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The abundant in neuroepithelium area (ana) gene was originally
identified as a member of the tob/btg family of antiproliferative genes.
Like the other family members, Ana inhibits growth of NIH3T3 cells
when overexpressed. However, whether or not Ana is involved in
tumor progression has been elusive. Here, we show that expression
of ana is relatively high in the lung, the expression being restricted
in type II alveolar epithelial cells. We further show that ana expression
is reduced in 97% of the human lung cancer cell lines examined
(61/63) and 86% of clinical samples from lung adenocarcinoma
patients (36/42). Long-term observation of ana-deficient (ana–/–) mice
reveals that 8% of them develop lung tumors (5/66) by 21 months
after birth, while 0% of wild-type mice (0/35) develop the same type
of tumors. We also show that exogenously expressed ana gene
product suppresses the levels of matrix metalloproteinase-2
(MMP-2) and plasminogen activator inhibitor-1 (PAI-1) expression in
lung cancer cells. Taken together, we propose that ana functions as
a tumor suppressor and that its product inhibits tumor progression
as well by suppressing angiogenesis, invasion, and metastasis.
(Cancer Sci 2009; 100: 225–232)

L ung cancer is a conglomeration of diseases of diverse
etiology, divided into non-small-cell lung cancer (NSCLC)

accounting for 80% of lung cancers, and small-cell lung cancer
(SCLC) accounting for 20% of lung cancers. NSCLC comprises
diverse histological subtypes including adenocarcinomas,
squamous-cell carcinomas, large-cell carcinomas, and adenos-
quamous carcinomas. Accumulating evidence shows that the
most frequent alterations detected in lung cancers are p53
mutations, being detected in ~90% of SCLC and in ~50% of
NSCLC.(1) The Rb gene is also inactivated in ~90% of SCLC,
but in only 15% of NSCLC.(1) In contrast, the p16 gene, whose
product inhibits Rb phosphorylation, is inactivated in ~70% of
NSCLC, but rarely in SCLC.(1) Importantly, neither p53 nor Rb/
p16 is inactivated in certain numbers of lung cancer patients.
Therefore, other genes whose inactivation is responsible for lung
carcinogenesis remain to be clarified.

The ana gene was initially identified as a novel antiproliferative
tob/btg family gene basing on its homology to the tob gene.(2)

The tob/btg family consists of tob, tob2, btg1, btg2/tis21/pc3,
ana/btg3, and pc3b. All the protein products of the family genes
suppress cell growth when overexpressed.(2–6) In addition,
tob-deficient mice are highly prone to spontaneous tumor forma-
tion, partially due to elevation of cyclin D1.(7) In clinical sam-
ples, Tob expression was reduced in lung cancer and anaplastic
carcinoma of the thyroid.(7–9) Moreover, the Btg2 expression
level was decreased in breast cancer and renal cell carci-
noma.(10,11) Although Ana exhibits antiproliferative activity in
NIH3T3 cells similar to the other Tob/Btg family proteins,(2) the
role of Ana in cancer development has been poorly understood.

In the present study, by analyzing expression of ana in lung
cancer tissues and cell lines and by examining ana–/– mice
pathologically, we show that Ana plays a part in the development
of lung cancer. In addition, we provide evidence suggesting that
Ana is also involved in regulation of angiogenesis, invasion, and
metastasis.

Materials and Methods

Patients. Primary lung cancers and corresponding noncancerous
tissues were obtained at surgery from 54 patients who were
treated at the National Cancer Center Hospital (Tokyo, Japan).
The materials to be analyzed were selected by a pathologist to
ensure that the samples were macroscopically entirely cancerous
and chosen from an area devoid of necrotic tissue. Cancerous
and noncancerous tissues were stored at –70°C until RNA
extraction. This study was undertaken under the approval of the
Institutional Review Board of National Cancer Center of Japan
and was conducted in accordance with the Declaration of
Helsinki.

Lung cancer cell lines. The 63 lung cancer cell lines subjected
to real-time reverse transcription–polymerase chain reaction
(RT-PCR) analysis were 19 small-cell lung carcinoma cell lines,
Lu134, Lu135, Lu139, NCI-H69, NCI-H82, N417, NCI-H526,
NCI-H209, NCI-H841, SBC-5, Ms-18, HCC 33, NCI-H1184,
NCI-H2107, NCI-H2171, NCI-H2141, NCI-H128, NCI-H2195,
and NCI-H1963; and 44 NSCLC cell lines that included 27
adenocarcinomas, A427, A549, NCI-H23, NCI-H322, NCI-H441,
PC3, PC7, PC9, PC14, RERF-LCOK, VMRC-LCD, ABC-1,
RERF-LCMS, Ma17, Ma29, HCC44, HCC78, HCC515, NCI-
H1395, NCI-H2009, NCI-H2087, NCI-H2122, NCI-H1437,
NCI-H1648, NCI-H1703, NCI-H2126, and NCI-H2347; 10
squamous-cell carcinomas, NCI-H157, NCI-H520, PC10, EBC-1,
LC1-Sq, SQ-5, LK-2, Sq-1, SK-MES-1, and NCI-H1869; two
adenosquamous carcinomas, NCI-H596 and HCC366; and five
large-cell carcinomas, Lu65, Lu99, NCI-H1155, PC13, and
NCI-H1299. These cell lines were provided by Drs John D.
Minna, Y. Hayata, T. Terasaki, S. Hirohashi, and M. Takada.
Cell lines were also obtained from the American Type Culture
Collection (Manassas, VA, USA), the Japanese Collection of
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Research Bioresources (Tokyo, Japan), and the RIKEN
BioResource Center (Tsukuba, Japan). Detailed information on
these cell lines can be obtained upon request. Poly (A)+ RNA
was prepared from 63 lung cancer cell lines, a primary culture
of normal human small airway epithelial cells (Clonetics,
Walkersville, MD, USA), NHBE (Clonetics), and a lung
fibroblast cell line (WI-38) by the Fast Track mRNA isolation
kit (Invitrogen, Carlsbad, CA, USA). Poly (A)+ RNAs from
human normal tissues were purchased from Clontech Laboratories
Japan. (Tokyo, Japan). Randomly primed cDNAs were reverse-
transcribed from 0.5-μg mRNAs or 10-μg total RNAs by using
SuperScriptII RNase H Reverse Transcriptase (Life Technologies,
Rockville, MD, USA) following the supplier’s protocol.

Generation of ana–/– mice. The 14-kbp genomic DNA fragment
of ana was subcloned into pBluescript. An exon that contains
the first methionine and the second exon were replaced with
lacZ and a PGK1neo poly (A) fragment flanked by loxP sites to
generate the targeting vector. The replacement was done so that
the lacZ coding sequence was inserted in-frame with the first
methionine of Ana. The diphtheria toxin A (DT-A) fragment
was ligated to the 5′ end of the targeting vector for negative
selection. E14.1 embryonic stem cells were electroporated
with linearized targeting vector and selected with neomycin.
ana-targeted clones were identified by Southern blot hybridization
with the 549-bp DNA probe shown in Fig. 3(a), and were
aggregated with two C57BL/6 J eight-cell stage embryos as
described previously,(12) and mated chimeric offspring with
C57BL/6 J mice. Heterozygous F1 mice were crossed to
produce homozygous ana–/– mice. Wild-type and ana–/– mice
were maintained under standard specific-pathogen-free conditions.
Experiments with animals were carried out following guidelines
for animal use issued by the Committee of Animal Experiments,
Institute of Medical Science, University of Tokyo.

Antibodies. For immunoblotting, anti-Ana antibodies, anti-
ERK1 antibodies C-16 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) were used. The anti-Ana antibodies were prepared by
immunizing the Escherichia coli-produced GST-fusion protein
containing C-terminal amino acid residues (129–231) of mouse
Ana.

Plasmid constructs. Human and mouse ana cDNAs with Flag
sequence at the 3′ end were inserted into the pME-18S mammalian
expression vector. Mouse ana cDNA was also inserted into a
pMXs-puro,(13) retroviral vector, containing a puromycin
resistance marker. The retroviral vector and the packaging cell
line Plat-A (based on the 293T cell line) were gifts from T.
Kitamura (Institute of Medical Science, University of Tokyo,
Tokyo, Japan). After infection of the ana virus into HCC366
cells, selection was initiated with 2.0-μg/mL puromycin. For
anti-Ana antibodies production, mouse ana cDNA (amino acids
129–231) was inserted into a pGEX-6P-3 (Amersham Pharmacia
Biotech, Buckinghamshire, UK). Integrity of all constructs was
confirmed by sequencing.

X-gal staining. Lung tissues were fixed for 3–4 h in 4%
paraformaldehyde at 4°C, and cryoprotected in 30% sucrose in
phosphate-buffered saline overnight. Sections were fixed with
1% paraformaldehyde at 4°C and stained overnight at 37°C
followed by counter-staining with Kernechtrot stain solution
(Muto Pure Chemicals, Tokyo, Japan).

Histological analysis. Lung tissues were fixed in phosphate-
buffered 10% formalin (pH 7.4), embedded in paraffin and cut
into 4-μm sections. Sections were dewaxed and stained with
hematoxylin–eosin.

Cell cultures. HCC366 cells were cultured in RPMI-1640 (Wako
Pure Chemicals, Osaka, Japan) containing 10% fetal bovine
serum and antibiotics.

Semi-quantitative real-time RT-PCR analysis. Real-time RT-PCR
analysis was performed using the ABI Prism 7900HT sequence
detection system (Applied Biosystems, Foster City, CA, USA).

Primer sequences and TaqMan probes for the ana, GAPDH, and
HPRT genes are shown in Table S1. GAPDH was used as an
internal control for SYBR Green PCR. SYBR Green PCR was
performed in a single tube in triplicate, and the results were
expressed as the representative average of three separate
experiments. TaqMan PCR for each target gene and the reference
gene HPRT was performed in a single tube in duplicate, and the
results were expressed as the average of the two independent
tests.

Statistical analysis. Levels of significance for comparison between
samples were determined by the Student’s t-test. P-values of
<0.05 were considered to be statistically significant.

Results

Decreased expression of ana in lung cancer specimens. We inves-
tigated ana expression in various murine tissues. ana mRNA
was ubiquitously expressed in adult mice, the level being
relatively high in the heart, lung, kidney, and testis, but low in
the spleen and skeletal muscle (Fig. 1). A previous report
showed that ana expression is also high in the human adult lung
and is not grossly altered in several cancer cell lines examined.(2)

Nevertheless, because the ana gene is homozygously deleted in
two lung cancer cell lines,(14,15) we thought that silencing of ana
expression might be relevant to lung tumor development. Then,
we extensively examined the level of ana expression in human
lung cancer by applying real-time RT-PCR to a relatively large
number of clinical samples. A total of 54 NSCLC cases (42
adenocarcinomas, 10 squamous-cell carcinomas, and two large-cell
carcinomas) were studied. Patient characteristics are shown
in Table 1, with ages ranging from 30 to 81 years (median age,
62 years) and stages I to III. In each patient, the level of ana
expression normalized by GAPDH expression in cancerous
tissue was compared with that in noncancerous tissue. In 85.2%
(46/54) of specimens, ana expression was reduced in cancerous
tissues compared to noncancerous tissues (Fig. 2a,S1). Note that
ana expression levels were low in 85.7% (36/42) of clinical
samples from lung adenocarcinoma patients (Fig. 2a). As shown
in Fig. 2(b), the reduction was statistically significant (P = 0.00043,
Student’s t-test). By the criteria described in the figure legend,
average expression level of ana in adenocarcinomas was

Fig. 1. ana mRNA expression in mouse tissues. Northern blot
hybridization was performed using the mRNA blot from Clontech. The
entire coding sequence of the mouse ana cDNA was used as a probe
(upper panel). The RNA loading was justified by hybridizing the same
blot with the β-actin probe (lower panel).
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determined to be 1.24 and that in corresponding non-cancerous
tissues 2.67. Multivariate analysis showed that there was no
significant correlation between the degree of ana suppression
and the status of the lung tumors in our present results.
However, because the number of specimens we analyzed is too
small to evaluate the relation, future analysis with much large
number of specimens is needed.

The level of ana expression was also evaluated by real-time
RT-PCR analysis in 63 lung cancer cell lines, 19 SCLC cell
lines, and 44 NSCLC cell lines, including 27 adenocarcinomas,
10 squamous-cell carcinomas, two adenosquamous carcinomas,
and five large-cell carcinomas. Since the expression level of
GAPDH in some cell lines was very low compared to normal
lung tissue (Fig. S2), the ana expression level was also normalized
by HPRT expression. As shown in Fig. 2(c), ana expression
was reduced in 61 cell lines compared to normal lung tissue.
Therefore, we hypothesized that loss of ana expression might
contribute to the development of human lung cancer.

Development of lung tumor in ana–/– mice. To examine the
causative role of ana in lung tumor formation, we generated

Fig. 2. ana mRNA expression in lung cancer. (a) The levels of ana mRNA expression in 42 human primary lung adenocarcinomas were evaluated
by real-time reverse transcription–polymerase chain reaction and normalized by GAPDH mRNA expression. The data shown were the ratio of ana
expression in each cancerous tissue to that of corresponding noncancerous tissue. (b) Expression level of ana in each cancerous tissue (C) was
compared to that of corresponding noncancerous tissue (N). The level of ana mRNA expression in normal lung tissue purchased from Clontech was
set to 1. Asterisk (*) indicates a statistical difference between experimental groups (P < 0.05, Student’s t-test). (c) The levels of ana mRNA in cancer cell
lines. The level of ana mRNA in normal lung tissue purchased from Clontech was set to 1. ana expression level was normalized by HPRT. SCC (red),
small-cell carcinoma cell lines; Ad (yellow), adenocarcinoma cell lines; Sq (green), squamous-cell carcinoma cell lines; LCC (purple), large-cell carcinoma
cell lines. NCI-H596 (blue graph) and HCC366 cells are adenosquamous carcinoma cell lines. The cells written in red lacked ana expression.

Table 1. Patient characteristics of human lung cancer

Adenocar
cinoma (Ad)

Squamous-cell 
carcinoma (SCC)

Large-cell 
carcinoma (LCC)

(n = 42) (n = 10) (n = 2)

Age
Range (years) 30–76 49–80 69, 81
Median (years) 62 62 75
Sex
Male 26 8 1
Female 16 2 1
Differentiation
Well 15 5
Moderately 22 5
Poorly 5
Stage
I 22
II 9
III 11
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ana–/– mice in which the 1st and 2nd exons of ana were replaced
with the lacZ reporter gene by homologous recombination
(Fig. 3a). Southern blot, northern blot, and western blot analyses
revealed disruption of the wild-type ana alleles (Fig. 3b–d) in
ana–/– mice. ana–/– mice were alive at birth and born at the
expected Mendelian frequency. Adult ana–/– mice appeared to be
normal in both size and behavior.

Taking advantage of the lacZ gene replacement in ana-mutant
mice, we explored the ana gene expression in ana hetero-
deficient (ana+/–) mice by examining cells positive for the chromog-
enic substrate 5-Bromo-4-chloro-3-indolyl-beta-D-galactopyranoside
(X-gal). Lung epithelium comprises diverse histological sub-
types, including bronchial epithelial cells and alveolar epithelial
cells. Alveolar epithelial cells are formed by two cell types,
squamous type I cells and surfactant-producing cuboidal type II
cells. At least 5 weeks after birth, X-gal staining revealed that
ana was highly expressed in type II alveolar epithelial cells, but
not in type I alveolar epithelial cells or bronchial epithelial cells
(Fig. 4a,S3). LacZ expression could not be detected in bronchial
epithelial cells at a late embryonic stage (E18.5) (Fig. S3). Since
the lung adenocarcinoma is thought to be mainly derived from
type II alveolar epithelial cells,(16,17) we speculated that there is a
correlation between suppression of ana expression and lung
adenocarcinogenesis.

Nevertheless, ana–/– mice showed no apparent phenotypic
abnormalities in their early lives. Histological analysis of
9-month-old wild-type and ana–/– mice revealed no obvious
tumor formation either (data not shown). Therefore, we conducted
a long-term study of spontaneous tumor development in wild-type
and ana–/– mice. By 21 months of age, 7.6% (5/66) of ana–/–

mice developed lung tumors as compared to 0% (0/35) of
wild-type mice. A typical example is shown in Fig. 4(b). Histo-
logically, three lung tumors developed in two ana–/– mice were
moderately differentiated alveolar/bronchiolar carcinomas
with neoplastic cells which formed papillary clusters showing
increased nucleus/cytoplasm (N/C) ratio and nuclear pleomor-
phism (Fig. 4c). Lung tumors developed in other ana–/– mice
were one well-differentiated alveolar/bronchiolar carcinoma and
two alveolar/bronchiolar adenomas. Additionally, infiltration
of cancer cells into the bronchioles was observed in all four
carcinomas (Fig. 4c). Sixteen ana–/– mice and 15 wild-type mice

were analyzed histologically in systemic tissues by 21 months of
age. Although ana–/– mice developed lymphomas, hepatocellular
carcinomas, an angiosarcoma of the spleen, a giant cell sarcoma
of the spleen, and lung tumors, most of the tumors were also
observed in wild-type mice (Table S2). These data suggest
that deregulation of ana gene may not be related to tumor
development. Nonetheless, because the lung tumors were not
seen in the wild-type mice, the possibility that ana depletion is
related to the lung tumor development remains.

Effect of Ana on growth of lung cancer cells and on expression of
invasion- and metastasis-related genes. To confirm the suppressive
role of Ana in lung cancer development, we infected retroviruses
carrying ana cDNA into human lung cancer cell lines (A549
adenocarcinoma, NCI-H322 adenocarcinoma, and NCI-H1299
large-cell carcinoma) in which the ana expression level is very
low, or into HCC366 adenosquamous carcinoma in which the
ana gene is homozygously deleted. Comparison of the growth
rate in soft agar or under low serum conditions between the
Ana-expressing cells and control cells showed that ana
expression did not affect either the colony formation rate or cell
proliferation rate (Fig. S4). The observation was unexpected,
because Ana is supposed to suppress the cell growth. However,
we reasoned that this was probably due to genetic or epigenetic
alterations occurring on multiple cancer-related genes other than
ana in these cancer cell lines. We also examined the expression
of invasion- and metastasis-related genes, which promote tumor
invasion and metastasis,(18,19) in HCC366 cells transfected with
a recombinant retroviral vector carrying the ana gene or the
vector alone. Real-time RT-PCR analysis revealed that the
expression levels of MMP-2 and PAI-1 were decreased in
Ana-expressing cells as compared with the control cells (Fig. 5).
Similarly, the expression levels of MMP-2 and PAI-1 were also
decreased in Ana-expressing A549 cells (data not shown). We
also examined the effect of Ana on the gelatinase activity of
MMP-2. The gelatin zymography showed that the gelatinase
activity of MMP-2 in Ana-transfected cells was about 50% of
that in control cells (data not shown), which is consistent with
the decrease of MMP-2 mRNA level in Ana-transfected cells as
compared with the control cells (Fig. 5). These data suggest that
Ana affects the MMP-2 mRNA expression level but not the
enzymatic activity of MMP-2.

Fig. 3. Targeted disruption of ana. (a) The 1st
exon which contains the first methionine and 2nd
exon of ana were replaced with lacZ and neomycin
resistance genes. The lacZ gene was inserted
in-frame with the first methionine of Ana. (b) Tail
DNA from F1 progeny of two heterozygote
intercrosses were digested with BamHI and
subjected to Southern blot hybridization using
the sequence upstream of the 1st exon as a probe
(indicated as probe in panel [a]). The genotype
for the ana locus was indicated above each lane.
Sizes of the DNA fragments were indicated on
the left in the parenthesis. (c) Northern blot
analysis of total RNAs from primary chondrocytes
of wild-type (+/+), ana hetero-deficient (+/–), and
ana-deficient (–/–) mice was performed using
the entire coding sequence of the mouse ana
cDNA as a probe. rRNA in the agarose gel was
visualized to monitor RNA loading. (d) Western
blot analysis of protein extracts from primary
chondrocytes was performed with the anti-Ana
antibodies described in ‘Materials and Methods’.
Blotting with anti-Erk antibodies was to check
protein loading.
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Discussion

The Tob/Btg family proteins negatively regulate cell
proliferation,(2–6) and are involved in tumor development.(7–9,11,20)

Here, we showed that expression of one of the tob/btg family
gene ana was suppressed in most specimens derived from lung
tumors. Those tumors in which ana expression was reduced
were adenocarcinomas of NSCLC whose origin is thought to
be mainly type II alveolar epithelial cells. Importantly, by
analyzing the lacZ expression of the ana+/– mice in which the
lacZ gene replaces ana, we found that ana was prominently
expressed in type II alveolar epithelial cells. Furthermore, we
showed that ana–/– mice developed lung tumors, which are
most likely derived from type II alveolar epithelial cells and
phenotypically resemble human adenomas and adenocarcinomas,
although the onset was late. Therefore, we propose that Ana
suppresses development of tumors, especially lung tumors. In
support of this, a previous report showed that the ana gene,
located on chromosome 21q11.2-21.1, is homozygously deleted
in Ma17 human lung adenocarcinoma cells.(14) HCC366 human
lung adenosquamous carcinoma cells also harbor a homozygous
deletion which eliminates part of the coding portion of the
ana gene.(15) Furthermore, loss of heterozygosity on human
chromosome 21q11.2-21.1 is observed in esophageal squamous-
cell carcinoma, gastric adenocarcinoma, breast cancer, and lung
cancer,(14,21–23) suggesting that ana could be involved in the
development various types of tumors in addition to lung
adenocarcinoma. It may be worthy to mention that the level of
ana mRNA is decreased in 89% of the oral squamous-cell
carcinoma cell lines examined (8/9) and 60% of clinical samples
from oral squamous-cell carcinoma patients (12/20).(24) Analysis

Fig. 4. Development of lung alveolar/bronchiolar carcinomas in ana-deficient mice. (a) Expression of ana was monitored by X-gal staining of the
lung from 5-week-old ana hetero-deficient mice. X-gal positive cells were stained blue. ana expression was detected in type II alveolar epithelial
cells (red arrows), but hardly in bronchial epithelial cells (black arrows), or type I alveolar epithelial cells (blue arrows). Sections were
counterstained with Kernechtrot stain solution (to stain DNA; red). Original magnification: ×40 (left) and ×200 (right). (b) A representative lung
tumor developed in ana-deficient mice (shown within the yellow dotted circle). (c) A representative lung alveolar/bronchiolar carcinoma developed
in ana-deficient mice was examined histologically with hematoxylin–eosin staining. Cancerous (C) and noncancerous (N) lung tissues were shown
(left). Infiltration of cancer cells into bronchiole was depicted by the yellow dotted line (right). Original magnification: ×40 (left) and ×200 (right).
These mice were maintained in a hybrid C57BL/6 J/129Ola background (50% and 50%, respectively).

Fig. 5. The expression levels of MMP-2 and PAI-1 are decreased in
Ana-overexpressing lung cancer cells. Expression of invasion- and
metastasis-related genes in HCC366 lung adenosquamous carcinoma
cells which have been transfected with the retrovirus carrying ana
cDNA (A) or with control retrovirus (V). Expression level of each gene
in ana virus-infected cells was measured by real-time reverse transcription–
polymerase chain reaction and was normalized with GAPDH and
compared to control virus-infected cells. Error bars represent ± SE.
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of ana–/– mice suggested that deregulation of ana gene may not
be related to tumor development in tissues other than lung,
probably due to the functional redundancy of Tob/Btg family
members (see below).

Epigenetic mechanisms are relevant to the transcriptional
silencing of various genes such as tumor suppressor genes. To
address whether epigenetic mechanisms are involved in ana
down-regulation, we treated the three human lung cancer cell
lines (A549 adenocarcinoma, NCI-H322 adenocarcinoma, and
NCI-H1299 large-cell carcinoma), in which the ana expression
level is very low, with the demethylating agent 5-aza-2′-deoxy-
cytidine or the histone deacetylase inhibitor tricostatin A(TSA).
ana mRNA expression did not increase even after the treatment,
suggesting that neither the methylation nor histone deacetylase
of ana promoter region might be involved in decrease of ana
expression in the tumor cells (data not shown). Because the
number of tumor cell lines we analyzed was limited, further
analysis with a large number of cell lines is needed to clarify
whether or not epigenetic changes of ana are involved in lung
tumor development.

Other Tob/Btg family proteins, such as Tob and Btg2, are
expressed in the lung and have been reported to express in
bronchial epithelial cells.(8,25) We further showed that tob2 was
also expressed in bronchial, type I alveolar, and type II alveolar
epithelial cells (Fig. S5) by X-gal staining of tob2–/– mice in
which the tob2 coding sequence was replaced with the lacZ
gene.(26) Therefore, depletion of ana in type II alveolar epithelial
cells might have been functionally complemented by tob2,
which could explain, at least in part, the late onset of the tumors.
Additional alteration of tob2 and/or other genes of the same
family possibly expressed in type II alveolar epithelial cells may
be required to induce lung tumors derived from those cells.
To examine whether tob/btg family genes are functionally
redundant in tumor suppression, we analyzed expression of
other tob/btg family genes in most of the lung cancer cell lines
we examined by real-time RT-PCR analysis. The expression of
tob, tob2, and btg2 was similarly decreased in the lung cancer
cells as compared to normal lung tissue (data not shown). It is
therefore possible that the family genes are, at least in part,
functionally redundant in suppressing lung tumor development.
The functional redundancy in tumor suppression among Tob/Btg
family may be related to the late-onset of tumor development
in ana–/– mice.

Various genetic altertions have been shown to be involved
in lung cancer development.(1,27) Because p53 mutations are the
most frequent altertions detected in lung cancers and Ana
reportedly functions downstream of p53,(1,28–30) we analyzed
whether or not p53 inactivation is relevant to down-regulation
of the ana gene in lung carcinogenesis. Among 63 lung cancer
cell lines we examined for ana expression, 53 cell lines have
mutations in p53 gene whereas nine cell lines have functional
p53. There is no information about p53 state in the other one
cell line. Apparently, the level of ana expression (Fig. 2c) is not
correlated with the state of p53. However, to be more conclusive
much large number of lung cancer specimens need to be ana-
lyzed. Whether expression level of the ana gene correlates with
the status of lung cancer-related genes other than p53 should
also be addressed in future studies.

The molecular mechanisms underlying the antiproliferative
activity of Tob/Btg family proteins have not been well

addressed. Some reports show that they suppress cyclin D1
expression, acting as cofactors of transcriptional regulation.(7,20)

It is also reported that Btg1 and Btg2 regulate ER-α-mediated
transcription.(31) The present results showed that the mRNA
levels of MMP-2 and PAI-1 were suppressed by exogenously
expressed Ana, suggesting that Ana regulates transcription of
these genes by acting as a transcriptional repressor. Luciferase
assay was performed to examine whether Ana affects transcrip-
tional activity on the PAI-1 promoter with plasmid p800LUC
containing PAI-1 promoter.(32) Ana repressed transcriptional
activity on the PAI-1 promoter (Fig. S6). A recent report showed
that ana/btg3 is a transcriptional target of p53, and Ana/Btg3 in
turn binds to and inhibits E2F1-mediated transcription.(30) These
data imply that Tob/Btg family proteins, including Ana, function
as regulators of the transcription machinery. The question of
how Ana regulates the promoter activity of the MMP-2 gene
remains to be addressed. It should also be noted that another
Tob/Btg family member Btg2 enhances cellular deadenylase
activity by binding to Cnot7 deadenylase, although the precise
mechanism remains to be clarified.(33) Since Ana interacts with
Cnot7,(34) exogenously expressed Ana may stimulate Cnot7 to
unusually shorten the poly (A) tails of MMP-2 and PAI-1 mRNAs,
resulting in their destabilization and the decrease of the levels of
MMP-2 and PAI-1 proteins. In lung cancer in which ana expression
is suppressed, Cnot7 deadenylase activity may be decreased,
resulting in stabilization of the MMP-2 and PAI-1 mRNAs, and
leading to accumulation of MMP-2 and PAI-1 proteins.

MMP-2 promotes invasion, metastasis, and angiogenesis, and
PAI-1 is needed for the optimal function of the urokinase-type
plasminogen activator (u-PA) system that regulates tumor
invasion and metastasis.(35–37) Furthermore, PAI-1 possesses both
pro- and anti-angiogenic effects depending on the PAI-1 concen-
tration.(38) The observations that PAI-1 is expressed in endothelial
cells of small vessels in human colon adenocarcinomas and in
proliferative vessels in high-grade gliomas and metastatic
tumors(39,40) suggest that PAI-1 also plays a role in angiogenesis
in human cancers. Overexpression of MMP-2 and PAI-1 has a
poor prognosis in lung cancer tissues, especially in lung adeno-
carcinomas.(41–43) Therefore, absence of ana might also be a
prognostic marker of lung adenocarcinomas.

In conclusion, we hypothesize that Ana functions as a tumor
suppressor, and in addition negatively regulates the angiogenesis,
invasion, and metastasis of cancer. Further studies on the correlation
between ana and other cancer-related genes would help elucidate
the mechanism of lung adenocarcinoma development.
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Supporting information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. ana expression in lung cancer specimens. ana mRNA expression level was evaluated for clinical samples of 10 squamous-cell
carcinomas (Sq, green) and two large-cell carcinomas (LCC, purple) by real-time reverse transcription–polymerase chain reaction. ana expression in
the cancerous tissue was divided by that in corresponding noncancerous tissue to obtain the expression level.

Fig. S2. ana expression in lung cancer cell lines. The level of ana mRNA expression in normal lung tissue purchased from Clontech was set to 1.
ana expression level was normalized by GAPDH. SCC (red), small-cell carcinoma cell lines; Ad (yellow), adenocarcinoma cell lines; Sq (green),
squamous-cell carcinoma cell lines; LCC (purple), large-cell carcinoma cell lines. NCI-H596 (blue graph) and HCC366 cells are adenosquamous
carcinoma cell lines. The cells written in red lacked ana expression.

Fig. S3. Developmental expression of ana in lung. X-gal staining of lung from ana+/– mice at various developmental stages. ana expression in
different developmental stages was monitored by X-gal staining. Black arrows indicate bronchial epithelial cells. Original magnification: ×200.

Fig. S4. Ana does not affect cell proliferation. Proliferation in A549, NCI-H322, NCI-H1299, and HCC366 cells transfected with the retrovirus
carrying ana cDNA (A) or with control retrovirus (V). Error bars represent ± SE. (a) Soft agar colony formation assay was performed. (b) Cells were
cultured under low serum conditions. Triplicate samples were counted at the indicated times. (c) Western blot analysis of protein extracts from control
cells and Ana-overexpressing cells to check Ana protein expression.

Fig. S5. tob2 expression in lung. Expression of tob2 was monitored by X-gal staining of the lung from 3-month-old tob2 hetero-deficient mice. X-
gal positive cells were stained blue. Sections were counterstained with Kernechtrot stain solution (red). Original magnification: ×200.

Fig. S6. Ana represses transcriptional activity on PAl-1 promoter. A549 cells (3 × 105 cells per well in 12-well tissue culture plates) were
cotransfected with FuGENE6 Transfection Reagent (Roche Diagnostics) and the following plasmids: p800LUC containing PAl-I promoter fragment
corresponding to positions from +71 to –800 (80 ng/well), Ana expression vector (A), or empty vector (V) (500 ng/well). After 24 h, cell extracts were
analyzed for luciferase activity with the Dual-Luciferase Reporter System (Promega). Transfection efficiency was standardized with an internal control
plasmid, pRL-β-actin (0.5 ng/well).

Table S1. Primer or probe sets for real-time reverse transcription–polymerase chain reaction (RT-PCR)

Table S2. Various tumors in ana−/− and wild-type mice
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