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The 14-3-3 family of proteins regulates various signaling pathways involved in cell cycle, apoptosis,
stress response, and malignant transformation. We previously demonstrated that the b isoform of the
14-3-3 protein promotes cell growth and tumorigenicity of rat K2 hepatocellular carcinoma cells. We
identified fourteen-three-three beta interactant 1 (FBI1)/Akirin2 as a binding partner of 14-3-3b and
showed that the complex of these proteins promotes tumorigenicity and metastasis of K2 cells. In addi-
tion, we demonstrated that FBI1/Akirin2 downregulation shortened the duration of MAPK activity.
Because 14-3-3b and FBI1/Akirin2 overexpression is observed in various cancer cell lines, 14-3-3b-
FBI1/Akirin2 oncogenic function should be elucidated in different types of cancer. In this study, we used
LLC1 Lewis lung carcinoma cells as a model. We established FBI1/Akirin2 knockdown cell clones through
transfection of an antisense FBI1/Akirin2 expression vector and assessed the capacity for cell growth
in vitro and tumorigenicity and metastasis in vivo. FBI1/Akirin2 downregulation decreased anchorage-
independent growth, whereas the growth rate in monolayer culture was not affected. Moreover, an
in vivo assay in nude mice showed that FBI1/Akirin2 overexpression is required for LLC1 tumor growth
and metastasis. These results suggest that FBI1/Akirin2 plays an important role in oncogenesis of LLC1
lung carcinoma cells, and this protein may also serve as an oncogene in other cancers.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction Furthermore, we observed that 14-3-3b is overexpressed in various
The 14-3-3 family of proteins is highly conserved and ubiqui-
tously expressed [1,2]. At least 7 isoforms (b, c, e, r, d, s, and g)
have been identified in mammals. The 14-3-3 family members
form a homo- or heterodimer and interact with target proteins.
The interaction with target proteins alters enzyme activity, subcel-
lular localization, or complex formation of the target. A large num-
ber of signaling molecules have been identified as binding partners
of 14-3-3 proteins. It is known that 14-3-3 proteins regulate vari-
ous signaling pathways such as those involved in cell cycle, metab-
olism, malignant transformation, and apoptosis [3,4]. We
previously discovered that, among the 7 isoforms, b has an onco-
genic function in aflatoxin B1-induced rat hepatocellular carcinoma
K2 cells [5]. The 14-3-3b protein is overexpressed in K2 cells com-
pared with untransformed rat liver tissue. 14-3-3b downregulation
through transfection with an antisense 14-3-3b expression vector
inhibits cell growth, tumorigenicity, and angiogenesis of K2 cells.
types of cancer cell lines. These results demonstrate the oncogenic
function of 14-3-3b.

During functional analysis of 14-3-3b, we identified a novel
binding partner of 14-3-3b, fourteen-three-three beta interactant
1 (FBI1), and characterized the oncogenic function of FBI1 in K2
cells [6]. Since the FBI1 gene is also known as Akirin2, we refer to
this gene as FBI1/Akirin2 in this study. Akirins are a recently identi-
fied gene family, and these genes are highly conserved from meta-
zoan to mammalian species [7]. Akirin1 was first identified in
Drosophila as an important participant in innate immune response
[8]. In mice, several lines of evidence show that Akirin 1 performs a
function in skeletal myogenesis [9]. In our previous screening of
proteins binding to 14-3-3b, we isolated FBI1/Akirin2 as a func-
tional partner of 14-3-3b and demonstrated that 14-3-3b and
FBI1/Akirin2 complex functions as a transcriptional suppressor
[6]. The 14-3-3b-FBI1/Akirin2 complex binds to the promoter re-
gion of mitogen-activated protein kinase (MAPK) phosphatase 1
(MKP-1). MKP-1 dephosphorylates extracellular signal-regulated
kinases (ERKs) and functions as a negative feedback factor of the
MAPK pathway [10]. FBI1/Akirin2 downregulation increases
MKP-1 expression, resulting in a shortened activation period of
ERK1/2. FBI1/Akirin2 knockdown cells express a low level of cyclin
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D1 compared with parental K2 cells. Furthermore, FBI1/Akirin2
knockdown selectively inhibits anchorage-independent growth in
soft agar, whereas cell growth in monolayer culture is not inhibited
in K2 cells. FBI1/Akirin2 knockdown cells exhibit slower tumor
growth and less metastasis in an in vivo mouse model. Taken to-
gether, these results demonstrate that FBI1/Akirin2 and 14-3-3b
play an important role in K2 cell oncogenesis.

Computational analysis shows that 14-3-3 binding sites of FBI1/
Akirin2 are highly conserved among several species [7]. In addi-
tion, our previous results showed that FBI1/Akirin2 is overexpres-
sed in various cancer cell lines, including rat hepatoma cells,
glioblastoma cells, and pheochromocytoma cells.

Therefore, in the present study, we hypothesized that FBI1/Akirin2
has an universal oncogenic function in various cancers. To test our
hypothesis, in this study, we used Lewis lung carcinoma cells (LLC1)
as a model and analyzed the effect of FBI1/Akirin2 downregulation on
cell growth in vitro and tumorigenicity and metastasis in vivo.
Fig. 1. Establishment of antisense F BI1/Akirin2-transfected LLC1 lung carcinoma
cells. (A) Characterization of antisense FBI1/Akirin2 cDNA expression vector-
transfected LLC1 cells using Northern blotting. Total RNA was extracted from
healthy mouse lung tissue, K2 cells, LLC1 cells, empty vector-transfected LCV1, and
antisense FBI1/Akirin2 cDNA-transfected LCA1 and LCA2 cells and subsequently
analyzed using Northern blotting. (B) Morphological changes in the transfectant
clones. Cells were cultivated in monolayer culture and photographed using a phase
contrast microscope. The scale bar is 50 lm.
2. Materials and methods

2.1. Stable transfection

The mouse FBI1/Akirin2 gene was isolated using reverse-tran-
scription polymerase chain reaction (RT-PCR), and the amplified
fragment was inserted in the antisense orientation into the
pcDNA3 vector (pcDNA3-AS-FBI1/Akirin2). The detailed informa-
tion on the vector construct is available upon request. LLC1 cells
were obtained from ATCC and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS). LLC1 cells were transfected with either pcDNA3-AS-FBI1/
Akirin2 or the empty pcDNA3 vector using the DOTAP transfection
reagent (Roche, Mannheim, Germany), according to the manufac-
turer’s instructions. After 2 weeks of the selection in 1 mg/mL
G418 (Wako, Tokyo, Japan), resistant clones were expanded and
tested for the expression level of endogenous and antisense FBI1
RNA using Northern blotting.

2.2. RNA isolation and Northern blotting

Total RNA was prepared from pcDNA3-AS-FBI1/Akirin2-trans-
fected clones and from mouse lung tissue using the acidic guani-
dine thiocyanate–phenol–chloroform method. Northern blotting
was performed as previously described [5]. Specific mRNA expres-
sion levels were quantified using the Image J software (NIH, USA).

2.3. A growth assay and an in vitro colonization assay

Cells (1 � 103) were seeded in 24-well plates, containing DMEM
supplemented with 10% FCS, and grown for various periods. The cell
number was counted using a TATAI hemocytometer. For the soft
agar assay, cells (8 � 103) were suspended in 0.3% agar medium,
containing 10% FCS, and layered on a 0.5% agar-coated 35-mm dish
and grown for 2 weeks. The colonies formed were stained with
0.25% 1-p-iodophenyl-p-nitrophenyl-5-phenyltetrazolium chloride
(INT; Sigma, St. Louis, MO) for 24 h, and the number of colonies
(>0.07 mm in diameter) was counted.

2.4. ERK1/2 activation

Cells were serum-starved for 12 h before stimulation with the
10% FCS–DMEM medium. At various time points after the serum
stimulation, cells were lysed in TNM buffer [20 mM Tris–HCl (pH
7.5), 50 mM NaCl, 5 mM MgCl2, 1 mM Na3VO4, 25 mM NaF, 0.1%
Nonidet P-40], and the lysates were subjected to Western blotting.
Anti-phospho-ERK1/2 (1:2000, Cell Signaling Technology, Beverly,
MA) and anti-ERK1/2 (1:2000, Upstate, Lake Placid, NY) antibodies
were used for immunostaining.

2.5. Tumorigenicity and lung metastasis assays

The cells (106 per 200 lL of PBS per flank) were subcutaneously
injected into 5-week-old athymic mice (BALB/c Jcl nu/nu, Clea Ja-
pan, Tokyo, Japan). After 28 days, the tumor volume was measured
and calculated as (short axis2 � long axis)/2. For the assay of lung
metastasis, the cells (106 per 200 lL of the serum-free medium)
were injected into the tail vein of nude mice. After 3 weeks, meta-
static foci formed in the lungs were analyzed. Mouse care and han-
dling conformed to the National Institutes of Health guidelines for
animal research. The experimental protocols were approved by the
Tokyo University of Science Animal Care and Use Committee.

2.6. The wound healing assay

When the cells reached confluence, the cell layer was scratched
using a sterilized pipette tip. Detached cells were washed out with
PBS. To observe the cell migration process, photographs were taken
using a phase contrast microscope at different time points. The
migration speed of cells was determined using time lapse analysis
(Leica AS MDW, Heidelberg, Germany).

2.7. Statistical analysis

The data were calculated as mean ± standard error of the mean
(SE). The differences between 2 groups were analyzed using Stu-
dent’s t test, and p value of <0.01 was considered statistically
significant.
3. Results

3.1. Establishment of antisense FBI1 LLC1 cell lines

To clarify the oncogenic function of FBI1/Akirin2 in LLC1 lung
carcinoma cells, we analyzed the effect of FBI1/Akirin2 mRNA
downregulation on the growth ability of the cells in vitro and
in vivo. First, we analyzed the FBI1/Akirin2 mRNA expression level
in LLC1 cells and mouse lung tissue. As shown in Fig. 1A, FBI/Akirin2
mRNA expression in mouse lung tissue was barely detectable. In
contrast, LLC1 cells strongly expressed FBI1/Akirin2, and the
expression level was similar to that in K2 hepatocellular carcinoma
cells. LLC1 cells also expressed 14-3-3b mRNA (data not shown). To
reduce FBI1/Akirin2 expression level, we transfected an antisense
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FBI1/Akirin2 (AS-FBI1/Akirin2) expression vector into LLC1 cells
and established stably transfected clones (LCA1 and LCA2). The
empty pcDNA3 vector was transfected and the established LCV1
clone was used as a control. Northern blotting revealed that endog-
enous FBI1 mRNA expression levels in LCA1 and LCA2 cells were
diminished to 28% and 60% of the parental LLC1 cell level, respec-
tively, whereas the expression level in LCV1 cells was similar to
that of parental LLC1 cells (Fig. 1A). In addition, the LCA1 and
LCA2 clones exhibited round morphology, whereas parental LLC1
and control LCV1 cells exhibited typical fibroblast morphology
(Fig. 1B).

3.2. FBI1/Akirin2 downregulation suppressed anchorage-independent
growth and shortened the duration of ERK1/2 activation

To examine whether FBI1/Akirin2 downregulation influences
LLC1 cell proliferation, the transfectants were grown in monolayer
culture and in soft agar medium and the growth ability was ana-
lyzed. As shown in Fig. 2A, in monolayer culture, there was no sig-
nificant difference in the growth rate among the transfectant
clones. In contrast, the colony formation ability of LCA1 and LCA2
cells was dramatically reduced in soft agar: to 50% and 5% of that
of parental LLC1 cells, respectively (Fig. 2B and C). These results
suggested that FBI1/Akirin2 selectively controlled the anchorage-
independent growth of LLC1 cells, as previously observed in K2
cells. We previously demonstrated that FBI1/Akirin2 promotes sus-
tained ERK1/2 activity by suppressing MKP-1 expression [6]. To
examine whether FBI1/Akirin2 has the same effect on MAPK sig-
naling in LLC1 cells, the phosphorylated form of ERK1/2 was ana-
lyzed using Western blotting after serum stimulation. Five
minutes after serum stimulation, ERK1/2 were robustly
Fig. 2. FBI1/Akirin2 mRNA downregulation inhibited anchorage-independent
growth and shortened the duration of ERK1/2 activity. (A) The growth rate of the
transfectant clones in monolayer culture. Cells were grown in monolayer culture for
various periods, and the number of cells was counted. (B and C) The growth ability
in a semisolid medium. Cells (8 � 103) were grown in a 35-mm culture dish,
containing soft agar for 3 weeks. Subsequently, the colonies formed were photo-
graphed (B) and counted (C) after staining with INT. The scale bar is 5 mm. The data
are shown as mean ± SE of triplicate experiments (separate culture dishes; ⁄p < 0.01
compared with parental LLC1 cells). (D) The cells were cultured in a serum-free
medium for 12 h and stimulated with a medium, containing 10% FCS. At various
time points after the stimulation, the cells were lysed and subjected to Western
blotting. The right panels show data on phosphorylated ERK1/2, and the left panels
show the total level of ERK1/2 proteins.
phosphorylated, and there was no difference in the phosphoryla-
tion level among all clones. Nevertheless, 30 min after serum stim-
ulation, the phosphorylated ERK1/2 was less abundant in LCA1 and
LCA2 cells, whereas it was still abundant in LLC1 and LCV1 cells
(Fig. 2D). This result suggested that FBI1/Akirin2 overexpression
is necessary for sustained ERK1/2 activation.

3.3. Transfection with an antisense FBI1/Akirin2 construct significantly
reduced LLC1 cell tumorigenicity and metastasis

Since the ability of anchorage-independent growth is related to
aggressiveness of tumors, we subsequently assessed the effect of
FBI1/Akirin2 downregulation on tumorigenicity and metastasis
in vivo. The transfectant cells were subcutaneously injected into
the flank of nude mice, and the size of the tumors was estimated
after 3 weeks. Although all cell lines developed tumors in all mice,
the tumor size of LCA1 and LCA2 cells was significantly smaller
than that of LLC1 and LCV1 cells (Fig. 3A and B). The tumor size
of LCA1 and LCA2 cells was reduced to 30% of that of the parental
LLC1 cells. LLC1 cells are known as highly metastatic cells when
cells are injected into the tail vain of nude mice. Using this model,
we assessed the capacity for metastasis of the transfectant clones.
The cells were injected into the tail vain of nude mice, and lung
metastasis was assessed after 3 weeks. LLC1 and LCV1 cells devel-
oped a large number of metastatic foci in lungs, and the weight of
lungs was almost 3 times that of control (serum-free–medium in-
jected) mouse lungs (Fig. 3C and D). Although the weight of the
lungs of LCA1- and LCA2-injected mice was slightly higher com-
pared with the control, there were no visible metastatic foci. These
results showed that FBI1/Akirin2 promoted tumorigenicity and
metastasis of the LLC1 cell line.
Fig. 3. FBI1/Akirin2 mRNA downregulation inhibited tumorigenicity and metastasis.
(A and B) Effects of FBI1/Akirin2 mRNA downregulation on tumorigenicity of LLC1
lung carcinoma cells. Cells were subcutaneously injected into the flank of nude mice
(106 cells per flank). After 28 days, the resulting tumors were removed and
photographed (A). The scale bar is 10 mm. (B) The average volume of tumors
developed in the flank of 3–5 mice was measured and calculated as mean ± SE
(⁄p < 0.01 compared with the parental LLC1 cell line). (C) Suppression of lung
metastasis of intravenously injected LLC1 cells by forced expression of antisense
FBI1/Akirin2 RNA. Cells (106) were injected into the tail vein of nude mice. After
3 weeks, the lungs were removed and weighed. Control mice were injected with a
serum-free medium. (D) The average weight of the lungs was measured and
calculated as mean ± SE (⁄p < 0.01 compared with the parental cell line).



Fig. 4. Effects of FBI1/Akirin2 mRNA downregulation on the motility of LLC1 cells. The wound-healing properties of LLC1 cells and antisense FBI1/Akirin2 transfectants. The
cells were grown to confluence in monolayer culture and subsequently scratched with a pipette tip. The wound areas were photographed using a phase contrast microscope
after 0, 12, and 24 h. The scale bar is 100 lm.
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3.4. Effects of FBI1 downregulation on LLC1 cell motility

Cancer metastasis is a multistep processes, and cell motility is
one of the key properties involved in migration into surrounding
tissues. During cell migration, cells continuously alter their shape
by dynamically changing the actin cytoskeleton [11]. As shown
in Fig. 1B, antisense FBI1/Akirin2-expressing cells are round, sug-
gesting that FBI1/Akirin2 may have an effect on the cell spreading
and migration. Accordingly, we analyzed the effect of the antisense
FBI1/Akirin2 construct on LLC1 cell motility in a wound healing as-
say. As shown in Fig. 4, LLC1 and LCV1 cells migrated into the
scratched area in a time-dependent manner and healed over 80%
of the wound area after 24 h. In contrast, in LCA1 and LCA2 cell cul-
ture, the wound areas were closed only 40% after 24 h. The migra-
tion speed during the first 2 h was analyzed using a time-lapse
system. The migration speed of LLC1 and LCV1 cells was 22 and
17 lm/h, respectively. The migration speed of LCA1 cells was al-
most a half (10 lm/h). Moreover, the migration of LCA2 cells was
hardly detectable for the first 2 h. These results indicated that
FBI1/Akirin2 downregulation decreased the cell motility.

4. Discussion

We previously reported that 14-3-3b and its binding partner
FBI1/Akirn2 have an oncogenic function in rat hepatocellular carci-
noma K2 cells [5,6]. In the present study, we expanded our re-
search of FBI1/Akirin2 to another cancer model, LLC1 Lewis lung
carcinoma cells. LLC1 cells express relatively high levels of FBI1/
Akirin2 compared with untransformed lung tissue. Our results
show that FBI1/Akirn2 knockdown in LLC1 cells significantly sup-
presses anchorage-independent growth in vitro and tumor growth
and metastasis in vivo in a mouse model. Furthermore, FBI1/Aki-
rin2 suppression shortened the duration of ERK1/2 activation and
reduced cell motility. These results suggest that FBI1/Akirin2 per-
forms an oncogenic function in lung cancer and hepatocellular
carcinoma.

The MAPK pathway is activated by numerous growth factors
and regulates various pathways in cancer cells, such as those
involved in cell-cycle progression, apoptosis resistance, cell migra-
tion, invasion, and metastasis. The mutations that activate MAPK
can constitutively transform cells [12]. Furthermore, it is known
that the duration of ERK1/2 activation is key to signal transduction
into specific downstream cascades [13,14]. In fibroblasts, sustained
ERK1/2 activation induces cyclin D1 transcription and G1/S
transition of the cell cycle. In contrast, transient activation cannot
induce cyclin D1 [15]. We previously reported that FBI1/Akirin2
knockdown K2 cells show shortened ERK1/2 activity and reduced
cyclin D1 expression. As expected, in LLC1 cells in the present
study, FBI1/Akirin2 knockdown shortens the duration of ERK1/2
activity after serum stimulation. In addition, antisense FBI1/Akirin2
transfection inhibits anchorage-independent growth but not
anchorage-dependent growth in monolayer culture. Under anchor-
age-independent conditions, cells lose the supportive signals from
the extracellular matrix (ECM), and detachment from ECM leads to
subsequent phosphorylation/dephosphorylation and inactivation
of the survival signals. The MAPK pathway is one of the pathways
downstream of ECM-related signaling. FBI1/Akirin2 may be able to
compensate for the lack of survival signals from ECM through pro-
longed activation of ERK1/2, thereby promoting colony formation
and tumorigenicity of K2 and LLC1 cells.

Our study shows that FBI1/Akirin2 downregulation significantly
reduces lung metastasis. Cancer metastasis is a multistep process
that requires invasion of surrounding tissue, intravasation into
blood or lymphatic vessels, survival in the circulation, extravasa-
tion to a secondary tissue, and proliferation in a new microenviron-
ment. FBI1/Akirin2 appears to promote metastasis in at least 2
ways: anchorage-independent growth and motility. When
untransformed epithelial cells lose the interaction with ECM, cells
immediately undergo apoptosis, which is referred to as anoikis. In
contrast, cancer cells are able to survive without survival signals
from ECM in an anchorage-independent manner, and the anoikis
resistance is important for successful metastatic dissemination
[16–18]. During metastasis, cancer cells need to migrate into sur-
rounding tissue [19]. FBI1/Akirin2 knockdown cells exhibit
rounded cell morphology. This feature may indicate that FBI1/Aki-
rin2 affects the cell spreading on a substrate. In addition, the motil-
ity of FBI1/Akirin2 knockdown cells significantly diminished
compared with parental LLC1 cells and an empty-vector control.
These results demonstrate that LLC1 cells may require the high le-
vel of FBI1/Akirin2 expression for anchorage-independent growth
and motility, which result in an aggressive metastatic phenotype
of tumor cells.

It should be noted that we observed some differences between
K2 and LLC1 cells in the effects of the FBI1/Akirin2 knockdown. In
K2 cells, matrix metalloproteinase (MMP) 2 and MMP-9 were
downregulated by the AS-FBI1/Akirin2 transfection, whereas this
effect was undetectable in LLC1 transfectants (data not shown).
Although proteolysis is important for the invasion step, there are
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some reports showing that cancer cells can invade the surrounding
tissue without strong proteolysis. Those cells migrate through
amoeboid-like movements and squeeze themselves into the nar-
row space in ECM [20,21]. It appears that high cellular motility is
crucial for the metastatic ability of LLC1 cells, whereas MMP
expression is more important for K2 cell metastasis. These differ-
ences may reflect the diversity of FBI1/Akirin2 target genes in each
cell line. In fact, our microarray data indicate that antisense FBI1/
Akirin2 transfection changed the expression level of at least 26
genes over 2-fold compared with that in parental K2 cells. In addi-
tion, we recently reported that one of the candidate genes from the
microarray data, BCAM, is transcriptionally suppressed by FBI1/
Akirin2, and the reduction in BCAM expression correlates with
tumorigenicity and the metastatic ability of K2 cells [22]. These
data suggest that FBI1/Akrin2 has multiple targets and may utilize
different downstream targets to promote tumorigenicity and
metastasis, depending on a genetic background of cancer cells.

In conclusion, we demonstrated that FBI1/Akirin2 performs an
oncogenic function in LLC1 Lewis lung carcinoma cells and rat
hepatocellular carcinoma K2 cells. FBI1/Akirin2 promotes anchor-
age-independent and tumor growth, which are likely mediated
by sustained ERK1/2 activity. FBI1/Akirin2 also promotes cell
migration, leading to metastasis. Although further investigation
is required, these results suggest that FBI1/Akirin2 may perform
an universal oncogenic function in various cancers. Further re-
search into the downstream signaling of FBI1/Akirin2 may give
us some clues to new therapeutic targets in lung and hepatocellu-
lar carcinomas.
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