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Bach2 is an oxidative stress-regulated transcription factor and functions as a repressor
of gene expression directed by the TPA-response element, the Maf recognition element,
and the antioxidant responsive element. To investigate the possibility that these enhanc-
ers are regulated in a tissue-specific manner, we analyzed expression of Bach2 during
differentiation of neural cells. Bach2 was induced upon neuronal differentiation of P19
embryonic carcinoma cells, while its related factor Bachl did not show significant
change. By using affinity-purified anti-Bach2 antibodies, expression of Bach2 in mouse
embryos was determined. High levels of Bach2 antigen were found in differentiating
neuronal and lens cells in day 12.5 embryos. Consistent with the fact that subcellular
localization of Bach2 is regulated by nuclear export in cultured cells, extensive Bach2-
staining was found in the cytoplasmic regions of developing neuronal and lens cells.
These results suggest that Bach2 regulates AP-1- and Maf-dependent gene expression
during development of neuronal and lens cells and that its activity may be regulated by
nuclear export in these cells.
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The dimeric AP-1 transcription factor complexes control
cell proliferation, differentiation, and apoptosis by regulat-
ing gene expression upon exposure to various stimuli (1).
Originally, four different sub-classes of basic-leucine zipper
(bZip) dimers were identified (i.e., AP-1, ATF/CREB, C/EBP,
and Maf) based upon the DNA sequences they bind (2).
Dimers of the oncoprotein v-Maf and its related factors
bind to the Maf recognition element or MARE (3, 4). Since
MARE embeds a 12-0-tetradecanoylphorbol-13-acetate
(TPA)-response element (TRE), it is also a binding site for
the Jun and Fos family members (4). In neural systems,
some of the AP-1 factors are categorized as immediate early
gene products and are supposed to reprogram gene expres-
sion toward various stimuli including synaptic activities
(5). In addition, Maf family members are involved in the
development of neural systems. For example, MafB is re-
quired for proper segmentation of hindbrain in mice (6).

The bZip factor Cap'n'Color (CNC) is a segment-specific
selector controlling the identity of cephalic segments in
Drosophila (7). In mammals, CNC-related proteins, the
nuclear factor-erythroid 2 (NF-E2) p45 and its related fac-
tors Nrfl, -2, and -3 form heterodimers with the small Maf

'This work was supported by Grants-in-Aid from the Ministry of
Education, Science, Sports and Culture of Japan, and grants from
Yamanouchi Foundation for Research on Metabolic Disorders and
the Naito Foundation, Japan.
2 To whom correspondence should be addressed. E-mail: igarak®
hiroshima-u.ac.jp
Abbreviations: ARE, antioxidant responsive element; bZip, basic-
leucine zipper; EC, embryonic carcinoma cells; MARE, maf recogni-
tion element.

© 2002 by The Japanese Biochemical Society.

proteins (i.e., MafF, MafG, and MafK), bind to versions of
MARE, and thus activate transcription (8-12). In a yin-
yang scenario typical in biological systems, the Maf-CNC
system is opposed by repressors Bachl and Bach2. Like
NF-E2 p45 and others, Bachl and Bach2 form hetero-
dimers with the small Maf proteins in order to bind to
MARE. However, the resulting heterodimers repress
MARE-dependent transcription in transfection assays (13).
Thus, there appears to be a complex transcriptional antago-
nism regulating MARE-dependent gene expression. Activ-
ity of Bach2 is regulated by cytoplasmic compartmentation
and conditional nuclear accumulation (14). Under normal
cell culture conditions, Bach2 is exported from nuclei de-
pending on Crml and accumulates within the cytoplasmic
compartment. Oxidative stress inhibits nuclear export of
Bach2, causing its nuclear accumulation. Overexpression of
Bach2 in NTH3T3 cells sensitizes cells toward oxidative
stress and results in massive apoptosis upon oxidative
stress (15). These observations suggest that Bach2 consti-
tutes a cell lineage-specific system that couples oxidative
stress and cell death, and that inhibition of TRE, MARE,
and ARE upon oxidative stress may be critical determi-
nants for apoptosis. The presence of many cooperative and
antagonistic factors that affect the related enhancers may
indicate that different quantities of these factors will result
in formation of different types of dimers that regulate gene
expression in distinct ways from each other.

While expression of Bach2 among established cell lines is
specific to B lymphoid cells and neural cell lines (13, 16),
there is no detailed report about its expression in primary
neural tissues. We describe here analysis of Bach2 expres-
sion during in vitro differentiation of P19 embryonic carci-
noma (EC) cells as well as in mouse embryos. The results
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suggest a close association of Bach2 with neuronal and lens
differentiation.

MATERIALS AND METHODS

Neural Differentiation of P19EC Cells—The neural dif-
ferentiation of P19 EC cells was performed according to the
published method (17). In brief, undifferentiated P19 EC
cells were maintained in a-MEM supplemented with 10%
FBS. The cells were trypsinized and aggregated in bacterial
petri-dishes for 3 days in the presence of 0.5 |xM aR-trans
retinoic acid (RA). The aggregates were washed twice with
RA-free medium and cultured in a tissue culture dish for 3
days.

Reverse Transcription-PCR—Total RNA was prepared at
each time point with RNA zolBTM (TEL-TEST). cDNA was
synthesized by random hexamer priming, and PCR was
carried out with specific primers for Bach2 (J2020F: 5'-CG-
CTGTCGAAAGAGGAAGCTGGAC-3', and J2209R; 5'-CC-
TGGATCTGCTCTCGA(DTCTGGA-3'), Bachl (Al-1: 5'-CG-
GATAATTTCGCTCTCACG-3', and A1-2035R: 5'-GGAAA-
GCGGGCAGTCGG-3'), MAP2 (MAP2F: 5'-GAAGGAAAG-
GCACCACACTG-3', and MAP2R: 5'-GCTGGCGATGGTG-
GTGGG-30, and 0-actin (p-actdn-1: 5'-CTGGGAGGAGAA-
AAGCTACC-3', and P-actin-2: 5'-AAAGCTGGTCCAGCCG-
TTCC-3'). All PCRs were carried out in 20-jjd reactions
using 1.25 U of ExTaq DNA polymerase (Takara) and 20
pmol of primer with a thermal cycler (Perkin Elmer 9600)
and a profile of 94'C for 1 min, 55'C for 1 min, and 72°C for
1 min with 25 cycles. Products were resolved on 2% agarose
gels, transferred onto ZetaProbe membranes (Bio-Rad) and
hybridized with radiolabeled DNA fragments specific for
each taget cDNA.

Immunoblotting Analysis—Whole protein was extracted
from whole embryos at E8.5 and E9.5 stages, whole neural
tubes surgically separated from embryos between E10.5 to
E13.5, and brains of E15.5 embryos. Whole cell extracts
were separated on sodium dodecyl sulfate (SDS)-polyacryl-
amide gels. Proteins were transferred onto polyvinylidene
difluoride membranes (Waters) and processed for reaction
with the antiserum against Bach2 (F69-2 (13)). Secondary
anti-rabbit IgG antibodies conjugated with horseradish
peroxidase (Zymed) were used to detect immune complexes
with the enhanced chemiluminescence system (Amer-
sham).

Affinity-Purification of Anti-Bach2 Antibodies—Maltose
binding protein (MBP) and MBP-Bach2 fusion protein (23)
were cross-linked to HiTrap affinity beads (Amersham).
Anti-Bach2 antiserum (F69-2) was first applied onto the
MBP column, and the flow-through fraction was applied
onto the MBP-Bach2 column. Bound antibodies were elut-
ed using low pH buffer.

Immunohistochemical Analysis for E12.5 Mouse Embryo
Sections—Mouse embryos were analyzed at E12.5. Em-
bryos were fixed in 4% para-formaldehyde, 0.5% glutaral-
dehyde in phosphate-buffered saline at 4*C for 2 h, embed-
ded in OCT compound (Tissue-Tek), and sectioned at 8 njn
thickness using cryostat. For immunohistochemistry, affin-
ity-purified anti-Bach2 antibodies were used at 1:5 dilution
followed by application of an Elite ABC kit (Vectstain).
Diaminobenzidine was used as a chromogen, and methyl
green was used to counterstain.

RESULTS

Expression ofBach2 during Neural Differentiation ofP19
Cells—To examine expression of Bach2 during differentia-
tion of neural cells, we used the induced differentiation sys-
tem of P19 EC cells in vitro. RNA was isolated at various
time points after induction of neural differentiation, and
expression levels of Bach2 mRNA were determined by RT-
PCR (Fig. 1A). While expression of Bach2 mRNA was very
low in uninduced P19 EC cells, it was highly induced upon
induction of differentiation. The time course of induction
was very similar to that of microtuble-associated protein 2
(MAP2) mRNA, which is expressed specifically in neuronal
cells. In contrast, Bachl mRNA, a closely related factor of
Bach2, did not change during the in vitro differ-entiation of
P19 EC cells. Rather, Bachl mRNA showed a transient
decrease during the aggregation phase of the neural differ-
entiation. As expected, the induction of Bach2 mRNA was
reflected in the protein levels: immunoblot analysis of cell
extracts using antiserum specific to Bach2 revealed that
Bach2 protein accumulated upon induction of neuronal dif-
ferentiation (Fig. IB). These results suggest that induction
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Fig. 1. Expression of Bach2 during neural differentiation of P19
EC cells. (A) RNA was isolated at indicated time points during dif-
ferentiation of P19 cells and analyzed for expression of each gene by
RT-PCR analysis. Ag, aggregation phase; Dif, neural differentiation
phase. (B) Bach2 protein levels were detected by immunoblot analy-
sis of protein extracts prepared from P19 cells under normal culture
conditions (lane 1), aggregation phase (lane 2), and neural differen-
tiation phase (lane 3).
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of Bach2 is associated with differentiation of neuronal cells.
Expression of Bach2 during Development of Mouse Em-

bryos—To verify the above observations, we examined
expression of Bach2 mRNA and protein during develop-
ment of mouse embryos. RNA and protein were prepared
from whole embryos (E8.5 and E9.5) or CNS regions
(E10.5-15.5). Upon RT-PCR, Bach2 mRNA was clearly
induced during development of the nervous system (Fig.
2A). To investigate expression of Bach2 at the protein level,
we utilized the antdserum against Bach2 [F69-2 (23)]. By
using cell extracts prepared from Bachl- or Bach2-express-
ing cells, we showed previously that the anti-Bach2 antise-
rum reacts with Bach2 but not with Bachl (13). Upon im-
munoblot analysis of protein extracts, the anti-Bach2 anti-
serum detected two bands that were induced markedly
during the neural differentiation (Fig. 2B). These two
bands may represent post-translational modification of
Bach2 or alternatively spliced forms of Bach2. The upper
band of Bach2 was detected at earlier time points than the
lower band. Amounts of both bands were strongly induced
around the E13.5 time point.

To further examine the correlation of Bach2 expression
and neural development, we carried out immunohistochem-
ical analysis using affinity-purified anti-Bach2 antibodies.
In E12.5 embryos, specific signals detected with the anti-
Bach2 antibodies were mainly restricted to the CNS re-
gions, as shown in Fig. 3 (A-D). The medulla oblongata,
posterior region of parietal cortex, and spinal cord showed
strong signals (indicated with arrowheads in B and D).
Within the spinal cord,,differentiating cells in the mantle
layer expressed high levels of Bach2, whereas neuronal
precursor cells in the ventricular layer did not express de-

(J-actin

embryonic days 8.5 9.5 10.5 11.5 12 5 13.5 15.5 (-)

B

kDa

220 — $

Bach2

tectable levels of Bach2 (E, F). Coronal sections revealed
that Bach2 was expressed strongly in the lateral ganglionic
eminence (G) but noTin the^ corresponding ventricular or
subventricular zones, which give rise to cells of the lateral
ganglionic eminence. The anatomical positions of the
Bach2-expressing cells suggest that they were differentiat-
ing neuronal cells that had already withdrawn from the
cell cycle. Some regions of the parietal cortex showed strong
signals (G, H, and I). In these regions, Bach2-positive cells
were observed through the whole layer (I). Along the third
ventricle, immunoreactivity was detected mainly in the
mantle layer but not in the ventricular region (H).

Bach2 was also expressed in dorsal root ganglia (DRG, E
and F). Since DRG is derived from neural crest, these
observations suggest that the induction of bachi expression
is a common event during neuronal differentiation in both
central and peripheral nervous systems.

A high level of expression was also observed in the poste-
rior lens fiber cells but was completely absent in the ante-
rior lens epithelial cells (Fig. 3, G and J; see also Fig. 4, B
and C). This expression pattern is similar to that of c-Maf,
which is essential for lens development (18-20). Expression
of Bach2 was not detected in the developing retina at this
stage.

Cytoplasmic Localization of Bach2—We showed previ-
ously that activity of Bach2 is regulated by nuclear import
and export (14). Thus, under normal culture conditions,
Bach2 accumulates within the cytoplasmic regions due to
efficient nuclear export in transfected neuronal cells and
fibroblasts. However, there is no evidence that such regula-
tion is operative in viva A closer examination of the immu-
nohistochemical results shown above revealed that cyto-
plasmic regions and neuronal axons of cells within the lat-
eral ganglionic eminence were stained intensely with the
antibodies (Fig. 4A). Some cells within these regions
showed a Bach2 signal exclusive to the cytoplasmic region
(Fig. 4A, indicated with arrowheads). The staining of the
cytoplasm and axons was judged to be a Bach2-derived sig-
nal because of the following reasons: first, in immunoblot-
ting analysis of brain extracts prepared from mice embryos
(see Fig. 2B), the affinity-purified antibody reacted with
two bands, both of which also reacted with another inde-
pendent anti-Bach2 antibody (data not shown); and second,
the antibody staining was confined to the regions where
Bach2 mRNA was detected by in situ RNA hybridization
(data not shown). Besides cells in the lateral ganglionic
eminence, lens fiber cells also showed a marked cytoplas-
mic staining (Fig. 4D). The cytoplasmic staining was judged
to be specific, since the control serum did not give such a
signal (compare B and C).

97
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Fig. 2. Expression of Bach2 during development of mouse em-
bryos. (A) RNA was isolated from whole embryos (E8.5 and 9.5),
neural tissues including spinal cord (E10.5-13.5), and brain (E15.5),
and Bach2 mRNA levels were compared by RT-PCR. Amounts of
template cDNA were calibrated using fl-actin mRNA. As a negative
control, PCR reactions without template cDNA were carried out [in-
dicated with (-)]. (B) Protein extracts were prepared from whole em-
bryos (E7.5-9.5) and neural tissues including spinal cord (E10.5-
13.5). Expression of Bach2 was compared by immunoblottdng analy-
sis. Positions of marker proteins are indicated at the left side.

DISCUSSION

In this study, we examined expression of Bach2 during neu-
ral differentiation of P19 EC cells in vitro and development
of neural systems in mice. We took advantage of affinity-
purified Bach2-specific antibodies to carry out immu-nohis-
tochemical analysis. This allowed us to determine the local-
ization of Bach2 in primary tissues. Our results show that
expression of Bach2 is specific to neural tissues in de-velop-
ing mouse embryos and that, as envisaged from our previ-
ous observations in vitro (14), the function of Bach2 is
regulated by subcellular compartmentation.
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Fig. 3. Immunohistochemical analysis of Bach2 expression in E12J5 mouse em-
bryos. Sections of E12.5 embryos were reacted with antd-Bach2 (B, D, F-J) or control
antibody (A, C, E). Sagittal sections (A and B) and transverse sections (C and D) show
specific signals confined within the nervous system (indicated with arrowheads). E and
F show higher magnification images of spinal cord. Panels G, H, I, and J show coronal
sections at a low (G and H) or high (I and J) magnifications. Specific staining signals
are indicated with arrowheads. IE, the third ventricle; IV, the fourth ventricle; LV, lat-
eral ventricle; LGE, lateral ganglionic eminence; DRG, dorsal root ganglia. Scale bars
indicate 0.4 mm in A-D, 0.1 mm in E and F, 0.2 mm in G and H, and 0.05 mm in I and
J.

Fig. 4. Localization of Bach2 protein in cells. (A) A high magnification image of the
LGE region. In some cells, Bach2 is mainly localized in cytoplasm (arrowheads). (B
and C) Images of eye regions reacted with the control (B) or anti-Bach2 antibodies (C).
CD) A high magnification image of lens. Bach2 protein is mainly localized in cytoplasm
in lens fibers.
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AP-1 proteins are involved in various neural processes
such as development, differentiation, transynaptic stimula-
tion, degeneration, and regeneration. Such diverse func-
tions of AP-1 proteins may be due to the presence of
various reinforcing and/or antagonizing activators and in-
hibitors of AP-1 (5). Our present results suggest that Bach2
represses TRE, ARE, and MARE-dependent gene expres-
sion upon differentiation of neural cells. Furthermore, since
Bach2 can be either nuclear or cytoplasmic, Bach2-medi-
ated repression may be regulated by cellular or environ-
mental cues. At present, oxidative stress is known to in-
hibit nuclear export of Bach2 (14). This raises the interest-
ing possibility that intracellular redox status affects gene
expression in neuronal cells during differentiation. In this
regard, there are several reports suggesting that oxidative
stress signals might participate in differentiation (21-23).
For example, over-stimulation of glutamate receptors,
which play important roles in activity-dependent differenti-
ation of neuronal cells, causes oxidative stress (24). Such an
oxidative stress may affect gene expression through tran-
scription factors like Bach2. It is also possible that subcel-
lular localization of Bach2 is regulated by signals other
than oxidative stress as well. Future analyses of Bach2
may shed light on novel aspects of relationships among oxi-
dative stress, gene expression, and differentiation of neu-
ronal and lens cells.

We would like to thank Dr. Masayuki Yamamoto for discussion and
encouragement.
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