 3.7
60S ribosomal protein L4 (L1) L20868 2.4 2.4

calcium-binding proteins
sorcin 22 kDa protein (SRI); CP-22 L12387 4.2 4.9

other intracellular transducers, effectors, and modulators
amyloid-like protein 2 S60099 2.6 2.4

protein phosphatase receptors
protein-tyrosine phosphataseκ precursor Z70660 4.4 4.0

G protein-coupled receptors
putative receptor protein (PM1) X51804 2.1 2.4

cytoskeleton and motility proteins
R-actinin 1 cytoskeletal isoforms X15804 12.2 6.7
fascin (actin-bundling protein) U03057 2.1 3.1

xenobiotic, complex lipid and other metabolism
cytochrome P450 IB1 (CYP1B1) U03688 2.6 5.3
antioxidant protein 2 (AOP2) D14662 6.5 5.5

a The ratio of the signal intensity between 5-Aza-CdR-treated cells and UM1 parent cells (5-Aza-Cdr/UM1).b The ratio of the signal intensity
between antizyme and vector transfectants (antizyme/vector).
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UM1 cells do not change the expression level of the antizyme
inhibitor. UM1 vector and antizyme transfectants have 95
( 1.3 and 94( 1.7%, respectively, of the antizyme inhibitor
mRMA level of the UM1 parent cells.

Genes Upregulated by Ectopic Antizyme Expression and
5-Aza-CdR Treatment.In an attempt to identify all of the
methylation-silenced genes in UM1 cells, we treated the cells
with 10 µM 5-Aza-CdR for 5 days, a condition known to
demethylate cytosine residues and induce the re-expression
of genes silenced by promoter methylation (22, 23). Incor-
poration of 5-Aza-CdR into the replicating DNA renders the
DNA refractory to methylation, thereby demethylating DNA
genome wide. RNA was isolated from treated and untreated
cells, and cDNA array analyses were performed. Detectable
signals were obtained from about 40% of the 3528 genes
spotted on the array membranes, a reasonable rate for this
type of analysis. A gene is considered to be upregulated if
its intensity (adjusted and normalized) in the experimental
array is g2-fold stronger than that in the control array.
Similarly, it is considered to be downregulated when its
intensity ise50% of that in the control. This threshold factor
of 2 is widely used in the field of array analysis (32-36).
Using these criteria, we determined that 85 genes were
upregulated and 94 genes were downregulated by 5-Aza-
CdR treatment (data not shown). The same criteria were
applied to antizyme and control vector transfectants. Ectopic
antizyme expression resulted in the upregulation of 122 and
downregulation of 173 genes (data not shown) in UM1 cells.
Among the 122 genes whose expression is upregulated by
antizyme, 39 were found also to be upregulated by 5-Aza-
CdR treatment (Table 3).

Antizyme Upregulates G1-Phase-Related Genes.qRT-PCR
were performed to verify the expression levels of the 39
genes identified above. Conventional RT-PCR reactions were
carried out to confirm that the primer set (Table 1) was able
to amplify single amplicons. With these primers, qRT-PCR
analyses showed that 19 of the 39 genes were truly
upregulated in antizyme transfectants (Table 4). While this
was a disappointing success rate for the array screening
approach, it is interesting to note that this list contains genes
known to play a role in the G1 transition, including DNA-

PKcs, Ku70, MCM4, MCM5, PCNA, and DNA-poly-
merase-R.

Antizyme Enhances Resistance toγ Irradiation. Among
the confirmed genes, DNA-PKcs and Ku70 are two essential
proteins of the DNA damage repair machinery (37). We
therefore examined the effect of antizyme on DNA damage
repairs. First, we measured the sensitivity of UM1 cells toγ
irradiation before and after antizyme transfection and com-
pared it with that of UM2 cells. Irradiation is known to cause
DNA double-strand breaks and DNA fragmentation which,
if not properly repaired, induces apoptosis (38, 39). UM1
parent cells, vector and antizyme transfectants, and UM2 cells
were exposed to increasing doses ofγ irradiation (0, 2, 4, 6,
8, 10, and 12 Gy). Survived cells were counted 3 days after
irradiation. Figure 3 shows that UM1 parent cells and vector
transfectants are more sensitive to irradiation damage than
UM2 cells. Antizyme transfection increased radio-resistance
of UM1 cells to a comparable level as that of UM2 cells.

Antizyme Reduces DNA Fragmentation in UM1 Cells.The
Comet assay was carried out to quantify DNA damage in
UM1 cells and the recovery after antizyme transfection. Cells
were not pretreated, and the assay was performed in a neutral
pH. Therefore, only the endogenous double-strand breaks
were measured (28). As shown in Figure 4, extensive tail
areas were observed in UM1 parent cells and vector
transfectants (parts A and B of Figure 4). However, UM2
cells and the antizyme UM1 transfectants showed no
significant comet tails (parts C and D of Figure 4). Tail
moment that reflects the degree of damaged fragmentation
was calculated from the tail length and the percentage of
tail DNA. A total of 80 randomly selected cells from each
group were evaluated using a TriTek CometScore software
version 1.5.2. Mean tail moment of UM1 parent cells, vector
and antizyme UM1 transfectants, and UM2 cells were 14.5
( 5.7, 19.5( 3.6, 4.3( 1.3, and 2.5( 1.5, respectively
(Figure 4E). Thus, antizyme transfection recovered the ability
of UM1 cells to repair DNA double-strand break by 89% as
compared to that of UM2 cells.

Antizyme Decreasesγ-H2AX Foci Formation and En-
hances Ku70 Recruitment.Histoneγ-H2AX immunofluo-
rescence was performed to determine the degree of double-

Table 4: Genes Whose Upregulation Has Been Confirmed by qRT-PCR

genes antizyme/vectora 5-Aza/UM1b

DNA-dependent protein kinase catalytic subunit, DNA-PKcs 2.59( 0.39 8.22( 0.24
Ku 70 kDa subunit, Ku70 2.71( 0.56 80.09( 11.64
MCM4 DNA replication licensing factor 5.07( 1.17 64.88( 8.04
MCM5 DNA replication licensing factor 59.33( 0.14 13.58( 0.84
proliferating cyclic nuclear antigen, PCNA 3.64( 0.09 5.09( 0.11
DNA polymerase-R catalytic subunit, POLA 8.10( 0.12 1.81( 0.28
R-actinin 13.40( 0.61 22.66( 0.38
fascin 1.36( 0.06 2.72( 0.01
monocarboxylate transporter 1, MCT1 1.46( 0.15 2.22( 0.07
pyruvate kinase M2 isozyme, PKM2 4.65( 0.61 5.34( 0.13
ephrin type A receptor 2 precursor, EphA2 7.51( 0.04 1.97( 0.07
fos-related antigen, FRA1 1.89( 0.11 3.07( 0.10
vascular endothelial growth factor precursor, VEGF 2.06( 0.71 11.92( 1.60
ER lumen protein retaining receptor 1; KDEL receptor 1 12.30( 1.13 12.01( 0.51
dolichyl-diphosphooligosaccharide protein glycosyltransferase 1.75( 0.35 24.56( 0.70
60S ribosomal protein L 41.54( 3.03 16.31( 1.27
amyloid-like protein 2 2.31( 0.43 10.31( 0.19
alathrin heavy subunit 1, CLH-17 3.61( 0.52 7.57( 0.30

a The ratio of the signal intensity between antizyme and vector transfectants (antizyme/vector).b The ratio of the signal intensity between 5-Aza-
CdR-treated cells and UM1 parent cells (5-Aza-Cdr/UM1).
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strand DNA breaks in UM1 cells and the resultant changes
after antizyme transfection. As shown in parts A-L of Figure
5, γ-H2AX was intensively stained in the nuclei of UM1
cells (Figure 5A) and in the vector control UM1 transfectants
(Figure 5B). The intensity of staining was significantly
reduced in antizyme UM1 transfectants (Figure 5C) and in
UM2 cells (Figure 5D). In contrast, the staining intensity of
Ku70 was much lower in UM1 cells (Figure 5E) and in the
vector control UM1 transfectants (Figure 5F) than that in
antizyme UM1 transfectants (Figure 5G) and in UM2 cells
(Figure 5H). Figure 5M shows that the number ofγ-H2AX
foci per nucleus in UM1 and vector control UM1 transfec-
tants was 95.2( 38.8 and 88.3( 28.0, respectively, which
was reduced to 8.3( 7.6 after antizyme transfection and
not significantly different from that in UM2 cells (9.9( 8.7).
the merge of the red (γ-H2AX) and blue (Ku70) fluorescence
showed that Ku70 is colocalized with g-H2AX (parts I-L
of Figure 5). Quantitative analyses (Figure 5N) showed that
only 20.8 ( 5.2 and 13.3( 0.4%, respectively, of the
γ-H2AX foci were stained positively for Ku70 in UM1 and
vector control UM1 transfectants. However, the percentage
of Ku70 andγ-H2AX colocalization increased to 89.8(
2.8 and 84.2( 2.6%, respectively, in antizyme UM1
transfectants and in UM2 cells. These results confirmed the
Comet assay (Figure 4) and indicate that double-strand DNA
breaks occurred in UM1 cells to a significant degree and
were not adequately repaired. UM1 antizyme transfection
increased the expression level of Ku70, consistent with the
array screening (Table 3) and the qRT-PCR results (Table
4) and enhanced the recruitment of KU70 to the double-
strand DNA break lesions to promote DNA repair.

Antizyme Enhances End-Joining of DNA Double-Strand
Breaks.Next, we carried out a DNA double-strand break
end-joining assay to see whether antizyme overexpression
enhances the ability of UM1 cells to repair DNA damage
by the NHEJ pathway. A red fluorescent protein expression
vector was constructed by inserting a cDNA encoding

DsRed2 downstream of the CMV promoter of the pCI-neo
vector (Figure 6A). This plasmid was then linealized by
EcoRI digestion between the CMV promoter and DsRed2
coding region. Because DsRed2 is located upstream of the
CMV promoter in the linealized DNA, it will not be
expressed in cells before the double-strand break is rejoined
(Figure 6A). This strategy has been used by Zhong et al. to
determine the BRCA1-mediated end-joining activity of
mouse embryonic fibroblasts (29). The linealized pCI-
DsRed2 plasmid was transfected into UM1 and UM2 cells,
as well as the vector and antizyme UM1 transfectants. As
shown in parts B-E of Figure 6, no DsRed2 expression was
detected in UM1 parent cells (Figure 6B) and in the vector
UM1 transfectants (Figure 6C), indicating that UM1 cells
lack the end-joining DNA double-strand repair activity.
However, DsRed2 was expressed in∼25% of the cells in
the antizyme UM1 transfectants (43.4( 5.9 cells per
microscopic field) (Figure 6D) and in UM2 cells (55.5(

FIGURE 3: Antizyme increases the radio-resistance of UM1 cells.
UM1 parent cells, vector and antizyme transfectants, and UM2 cells
were cultured to 60-70% confluence in the presence of 100µM
Zn SO4 and were exposed toγ radiation at the doses indicated.
The cells were cultured for an additional 3 days and counted after
being fixed with 4% formaldehyde and stained with 10% Gimsa
solution. The percentage of cell viability was calculated using the
number of cells from the dish withoutγ irradiation as 100%. Results
shown were mean( standard deviation (SD) of three independent
experiments in triplicates.

FIGURE 4: Antizyme decreases DNA damage in UM1 cells. UM1
parent cells (A), vector (B) and antizyme (C) transfectants, and
UN2 cells (D) were cultured to 60-70% confluence and were
collected with a rubber policeman. After Comet electrophoresis,
DNA was stained with SYBR Green and analyzed using TriTek
CometScore software, version 1.5.2.6. The tail length was defined
as the distance of the edge of the head and the end of the tail. The
DNA content in the entire comet was calculated by multiplying
the area covered by the whole comet with the mean comet intensity.
The DNA content of the head was measured by multiplying the
area of the head with the mean head intensity. The DNA content
of the tail is derived by subtracting the DNA content of the head
from that of the whole comet. The percentage of DNA in the tail
was calculated as (DNAT/DNAT+ DNAH) × 100%. The tail
moment (E) was calculated by multiplying the tail length with the
percentage of DNA in the tail. Results shown are from a
representative experiment of five repeats.
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5.4 cells per microscopic field) (Figure 6E), indicating that
antizyme expression enabled the cells to end-join the
linealized plasmid. Cotransfection with a green fluorescent
protein expression vector showed that the transfection
efficiency was around∼25%. Image merging results indi-
cated that all of the transfected cells have recovered the end-
joining activity (data not shown). These results demonstrated
that antizyme enhances the DNA double-strand breaks repair
activity of the cells by the NHEJ pathway, consisting with
the upregulation of DNA-PKcs and Ku70 (Table 4).

To determine whether antizyme also enhances the HR
DNA repair pathway, we transfected linealized pREC into
the cells and used PCR to differentiate HR from NHEJ (30).
Figure 7A illustrates that NHEJ and HR repair processes will
result in a circularized plasmid of different size. Accordingly,

PCR reactions will amplify a DNA fragment of 3132 and
2488 bp, respectively, for the NHEJ and HR repairs. Figure
7B shows that no bands were revealed after 35 cycles of
PCR reaction with the DNA templates from UM1 cells and
from the vector control UM1 transfectants, indicating that
these cells are deficient in double-strand DNA break repairs.
A band of approximately 3.1 kb was amplified with the DNA
template from the antizyme UM1 transfectants and from
UM2 cells, demonstrated that the linealized pREC has been
repaired by the NHEJ but not the HR mechanism.

DISCUSSION

We have previously reported that antizyme gene expres-
sion is diminished in hamster oral cancer cell lines (15) and
that forced expression of the hamster antizyme gene reversed

FIGURE 5: Antizyme decreasesγ-H2AX foci formation and increases Ku70 expression and recruitment into the DNA break lesions. UM1
parent cells (A, E, and I), UM1 vector (B, F, and J) and antizyme (C, G, and K) transfectants, and UM2 cells (D, H, and L) were cultured
in the presence of 100µM ZnSO4 for 5 days. The cells were double-stained forγ-H2AX (A-D) and Ku70 (E-H) with red and blue
fluorescence, respectively. Colocalization ofγ-H2AX and Ku70 was shown by merging the two colors (I-L). The γ-H2AX foci were
counted under a fluorescent microscope at 1000 magnification from 30 randomly selected nuclei (M). The percentage ofγ-H2AX and
Ku70 colocalization was calculated from the number of foci showing overlapping blue and red fluorescence and the total numberγ-H2AX
foci of a given nucleus (N).
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the malignant phenotype and induced epithelial differentia-
tion and DNA demethylation (16). To identify human genes
upregulated by antizyme through DNA demethylation, we
compared gene expression profiles of the UM1 human oral
squamous cell carcinoma line after 5-Aza-CdR treatment and
after ectopic expression of human antizyme. 5-Aza-CdR is
a known demethylating reagent (22, 23) that has been used
to categorize all of the methylation-silenced genes. Such a
comparison identified 39 genes that are commonly upregu-
lated by both antizyme transfection and 5-Aza-CdR treat-
ment. However, the qRT-PCR assay revealed that only 19
of the 39 genes were actually elevated. The remaining 20
genes are thus false positives probably because of the intrinsic
defects of the array analysis approach in specificity and
reproducibility (40). All of the primers used for qRT-PCR
have been confirmed to be able to quantify target mRNA
and are therefore not a cause for this discrepancy. The array
screening method is also prone to false negatives. For
example, E-cadherin is known to be expressed in UM1 cells
at a significant level and is enhanced by 5-Aza-CdR treatment
(41), but no detectable signals appeared on the membranes
of the BD Atlas Human 3.6 Array. We have also tried two
array membranes from another manufacturer (SuperArray),

the Human Extracellular Matrix and Adhesion Molecules
Oligo GEArray and the Human Tumor Metastasis Oligo
GEArray, but they also failed to detect E-cadherin signals.
More importantly, sequence analyses did not reveal any CpG
islands in the promoter regions of the 19 confirmed genes,
excluding the possibility that their upregulation by antizyme
transfection and by 5-Aza-CdR is directly mediated by DNA
demethylation. Thus, our original objective to identify genes
upregulated by antizyme through DNA demethylation has
failed. While this was disappointing, we found that at least
6 of the 19 confirmed genes are related to the DNA repair
function in the G1 phase (Table 4). For example, DNA-
PK, a member of PI-3K-related protein kinases of the ATM/
ATR superfamily (42, 43), is implicated in damage sensing
as well as double-strand break repair (37). It plays a major
role in the nonhomologous end-joining DNA repair process
(44), one of the two major pathways (homologous recom-
bination and nonhomologous end-joining) (45) by which
DNA double-strand breaks are repaired. Moreover, MCM4
and MCM5 are two essential subunits of the MCM2-MCM7
hexameric complex that plays a key role as a licensing factor
in DNA replication. The MCM2-MCM7 proteins, together
with Cdc6 and Cdt1, are loaded around the origin recognition
complex to form a pre-replication complex as part of the
replication licensing machinery during the G1 phase. Thus,
antizyme-mediated upregulation of MCM4 and MCM5
enables the formation of the pre-replication complex that is
ready to unwind replication origins. On the other hand, an
excess amount of MCM5 has been shown to inhibit the
helicase activity of the MCM4/6/7 subcomplex (46) and to

FIGURE 6: Antizyme enhances end-joining activity of DNA double-
strand breaks in UM1 cells. A red fluorescent protein (DsRed2)
expression vector was constructed by inserting the DsRed2-encoding
DNA into the pCI-Neo vector that has been cut bySalI and NotI
(A). The plasmid was linealized byEcoRI digestion and transfected
into the UM1 parent cells (B), vector (C) and antizyme (D) UM1
transfectants, and UM2 cells (E) that have been cultured in the
presence of 100µM ZnSO4 for 5 days. Expression of DsRed2 was
detected under fluorescent microscopy after 24 h.

FIGURE 7: Antizyme increases nonhomologous end-joining but not
homologous recombination DNA repair activity. (A) NHEJ and HR
repair processes in the pREC plasmid-based assay produce PCR
fragments of different sizes. (B) pREC was linealized by double
digestion withBsmBI and EcoRV, transfected into UM1 parent,
vector and antizyme UM1 transfectants, and UM2 cells, and
cultured for 16 h. DNA were extracted from the transfectants, and
PCR reactions were carried out.

Antizyme Enhances DNA Damage Repairs Biochemistry, Vol. 46, No. 31, 20078929



arrest cells in the G1 phase (47, 48). These results are
consistent with the significant increase in the G1 cell
population in antizyme transfectants (Table 1).

The findings that antizyme upregulates DNA-PKcs and
Ku70 in UM1 cells prompted us to investigate the role of
antizyme in DNA double-strand break repairs. Radio-
sensitivity assay showed that UM1 cells are more sensitive
to irradiation-induced damage than UM2 cells (Figure 3).
Comet assay indicated that DNA fragmentations are ac-
cumulated in UM1 cells even without exogenous stimulation
(Figure 4). In both cases, ectopic expression of antizyme
restored the ability of UM1 cells to repair DNA damage to
the level of UM2 cells. These results demonstrated that
antizyme plays a role in maintaining genome integrity and
in repairing damaged DNA. This conclusion is supported
by the observations thatγ-H2AX was accumulated in UM1
cells and that antizyme transfection decreasedγ-H2AX foci
by 91% (Figure 5).

The Comet assay was performed in neutral pH, which
detects mainly double-strand breaks. Two major processes
for the repair of double-strand breaks are known in mam-
malian cells, including homologous recombination and
nonhomologous end-joining (49-51). To repair double-
strand breaks by homologous recombination, two types of
repair pathways have been established: single-strand an-
nealing and synthesis-dependent strand annealing (49).
Mre11, Rad50, and Nbs1 complexes (MRN complex) are
the major players in these processes (52). They are respon-
sible for the initial cleaning and conditioning of DNA double-
strand break ends to create the 3′ single-stranded DNA
overhang by their ATP-dependent 5′ f 3′ exonuclease
activity (53). qRT-PCR analysis showed that the expression
levels of Rad50 and Nbs11 in UM1 cells are 56 and 30%,
respectively, of that in UM2 cells. This is consistent with a
diminished activity of UM1 cells in DNA double-strand
breaks. Antizyme transfection did not upregulate their
expression in UM1 cells, suggesting that antizyme does not
modulate the homologous recombination process. This is
confirmed by the lack of homologous recombination events
in antizyme UM1 transfectants (Figure 7).

Nonhomologous end-joining is another major mechanism
in the repair of double-strand breaks in mammalian cells. In
this process, Ku70 binds to the broken DNA ends as a
heterodimer complex with Ku80. They are translocated
inward along the DNA and recruit the catalytic subunit of
the enzyme, DNA-PKcs (54). DNA-PKcs phosphorylates
Ku70/Ku80 proteins as well as DNA-PKcs itself (55, 56).
After phosphorylation of DNA-PK, MRN complex proteins
are subsequently recruited to the broken sites (57). The MRN
complex treats double-strand break ends by the exonuclease
activity. After the conditioning of DNA ends, XRCC4 and
DNA ligase fill-in the DNA gap (58). Thus, DNA-PKcs
and Ku 70 are essential for the initiation of nonhomologous
end-joining repair and are rate-limiting. It has been shown
that knockout or knockdown of Ku70 (59, 60) and DNA-
PKcs (61) resulted in hypersensitivity to radiation. Our results
of both pCI-DsRed2 (Figure 6) and pREC (Figure 7)
experiments demonstrated that UM1 cells are deficient in
both homologous recombination and nonhomologous end-
joining and that ectopic expression of antizyme restored the
nonhomologous end-joining process. It is unknown at present
how antizyme upregulates the genes involved in DNA repairs

and whether it interacts directly with DNA-PKcs and Ku70.
Nevertheless, the data presented in this paper demonstrated
that antizyme enhances the nonhomologous end-joining
repair of DNA double-strand breaks through the upregulation
of DNA-PKcs and Ku70 in UM1 human oral cancer cells.
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