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ABSTRACT
◥

The mechanism of cancer induction involves an aberrant expres-
sion of oncogenes whose functions can be controlled by RNAi with
miRNA. Even foreign bacterial RNA may interfere with the expres-
sion of oncogenes. Here we show that bacterial plasmidmucAB and
its Escherichia coli genomic homolog umuDC, carrying homologies
that match the mouse anti-miR-145, sequestered the miR-145
function in mouse BALB 3T3 cells in a tetracycline (Tet)-inducible
manner, activated oncogene Nedd9 and its downstream Aurkb, and
further enhanced microcolony formation and cellular transforma-
tion as well as the short fragments of the bacterial gene containing
the anti-miR-145 sequence. Furthermore, mucAB transgenic mice
showed a 1.7-fold elevated tumor incidence compared with wild-
type mice after treatments with 3-methylcolanthrene. However, the
mutation frequency in intestinal stem cells of the mucAB transgenic
mice was unchanged after treatment with X-rays or ethyl-nitro-
sourea, indicating that the target ofmucAB/umuDC is the promotion
stage in carcinogenesis.

Implications: Foreign bacterial genes can exert oncogenic activity
via RNAi, if endogenously expressed.

Visual Overview: http://mcr.aacrjournals.org/content/molcanres/
18/9/1271/F1.large.jpg.

Working hypothesis for the sponge effect of bacterial mucAB/umuDC mRNA on cancer induction
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Introduction
RNAi is a key mechanism for controlling biological functions (1).

miRNAs regulate the expression of a number of oncogenes via interaction
with their messenger RNAs (mRNA) at the seed sequence of the untrans-
lated region (UTR; refs. 2, 3). Their interference leads to uncontrolled cell
growth and thus to cancer (4).Among a variety of interferingRNAspecies,
endogenously expressed competitive RNA exerts a sponge effect to

sequester the function of miRNA (5). Specifically, RNA transcribed from
the pseudogene of the human tumor suppressor PTEN controls parental
PTEN expression by interacting with miRNA (6) and, further, human
TYRP1 mRNA interferes with the tumor suppressor miR-16, rendering
cells cancerous (7). In this context, even endogenously expressed foreign
RNA from the bacterial originmay exert a sponge effect to cause a cancer.

This study was initially undertaken to examine the role of the error-
prone DNA repair mechanism accompanied by the SOS response of
cells (8, 9) in cancer inductionwith a bacterial error-prone gene, because
mutagenesis is thought to be an important step in carcinogenesis.
Previously, enterobacterial plasmid gene mucAB (10) that serves the
SOS function, rescuing cell survival by sacrificingDNA repairfidelity via
translesion DNA synthesis (11), was found to transform mouse BALB
3T3 cells after endogenous expression without forming MucB pro-
teins (12). The mechanism underlying this apparently strange phenom-
enon, however, has been unclear. We show here that mucAB and its
Escherichia coli (E. coli) genomic homologumuDC (13), when expressed
in mouse BALB 3T3 cells, interact with miR-145, a tumor suppres-
sor (14, 15), activate oncogeneNedd9 under control of miR-145 (15, 16)
and its downregulatedoncogeneAurkb (17, 18).Observationwas further
extended to examine these effects on cellular transformation of mouse
cells and tumor induction in the mouse whole body system.

Materials and Methods
Construction of plasmids with expression vectors

Full lengths ofmucAB and umuDC (Fig. 1; Supplementary Fig. S1)
were inserted into Tet-inducible vector pcDNA4/TO (Invitrogen),
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respectively. Synthetic short-length inserts (Supplementary Table S1)
were n145 that carries the anti-miR-145-5p sequence plus 10-bp
flanking sequences, its negative control anc145 with the reversed
sequence, and BX9 and CX7 that are portions ofmucAB and umuDC,
each containing the anti-miR-145 sequence. n145 and anc145 were
inserted into p4/TO and BX9 and CX7 were inserted into pTetOne
(Invitrogen). Constructs were confirmed by gel electrophoresis for
restriction sites and by direct sequencing. Plasmids were amplified in
E. coliHB101 DH5a (TOYOBO) grown in an LB medium containing
100 mg/mL ampicillin (Sigma-Aldrich) and extracted using a Wizard
Kit (Promega).

Cell lines
The mouse cell line BALB 3T3 was originally obtained from

ATCC, cultured in DMEM (GIBCO), supplemented with 10% FCS
(GIBCO) and 1% antibiotic–antimycotic (Life Technologies) at
37�C in a humidified CO2 incubator, stored in a cell banker at

liquid nitrogen temperature, and used for experiment within 10
passages after each thawing. Cells were not tested for Mycoplasma.
Authentification was conducted for the absence of spontaneous
transformation and the transformation with genotoxic agents. The
derivative cell lines were treated in the same way. A cell line T212
that highly expressed the Tet repressor (Supplementary Fig. S2) was
the host of 4/TO plasmids, while BALB 3T3 was the host of TetOne
plasmids. Plasmids were introduced into cells using Lipofectamine
LTX (Invitrogen) and selected in the medium containing 100 mg/mL
zeocin and 10 mg/mL blastidicin for 4/TO, or 3.5 mg/mL puromycin
for TetOne. Representative cell lines are N11 (n145/4TO/T212),
NC41 (anc145/4TO/T212), AB-33 (mucAB/4TO/T212), DC-5
(umuDC/4TO/T212), BX9-615 (BX9/TetOne/3T3), and CX7-611
(CX7/TetOne/3T3). pTE40 with mucAB (12) was introduced into
BALB 3T3 cells by cotransfection with pEGFp-N1 (Clontech) with
LTX and selected in DMEM containing 400 mg/mL geneticin (Life
Technologies) to yield cell line #6.
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Figure 1.

Search for the target oncogene ofmucAB.A,mucAB and umuDC open reading frames showing theNedd9 seedmatch (anti-miR-145-5p) sequences (blue bar: 5 ntd
match; red bar: 7 ntd match. BX9: 9th homology in mucAB. CX7: 7th homology in umuDC) and Aurkb seed match (anti-miR-466-3p) sequences (green bar: 5 ntd
match). Nucleotide sequences of full-length ofmucAB and umuDC are shown in Supplementary Fig. S1. Tet-inducible expression vectors, pcDNA 4/TO with insert:
mucAB or umuDC, positive control n145 with anti-miR-145, or negative control anc145 (Supplementary Table S1), and pcDNA TetOne with insert: BX9 or CX7, short
fragments ofmucAB or umuDCwith the anti-miR-145-5p. E, EcoRI; N,NotI.B, Left, microwells showingmicrocolonies grown from single N11 cells (filled box) and cells
that remained quiescent after Tet induction; histologic section of a tumor formed after transplantation of N11 cells expanded from amicrocolony into a SCID mouse;
and foci ofN11 cells transformedwith Tet.C,OncogenemRNAs increased in the transformable #6 cells (mucABþ), comparedwith control BALB 3T3 cells, asmeasured
by qPCR (left) and Western blotting analysis of Nedd9 and Aurkb proteins in #6 cells compared with BALB 3T3 cells (right). D, Suppressive effects of anti-mucAB
siRNA (mmucAB#1) on oncogene mRNA expressions in #6 cells, as measured by qPCR. Expression levels were normalized to the untreated #6 cell levels. Arrows
show highest suppressions to Aurkb and Nedd9. Quantification: n ¼ 3 biological replicas.
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Treatment of cells and assay for gene expression
Locked nucleic acid (LNA, Mmu anti-miR-145a-5p; Qiagen) or

negative control LNA-A (Qiagen) was introduced into cells at
20 nmol/L using lipofectamine 3000 (Life Technologies). siRNAs
(Supplementary Table S1) were introduced into cells with
DharmFECT (Thermo Fisher Scientific) at 100 nmol/L. For Tet
induction, cells were treated in a DMEM-FCS medium supplemen-
ted with 1 mg/mL Tet for 2 days at 37�C. RNA was extracted using
the miRNeasy Mini Kit (Qiagen) and converted to cDNA using the
High-Capacity Reverse Transcription Kit (Applied Biosystems).
PCR and qPCR were performed by GeneAmp (Applied Biosystems)
and Real Time PCR 7300 (Applied Biosytems) using respective
primers and probes (Supplementary Table S1). Products were
further analyzed by electrophoresis on a 1% agarose gel.

Luminescence reporter
The fragments n145 and negative control anc145 were inserted

into pmiRGLO-dual-luciferase miR target expression vector (Pro-
mega), yielding a reporter plasmid pG145 and pAG145, respective-
ly. Reporters were introduced into cells using lipofectamine L3000.
Cells lysates dissolved in M-PER (Thermo Fisher Scientific) were
measured for luminescence using Dual-Glo Luciferase Assay
System (Promega) with a Glo Max reader (Promega). A ratio of
the firefly to the Renilla luminescence intensity (F/R) was taken as a
measure of the miR-145 level.

Western blot analysis
Cells and tissues were homogenized in RIPA buffer (Sigma)

supplemented with 1% proteinase inhibitor. Ten mg proteins were
applied to electrophoresis on a 4% to 20% PAGE gel and transferred
to a polyvinylidene difluoride membrane. The membranes were
treated in a blocking buffer with antibodies for rabbit Aurkb
(ab2254, Abcam) or mouse Nedd9 (4044, Cell Signaling Technol-
ogy), and then with horseradish peroxidase–conjugated anti-rabbit
IgG (P0360, DAKO) or anti-mouse IgG (DAKO), respectively.
Proteins were detected using Western blotting substrates (Thermo
Fisher Scientific) and a FUSION chemiluminescence imaging sys-
tem (Vilber-Lourmat).

Microcolonies
Micro-Space Cell Culture Plate (Elplasia, KURARAY) consists of

12 wells (1 cm in diameter), each carrying microwells (size: width
100 mm, height 100 mm; Fig. 1B). Cells grown in a DMEM-FCS
medium were filtered through a membrane (FALCON), suspended
at 4 � 103 cells/mL, and 1 mL was plated in a well. This method
ensures that each microwell contains a single cell. After incubation
for 20 days at 37�C, the number of wells with a single cell (A) or
with multiple cells (B) was counted under a microscope. The ratio
B/(AþB) was taken as a measure of microcolony frequency. Micro-
colonies were further expanded and transplanted to SCID mice
(Charles River Laboratories, Japan) for tumor formation (Fig. 1B).

Cell transformation
Cells grown to the semiconfluent stage in DMEM-FCS were

plated at 2 � 105 cells per dish in the same medium with or without
1 mg/mL Tet and followed for formation of foci with weekly
medium changes for 5 weeks. Cells were then washed with PBS,
fixed with methanol, stained with 10% Gimsa stain solution
(Sigma-Aldrich), and counted for the number of foci of trans-
formed cells (Fig. 1B). Cells expanded from the foci were further
transplanted into SCID mice.

Transgenic mice with mucAB and tumor induction
The 5.5 kbp EcoRI-digested fragments of pTE 40 (12) containing

mucAB were introduced into C57BL/6J mouse embryos at Oriental
Yeast Co., Japan. From 223 embryos embedded, 38 mice were
born and one heterozygous male with mucAB was obtained, after
screening of tail DNAwith PCR and 1% gel electrophoresis. This male
was cross-bred with wild-type female mice to obtain heterozygous
mucABþ/�mice, which were further cross-bred to obtain homozygous
mucABþ/þmice. The mice were registered as C57BL/6J-Tg(pTE40)
Nrs, and frozen embryos were preserved at the Riken BioResource
Center (Japan).

Tumors were induced by subcutaneous injection of 0.1 mL of
0.2 mg/mL 3-methylcolanthrene (3-MC; Sigma-Aldrich) dissolved in
olive oil at the groin at 8 weeks of age, so as to give a median tumor
incidence rate in wild-type mice (19), and observed weekly for their
formation for 400 days. The day of tumor appearance was defined as
the day when a tumor reached a diameter of 3 mm. When the tumor
was found at a larger size, this date was calculated by extrapolation
assuming 2.6 days for tumor volume doubling time (19). Tumors were
sectioned, fixed with 10% formalin, stained with haematoxylin and
eosin, and examined histologically under a microscope.

Mutation assay in mouse intestinal stem cells
The homozygous mucABþ/þ transgenic mice were crossed with

mutant SWR mice with a clonal marker Dlb-1a (ref. 20; The Jackson
Laboratory) to yield heterozygous Dlb-1b/Dlb-1a F1 mice. The Dlb
locus determines the expression of binding sites for the lectin Dolichos
biflorus agglutinin (DBA) in intestinal epithelium. The mice
were treated at 8 weeks of age with 140 kVp X-rays at a dose rate
of 0.5 Gy/minute or intraperitoneal injection of ethylnitrosourea
(ENU; Sigma-Aldrich) dissolved in PBS, and sacrificed after 2 weeks.
The small intestine was stained with a lectin DBA-peroxidase conju-
gate (Wako Pure Chemicals). Villi with mutations at the Dlb-1 locus
were detected as a white nonstaining ribbon and were counted for
10,000–11,000 per mouse.

Statistical analysis
All quantitative values are presented as mean� SD. Significance

of differences in means was tested by the t test. A probability value
of less than 0.05 was considered statistically significant.

Data availability
All data are available from the corresponding author. Microarray

data have been deposited in the NCBI Genome Expression Omnibus
(GEO) under the accession code GSE84896.

Ethics approval
Recombination and animal experiments were performed

under the guidelines after approval of the ethics committee of the
respective institution: National Cancer Center Research Institute,
National Institute of Radiological Science, and Kindai University.

Results
Search for target gene

We noted the presence of nucleotide sequences in mucAB and
umuDC that are homologous to the seed sequence at the 30UTR of
mRNA of the mouse oncogene Nedd9 (Fig. 1A; Supplementary
Fig. S1). This sequence matches mmu-miR-145a-5p complementarily
and is expected to interact with miR-145 as an anti-miR-145 in mouse
cells. Furthermore, the Nedd9 seed match sequence is more abundant
than the Aurkb seed match sequence (anti-miR-466-3p) in both of
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mucAB and umuDC (number ofNedd9 seed matches: 9 inmucAB and
9 in umuDC; number of Aurkb seed matches: 1 in mucAB and 2 in
umuDC). This abundance indicates thatNedd9 interacts withmucAB/
umuDC more efficiently than Aurkb.

A microarray search provided 126 deregulated genes in transfor-
mation-positive #6 cells, comparedwith transformation-negtive BALB
3T3 cells. From these genes, 10 oncogenes were selected (Supplemen-
tary Fig. S3). The upregulated oncogenes were confirmed for their
mRNA expression by qPCR (Fig. 1C, left). Nedd9 was added here
because Nedd9 controls expression of the important candidate Aurkb,
while Nedd9 expression was under the detection level of microarray.
Nedd9 and Aurkb proteins were also increased in #6 cells, compared
with BALB 3T3 cells (Fig. 1C, right). The candidate oncogenes were
further examined for their mRNA expression changes in response to
anti-mucAB siRNA (Supplementary Table S1) in #6 cells, showing
highest suppression in Aurkb and Nedd9 (Fig. 1D). In parallel, anti-
mucAB shRNA suppressed transformation of #6 cells (Supplementary
Fig. S4).

Accordingly, we propose a working hypothesis that mRNAs of
mucAB/umuDC competitively interfere with miR-145, which controls
expression of Nedd9 and its downstream Aurkb, leading to cancer
(visual overview).

Anti-miR-145 elevates Nedd9 and Aurkb expressions,
microcolony formation, and cellular transformation

The effect of anti-miR-145 LNA on the miR-145 level was
confirmed by the reporter pG145 (Fig. 2A). The luminescence of
the empty pmiRGLO was lowered by the presence of anti-miR-145.
This lowering was restored by anti-miR-145 LNA. At the same time,
Nedd9 and Aurkb mRNA expressions were elevated, indicating
that the miR-145 level controls the expression of Nedd9 and its
downstream Aurkb.

As a further positive control, N11 cells with the Tet-inducible
anti-miR-145 were examined (Fig. 2A). First, Tet-induction
increased the luminescence of the reporter pG145. In a reverse
way, Tet-treatment of N11 cells decreased the luminescence of
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Figure 2.

Cellular response to Tet-induction of anti-miR-145, mucAB, and umuDC. A, Effects of LNA (anti-miR-145-5p) on luminescence of the miR-145 reporter pG145
and the expression of Nedd9 and AurkamRNAs in BALB 3T3 cells; GLO: empty reporter; NC: negative control LNA. Effect of Tet-induction on N11 cells carrying
the insert n145 (anti-miR-145) on the reporter luminescence, expression of RNA from the insert, expression of Nedd9 and Aurkb mRNAs, microcolony
formation, and foci formation (from left to right). NC41: negative control cells with insert anc145. Foci were absent with or without Tet. B, Nedd9, Aurkb, and
b-actin proteins in N11 and NC41 cells after treated with or without Tet, as measured by Western blotting analysis. C, Effects of Tet-induction of AB-33(mucAB),
DC-5(umuDC), BX9-615, and CX7-611 cells on the reporter luminescence, expression of RNA from the insert, expression of Nedd9 and Aurkb mRNAs,
microcolony formation, and foci formation (from left to right). D, Nedd9, Aurkb, and b-actin proteins in BX9-615 and CX7-611 cells after treated with or without
Tet, as measured by Western blotting analysis. Quantification: n ¼ 4 biological replicas for reporter assay and n ¼ 3 for others. � , statistically significant
increase by Tet induction (P < 0.05).
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pAG145 (Supplementary Fig. S5). These control experiments show
that the expressed RNA of a short length, consisting of the vector-
origin RNA (220 ntd) and RNA from the insert (30 ntd), can act
for RNAi. Furthermore, Tet-treatment of N11 cells enhanced
Nedd9 and Aurkb mRNA levels together with formation of micro-
colonies from single cells plated in microwells and formation of foci
from transformed cells. Negative control NC 41 cells did not show
these effects. Furthermore, Tet-treatment of N11 cells increased
Nedd9 and Aukb proteins to a certain extent, while this increase was
absent in negative control NC41 cells (Fig. 2B, right). The above
findings indicate that anti-miR-145 interacts with cellular miR-145
that control expression of Nedd9 and its downstream Aurkb, leading
to cellular transformation.

To confirm the validity of the microcolony test, a time
course was followed for single N11 cells seeded in microwells
(Supplementary Fig. S6), showing a distinct difference between
Tet-treated and untreated cells. Tumors from transplants of micro-
colonies were histologically fibrosarcomas (Fig. 1B): 9 transplant-
able of 12 microcolonies, compared with 8 transplantable of 12
foci. BALB 3T3 cells did not produce tumors. Therefore, cells
grown to the microcolony stage seemed to be already committed to
the tumorigenesis process.

mucAB/umuDC elevates Nedd9 and Aurkb expressions,
microcolony formation, and cellular transformation

Full lengths of mucAB and umuD were then examined for their
effects on cellular responses upon Tet-induced expression. Repre-
sentative cell lines, AB-33 and DC-5, showed the increase of
luminescence of the reporter upon Tet-induction of mucAB and
umuDC mRNAs, respectively (Fig. 2C, left). This indicates the
interaction of mucAB and umuDC RNAs with miR-145. The Tet-
induction further increased Nedd9 and Aurkb mRNA expressions,
together an increase of the frequency of microcolony formation and
the frequency of foci. These observations were much the same as
seen in positive control N11 cells.

These effects were further tested with a short fragment of mucAB
or umuDC containing the anti-miR-145 sequence. Test cells were
BX9-615 and CX7-611, in which the bacterial gene fragments BX9
and CX7 were respectively incorporated. Upon addition of Tet,
these cells exhibited an increase of transcription of the insert,
together with an increase of the expression of Nedd9 and Aurkb
mRNAs, and an increase of the frequency of microcolony formation
(Fig. 2C). Nedd9 and Aurkb proteins were also increased by Tet
treatment in BX9-615 and CX7-611cells (Fig. 2D). These results
indicate that a portion of mucAB or umuDC with the anti-miR
sequence can function for RNAi in mouse cells, exerting the
oncogenic activity.

Transgene mucAB elevates tumor induction in mice
The study was further extended to the whole body system. The

transgenic mice expressed full-length mucAB mRNA in the lung
(Fig. 3A, left). The mice showed an increase of Aurkb mRNA
expression in the lung and liver without Zn, compared with wild-
type mice (Fig. 3A, right). The reason for the loss of metal dependence
is unknown. No particular change in the phenotype or disorder was
found in the transgenic mice.

Tumor formation was followed after subcutaneous injection of
3-MC over 400 days. Expression of mucAB was confirmed in tumors
formed in the mucAB transgenic mice (Fig. 3B). The Kaplan–Meier
plot for tumor formation showed a clear difference between mucAB
transgenic and wild-type mice (Fig. 3C, left). Final tumor incidence

was 55.4% formucABþ/þ (198 mice), 48.4% formucABþ/� (97 mice),
and 31.8% for wild-type mice (146 mice), that is, tumor incidence was
1.7-fold higher in total mucABþtransgenic mice than in wild-type
mice. There was no difference in tumor incidence rates between
mucABþ/þ andmucABþ/�mice (Fig. 3C), betweenmales and females,
or with andwithout Zn (Supplementary Fig. S7A and S7B). No tumors
were formed in olive oil–injected mice (16 mucAB mice; 64 wild-type
mice). Histologically, the majority of tumors were fibrosarcomas
(95.1% of 182 total specimens examined), with rare rhabdomyosar-
comas (3.2%) and squamous cell carcinomas (1.6%). The timing of
when the tumor increase began was unchanged in the mucAB mice
compared with wild-type mice. This indicates that mucAB exerts the
oncogenic activity at the promotion stage of tumorigenesis.

Mutation frequency unchanged in intestinal stem cells of
mucAB transgenic mice

Amodel systemwasDlb-1b/Dlb-1a F1mice (20) with or without the
mucAB transgene. The mice were treated with two doses of whole-
body X-rays or ENU. No difference was found in the mutation
frequency in the Dlb-1 locus betweenmucABþ mice and control mice
after each treatment (Fig. 3D). This indicates that oncomutation is not
involved in the tumor-enhancing effect of mucAB.

Discussion
The present results showed that the enterobacterial SOS genes

mucAB and umuDC carrying the anti-miR-145 seed sequence interfere
withmiR-145. In this case, the bacterialmRNAsmay be included in the
category of competitive endogenous RNA, as in the case of PTEN
pseudogene transcripts andTYRP1mRNA. Theremight be a common
underlying mechanism. The sponge effect is expected for these RNA
interactions. However, the mechanism for processing these RNAs are
not known and remained to be elucidated. Furthermore, it is inter-
esting that the anti-miR signal is involved in the SOS function. The SOS
function serves for adaptive response of cells to environmental change
or genotoxic stress. It rescues cells from death, but on the other hand,
creates mutation or even cancer and serves for evolution of the life. In
this respect, the role of the anti-miR signal will become further
important.

In this study, anti-miR-145 LNA activated expression of Nedd9 and
Aurkb RNAs by decreasing the cellular miR-145 level. Furthermore,
N11 cells showed that the anti-miR-145 interfered with miR-145 and
activatedNedd9 and Aurkb. These observations show the interaction of
miR-145 with the Nedd9-Aurkb pathway. Fragments of bacterial
mucAB and umuDC with the anti-miR-145 sequence, BX9 and CX7,
also exhibited the same effect. So did the whole mucAB and umuDC.
These findings indicate that the anti-miR-145 interacts with miR-145,
whatever its origin is bacteria or not.

Mouse BALB 3T3 cells are widely applied to the test of cellular
transformation and are thought to be already committed to the
initiation stage in the tumorigenesis steps because of their trans-
formable character. Therefore, acceleration of the transformation
by mucAB/umuDC accompanied by the activation of cell growth–
related oncogenes Need9/Aurkb is thought to be related to the
promotion step in tumorigenesis. Furthermore, in the mouse whole
body, the timing of the start of tumor increase after treatment with a
carcinogen 3-MC was unchanged, while the tumor incidence rate
was elevated by the transgene mucAB. On the other hand, no
increase of the mutation frequency was found in the intestinal
stem cells of the mucAB transgenic mice. These findings indicate
that oncomutation is not involved in the mucAB effect and that the
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promotion stage is the target of mucAB. Finally, involvement of
enterobacterial genes in the cause of human gastric cancers is an
interesting problem. However, we have no evidence for the presence
of mucAB/umuDC homology in the genome of human cancers at
present. Search on this will be continued in the future.

In conclusion, the present results provided an evidence that even
foreign bacterial genes interfere with the function of miRNA as a
sponge and promote tumors, when endogenously expressed.
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