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Oncogenic microtubule hyperacetylation through
BEX4-mediated sirtuin 2 inhibition

Jin-Kwan Lee1,6, Janet Lee2,6, Heounjeong Go3, Chang Geun Lee4, Suhyeon Kim2, Hyun-Soo Kim2, Hyeseong Cho5,
Kyeong Sook Choi5, Geun-Hyoung Ha2,7 and Chang-Woo Lee*,1,2,7

Five brain-expressed X-linked (BEX) gene members (BEX1–5) are arranged in tandem on chromosome X, and are highly conserved
across diverse species. However, little is known about the function and role of BEX. This study represents a first attempt to
demonstrate the molecular details of a novel oncogene BEX4. Among BEX proteins, BEX4 localizes to microtubules and spindle
poles, and interacts with α-tubulin (α-TUB) and sirtuin 2 (SIRT2). The overexpression of BEX4 leads to the hyperacetylation of
α-TUB by inhibiting SIRT2-mediated deacetylation. Furthermore, we found BEX4 expression conferred resistance to apoptotic cell
death but led to acquisition of aneuploidy, and also increased the proliferating potential and growth of tumors. These results
suggest that BEX4 overexpression causes an imbalance between TUB acetylation and deacetylation by SIRT2 inhibition and
induces oncogenic aneuploidy transformation.
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Microtubules are the largest filamentous components of the
cytoskeleton, and have many different functions in eukaryotic
cells. Recent advances point towards post-translational
modifications of tubulin (TUB) as an effective mechanism
for generating microtubule diversity, which depending on
the cellular context varies with development, differentiation,
cell compartment localization, and cell type.1 Among these
modifications, acetylation of α-TUB, a well-known marker of
stabilized microtubules, is important for microtubule interac-
tions with microtubule-associated proteins (MAPs) and motor
proteins, and is especially abundant on old microtubules with
slow dynamics that are resistant to depolymerization.2 Inter-
estingly, acetylation of α-TUB is frequently increased in many
human cancers and has been proposed as a marker for
sensitivity to microtubule-targeted anti-cancer drugs, such as
paclitaxel.3,4 Thus, acetylation of α-TUB should be strictly
controlled by acetyltransferases and deacetylase during cell
proliferation and growth. However, how microtubules remain
highly acetylated during tumorigenesis and in cancer cells is
currently unknown.
Microtubules are nucleated by duplicated centrosomes to

generate two asters of highly dynamic microtubules to
facilitate chromosome attachment and segregation. Chromo-
some segregation is mediated by a bipolar array of

microtubules of varied lengths that continuously grow and
shrink.5 There may be chromosome mis-segregation mostly
caused by improper microtubules attachment to kinetochores,
and it is a major source of aneuploidy.6,7 Importantly,
deregulation of
α-TUB acetylation interferes with the normal timing of mitotic
progression and mitotic checkpoint activation, leading to
chromosomemis-segregation and instability.8,9 As such, finely
tuned regulation of TUB acetylation is crucial for microtubule
dynamics in preventing chromosome instability and tumor
progression.
Our initial attempt to find molecules involved in the

regulation of mitotic checkpoint in response to spindle damage
involved performing cDNA microarray analysis. Brain expres-
sed X-linked gene 4 (BEX4) was found to be highly
upregulated in aneuploid cells. BEX were initially found to be
involved in the development of the nervous system and in
neurological diseases.10,11 Accumulating evidence, in addi-
tion, suggests the potential involvement of BEX in the
development of cancer. For this family, BEX2 overexpression
reportedly promoted the proliferation of cancer cells, whereas
its downregulation promoted apoptotic cell death.12,13 Micro-
array data demonstrated a higher expression level of BEX4
in primary tumors that had metastasized than in those that
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had not.14 In addition, mRNA levels of BEX4 in human lung
and liver tissues were reportedly higher than those in normal
tissues.15,16

Despite the above-mentioned evidence, the relationships
between BEX and cancer are largely based on mRNA and
protein expression data, and the mechanisms underlying
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gain- or loss-of-functional relevance are unknown. This study
represents a first attempt to determine the molecular lesions
caused by BEX4 expression.

Results

BEX4 expression allowed abnormal mitotic cells to adapt
and become aneuploidy. To gain an insight into the
functional relevance of BEX4 expression, we monitored the
subcellular distribution of BEX4 using the affinity purified rabbit
polyclonal antibody against a peptide from human BEX4
(EIKRKTREQQMRHYMRFQ; Supplementary Figure S1).
Immunofluorescence analyses revealed localization of the
BEX4 at microtubules and spindle poles (Figure 1a) and also
at nucleus and cytoplasm (Supplementary Figure S2a).
Depletion of BEX4 expression by shBEX4 transfection
reduced the BEX4 levels at microtubules and spindle poles
(Supplementary Figure S2b).
To examine the relevance of BEX4 gain-of-function in

human cancers, we compared BEX4 levels in 191 patients
with non-small cell lung cancer (NSCLC), including 107 squa-
mous cell carcinoma (SqCC, 56.0%), 71 adenocarcinoma
(ADC, 37.2%), 9 large cell carcinoma (4.7%), 2 adenosqua-
mous cell carcinoma (1.0%), and 2 sarcomatoid carcinoma
(1.0%), immunohistochemically using anti-BEX4 antibody.
The clinicopathologic features of NSCLC displayed clear
cytoplasmic and weak nuclear BEX4 expression (Figure 1b).
In fact, BEX4 was highly expressed in 45.5% of the tumor
specimens and 54.5% of tumor specimens displayed no or low
BEX4 expression (high and low expression were defined as
IHC score of ⩾ 6 and ⩽ 5, respectively). Interestingly, the high
expression rate was greater in male patients (50.3%) than in
female patients (28.6%). Furthermore, the high expression
rate was significantly greater for SqCC samples than those for
ADC (57% versus 28.2%; P=0.001) (Figure 1c). In contrast,
immunohistochemical analysis for BEX4 expression in normal
lung tissues mostly had a cytoplasmic distribution and a low
expression rate (o3) in pneumocytes and respiratory epithe-
lial cells (Supplementary Figure S3a and b).
To examine the growth property changes induced by BEX4

overexpression, we generated doxycycline-inducible HeLa
cells expressing control GFP or GFP-fused BEX4 (Figure 1d),
and compared the overall cell cycle progressions using time-
lapse microscopy. Interestingly, we found that BEX4

overexpression led to high lagging and misaligned chromo-
some rates (Figures 1e and f), indicating that the deregulation
of BEX4 expression contributes to mitotic abnormality.
To determine if BEX4 expression affects the mitotic

checkpoint and chromosome segregation, HeLa cells over- or
under-expressing BEX4 were cultured in the absence or
presence of nocodazole and subjected to fluorescence acti-
vated cell sorting (FACS) analysis. Most of the control GFP or
shLuc cells arrested at mitosis by nocodazole eventually died
(Figure 1g, sub-G1 population), whereas remaining cells exited
arrest in a process called ‘mitotic adaptation’ or ‘mitotic slippage’
and became aneuploid (Figure 1g, 8N population).17–19 How-
ever, extended incubation of BEX4-overexpressing cells in the
presence of nocodazole led to the accumulation of aneuploid
cells and relatively few apoptotic cells. BEX4-depleted cells
were also arrested in mitosis, but more cells died instead of
becoming aneuploid (8N). Far fewer BEX4-depleted cells than
controls survived as an aneuploid population. These observa-
tions suggest chromosomal aneuploidy in response to spindle
damage seems to be directly regulated by BEX4 levels.We also
examined the effect of BEX4 expression in primary mouse
embryonic fibroblasts (MEFs) infected with recombinant retro-
virus expressing GFP or GFP-BEX4 (Figure 1h). Metaphase
chromosome spreading analysis revealed that aneuploid
populations were significantly higher in BEX4-overexpressing
MEFs than in control MEFs, showing that BEX4 expression
induces acute and severe chromosomal aneuploidy.

BEX4 regulates acetylation of α-TUB. Deregulation of TUB
acetylation leads to chromosome mis-segregation and
aneuploidy. In addition, acetylation of α-TUB is frequently
elevated in many human cancers,20 and hyperacetylation of
α-TUB interrupts the normal timing of mitotic progression and
confers resistance to microtubule inhibitors.9,21 To test the
possibility that BEX4 formed complexes with microtubule
subunits and regulated their modification, lysates of HeLa
cells stably expressing tandem affinity purification (TAP)-
tagged BEX4 or TAP alone were incubated with the stre-
ptavidin beads and analyzed by immunoblotting. Interestingly,
BEX4 formed a complex with α-TUB and very weakly with
β-TUB and γ-TUB (Figure 2a). Immunoprecipitation assay
revealed a complex comprised of BEX4 and endogenous
α-TUB (Figure 2b).
Microtubule dynamics are regulated by post-translational

modifications of TUB subunits and these include phosphor-

Figure 1 BEX4 expression led to abnormal mitosis and aneuploidy adaptation. (a) HeLa cells were fixed and co-stained with indicated antibodies. DAPI was used for staining
DNA. Scale bars represent 10 μm. (b) One-hundred ninety-one NSCLC patient samples (149 male, 42 female) were collected and subjected to IHC staining with antibodies
against BEX4. A, NSCLC-1, score 0; B, NSCLC-2, score 3; C, NSCLC-3, score 8; D, NSCLC-4, score 12. Int, intensity scores; Ext, extent scores. (c) BEX4 expression in the 191
tissue samples was analyzed semiquantitatively by summing the products of staining intensity and tumor cell positivity scores. High expression was defined as a BEX4-IHC score
of⩾ 6, and low expression was defined as a BEX4-IHC score of ⩽ 5. Pearson's χ2 test was used to examine the statistical significance of some difference associated with BEX4.
SqCC, squamous cell carcinoma; ADC, adenocarcinoma. *P= 0.012, ***P= 0.001. (d) Inducible cell lines expressing either control GFP or GFP-fused BEX4 were cultured in the
absence (− ) or presence (+) of doxycycline (2 μg/ml), and 24 h post-treatment cells were lysed and immunoblotted with indicated antibodies. Arrowheads indicate GFP and
GFP-BEX4. (e) Representative time-lapse microscopic images of HeLa cells expressing GFP or GFP-BEX4. Mitotic chromosomes were visualized using RFP signals resulting
from H2B-RFP expression. Times are presented in minutes, and scale bars represent 10 μm. (f) Quantitative comparison of GFP- and GFP-BEX4-expressing HeLa cells
showing lagging chromosome or misaligned chromosome. Results are presented as the means±S.E.Ms of three independent experiments. ***Po0.001. (g) HeLa cells
transfected with shBEX4 plasmid, and doxycycline treated GFP or GFP-BEX4 inducible cells were treated with nocodazole (100 ng/ml). At the times indicated, cells were
harvested, and stained with propidium iodide. DNA contents were analyzed by flow cytometry. (h) Primary MEFs were infected with recombinant retroviruses encoding GFP or
GFP-BEX4 (two independent experiments were performed). At 48 h post-infection, cells were treated with colcemid for 6 h. Chromosomes were spread and visualized by DAPI
staining. Scale bars represent 5 μm. Chromosome spread percentages were calculated using at least 100 cells per experiment. ***Po0.001
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ylation, acetylation, polyglycosylation, polyglutamylation,
detyrosination/tyrosination, and polyamination.22 To investi-
gate the mechanism responsible for the interaction between
BEX4 and α-TUB, we determined the influence of BEX4
expression on the expression levels and post-translational
modifications of α-TUB (Figure 2c). The acetylation of α-TUB,
particularly at lysine 40, is crucial for microtubule polymeriza-
tion, with extent of microtubule acetylation being related to
microtubule stability.23–26 The phosphorylation of α-TUB
tyrosine 272 generally occurs at the final stages of functional
differentiation, which assists in permanently stabilizing
microtubules.27 The tyrosination state of α-TUB regulates
the activity of depolymerizing mitotic centromere-associated
kinesin, which is essential for proper chromosome segrega-
tion in anaphase.28,29 In turn, polyglutamylation of α-TUB
induces enzymatic microtubule severing and might be critical

for control of the length of the mitotic spindle.30,31 Interestingly,
RNA interference-mediated depletion of BEX4 had no
significant effect on the levels of phosphorylated, tyrosinated
or polyglutamylated α-TUB, but resulted in a clear decrease in
the level of α-TUB acetylation (Figure 2c).
To examine the effect of BEX4 depletion on microtubule

dynamics, we monitored the levels of acetylated α-TUB levels in
polymerized and unpolymerized TUB fractions of BEX4-
depleted cells (Figure 2d). BEX4-depleted cells displayed less
acetylated α-TUB in the monomer and polymer subunit fractions
than in control cells. The levels of total α-, β-, and γ-TUB were
unaffected by BEX4 depletion. Immunofluorescence analysis
showed that BEX4 depletion significantly decreased the
fluorescence intensity of acetylated α-TUB compared with the
control cells (Figures 2e and f). These results suggest that BEX4
has an important role in regulating microtubule acetylation.
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Figure 2 BEX4 interacts with microtubules and maintains acetylation of α-TUB. (a) HeLa cells were transfected with either control TAP- or TAP-BEX4-expressing plasmids.
Lysates were incubated with streptavidin sepharose beads (S beads). Bound proteins were resolved by SDS-PAGE and immunoblotted. (b) HeLa cell lysates were
immunoprecipitated with anti-BEX4 antibody and immunoblotted. Asterisk denotes immunoglobulins. (c) Lysates from U2OS cells expressing either shLuc or shBEX4 were
immunoblotted. Asterisk denotes a nonspecific band. Ac, acetylated; pY272, phospho-Y272; PolyGlu, polyglutamylated; DeTyr, detyrosinated. (d) U2OS cells were transfected
with shLuc or shBEX4. After 24 h, cellular extracts were separated into unpolymerized (unpolymer) and polymerized TUB (polymer) fractions, and then immunoblotted. The
numbers at the bottom of blots indicate the relative intensity of bands normalized versus actin expression. The asterisk represents a nonspecific band. Ac, acetylated. (e) U2OS
cells expressing shLuc or shBEX4 were fixed, and co-stained with anti-acetylated-α-TUB (Ac-α-TUB) and DAPI. Scale bars represent 20 μm. (f) Quantification of the relative
mean fluorescence intensities (a.u., arbitrary units) of acetylated-α-TUB (Ac-α-TUB) in shLuc (n= 101) or shBEX4 (n= 126) transfected cells as determined using Image J
software. Results are presented as the mean± S.E.M. of three independent experiments. ***Po0.001
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BEX4 regulates microtubule acetylation through inhibi-
tion of the α-TUB deacetylase sirtuin 2 (SIRT2). The
acetylation of polymerized α-TUB at lysine 40 is tightly
controlled by the enzymatic activity of acetyltransferases like
ATAT1, and negatively regulated through the activity of
deacetylases HDAC6 and SIRT2.32–34 We hypothesized that
BEX4 may promote microtubule hyperacetylation by either
enhancing the activation of acetyltransferase or inhibiting
TUB deacetylase. A possible interaction between BEX4 and
ATAT1, or HDAC6 and SIRT2 was initially examined by
immunoprecipitation and TAP pull-down assay (Figures 3a
and b). These assays show that BEX4 formed a complex only
with SIRT2.
Next, we generated glutathione S-transferase (GST)-

tagged fusion proteins (GST-BEX4 and GST-SIRT2) and
incubated them with U2OS cell extracts (Figures 3c and d).
Immunoprecipitation and pull-down assays revealed that the
interaction of BEX4 with SIRT2 but not with HDAC6 or ATAT1.
A subsequent pull-down assay showed that SIRT2 wild-type,
but not the H187Y deacetylase activity dead mutant, formed a
complex with BEX4, whereas both SIRT2 wild-type and
H187Y mutants interact with α-TUB (Figure 3e), indicating
that BEX4 may compete with SIRT2 for α-TUB binding.
To define the domains responsible for the BEX4-TUB or

BEX4-SIRT2 interaction, we generated variant GST-BEX4
fusion proteins each comprised of three different regions in
the molecule: GST-BEX4 N-terminal (N; 1 ~ 60 a.a), middle
(M; 31~90 a.a), and C-terminal (C; 61 ~120 a.a). BEX4 is
highly conserved among various species, and has several
consensus amino-acid sequence motifs. These include the
HEAT domain ligand, coiled-coil domain, fork-head-associated
(FHA) phosphopeptide ligand, cyclin-binding motif, mitogen-
activated protein kinase (MAPK)-binding motif, WW
ligand class IV, proline-directed kinase-binding motif, and
CAAX box (Figure 3f). Pull-down assays revealed that α-TUB
bound to GST-BEX4 C and very weakly to GST-BEX4 M.
Interestingly, GST-BEX4 M only formed a complex with SIRT2
(Figure 3g), and overexpression of GFP-BEX4 M and C
increased acetylation of α-TUB (Figure 3h). In addition, the
overexpression of increasing amounts of BEX4 concomitantly
augmented the levels of acetylated α-TUB, whereas the overall
levels of α, β, and γ-TUB were unaffected (Figure 3i).
Collectively, our results indicate that BEX4 may compete with
SIRT2 for α-TUB binding and regulate the status of acetylation
of α-TUB.

Overexpression of BEX4 leads to α-TUB hyperacetylation
via inhibition of SIRT2 activity. To further assess the effect
of BEX4 expression on α-TUB modification, U2OS cells were
transfected with expression plasmids for control GFP or GFP-
BEX4. Analysis of subcellular localization of BEX4 revealed
that BEX4 overexpression caused a significant increase in
acetylated α-TUB (Figure 4a). In addition, BEX4 overexpres-
sion augmented the level of acetylated α-TUB, but not the
levels of phosphorylated, tyrosinated, or polyglutamylated
α-TUB (Figure 4b).
To examine whether the hyperacetylation of α-TUB by BEX4

overexpression was due to its competition with SIRT2, U2OS
cells were transfected with a control Myc or Myc-tagged BEX4
expression plasmid individually or in combination with GFP or

GFP-fused SIRT2 expression plasmid. The overexpression of
SIRT2 sharply reduced the level of acetylated α-TUB as
previously reported,33 whereas the overexpression of BEX4 in
theSIRT2-overexpressing cells significantly recovered the levels
of acetylated α-TUB (Figure 4c). Further immunofluorescence
analysis revealed that the overexpression of GFP-SIRT2 in
control Myc expression vector transfected cells (middle panels,
numbers 1 and 2) significantly reduced the level of acetylated
α-TUB compared with those of GFP (upper panels) and the
GFP-SIRT2-untransfected cells (middle panels, numbers 3
and 4) (Figure 4d). However, cells overexpressing both GFP-
SIRT2 andMyc-BEX4 (lower panels) showed the clear recovery
of acetylated α-TUB levels.
To verify the effect of BEX4-SIRT2 interaction on α-TUB

acetylation, U2OS cells were transfected with control Lucifer-
ase (shLuc) or BEX4 shRNA, which targeted the 3′ untrans-
lated region of BEX4 (3′UTR), in combination with GFP or
GFP-BEX4. In condition that depletion of BEX4 reduced the
level of acetylated α-TUB, the reintroduction of GFP-BEX4
recovered the induction of acetylated α-TUB (Figure 4e). We
next co-transfected U2OS cells with control shLuc or shBEX4
with or without shSIRT2 and the cells showed a pattern similar
to that of BEX4 overexpression (Figure 4f). To determine
whether hypoacetylation of α-TUB by BEX4 depletion
was due to elevated activity of SIRT2, we exposed the cells
transfected with shLuc and shBEX4 to sirtinol (a SIRT2
inhibitor) and trichostatin A (TSA; an HDAC inhibitor).
Acetylation levels of α-TUB were recovered by treatment with
sirtinol and TSA in BEX4 depleted cells. To determine whether
SIRT2 inhibition could show similar results from BEX4
overexpression, SIRT2 inhibitors, sirtinol and AGK2, were
treated in combination with nocodazole. Prolonged exposure
to SIRT2 inhibitors with nocodazole induced aneuploidy as
expected (Supplementary Figure S4). Taken together, these
results suggest that the BEX4 had a considerable influence on
the regulation of α-TUB acetylation by potentially controlling
SIRT2 activity.

BEX4 overexpression increases tumor proliferation
potential and growth. To examine the effect of BEX4
expression on cell proliferation and growth, HeLa cells were
transfected with expression plasmids encoding GFP-BEX4 or
GFP (Figures 5a and b). Cells overexpressing GFP-BEX4
proliferated much faster than control GFP-overexpressing or
non-transfected cells. We next tested whether BEX4 expres-
sion altered the ability of cells to grow anchorage indepen-
dently, which is a hallmark of cancer cells. Soft agar assays
using doxycycline-inducible GFP- and GFP-BEX4-expres-
sing HeLa cells revealed that cells expressing GFP-BEX4
formed large number of colonies when seeded at low density
in agar medium in presence of doxycycline, whereas control
GFP cells formed far fewer colonies (Figure 5c). In addition,
we tested whether overexpression of BEX4 affected cell
migration and invasion capability. Transwell migration and
invasion assays using HeLa cells expressing GFP or GFP-
BEX4 revealed that cells overexpressing GFP-BEX4 were
markedly less able to migrate and invade compared with
those expressing GFP (Figure 5d).
Next, to further examine the effect of BEX4 overexpression

in vivo, BALB/3T3 cells (an immortalized non-tumorigenic cell
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line) were infected with retroviruses expressing control GFPor
GFP-fused BEX4 (Supplementary Figure S5). Athymic nude
mice subcutaneously injected with BALB/3T3 cells-expres-

sing GFP-BEX4 showed significant higher growth under the
skin of 20-fold than cells expressing GFP (Figures 5e and f).
These results suggest that BEX4 overexpression contributes
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GST-BEX4 N, GST-BEX4 M, or GST-BEX4 C. Bound proteins were resolved and immunoblotted. The arrows denote purified GST and GST, GST-BEX4 (FL), and GST-BEX4
mutant proteins (N, M, and C), respectively. (h) U2OS cells were transfected with GFP and GFP-BEX4 (FL, N, M, and C) expressing plasmid. Each sample was immunoblotted
with indicated antibodies. The numbers at the bottom of blots indicate the relative intensity of bands normalized versus a-TUB expression. Ac, acetylated. (i) U2OS cells were
transfected with 0, 1, and 3 μg of Myc-tagged BEX4-expressing plasmid. Each sample was immunoblotted with indicated antibodies. CS, coomassie brilliant blue staining.
Ac, acetylated
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to anchorage independent growth and tumorigenesis. The
collective results indicate that BEX4 expression provides
a novel oncogenic signal by enabling the acquisition of
chromosomal aneuploidy and inducing the hyperacetylation
of α-TUB through SIRT2 inhibition.

Discussion

TUB acetylation modulates the ability of microtubules to bind
to MAPs and motor proteins, and may regulate microtubule
stability and function.35,36 During metaphase, acetylated TUB
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is enriched at interpolar and kinetochore microtubules, and
becomes concentrated on the midbody during telophase and
cytokinesis.1,35,37 These observations support the view that
finely-tuned regulation of TUB acetylation is crucial for bipolar
attachment of the chromosome to the kinetochore and for
cytokinesis. Thus, deregulation of TUB acetylation leads to
chromosome mis-segregation and aneuploidy, and studies
have shown that acetylation of α-TUB is frequently elevated in
many human cancers.20 This study was undertaken to
elucidate the role of BEX4 in the acquisition of aneuploidy.
The results reveal a molecular basis of α-TUB hyperacetyla-
tion during tumorigenesis. BEX4 promotes the hyeracetylation
of α-TUB by inhibiting SIRT2-mediated deacetylation
(Figure 5g). Importantly, BEX4 expression led to significant
aneuploidy and increase tumor growth. This raises the
significant possibility that the overexpression of BEX4
contributes to the development of oncogenic TUB hyperace-
tylation through cross talk with α-TUB and SIRT2.
Microtubule inhibitors, stabilizing (paclitaxel) and destabiliz-

ing (vincristine and vinblastine) agents are widely used drugs
for diverse cancer treatments. These microtubule inhibitors
bind to TUB, prevent cells undergoing normal mitosis, and
subsequently induce apoptotic cell death. Hyperacetylation of
α-TUB by SIRT2 downregulation confers resistance to
microtubule inhibitors by prolonged mitotic arrest, and leads
to chromosome instability and aneuploidy, rather than
apoptotic cell death.9,21 In this study, BEX4 protein mainly
localized to a number of mitotic structures including micro-
tubules, contractile rings, and midbodies. Furthermore, BEX4
expression seemed to critically determine whether cells
underwent apoptosis or adapted to aneuploidy induced by a
microtubule inhibitor.
Both SIRT2andHDAC6deacetylate TUB and colocalizewith

the microtubule network.9 Depletion of either SIRT2 or HDAC6
resulted in an increase in acetylated α-TUB. However, TUB
hypoacetylation or deacetylation does not directly lead to
formation of stable microtubules stability; increased TUB
acetylation by TSA, an inhibitor of HDAC6, does not promote
microtubule stabilization.38 Thus, it is still unclear how
hypoacetylation and/or deacetylation of α-TUB by SIRT2 and
HDAC6are involved in any TUB-related events. Recently, it was
reported that downregulation of SIRT2 confers resistance to
microtubule inhibitors by abnormally prolonging mitotic arrest
and thus compromising the cell death pathway after mitotic
slippage.39 Indeed, in the present study, abnormal mitotic cells,
from treatment with either a microtubule inhibitor or having a
mitotic checkpoint defect, were able to adapt and become
aneuploidy when BEX4 was overexpressed. In addition, SIRT2
deacetylates BUB1B during prometaphase and inhibits its

anaphase-promoting complex/cyclosome (APC/C)-dependent
proteolysis.39 These events regulate timing in anaphase entry.
Interestingly, the depletion of BUB1B abnormally prolonged
spindle assembly checkpoint (SAC) activation, which is also
observed in SIRT2-depleted cell.9,39 Prolonged mitotic arrest at
SAC is a well-known requirement for mitotic catastrophe and in
conferring sensitivity to microtubule inhibitors. Therefore, BEX4
expression and SIRT2 activity for α-TUB hypoacetylation or
deacetylation may profoundly influence tumorigenesis and the
acquisition of preneoplastic aneuploidy.
Acetylated microtubules are far more stable and resistant to

drug-induced depolymerization than non-acetylated micro-
tubules.4 Furthermore, one of the mechanisms of acquired
resistance to microtubule inhibitors involves the expression-
mediated upregulation of TUB isotypes, which inhibit the
actions of these agents.3 For this reason, microtubule inhibitors
fail to affect microtubule dynamics effectively when microtubule
destabilizing agents are employed in an anti-cancer strategy.
Presently, inhibition of BEX4 expression reduced acetylated
α-TUB levels and deregulated microtubule dynamics. There-
fore, inhibition of BEX4 expression in combination with
microtubule destabilizing agent treatment could improve treat-
ment efficacy in terms of inhibiting the proliferation of tumor
cells. Accordingly, these results suggest that the regulation of
BEX4 expression provides an attractive anti-cancer strategy.
BEX4 overexpression provided a proliferative advantage to

abnormal mitotic cells and protected them against spindle
damage-induced apoptosis. Earlier studies have suggested
that inappropriate signaling to stabilize and organize centro-
somes and their microtubules, respectively, leads to aberrant
cell cycle regulation, overriding the mitotic checkpoint, and
chromosome aneuploidy.7 These suggestions indicate the
finely tuned regulation of microtubule dynamics may protect a
cell from excess microtubule damage that might occur during
sustained mitotic arrest and compromise cell survival if the cell
fails to return mitotic cell cycle progression. Interestingly,
BEX4 expression reduced the population of nocodazole-
induced apoptotic cells and increased the accumulation of
aneuploid cells, which are prone to oncogenic transformation.
Thus, to prevent increased propensity for oncogenic
transformation in a normal cell, BEX4 expression must be
stringently regulated by an as-yet-unidentified mechanism.
However, the constitutive expression of BEX4 resulted in the
severe dysregulation of microtubule dynamics, which are
known to be associated with cancer. Taken together, our results
indicate that increased BEX4 expression increases oncogenic
potential as it acts to deregulate microtubule acetylation and
chromosomal integrity.

Figure 5 BEX4 increases the proliferating potential and contributes to the development of tumors. (a) HeLa cells were transfected with GFP- or GFP-BEX4-expressing
plasmid, and the level of GFP and GFP-fused BEX4 proteins were determined by immunoblotting. (b) Equal numbers (1 ×104 cells) of mock, GFP, and GFP-BEX4 transfected
cells were seeded in six-well plates. Each cell numbers were counted for five consecutive days. Error bars indicate S.D. from three independent experiments. (c) Inducible cell
lines expressing either control GFPor GFP-fused BEX4 were cultured on soft agar following 24 h post-treatment with doxycycline (2 μg/ml). Four weeks after culture, the soft agar
plates were stained with crystal violet. (d) GFP- or GFP-BEX4-expressing HeLa cells were subjected to transwell migration (left panels) and matrigel invasion assays (right
panels). Data shown are mean± S.D. of three independent experiments. *Po0.05. (e) 1 × 106 BALB/3T3 (immortalized mouse fibroblast cell line) cells infected with retrovirus
expressing a control GFP or GFP plus HA-tagged BEX4 were inoculated subcutaneously into the backs of athymic nude mice (eight mice per group). Animals were then
monitored and photographed every 2 weeks. (f) Tumor sizes were measured in three dimensions using an electronic caliper at 2-day intervals. (g) A model of BEX4-mediated
α-TUB hyperacetylation by SIRT2 inhibition. Refer to the Discussion for details
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Materials and methods
Antibodies. Rabbit polyclonal antibodies against C-terminal polypeptides
89-106 of BEX4 were commercially generated (Young In Frontier, Seoul, Rep.
of Korea). The other antibodies used in this study were anti-acetylated-α-TUB
(Ac-α-TUB) (6-11B-1), anti-ATAT1 (B-20), anti-α-TUB (B-7), anti-β-TUB (H-235),
anti-γ-TUB (H-183), anti-green fluorescence protein (GFP; B-2), anti-HDAC6
(H-300), anti-SIRT2 (H-95) (Santa Cruz Biotechnology, Shanghai, China), anti-
ACTB (AC-15), anti-Flag (M2) (Sigma-Aldrich, Seoul, Korea), anti-LMNB (ab16048),
anti-phospho-Y272 (pY272) α-TUB (EP13342Y) (Abcam, Cambridge, UK), anti-
polyglutamylated (PolyGlu) α-TUB (GT335) (Adipogen, Liestal, Switzerland), anti-
detyrosinated (deTyr) α-TUB (AB3201) (Merck Millipore, Daejeon, Rep. of Korea),
anti-HA (12CA5) (Roche, Seoul, Rep. of Korea), anti-Myc (A190) (Bethyl,
Montgomery, TX, USA), and Alexa Fluor (Invitrogen, Carlsbad, CA, USA).

Patients. One-hundred ninty-one Korean patients with NSCLC that underwent
pulmonary resection for primary tumor at Seoul National University Hospital
between January 1995 and January 2000 and with available formalin-fixed paraffin-
embedded (FFPE) tissue were enrolled. Representative 2 mm-diameter cores were
taken from FFPE tissue blocks to construct tissue microarrays. The Institutional
Review Board of Seoul National University Hospital approved the study.

Evaluation of BEX4 immunohistochemistry (IHC). The cytoplasmic
staining of BEX4 antibody was scored using a semiquantitative scoring system that
took into account staining intensities and extents in 191 NSCLC specimens. Staining
intensity was scored as no staining= 0, weak staining= 1, moderate staining= 2, and
strong staining= 3, and the extent of staining as 0%= 0, 1–10%= 1%, 11–50%= 2,
51–80%= 3, and 81–100%= 4. BEX4-IHC results were scored by multiplying the
product of intensity by extent scores, which resulted in a minimum score of 0 and a
maximum score of 12. Pearson's χ2 test was used to determine the statistical
significances of differences.

Cell line culture and establishment of inducible cell lines. MEFs
were isolated from 13.5-dpc (day post coitum) embryos of wild-type mice. MEFs were
stocked and cultured for maximum of five passages. HeLa (CCL-2) and U2OS
(HTB-96) cell lines were purchased from ATCC (American Type Culture Collection,
Manassas, VA, USA). HeLa tet-on cell line was purchased from Clontech (Seoul, Rep.
of Korea). HeLa, HeLa tet-on and MEFs were cultured in Dulbecco's modified Eagle's
medium (Dulbecco's modified Eagle's medium (DMEM); WelGENE, Gyeongsan, Rep.
of Korea) containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA). U2OS
cells were cultured in RPMI 1640 (WelGENE) containing 10% FBS. To generate HeLa
cells inducibly expressing GFP or GFP-BEX4 proteins, HeLa tet-on cells were
transfected with pTRE2hyg-GFP or pTRE2hyg-GFP-BEX4. Colonies showing
resistance to hygromycin (20 μg/ml) were clonally isolated. GFP and GFP-BEX4
proteins were induced by treating cells with doxycycline (2 μg/ml) for 24 h.

FACS analysis. Cells were harvested at indicated times post-treatment and
then fixed and stained with propidium iodide. The DNA contents of 10 000 cells per
sample were analyzed using a FACS Canto II cytometer (Becton Dickinson, Seoul,
Rep. of Korea).

Affinity purification of TAP-tagged protein complexes. The TAP
purification method was previously described.40 The TAP tag consists of S-tag, Flag
epitope, and streptavidin-binding peptide.

Retrovirus production. Retroviral vectors were transfected into 293 T cells in
combination with pCL-ECO. Two days after transfection, retroviral supernatants
were collected and filtered through a 0.45-μm filter.

Pull-down and in vitro binding assays. These methods were previously
described.41

In vivo tumorigenesis assay. This study was reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of Sungkyunkwan University
School of Medicine (SUSM). SUSM is an Association for Assessment and Accreditation
of Laboratory Animal Care International (AAALAC International) accredited facility and
abide by the Institute of Laboratory Animal Resources (ILAR) guide. Six-week-old male
athymic BALB/c nude mice were purchased from Charles River Laboratories (Seoul,
Rep. of Korea). BALB/3T3 cells transduced with retrovirus were resuspended in PBS at
1 × 107 cells/ml and then injected subcutaneously into mice. Tumor volumes (mm3) were
measured using an electronic caliper and were calculated using length ×width2 × 0.5.

Metaphase chromosome spreading assays. MEFs were treated with
colcemid (100 ng/ml; Gibco, Carlsbad, CA, USA) for 6 h and mitotic cells were
collected by shake-off. These cells were then incubated in a hypotonic buffer and
fixed with Carnoy’s solution. Cells in Carnoy’s solution were dropped onto glass
slides and dried at room temperature. Slides were stained with 4',6-diamidino-2-
phenylindole (DAPI), mounted, and analyzed by fluorescence microscopy.

Cell proliferation and soft agar assays. Cells were harvested by
trypsinization, and viability assessed by trypan blue exclusion under a phase-
contrast microscope. Equal number of cells were seeded. Cell numbers were
determined by hemocytometric counting for 5 consecutive days. For the soft agar
assay, cells were treated with doxycycline (2 μg/ml) for 24 h, and mixed with 0.33%
agarose in DMEM and overlaid on 0.5% agarose in a 12-well plate. After 4 weeks,
colony formation was examined by staining colonies with 0.005% crystal violet
(Sigma-aldrich) and stained colonies were counted using an inverted fluorescent
microscope (Nikon, Seoul, Rep. of Korea).

Transwell migration and invasion assays. Migration assays were
performed using uncoated cell culture inserts with 8-μm pores (Greiner Bio-One,
Kremsmünster, Austria). Invasion assays were carried out using cell invasion assay
kits (Merck Millipore). Both assays were performed according to the manufacturer’s
instructions. Each result was evaluated by staining the cells using 0.05% crystal
violet.

Statistical analysis. All experimental data are reported as means±S.D. or
S.E.M. by Excel software (Microsoft, Redmond, WA, USA). Student’s t-test was
used for statistical comparisons.
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