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Identification of a novel oncogene, MMS22L, involved
in lung and esophageal carcinogenesis
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Abstract. Genome-wide gene expression profile analyses using a
cDNA microarray containing 27,648 genes or expressed sequence
tags identified MMS22L (methyl methanesulfonate-sensitivity
protein 22-like) to be overexpressed in the majority of clinical
lung and esophageal cancers, but not expressed in normal
organs except testis. Transfection of siRNAs against MMS22L
into cancer cells suppressed its expression and inhibited cell
growth, while exogenous expression of MMS22L enhanced the
growth of mammalian cells. MMS22L protein was translocated
to the nucleus and stabilized by binding to C-terminal portion
of NFKBIL2 [nuclear factor of kappa (NFKB) light poly-
peptide gene enhancer in B-cells inhibitor-like 2]. Expression
of a C-terminal portion of NFKBIL2 protein including the
MMS22L -interacting site in cancer cells could reduce the levels
of MMS22L in nucleus and suppressed cancer cell growth.
Interestingly, reduction of MMS22L by siRNAs in cancer cells
inhibited the TNF-a-dependent activation of RelA/p65 in the
NFKB pathway and expression of its downstream anti-apoptotic
molecules such as Bcl-XL and TRAF1. In addition, knockdown
of MMS22L expression also enhanced the apoptosis of cancer
cells that were exposed to DNA-damaging agents including
5-FU and CDDP. Our data strongly suggest that targeting
MMS22L as well as its interaction with NFKBIL2 could be a
promising strategy for novel cancer treatments, and also improve
the efficacy of DNA damaging anticancer drugs.

Introduction

Lung cancer is the most common cause of cancer-related
death, and the worldwide annual death by lung cancer was
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estimated to be 1.3 million (1). Esophageal squamous cell
carcinoma (ESCC) is one of the most common gastrointestinal
tract cancers in Asian countries (2). Although a huge body of
knowledge about the biology of lung or esophageal carcinogen-
esis has been accumulated, the development of novel cancer
therapeutics remains inefficient to improve patients with these
cancers (3). In fact, in spite of development of various molecular
targeted therapies, a limited proportion of patients can receive
clinical benefit from them (4).

Through genome-wide gene expression analysis of lung and
esophageal cancers, we have isolated a number of oncogenes
that were involved in the development and/or progression of
cancer (5-41). Among the genes upregulated in these cancers,
we focused on MMS22L (methyl methanesulfonate-sensitivity
protein 22-like) which is highly expressed in the majority
of clinical lung and esophageal cancers. Our original gene
expression profile database also revealed that this gene is
highly expressed in clinical cervical cancers, but scarcely
expressed in normal tissues except testis, suggesting that
MMS22L encodes a cancer-testis antigen that can be defined
by predominant expression in various types of cancer and
undetectable expression in normal tissues except germ cells
in testis or ovary (4). Cancer-testis antigens are considered to
be good candidate molecular targets for developing new thera-
peutic strategies for cancers.

Constitutive activation of the NFKB pathway is involved
in some forms of cancer such as leukemia, lymphoma,
colon cancer and ovarian cancer as well as inflammatory
diseases (42-45). The main mechanism of this pathway is
reported to be the inactivation of IkB proteins by mutations as
well as amplifications and rearrangements of genes encoding
the NFKB transcription factor subunits (42-45). However, more
commonly it is thought that changes in the upstream pathways
that lead to NFKB activation are likely to be aberrantly upregu-
lated in cancer cells (45). Recently some reports suggested
that MMS22L-NFKBIL2 interaction could be essential for
genomic stability and homologous recombination in immortal-
ized cell lines, suggesting MMS22L to be a new regulator of
DNA replication in human cells (46-49). However, no study has
indicated critical roles of activation of MMS22L and NFKBIL?2
in clinical cancers and investigated their functional importance
in carcinogenesis. Here, we report that MMS22L is involved
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in NFKB pathway in cancer cells through its interaction with
NFKBIL2 and might be a promising target for development of
novel cancer therapy.

Materials and methods

Cell lines and clinical samples. The 12 human lung-cancer
cell lines used for in this study included nine NSCLC cell lines
(A549, NCI-H1373, LC319, NCI-H1781, PC-14, NCI-H358,
NCI-H2170, NCI-H520 and LU61) and three small-cell lung
cancer (SCLC) cell lines (SBC-3, SBC-5 and DMSI114). The
9 human esophageal carcinoma cell lines used in this study were
as follows: eight SCC cell lines (TE1, TE3, TES, TE9, TE1O0,
TEI12, TE13 and TE15) and one adenocarcinoma (ADC) cell
line (TE7). A cervical cancer cell line HeLLa was also included
in the study. All cells were grown in monolayers in appropriate
media supplemented with 10% fetal calf serum (FCS) and were
maintained at 37°C in an atmosphere of humidified air with
5% CO,. Human airway epithelial cells, SAEC (Cambrex Bio
Science Inc.), were also included in the panel of the cells used
in this study. Primary lung and esophageal cancer samples had
been obtained earlier with informed consent (5-10). This study
and the use of all clinical materials mentioned were approved
by individual institutional ethics committees.

Semiquantitative RT-PCR. We prepared appropriate dilutions
of each single-stranded cDNA prepared from mRNAs of clinical
lung and esophageal cancer samples, taking the level of -actin
(ACTB) expression as a quantitative control. The primer sets for
amplification were as follows: ACTB-F (5'-GAGGTGATAGCA
TTGCTTTCG-3") and ACTB-R (5-CAAGTCAGTGTACAGG
TAAGC-3") for ACTB, MMS22L-F (5'-GTCTCACCTTGGAC
AGATGG-3") and MMS22L-R (5-CCAAGGATCCTATTACA
CAGTTGC-3") for MMS22L. All reactions involved initial dena-
turation at 95°C for 5 min followed by 22 (for ACTB) or 30 (for
MMS22L) cycles of 95°C for 30 sec, 56°C for 30 sec, and 72°C for
60 sec on a GeneAmp PCR system 9700 (Applied Biosystems).

Northern blot analysis. Human multiple-tissue northern blots
(16 normal tissues including heart, brain, placenta, lung, liver,
skeletal muscle, kidney, pancreas, spleen, thymus, prostate,
testis, ovary, small intestine, colon, leukocyte; BD Biosciences
Clontech) were hybridized with a **P-labeled PCR product of
MMS22L. The partial-length cDNA of MMS22L was prepared
by RT-PCR using primers MM S22L-F1 (CTGGAAGAGGCA
GTTGAAAA) and MMS22L-R1 (ATCGCCCAATATACTG
CTCA). Prehybridization, hybridization, and washing were
performed according to the supplier's recommendations. The
blots were autoradiographed with intensifying screens at -80°C
for 7 days.

Anti-MMS22L antibody. Synthesized peptide with the amino
acids sequence of CLGQMGQDEMQRLENDNT [1227-1243]
(Cysteine was added to the N-terminal) was inoculated into
rabbits; the immune sera were purified on affinity columns
according to standard methodology. Affinity-purified anti-
MMS22L antibodies were used for western blot as well as
immunocytochemical analyses. We confirmed that the antibody
was specific to MMS22L on western blots using lysates from cell
lines that had been transfected with MMS22L expression vector
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as well as those from lung and esophageal cancer cell lines that
endogenously expressed MMS22L or not.

Western blot analysis. Cells were lysed in lysis buffer; 50 mM
Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% NP-40,0.5% deoxycho-
late-Na, 0.1% SDS, plus protease inhibitor (Protease Inhibitor
Cocktail Set III; Calbiochem). We used ECL western blot
analysis system (GE Healthcare Bio-Sciences), as described
previously (11).

Immunocytochemical analysis. Cultured cells were washed
twice with PBS(-), fixed and rendered permeable in 1:1 acetone:
methanol solution for 10 min at -20°C. Prior to the primary
antibody reaction, cells were covered with blocking solution
[5% bovine serum albumin in PBS(-)] for 10 min to block
non-specific antibody binding. After the cells were incubated
with a rabbit polyclonal antibody to human MMS22L (gener-
ated to synthesized peptide MMS22L; please see above) or a
mouse monoclonal antibody to human NFKBIL2 (Abnova), the
Alexa Fluor 488-labelled donkey anti-rabbit secondary anti-
body (Molecular Probes) or Alexa Fluor 594-labbelled donkey
anti-mouse secondary antibody (Molecular Probes) was added to
detect endogenous MMS22L or NFKBIL?2, individually. Nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI). The
antibody-stained cells were viewed with a laser-confocal micro-
scope (TSC SP2 AOBS; Leica Microsystems).

RNA interference assay. Two independent siRNA oligonucle-
otides against MMS22L were designed using the MMS22L
sequences (GenBank accession no: NM198468). Each siRNA
(600 pM) was transfected into two NSCLC cell lines, LC319
and A549 or a cervical cancer cell line HeLa using 30 pul of
lipofectamine 2,000 (Invitrogen) following the manufacturer's
protocol. The transfected cells were cultured for seven days.
Cell numbers and viability were measured by Giemsa staining
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay in triplicate (cell counting kit-8 solution;
Dojindo Laboratories). The siRNA sequences used were as
follows: control-1 (si-LUC: luciferase gene from Photinus
pyralis), 5'-CGUACGCGGAAUACUUCGA-3"; control-2 (CNT:
On-TARGETplus siControl non-targeting siRNAs of a pool of
four oligosnucleotides: 5-UGGUUUACAUGUCGACUAA-3';
5-UGGUUUACAUGUUUUCUGA-3"; 5-UGGUUUACAUG
UUUUCCUA-3'; and 5-UGGUUUACAUGUUGU GUGA-3');
siRNA-MMS22L-#1 (si-MMS22L-#1: 5'-CCGCCAAUAUCA
UCUCUAAUU-3"); siRNA-MMS22L-#2 (si-MMS22L-#2:
5'-GAA CCUGCAAUACAUGGUAUU-3"). Downregulation of
endogenous MMS22L expression in the cell lines by siRNAs
for MMS22L, but not by controls, was confirmed by semiquan-
titative RT-PCR and western blot analyses.

Cell growth assay. COS-7 or HEK293 cells that express endog-
enous MMS22L at a very low level were transfected with mock
or MMS22L -expressing vectors (pCAGGSn-3xFlag-MMS22L)
using lipofectamine 2,000 transfection reagent (Roche).
Transfected cells were incubated in the culture medium
containing 0.8 mg/ml neomycin (Geneticin, Invitrogen) for
7 days. Expression of MMS22L as well as viability and colony
numbers of cells were evaluated by western blot analysis, and
MTT and colony-formation assays at day 7.



INTERNATIONAL JOURNAL OF ONCOLOGY 41: 1285-1296, 2012

Flow cytometric analysis. Cells transfected with siRNA oligo-
nucleotides against MMS22L or control siRNAs were plated at
densities of 5x10° per 60-mm dish. Cells were collected in PBS,
and fixed in 70% cold ethanol for 30 min. After treatment with
100 pg/ml RNase (Sigma-Aldrich), the cells were stained with
50 pg/ml propidium iodide (Sigma-Aldrich) in PBS. Flow cyto-
metric analysis was done on a Cell Lab Quanta SC (Beckman
Coulter) and analyzed by CXP Analysis software (Beckman
Coulter). The cells selected from at least 10,000 ungated cells
were analyzed for DNA content.

Results

Expression of MMS22L in lung and esophageal cancers. We
previously performed genome-wide expression profile analysis
of 120 lung cancer cases using microarray consisting of 27,648
cDNAs or ESTs (5-10). Among the genes upregulated in lung
and esophageal cancers, we identified MMS22L transcript to
be frequently overexpressed in lung and esophageal cancers,
and confirmed by semiquantitative RT-PCR experiments its
elevated expression in all of eleven clinical lung cancers and
in four clinical esophageal cancers, although its expression was
not detectable in adjacent normal lung and esophagus tissues
(Fig. 1a). We further confirmed by western blot analysis high
levels of endogenous MMS22L protein in 11 of 12 lung cancer
cell lines and in all of 9 esophageal cancer cell lines using
anti-MMS22L antibody (Fig. 1b). Northern blot analysis of
16 normal tissues confirmed that MMS22L was hardly detect-
able in normal tissues except the testis (Fig. 1c).

Growth effect of MMS22L. To investigate the relevance of
MMS22L to the growth and/or survival of cancer cells, we
knocked down the expression of endogenous MMS22L in
two lung cancer cell lines, LC319 and A549, by means of the
RNAI technique using siRNA oligonucreotide for MMS22L.
Semiquantitative RT-PCR experiments detected significant
reduction of MMS22L expression in the cells transfected with
siRNAs against MM S22L (si-#1 and si-#2), but not in those with
control siRNAs (si-LUC and si-CNT) (Fig. 2a). Colony forma-
tion and MTT assays clearly demonstrated that the viability
of lung cancer cells transfected with two effective siRNAs for
MMS22L (si-#1 and si-#2) were reduced in correlation with the
reduction of MMS22L expression level, implying essential role
of MMS22L in the growth of cancer cells (Fig. 2b and c). Since
our original gene expression profile database also revealed
its high level of expression in clinical cervical cancers, we
also knocked down the expression of MMS22L by siRNAs
in a cervical cancer cell line, HeLa, and observed the growth
suppressive effect by siRNAs for MMS22L.

To further examine the effect of MMS22L overexpression
on the growth of mammalian cells, we transiently trans-
fected plasmid designed to express Flag-tagged MMS22L
(pCAGGSn-3xFlag-MMS22L) or mock plasmid into COS-7 or
HEK?293 cells that expressed endogenous MMS22L at very low
level. The significant growth promoting effect was observed
in the cells transfected with the MMS22L expressing vector
compared to those transfected with the mock vector (Fig. 2d).

NFKBIL?2 controls the nuclear localization and stability of
MMS22L protein. To investigate the biological function of
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MMS22L protein, we screened MMS22L -interacting proteins
in lung cancer cells using mass spectrometric analysis and
identified the interaction between MMS22L and NFKBIL2
[nuclear factor of kappa (NFKB) light polypeptide gene
enhancer in B-cells inhibitor-like 2]. Previous reports indepen-
dently suggested the roles of MMS22L-NFKBIL?2 interaction
in genomic stability and DNA replication in immortalized cell
lines (46-49), however, no study has indicated critical roles
of activation of MMS22L and NFKBIL?2 in clinical cancers
and investigated their functional importance in carcinogen-
esis. Western blot analysis using cell lines derived from lung
cancers and antibodies to MMS22L and NFKBIL?2 revealed
the co-expression of these two proteins (data not shown),
suggesting some functional roles of their interaction in human
carcinogenesis. Therefore, we next performed immunofluo-
rescence analysis to determine the subcellular localization of
endogenous MMS22L. and NFKBIL2 in various cancer cell
lines including A549, LC319 and HeLa cells, and found that
endogenous MMS22L and NFKBIL2 proteins were mainly
co-localized in the nucleus (representative data of HeLa
cells was shown in Fig. 3a). To examine the importance of
MMS22L-NFKBIL?2 interaction in cellar localization of these
proteins, we transiently co-expressed exogenous MMS22L and
NFKBIL?2 proteins using mammalian COS-7 or NIH3T3 cells
that expressed these two proteins at very low levels. We found
that exogenous MMS22L. was mainly located in the cytoplasm
and weakly in the nucleus of the cells in which exogenous
NFKBIL2 protein was not introduced. However, the nuclear
staining of MMS22L was significantly enhanced when both
exogenous MMS22L and NFKBIL?2 proteins were introduced
in the cells (Fig. 3b). On the other hand, exogenous NFKBIL2
was mainly present in the nucleus of cells regardless to the
presence or absence of exogenous MMS22L. In addition, we
performed western blot analysis using fractionated cytoplasmic
and nuclear lysates from COS-7 cells that were introduced
exogenous MMS22L and NFKBIL?2 proteins. When we trans-
fected both MMS22L-Flag and NFKBIL2-HA expressing
vectors, the amounts of nuclear MMS22L was significantly
increased, compared with the cells transfected with MMS22L
alone (Fig. 3c). Furthermore, we found that knockdown of
endogenous MMS22L with siRNA for MMS22L (si-MMS22L)
reduced NFKBIL2 protein level in lung cancer LC319 cells
and that reduction of NFKBIL2 with si-NFKBIL2 reduced
MMS22L levels and significantly suppressed cancer cell
growth (Fig. 3d; data not shown). These data suggest that the
expression of NFKBIL?2 is likely to promote nuclear localiza-
tion and stability of MMS22L protein, and a complex including
these two proteins could coordinately play pivotal roles in cell
growth and/or survival.

C-terminal portion of NFKIL2 protein is crucial for binding to
MMS22L protein. To examine whether the MMS22L-NFKBIL2
protein complex may play important roles in carcinogenesis,
we subsequently constructed various plasmids expressing
partial MMS22L proteins with Flag tag or partial NFKBIL2
proteins with HA tag, and transfected them into COS-7 cells
(data not shown). Immunoprecipitation and western blotting
assays using antibodies to Flag- or HA-tags revealed that an
N-terminal portion of MMS22L protein (M1; codon 1-414)
could bind to a C-terminal region of NFKBIL2 (N3; codon
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Figure 1. Expression of MMS22L in lung and esophageal cancers and normal tissues. (a) Expression of MMS22L gene in (T) lung and esophageal cancer tissues and
(N) adjacent normal lung and esophagus tissues, detected by semiquantitative RT-PCR. (b) Expression of MMS22L protein in lung and esophageal cancer cell lines,
detected by western blot analysis. (c) Northern blot analysis of the MMS22L transcript in 16 normal human tissues.

823-1244) (Fig. 4a). Because immunocytochemical analysis
revealed that nuclear localization of MMS22L protein appeared
to require the presence of NFKIL2 protein in the nucleus
(Fig. 3b), we subsequently investigated which part of NFKBIL2
protein is essential for subcellular localization of MMS22L
protein in cultured cells. Plasmids expressing partial proteins
of NFKBIL2 were co-transfected with full-length MMS22L
expression vector into COS-7 cells. Interestingly, N-terminal

(N1; codon 1-450) and central part (N2; codon 403-836) of
NFKBIL2 proteins could be localized in the nucleus, while
aggregated MMS22L protein was mainly located in the
cytoplasm of the same cells (Fig. 4b). It is concordant with
the data that these two partial proteins (N1 and N2) could not
bind to MMS22L protein as indicated by immunoprecipitation
analyses. In contrast, MMS22L protein and C-terminal part
of NFKBIL2 protein (N3; codon 823-1244) that could bind to
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Figure 2. Growth effect of MMS22L.. (a) Knockdown of MMS22L expression in lung cancer cell lines, LC319 and A549 by specific siRNA oligonucleotides for
MMS22L (si-#1 and si-#2) or control siRNAs (si-LUC and si-CNT), confirmed by semiquantitative RT-PCR and western blot analyses. (b) Viability of A549 and
LC319 cells evaluated by MTT assay in response to the siRNAs. All assays were performed in triplicate wells at three independent times. (c) Colony formation assays
using LC319 and A549 cells transfected with the siRNAs. (d) Enhanced growth promoting activity of COS-7 and HEK293 cells transfected with mock or MMS22L

expressing vectors as quantified by MTT assay at 7 days after transfection.

MMS22L protein were mainly localized in the cytoplasm of
the cells (Fig. 4b). The data indicate that N-terminal (N1; codon
1-450) and central (N2; codon 403-836) parts of NFKBIL2 are
more important for nuclear localization of NFKBIL2, while its
C-terminal part (N3; codon 823-1244) is essential for binding
to MMS22L.

Dominant negative growth suppressive effect of partial
NFKBIL? protein including MMS22L-binding site. According
to the data above, we hypothesized that if nuclear localization of
MMS22L protein is important for cancer cells growth, reduction
of MMS22L protein in the nucleus by inhibiting the interaction
between MMS22L and NFKBIL?2 could suppress the cancer cell



1290 NGUYEN et al: MMS22L ACTIVATION IN CANCER

a NFKBIL2

2L NFKBIL2 MERGE

Total cell lysate Cytoplasm Nucleus
MMS22L-Flag -+ -4+ -+ - 4+ - 4+ - +
HANNFKBIL2 @ — — + + — — 4+ 4+ — — 4+ +
Mock-Flag + -4+ - 4+ -4+ - 4+ - 4+ -
HAMock & 4 — — 4 4+ — — 4 4 — —
MMS22L-Flag © -— pe— - — = -—
NFKBIL2-HA - B o e — —

Hsp90 O e e —

Lamin B b S i SIS

ACTE e e o a—

si-MMS22L si-NFKBIL2
EGFP LUC #1  #2 EGFP LUC #1  #2

MMS22L e s NFKBIL2 .."

ACTE e e s ACTB

o

Figure 3. Nuclear localization and stability of MMS22L and its interacting protein of NFKBIL2 in cultured cells. (a) Subcellular localization of endogenous MMS22L
and NFKBIL?2 proteins in HeLa cells. The cells were stained with a rabbit polyclonal anti-MMS22L antibody (green); mouse polyclonal anti-NFKBIL2 (red) and
with DAPI (blue). (b) Subcellular localization of MMS22L in the presence or absence of NFKBIL2 protein. COS-7 cells were co-transfected with Flag-tagged
MMS22L- and HA-tagged NFKBIL2-expression vectors. MMS22L protein was stained with anti-Flag M2 antibody (green); NFKBIL2 with anti-HA (red)
and nucleus with DAPI (blue). (c) Western blot analysis using cytoplasmic and nuclear fraction of COS-7 cells which were co-transfected with MMS22L- and
NFKBIL2- expression vectors. MMS22L and NFKBIL?2 proteins were detected using anti-Fag-M2 antibody and/or anti-HA (3F10) antibody. (d) Knockdown of
MMS22L or NFKBIL2 protein expression with si-MMS22L or si-NFKBIL2 oligonucleotides. The expression of endogenous MMS22L and NFKBIL2 proteins
were detected by western blot analysis using anti-MMS22L antibody and anti-NFKBIL2 antibody.
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Figure 4. C-terminal portion of NFKIL2 protein is crucial for binding to MMS22L protein. (a) Binding between MMS22L and NFKBIL?2 proteins detected using
Flag- or HA-agarose and COS-7 cells co-transfected with full-length/partial MMS22L-Flag and full-length/partial NFKBIL2-HA proteins. (b) Subcellular local-
ization of full-length MMS22L and three partial NFKBIL?2 proteins. COS-7 cells were co-transfected with full-length MMS22L and partial NFKBIL2-expression
vectors (N1-N3). MMS22L protein was stained with anti-Flag M2 antibody (green); NFKBIL2 with anti-HA antibody (red) and nucleus with DAPI (blue).

growth. To examine whether exogenous expression of partial N3
protein can inhibit the MMS22L-NFKBIL?2 interaction and cell
growth, we co-transfected full-length MMS22L and either of
full-/partial-length NFKBIL2 expressing vectors (N1, N2 or
N3) into HEK?293 cells, and found that the amount of exogenous
full-length NFKBIL?2 protein that binds to exogenous MMS22L
was significantly decreased after introduction of the partial
N3 protein, as demonstrated by immunoprecipitation assays,
while it was not changed in the cells transfected with N1 or N2
vectors (Fig. 5a). To investigate the functional significance of
the interaction between MMS22L and NFKBIL?2 for growth of

cancer cells, we transfected either of vectors expressing partial
NFKBIL2 proteins or mock vectors into two cancer cell lines,
HeLa and LC319, which highly expressed both endogenous
MMS22L and NFKBIL?2 proteins and lung fibroblast CCDIu-19
cells in which MMS22L expression was hardly detectable.
Expectedly, exogenous expression of the C-terminal portion of
NFKIL2 protein (N3) reduced the levels of MMS22L protein in
the nucleus and inhibited the growth of HeLa and LC319 cells
as measured by MTT assay, while it did not affect the growth of
MMS22L-negative CCDLu-19 cells (Figs. 5b-d). Our findings
imply that inhibition of the interaction between the MMS22L
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Figure 5. Dominant negative growth suppressive effect of partial NFKBIL2 protein on cancer cells. (a) HEK293 cells which were co-transfected with MMS22L -
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Endogenous MMS22L was detected using anti-MMS22L antibody. Partial NFKBIL2 proteins were detected with anti-rat HA (3F10) antibody. (c) The expression
of MMS22L protein in HeLa, LC319 and CCDlu-19 cell lines. (d) MTT assay using MMS22L-positive HeLa and LC319 cells, and MMS22L-negative CCDlu-19
cells, which were transfected with mock plasmids or either of three partial NFKBIL2-expression vectors (N1, N2 and N3), as quantified by MTT assay at 7 days
after transfection.
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to endogenous MMS22L,, RelA/p65, Bel-XL, ATM, CSB, p53 and HeLa cells which were transfected with si-MMS22L or si-LUC oligonucleotides, and were
subsequently treated with cisplatin (CDDP; 50 or 100 yg/ml). (d) Schematic summary of MMS22L pathway.
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and NFKBIL?2 protein can suppress the nuclear localization
of MMS22L protein, and resulted in the reduction of cancer
growth, and that inhibition of the interaction in cancer cells by
small molecules might be a potential therapeutic strategy for
new cancer treatment.

MMS22L protein acts as an upstream molecule of NFKB
pathway. Since NFKIL?2 protein was indicated to be involved
in the NFKB pathway that plays an essential role in the
promotion of cell proliferation and anti-apoptosis (42-45), we
examined the expression of NFKB p65/RelA protein in HeLa
cells in which both exogenous MMS22L and NFKIL2 were
introduced, and found that the level of endogenous p65/RelA
protein was elevated compared with those of cells introduced
NFKIL2 alone (data not shown). The result suggests that the
expression of MMS22L-NFKBIL2 complex may positively
regulate the NFKB pathway. Subsequently, we attempted to
examine the effect of endogenous MMS22L expression on the
NFKB pathway molecules using cytoplasmic and nuclear frac-
tion of HeLLa and LC319 cells that were treated with TNF-a.
We first confirmed that the level of RelA/p65 was increased in
the nucleus of the cells by TNF-a stimulation (data not shown),
but that of endogenous RelA/p65 protein was decreased in
these cells transfected with siRNA for MMS22L (si-MMS22L)
after TNF-a treatment, compared to cells with control siRNA
(si-LUC) (Fig. 6a). We then examined the relationship between
MMS22L protein and downstream molecules of RelA/p65
such as Bcl-XL and TRAF1/2 that were the anti-apoptosis
factors. When we treated the si-LUC-transfected HeLa cells
with TNF-a, Bcl-XL and TRAF1 were increased in accor-
dance with the elevation of RelA/p65 (Fig. 6b). However, the
elevation of p65, Bcl-XL and TRAF1 were not detected in
the TNF-a-stimulated cells transfected with si-MMS22L. The
expression level of MMS22L protein showed good correlation
with those of p65, Bcl-XL and TRAF]I proteins in lung cancer
cell lines (data not shown).

To further examine the effect of MMS22L expression on
apoptosis pathway in cancer cells, we cultured cancer cells
that were transfected with si-MMS22L under DNA damage
condition using DNA-damaging agents (cisplatin/CDDP or
5-fluorouracil/5-FU). After knockdown of MMS22L expres-
sion with si-MMS22L in HeLa cells, we treated the cells with
CDDP (50 pg/ml) or 5-FU (50 pug/ml) for 48 h and harvested
the cells for flow cytometric analysis. The sub G1 population
of the cells which were transfected with si-MMS22L was
significantly increased compared with those with control
siRNA (si-LUC) under DNA damage condition (data not
shown). When we exposed the cells that were transfected with
si-MMS22L or si-LUC with 20 J of ultraviolet for 48 h, the
similar results were observed (data not shown). Western blot
analysis using the HeLa cells which were transfected with
si-MMS22L or si-LUC, and subsequently treated with CDDP
as mentioned above revealed that induction of DNA repair
molecules such as ATM, CSB and p53 as well as Rel A/p65 and
its downstream anti-apoptosis factor Bcl-XL were significantly
suppressed in the cells transfected with si-MMS22L compared
with those transfected with si-LUC (Fig. 6¢). The data suggest
that MMS22L can function as an upstream molecule of these
anti-apoptosis factors and also affect the induction of some
DNA repair pathway molecules (Fig. 6d).
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Discussion

Despite the recent development of surgical techniques combined
with various treatment modalities such as radiotherapy and
chemotherapy, clinical outcome of lung and esophageal cancer
patients still remains poor. Therefore, development of new types
of anticancer drugs is eagerly awaited. To identify novel target
molecules for drug development, we combined genome-wide
expression profile analysis of genes that were overexpressed
in lung and esophageal cancer cells with high-throughput
screening of loss-of-function effects by means of the RNAi
technique and tumor tissue microarray analysis (5-41). Through
this systematic approach we found MMS22L to be upregulated
frequently in clinical lung and esophageal cancer samples, and
showed that this gene product plays an indispensable role in the
growth and/or survival of cancer cells.

We demonstrated that MMS22L is a putative oncogene and
that its nuclear localization and stabilization was enhanced by
binding to NFKBIL2. In addition, we revealed that introduction
of the C-terminal portion of NFKBIL2 protein into cancer cells
could dominant-negatively inhibit the nuclear localization of
MMS22L possibly by blocking the MMS22L-NFKBIL?2 inter-
action, and resulted in the suppression of cancer cell growth/
survival. Furthermore, transfection of siRNAs against MMS22L
or NFKBIL?2 into cancer cells suppressed their expression and
the cell growth. Therefore, inhibition of the MMS22L-NFKBIL?2
interaction or suppressing MMS22L protein function can be an
effective approach for development of novel cancer therapy.

To date, NFKB transcription factors are known to be the
key regulators of immune, inflammatory and acute phase
responses, and to be involved in the control of cell proliferation
and apoptosis (42-45). Activation of NFKB activity and conse-
quent induction of its downstream genes lead to the oncogenesis
in mammalian cells. MMS22L protein appeared to act as an
upstream molecule of RelA/p65 and be indispensable for induc-
tion of anti-apoptosis factors, Bcl-XL or TRAF]I. Further studies
on the regulation and function of MMS22L protein will contribute
to the understanding of molecular mechanism of carcinogenesis
through the activation of MMS22L and NFKB pathway.

Incancer chemotherapy, many kinds of DNA damaging agents
are being used. The most common approach for targeting the cell
cycle is to exploit the effect of DNA-damaging chemotherapeutic
agents like 5-FU or CDDP, whose effects are mediated through
diverse intracellular targets inducing apoptosis in various cancer
cells (50). However, the toxicity of DNA-damaging drugs can
be diminished by the activities of several DNA repair path-
ways as well as anti-apoptotic factors. Therefore, inhibitors
of specific DNA repair and/or anti-apoptotic pathways might
be promising therapeutic strategy for novel cancer treatments
which can improve the efficacy of DNA damage-based cancer
therapy (50). Our data suggested the involvement of MMS22L. in
cellular response to DNA damaging agents. In fact, knockdown
of MMS22L expression also enhanced the apoptosis of cancer
cells that were exposed to DNA-damaging agents including
5-FU and CDDP probably due to inhibition of induction of
DNA repair molecules such as ATM, CSB and p53 as well as
RelA/p65 and its downstream anti-apoptosis factor Bcl-XL. The
combined data of our experiments suggest that MMS22L might
function as an upstream molecule of these anti-apoptosis factors
and DNA-repair molecules and that targeting MMS22L could



INTERNATIONAL JOURNAL OF ONCOLOGY 41: 1285-1296, 2012

have a significant advantage in avoiding the resistance of cancer
cells to anticancer treatments, although the detailed function of
MMS22L in drug response of the cells and in carcinogenesis
remains to be elucidated.

In summary, our data indicate that MMS22L is involved

in NFKB pathway in cancer cells through its interaction with
NFKBIL?2 and that it might be a promising candidate target for
developing highly specific anticancer drugs with minimal risk
of adverse effects.
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