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Rcd1, initially identi®ed as a factor essential for the
commitment to nitrogen starvation-invoked differenti-
ation in ®ssion yeast, is one of the most conserved
proteins found across eukaryotes, and its mammalian
homolog is expressed in a variety of differentiating tis-
sues. Here we show that mammalian Rcd1 is a novel
transcriptional cofactor and is critically involved in
the commitment step in the retinoic acid-induced
differentiation of F9 mouse teratocarcinoma cells, at
least in part, via forming complexes with retinoic
acid receptor and activation transcription factor-2
(ATF-2). In addition, antisense oligonucleotide treat-
ment of embryonic mouse lung explants suggests that
Rcd1 also plays a role in retinoic acid-controlled lung
development.
Keywords: development/differentiation/F9/retinoic acid/
transcription

Introduction

Differentiation is a fundamental attribute of the cells of
multicellular organisms which is required for the forma-
tion of their bodies. Such an attribute, however, is not
speci®c to the cells of multicellular organisms, and the
cells of many unicellular organisms including yeast
differentiate in order to survive hostile environments.
From a regulatory point of view, the process of cell
differentiation conceptually could be composed of two
steps: the commitment to differentiation and the subse-
quent expression of genes that determine the phenotype of
differentiated cells. The control of commitment is crucial
for the timing of differentiation, whereas the control of
subsequent gene expression is crucial for the determin-
ation of the particular differentiated phenotype. Our recent
studies have suggested that the mechanism and the factors
involved therein to control a cell's commitment to
differentiation may not be very cell type speci®c and
even less organism speci®c (Yamamoto et al., 1999).

The ®ssion yeast Schizosaccharomyces pombe resem-
bles higher eukaryotes in terms of gene structure, cell
cycle control and a variety of other cellular processes, and

undergoes a differentiation called sexual development
consisting of conjugation, meiosis and sporulation. In this
organism, the commitment to sexual development is
controlled mainly by two external signals, nutrient
starvation and mating pheromone availability, and is
executed by Ste11, a transcriptional factor with an HMG
box that activates a set of genes required for conjugation
and meiosis (Kelly et al., 1988; Watanabe et al., 1988;
Hughes et al., 1990; Sugimoto et al., 1991; Willer et al.,
1995). Several distinct signal cascades control the com-
mitment process by regulating the expression and action of
the ste11+ gene or the mating pheromone signal cascades.
The cAMP±Pka1 cascade mediates mainly glucose signals
and inhibits the onset of differentiation by repressing the
ste11+ gene (Watanabe and Yamamoto, 1996). Recently,
our laboratory identi®ed ®ve factors controlling this
commitment process. A factor with a helix±loop±helix
structure that has a limited homology to MyoD promotes
differentiation by modulating sensitivity to cAMP (Benton
et al., 1993). The stress mitogen-activated protein (MAP)
kinase encoded by phh1+/sty1+/spc1+ (Kato et al., 1996) is
required for nutrient starvation-invoked ste11+ induction
via activation of activation transcription factor 1 (Atf1)
(Takeda et al., 1995). Rcd1, a novel factor highly
conserved among eukaryotes, is required for nitrogen
starvation-invoked, but not carbon starvation-invoked,
ste11+ induction (Okazaki et al., 1998). On the other hand,
Nrd1, an RNA-binding protein, represses a subset of
ste11+-regulated genes until cells reach a critical level of
nutrient starvation (Tsukahara et al., 1998). Pas1-associ-
ated Pef1, comprising a cyclin and its partner kinase,
promotes the onset of the cell cycle and additionally
represses the onset of differentiation by inhibiting the
mating pheromone signaling (Tanaka and Okayama,
2000).

Interestingly, mammalian cells contain the structural
and/or functional homologs of many of these factors.
Tcf-1/Lef-1 is a Ste11-like factor essential for the terminal
differentiation of T cells (Seidensticker and Behrens,
2000). The cAMP±Pka1 cascade is well known to
regulate differentiation negatively in hematopoietic cells
(Halvorson and Cligan 1995). MyoD promotes myogenic
differentiation (Cossu and Borello, 1999). The activity of
p38, a homolog of the Phh1/Sty1/Spc1 stress MAP kinase,
critically in¯uences hematopoietic cell differentiation
(Nagata et al., 1998). Rod1, isolated on the basis of
functional suppression of the lethal haploid meiosis of a
thermolabile pat1 mutant, is a mammalian counterpart of
Nrd1, and its overexpression blocks differentiation of the
K562 human leukemia cell, irrespective of the type of
inducers used, just as anticipated from the function of its
yeast counterpart (Yamamoto et al., 1999). Activation
transcription factor 2 (ATF-2), the closest homolog of
®ssion yeast Atf1, contains an intrinsic histone acetylase
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activity (Kawasaki et al., 2000) and regulates genes
including those encoding tumor necrosis factor-a, trans-
forming growth factor-b, cyclin A, E-selectin, DNA
polymerase b and c-Jun, some of which are critically
involved in cell differentiation (Min and Pober, 1997; Jain
et al., 1999; Beier et al., 2000). Rcd1 is highly conserved
among eukaryotes, and at least budding yeast, nematodes,
fruit ¯ies and mammals contain its homologs with >70%
amino acid identity, though their function is not well
known (Okazaki et al., 1998; Gregory et al., 2000). The
budding yeast homolog was identi®ed as being a
component of the CCR4±NOT complex that is evolution-
arily conserved up to mammals (Chen et al., 2001) and is
involved in the deadenylation of mRNA as well as the
regulation of TFIID activity (Chen et al., 2002).

F9 mouse teratocarcinoma cells differentiate to visceral
endoderm cells upon treatment with retinoic acid (RA).
Visceral endoderm cells are of an early embryonic cell
type and often form embryoid bodies (EBs), which are
considered to be reminiscent of early embryogenesis with
the ordered appearance of primitive endoderm and their
differentiated derivatives (Strickland and Mahdavi, 1978;
Hogan and Taylor, 1981; Lake et al., 2000). These cells
synthesize a-fetoprotein (AFP) typically produced in fetal
and neonatal liver. One of the earliest differentiation
marker genes responding to RA is c-jun, which is thought
to play a critical role in RA-induced F9 cell differentiation
because its constitutive expression induces differentiation.
The c-jun promoter contains the sequence designated as
the differentiation response element (DRE). This element
is both necessary and suf®cient for the induction of c-jun
during RA-invoked F9 differentiation, and is recognized
by the DRF complex, which reportedly is composed at
least of p300/CBP and ATF-2, the latter as its DNA-
binding subunit (Kitabayashi et al., 1992, 1995; Kawasaki
et al., 1998; Ugai et al., 1999).

Mouse lung development initiates on day 9.5 post-
coitum (p.c.) with bud formation from the laryngotracheal
groove, and involves branching morphogenesis. The
pseudoglandular stage (days 9.5±16.6 p.c.) in this process
is characterized by the formation of bronchial and
bronchiolar trees, which are lined with undifferentiated
epithelial cells juxtaposed to splanchnic mesoderm. By
day 12 p.c., branching of bronchial trees gives rise to the
left lobe and the four right lobes of the lung. Branching
morphogenesis during this stage involves mesenchymal±
epithelial cell interactions including paracrine growth
factor stimulation that induces cellular proliferation,
migration and differentiation, with activation of lung-
speci®c genes (Wellington et al., 1996; Costa et al., 2001).
RA is known to play two distinct roles in this process. RA
signaling is required for early bud formation, yet it inhibits
subsequent branching morphogenesis (Malpel et al.,
2000). At the onset of branching morphogenesis, RA is
degraded and its receptor becomes downregulated. This
decline in RA signaling triggers the expression of Fgf-10,
a key molecule that induces branching morphogenesis
(Bellusci et al., 1997).

To examine whether the functional similarity between
yeast and mammalian differentiation factors can be
extended further to Rcd1, we recently investigated the
role of mammalian Rcd1 in F9 differentiation and
embryonic mouse lung development, both of which are

regulated by RA. We found that Rcd1 is critically involved
in these differentiation processes. Here we present
evidence showing that the mammalian counterpart of
Rcd1, initially discovered as a factor essential for yeast
differentiation, is a novel transcriptional cofactor and
plays a critical role in RA-regulated cell differentiation
and development.

Results

Rcd1 is expressed in actively differentiating tissues
Taking into consideration the role of Rcd1 in ®ssion yeast
and its striking amino acid conservation, we tentatively
hypothesized that mammalian Rcd1 would also be
involved in cell differentiation and ®rst investigated
whether or not Rcd1 expression was closely associated
with differentiating tissues. To this end, polyclonal
antibodies were raised against the N- and C-terminal
sequences of human Rcd1. The high sensitivity and
speci®city of the antibodies, particularly that which was
raised against the C-terminal sequence (aRcdC), were
con®rmed by detection of a GST±Rcd1 fusion protein
produced in Escherichia coli. aRcdC showed virtually no
cross-reaction with E.coli proteins, yet reacted highly with
the fusion protein and its presumed in vivo degradation
products.

Using this antibody, we ®rst analyzed the tissue-speci®c
expression of Rcd1 in adult rat (5 weeks old) and rat
embryo. Cell lysates were prepared from various tissues
and examined by western blotting. Rcd1 was detected as a
single band in various tissues, which was con®rmed by
detection of the same band with the antibody raised against
the N-terminal sequence (aRcdN) (Figure 1A). Rcd1 was
expressed most abundantly in the testis, thymus, spleen
and lung of adult rat. The bone marrow, brain and stomach
contained a medium level of Rcd1, whereas intestine,
heart, skeletal muscle, liver, pancreas and kidney had a
barely detectable level. On the other hand, Rcd1 was
expressed in virtually all tissues of early rat embryo, but
was particularly abundant in brain, liver, lung, intestine
and heart (Figure 1B). However, its level in these tissues
decreased during the later stages of embryogenesis, which
was con®rmed by detection with aRcdN. These results
show that Rcd1 is expressed abundantly in many actively
developing organs.

Rcd1 is induced during in vitro differentiation in
some cell lines
To investigate further a possible involvement of Rcd1 in
cell differentiation, we next examined the level of Rcd1
in various differentiation-inducible hematopoietic and
embryonal carcinoma cell lines. The cell lines examined
include Jurkat, Daudi, K562, HL-60, U937, P19 and F9
cells (Yamamoto et al., 1999). Jurkat is a human acute
lymphoblastic leukemia cell line and differentiates into
interleukin-2 (IL-2)-producing T cell-like cells by co-
stimulation with 12-O-tetradecanoylphorbol-13-acetate
(TPA) and phytohemagglutinin (PHA). Daudi, a Burkitt
lymphoma-derived human lymphoblastoid cell line, dif-
ferentiates into immunoglobulin-producing cells. K562, a
human pluripotent hematopoietic cell line, differentiates
into megakaryocytes in response to TPA. HL-60, a human
promyelocytic leukemia cell line, differentiates into
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granulocytes upon treatment with RA. U937, a human
histiocytic lymphoma cell line, differentiates into macro-
phages upon TPA treatment. The mouse teratocarcinoma
cell lines P19 and F9 differentiate into nervous tissue and
primitive endoderm, respectively, upon treatment with RA
(Hogan and Taylor, 1981; Jones-Villeneuve et al., 1982;
Edwards and McBurney, 1983). Rcd1 was expressed in
these blood cell and embryonal carcinoma cell lines, either
constitutively or transiently with early induction and/or
later repression during differentiation induction (data not
shown). We were particularly interested in the transient
induction of Rcd1 in F9 cells and chose this embryonal
carcinoma cell line to investigate the biological role of
Rcd1 in depth.

The earliest responding differentiation marker gene in
F9 cells so far known is c-jun, and the induction of c-jun is
thought to play an important role in RA-induced F9 cell
differentiation because constitutive expression of this gene
invokes differentiation of F9 cells (Kitabayashi et al.,
1992, 1995; Kawasaki et al., 1998; Ugai et al., 1999).
Accordingly, if Rcd1 were involved in the commitment to
differentiation, its function would have to be executed at
the same time as, or earlier than, the production of c-Jun.
Rcd1 appears to ful®ll this criterion. As shown in
Figure 2A, Rcd1 was induced at almost the same time as
c-Jun upon stimulation with RA in F9 cells, at least partly
via transcriptional activation (Figure 2B).

Rcd1 is required for RA-induced differentiation of
F9 cells
The next question we addressed was whether Rcd1 was
critically involved in RA-induced differentiation of F9
cells. To answer this question, we examined the effect of
two independent RCD1 antisense oligonucleotides (As1
and As2) and two irrelevant control oligonucleotides (C1
and C2) on RA-induced F9 differentiation. Although the
antisense strategy does not give 100% inhibition, treat-
ment with either one of the RCD1 antisense oligonucleo-
tides, but not with any one of the control oligonucleotides,
effectively blocked the production of Rcd1 protein and its
transcript (Figure 2A and B), with concomitant inhibition
of the induction of c-Jun and AFP as well as the formation
of EBs (spherical cell mass), three general markers for F9
differentiation (Figure 2A and C). The extent of blocking
was roughly parallel to the extent of reduction in the
amount of Rcd1 by the antisense oligonucleotide treat-
ment. These results suggest that Rcd1 is required for
RA-induced differentiation of F9 cells.

Fig. 2. RCD1 antisense oligonucleotides block RA-induced differenti-
ation of F9 cells. (A) The effect of RCD1 antisense oligonucleotides
on the level of Rcd1 in RA-treated F9 cells. F9 cells were treated
with 50 nM RA in the absence (none) or presence of 1 mM antisense
oligonucleotide 1 (As1) (CAAAAAAAGTGGGATGTGTGCTGC), As2
(TCCATGATGCGCAGACACAG), control oligonucleotide 1 (C1)
(AACAAAGTGGGTGGATTGCATGAC) or C2 (AGACACATGGCT-
ATCCACGG). Cells were harvested every other day and lysed. Lysates
(2 mg protein for each lane) were separated by SDS±PAGE, and
immunoblotted with aRcdC, anti-c-Jun or anti-AFP antibody. b-actin
protein was detected as a loading control by re-immunoblotting of the
same membrane ®lters. (B) Northern blot analysis of RCD1 mRNA in
F9 cells treated with the antisense oligonucleotide As1 or the control
oligonucleotide C1. F9 cells were treated with RA in the presence of
1 mM C1 or As1 for 1±3 days. Total RNA was extracted from the cells
at each time point, treated with formaldehyde, separated by agarose gel
electrophoresis and hybridized with an RCD1 probe (upper panel) or a
28S RNA control probe (lower panel). Arrows indicate the position of
RCD1 mRNA. (C) Blocking of the RA-induced formation of EBs by
RCD1 antisense oligonucleotides. F9 cells were incubated for 10 days
with 50 nM RA in the absence (a) or presence of C1 (b), C2 (c), As1
(d) or As2 (e). The F9 cells incubated with no or control oligonucleo-
tides (C1 or C2) formed EBs very well (a, b and c). On the other hand,
almost no EBs were formed when F9 cells were incubated with As1 or
As2 (d and e).

Fig. 1. Expression of Rcd1 in adult and embryonic rat organs. (A) Rcd1
expression in various rat organs at 5 weeks. Cell lysates (5 mg protein
for aRcdC and 50 mg protein for aRcdN) prepared from various tissues
were separated by 10% SDS±PAGE, and Rcd1 was detected by western
blotting with aRcdC in the left panel and aRcdN in the right panel. As
loading controls, b-actin was detected by re-immunoblotting of the
same membrane ®lters as used for Rcd1 detection. The asterisks indi-
cate the tissues expressing muscle-type (non-b) actin abundantly.
(B) Rcd1 expression in various organs of rat embryo. Lysates (10 mg
protein for aRcdC and 100 mg for aRcdN) prepared from various tis-
sues were separated by 10% SDS±PAGE, and Rcd1 was detected by
western blotting with aRcdC in the left panel and aRcdN in the right
panel. The same membrane ®lters were re-probed for b-actin as loading
controls.
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Ectopic expression of Rcd1 highly sensitizes F9
cells to RA and induces their spontaneous
differentiation without exogenously adding RA
The early induction of Rcd1 by RA treatment and its
requirement for F9 differentiation led us to examine the
effect of constitutive expression of Rcd1 on this differen-
tiation process. A human full-length RCD1 cDNA was
isolated from a library, inserted into a cytomegalovirus
(CMV) promoter-based expression vector and transfected
into F9 cells followed by G418 selection. F9 transfectants
stably expressing various levels of Rcd1 (clones 7240,
72110, 7250, 72107, 7265 and 7298) were obtained
(Figure 3A). These Rcd1 expressors were similar to the
original and empty vector-transfected F9 cells (clones 92
and 98) in proliferative ability (data not shown). However,
they were found to express c-Jun constitutively prior to RA
treatment (see clone 7240 versus wild type and clone 92 in

Figure 3B) and spontaneously form EBs at 10- to 15-fold
higher frequencies than the control (Figure 3C and open
columns in Figure 3D), though RA treatment further
increased both c-Jun expression (see clone 7240 in
Figure 3B) and the frequencies of EB formation (data
not shown). The EBs of the Rcd1 expressors were
morphologically indistinguishable from those of RA-
treated wild-type F9 cells (Figure 3E). The authenticity
of the spontaneously formed EBs was con®rmed by
detection of AFP, a key marker of visceral endoderm, by
immunohistochemical staining and western blotting
(Figure 3F). The enhanced spontaneous differentiation of
F9 cells by ectopic Rcd1 expression, however, still
depended upon the RA presumably contained in the
culture medium. Treatment of the Rcd1 expressors with
the potent RA antagonist ER-27191 (Yoshimura et al.,
1995) suppressed not only spontaneous formation of EBs

Fig. 3. Ectopic expression of Rcd1 induces spontaneous differentiation of F9 cells. (A) Level of Rcd1 in the stable RCD1 transfectants. A human full-
length RCD1 cDNA inserted into a CMV promoter-based expression vector was transfected into F9 cells and stable transfectants were selected for
G418 resistance. 7240 and 72110 cells are independent stable transfectants expressing an Rcd1 level comparable with those obtained in original F9
cells by RA treatment. 7250 and 72107 cells are those overexpressing a medium level of Rcd1, whereas 7265 and 7298 are those overexpressing a
high level, and clones 92 and 98 are stable transfectants of an empty vector used as a negative control. (B) Ectopic expression of Rcd1 induces c-jun.
Original F9 (WT), 92 and 7240 were cultured in medium containing 50 nM RA, harvested at the indicated times and lysed. Cell lysates (2 mg protein
for each lane) were then separated by 10% SDS±PAGE, and Rcd1, c-Jun and b-actin were detected by western blotting with the corresponding anti-
bodies. (C) The morphology of RCD1 transfectants and control transfectant. (D) Ectopic expression of Rcd1 induces the formation of EBs and the
expression of AFP and c-Jun, but this induction still depends on RA in the culture medium. Original F9 (WT), 98, 7240 and 7250 cells were plated at
1000 cells on a 10 cm dish, cultured for 4 days in the presence (+) (®lled column) or absence (±) (open column) of 100 nM ER-27191, a speci®c RA
antagonist (Yoshimura et al., 1995), and examined for the formation of EBs by visually scanning >200 grown colonies under the microscope. The
average values with standard deviation were calculated from the results of two independent experiments (upper panel). The amounts of AFP and c-Jun
in these cells were analyzed by western blotting (lower panel). (E) The morphology of the EBs spontaneously formed from 7250 cells and formed
from F9 cells by RA treatment. Cells were cultured for 6 days in the absence (for 7250) or presence (for F9 cells) of 50 nM RA, and thin sections of
the EBs formed were prepared and stained with hematoxylin±eosin (HE). (F) Expression of AFP in the EBs. The EBs formed in (E) were stained with
an anti-AFP antibody in the absence or presence of the blocking epitope peptide (7250 + P). The top panels are phase-contrast micrographs. The lower
panel shows western blot detection of AFP produced in RA-treated F9 cells and spontaneously differentiating 7250 cells. Original F9 (WT), 98 and
7250 cells were cultured in normal medium for 6 days whereas as a positive control F9 cells were induced to differentiate in medium containing
50 nM RA. The cells were lysed, the lysates (30 mg protein for each lane) were separated by 10% SDS±PAGE and AFP was detected by western blot-
ting with the same antibody as for immunostaining.
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(®lled columns in Figure 3D, upper panel), but also
expression of the differentiation marker proteins, AFP and
c-Jun (Figure 3D, lower panel). These results suggest that
ectopic or constitutive expression of Rcd1 by itself does
not induce F9 cell differentiation, but rather sensitizes the
cells to RA.

Rcd1 forms complexes with RARs and ATF-2 in an
RA-dependent manner
The requirement for Rcd1 in RA-induced F9 differenti-
ation and the sensitization of F9 to RA by ectopic Rcd1
expression suggest that Rcd1 might closely interact with
retinoic acid receptors (RARs) and other co-acting tran-
scriptional factors. We therefore analyzed the possible
association of Rcd1 with RARs or its known interacting
molecules RXRs, ATF-2 and p300/CBP by performing
immunoprecipitation analysis. F9 cells were treated with
RA for 0±3 days and cell lysates were prepared. Each
subtype of RAR and RXR, and ATF-2 or Rcd1 were then
precipitated with the corresponding antibodies and
assayed for the amounts of co-precipitated Rcd1 and
ATF-2 by western blotting (Figure 4, middle and right
panels). In parallel, the amounts of RARs, RXRs, ATF-2
and Rcd1 in the whole lysates (left panel) and the amounts
of ATF-2 and Rcd1 both in the immunoprecipitates and
left in the supernatants (bottom section in both middle and
right panels) were determined by western blotting in order
to examine the effect of RA treatment on co-precipitation
and roughly estimate the immunoprecipitation ef®ciencies
for these two proteins, which we found to be >80%.
Unfortunately, the immunoprecipitation ef®ciencies for
RARs and RXRs could not be determined because of
interference by the antibodies used for immunoprecipita-

tion. In our experiments, p300/CBP could not be detected
reliably in F9 cells with any of the three different
antibodies that were available to us. Therefore, we did
not pursue its analysis.

Upon RA stimulation, the amounts of most of the RAR
subtypes were elevated transiently, like Rcd1, whereas
ATF-2 expression was suppressed (Figure 4, left panel).
Rcd1 co-precipitated with any one of the RAR and RXR
subtypes, and RA treatment increased the amount of co-
precipitated Rcd1 (middle panel). With a 1 day lag, ATF-2
co-precipitated with these RARs and Rcd1, but not with
RXRs, and virtually all the ATF-2 molecules in the day 3
lysate co-precipitated with Rcd1 with no detectable ATF-2
left in the immunoprecipitation supernatant (s:Rcd1 in
right panel). These results indicate that upon RA treat-
ment, ATF-2 forms complexes with Rcd1 and RARs, but
not with RXRs. The onset of the ATF-2 co-precipitation
with these factors coincided with the induction of c-jun
(Figure 2A).

The occurrence of the interaction between Rcd1 and
ATF-2 is not speci®c to a particular cell line. When lysates
from the brain, liver and heart of several stages of mouse
embryo were immunoprecipitated with the anti-ATF-2
antibody, Rcd1 in noticeably higher amounts co-precipi-
tated from the lysates of the early developmental stages of
these organs (Figure 5).

ATF-2 co-precipitation with RARs depends
upon Rcd1
Upon stimulation with RA, ATF-2 formed complexes with
RARs and Rcd1 in F9 cells. In order to obtain insights into
the role of Rcd1 in formation of these complexes, we
investigated the effects of reduced Rcd1 expression on the
co-immunoprecipitation of ATF-2 with RARs. F9 cells
were stimulated with RA in the presence of the antisense
oligonucleotide As1 or the control oligonucleotide C1 and
lysed. The lysates were then immunoprecipitated for each
subtype of RAR and detected for co-precipitated ATF-2 as
performed in Figure 4. In parallel, the amounts of RARs,
ATF-2 and Rcd1 in these cell lysates were estimated by
direct immunoblotting with corresponding antibodies. As
shown in the left panel of Figure 6, the induction of Rcd1
that occurred at days 2 and 3 post-RA treatment was
completely suppressed in the As1-treated cells, as
expected, whereas the levels of each RAR subtype and

Fig. 4. Rcd1 forms complexes with RAR and ATF-2 in an RA-depen-
dent manner. F9 cells were cultured for 0, 1, 2 and 3 days in medium
containing 50 nM RA, and lysed. The amounts of ATF-2, Rcd1, RARs
and RXRs in the whole-cell lysates were determined by western blot-
ting of 5 mg protein of each lysate (left panel). Meanwhile, ATF-2,
RARs and RXRs were immunoprecipitated from 100 mg of protein of
the lysates with 0.1 mg each of mouse monoclonal anti-RARa (SC-
551), anti-RARb (SC-552), anti-RARg (M-454, G-1), anti-RXRa
(DN197), anti-RXRb (SC-831), anti-RXRg (SC-555) and anti-ATF-2
(C-19) antibodies, and co-precipitated Rcd1 and ATF-2 were detected
with aRcdC (middle panel) and anti-ATF-2 (right panel) antibodies
after separation by SDS±PAGE of 1/20 the precipitates (p). In parallel,
in order to estimate the extent of complex formation, the amounts of
ATF-2 (bottom in middle panel) and Rcd1 (bottom in right panel) both
in the precipitates and left in the supernatants after ATF-2 and Rcd1
precipitations, respectively, as well as the amounts of Rcd1 (s in middle
panel) and ATF-2 (s in right panel) left in the supernatants after
these precipitations were determined by western blot of 1/20 of the
precipitates and 5 mg of protein of the supernatants.

Fig. 5. Rcd1 co-precipitates with ATF-2 from embryonic tissue lysates.
ATF-2 was immunoprecipitated from lysates (100 mg of protein) of
embryo tissues with anti-ATF-2 antibody (ATF) or control IgG (C),
and co-precipitated Rcd1 was detected with aRcdC after separation of
1/20 of the precipitates by SDS±PAGE.

Novel transcription cofactor

5239



ATF-2, which were transiently induced or later repressed
during RA stimulation, were not signi®cantly in¯uenced
by the As1 treatment. Since RARs regulate their own
promoters by directly binding to the RA response element
therein (Leid et al., 1992), this result suggests that unlike
RA-invoked c-Jun induction and subsequent F9 differen-
tiation, Rcd1 is not essential for RA-invoked RAR
induction.

When expression of Rcd1 was blocked by treatment
with As1, the amount of the ATF-2 co-precipitated with
each RAR subtype was markedly reduced (Figure 6, right
panel). In the same set of experiments, ATF-2, used as a
positive control, was immunoprecipitated ef®ciently and
detected by western blotting. These results indicate that
Rcd1 mediates RA-induced formation of the complex
containing RARs and ATF-2.

Rcd1 is a component of the DRF
transcriptional complex
DRE is a differentiation-speci®c enhancer sequence pre-
sent in the c-jun promoter, which is recognized by the DRF
transcriptional complex containing ATF-2 as a DNA-
binding subunit (Ugai et al., 1999). We therefore
examined whether the DRE-bound DRF contains Rcd1
and RARs, by performing chromatin immunoprecipitation
(ChIP) assays. F9 cells untreated or treated with RA for
2 days were incubated with formaldehyde to cross-link
DNA and associated proteins, lysed and sonicated exten-
sively for fragmentation of cross-linked DNA±protein
®bers. Cross-linked DNA±protein fragments were then
immunoprecipitated with antibodies for Rcd1, ATF-2 and
RARs, and ampli®ed by PCR after removal of cross-linked
proteins. The primer sets for this analysis were designed to
amplify the DRE-containing region of the c-jun promoter
region (GenBank accession No. X17215). As a negative
control, we used the a2-actin promoter region that
contains neither DRE- nor steroid hormone receptor-
binding sites, and as a positive control we used the RAR-b
promoter that contains RAR-/RXR-binding sites. As
shown in Figure 7, before RA treatment, only ATF-2

was detected at the c-jun promoter, but, after RA
treatment, not only ATF-2 but also Rcd1 and RARs
were found bound to the promoter. Furthermore, consist-
ent with the immunoprecipitation assay results, none of the
RXRs bound to the promoter. In these assays, the a2-actin
promoter, used as a negative control, showed no co-
precipitation with any of these antibodies, whereas the
RAR-b promoter, used as a positive control for RAR/RXR
binding, showed co-precipitation with all the RAR/RXR
antibodies, as anticipated. However, the RAR-b promoter
did not co-precipitate with any of the anti-Rcd1 antibodies.
These data not only con®rm the validity of the ChIP assay
results, but also indicate that unlike the RARs in DRE-
bound DRF, those bound to the RAR-b promoter were not
associated with Rcd1, being consistent with no apparent
suppression of RAR-b induction by antisense RCD1
treatment (Figure 6). We also performed band shift and
supershift assays and obtained data totally consistent with
the ChIP assay results (data not shown). These results
indicate that at least a fraction of the DRE-bound DRF
molecules was composed of ATF-2, RARs and Rcd1.

Rcd1 plays a role in branching morphogenesis
during mouse lung development
Branching morphogenesis of lung involves mesenchymal±
epithelial signaling that induces cellular proliferation,
migration and subsequent transcriptional activation of
lung-speci®c genes (Costa et al., 2001). RA is known to
play two distinct roles in lung pattern formation. RA
stimulates formation of proximal tubules at an early stage,
whereas a reduction in RA signaling resulting from
degradation of RA and repression of its receptors is
important for subsequent branching morphogenesis that
leads to the formation of distal bud-like structures (Malpel
et al., 2000).

We investigated the role of Rcd1 in RA-regulated
embryonic mouse lung development in an organ culture.
Lung rudiments were dissected from day 11.5 p.c.
embryonic mice and cultured in medium with or without
1 mM RA. The lungs, which had two buds in the left lung at
the beginning of the culture experiment, started branching
during culture (Figure 8B). Treatment with RA inhibited
branching morphogenesis with manifestation of long
proximal tubules (see ®lled arrow in Figure 8C).
However, co-treatment with the Rcd1 antisense oligo-
nucleotide As1 led to the disappearance of long proximal
tubules and the formation of distal bud-like structures
(Figure 8B±D), with a concurrent reduction in the level of

Fig. 7. DRE-bound DRF contains ATF-2, Rcd1 and RARs. F9 cells
were cultured in medium containing 50 nM RA for 0 or 2 days. The F9
cell lysates before (None) or after RA stimulation (RA) were subjected
to ChIP assays for the DRE region of the c-jun promoter, the a2-actin
promoter (negative control) and the RAR-b promoter (positive control).
The numbers in the ®gure are the positions at which the corresponding
primers can hybridize.

Fig. 6. Rcd1 is required for co-immunoprecipitation of ATF-2 with
RARs. F9 cells were treated with RA together with the antisense oligo-
nucleotide 1 (As1) (right upper panel) or the control oligonucleotide 1
(C1) (right lower panel) for 1, 2 and 3 days as in Figure 4 and lysed.
The cell lysates (100 mg of protein each) were immunoprecipitated for
each subtype of RARs. A 1/20 aliquot of each precipitate was subjected
to SDS±PAGE and immunoblotted for ATF-2. A sample from each cell
lysate (5 mg of protein) was also separated by SDS±PAGE and
immunoblotted for RARs, ATF-2 and Rcd1 in order to show that there
was no signi®cant change in the levels of these components other than
Rcd1.
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Rcd1 protein (Figure 8A). This effect of the antisense
oligonucleotide was actually produced via blocking the
RA-induced inhibition of branching morphogenesis
because the antisense oligonucleotide had no obvious
effect on branching morphogenesis of the explants not
treated with RA (Figure 8C). These results suggest that
Rcd1 is also involved in RA-controlled mouse lung
development.

Discussion

Cell differentiation is an important attribute of virtually all
organisms, which was developed to survive hostile
environments. From the mechanistic point of view, this
unique cell function conceptually could be divided into
two steps: the commitment to differentiation and subse-
quent expression of differentiated phenotypes. Our recent

Fig. 8. Treatment with an RCD1 antisense oligonucleotide suppresses RA-induced inhibition of embryonic lung branching morphogenesis. (A) The
effect of RCD1 antisense oligonucleotide on the level of Rcd1 in embryonic lung. Day 11.5 p.c. embryonic mouse lung explants were cultured
without (NT) or with 1 mM RA for 5 days in the absence (none) or presence of 1 mM control sense oligonucleotide 1 (S1)
(GCAGCACACATCCCACTTTTTTTG) or 1 mM As1. The lung explants were lysed, and lysates (10 mg protein for each lane) were separated by
SDS±PAGE and immunoblotted with aRcdC. b-actin was detected as a loading control by re-immunoblotting of the same membrane ®lters.
(B) Development of explanted embryonic mouse lung during culture in the absence (NT) or presence of 1 mM RA only (none), 1 mM RA and 1 mM
S1, or 1 mM RA and 1 mM As1. Bar = 0.25 mm. (C) Enlarged photographs of the left lobes of the 5 day cultured embryonic mouse lung explants in
(B) and those in the same experiments but without RA treatment. The same experiments as in (B) but without RA treatment were carried out (photo-
graphs in the second row), and the effect of antisense oligonucleotide on branching morphogenesis was compared with those with RA treatment. The
®lled arrow shows a distal tubule; the open arrow shows a terminal bud. Bar = 0.25 mm. (D) The number of terminal buds formed in the left lobe of
5 day cultured embryonic mouse lung explants. A total of 11 or 12 lung explants for each experimental set were examined for the number of buds
formed in the left lobe at day 5 in the same experiments as described in (B). Data are expressed as mean 6 SD (n = 11 or 12).
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work with ®ssion yeast differentiation regulators and their
mammalian counterparts has raised the possibility that the
mechanism and factors used to control a cell's commit-
ment to differentiation might not be very cell speci®c and
even less organism speci®c (Yamamoto et al., 1999). Our
present ®nding supports this possibility.

Rcd1 was discovered initially as a factor required for the
commitment to nitrogen starvation-invoked, but not glu-
cose starvation-invoked, differentiation in ®ssion yeast.
Cells lacking this factor have no apparent defects except
for the inability to initiate differentiation upon starvation
of nitrogen sources. Database searches revealed that its
homologs are present as one of the most evolutionarily
conserved proteins in a variety of eukaryotes ranging from
yeast to mammals, although their biological role in other
organisms is unknown (Okazaki et al., 1998). The
experimental data presented here indicate that, just like
the ®ssion yeast counterpart, mammalian Rcd1 plays a role
in the step of the cell's commitment to differentiation.
First, Rcd1 is expressed in a variety of developing organs
in rat embryo, and its expression decreases at late stages of
embryogenesis. Secondly, Rcd1 is essential for commit-
ment to RA-induced visceral endodermal differentiation of
the F9 embryonic carcinoma cell. Furthermore, Rcd1 is
essential for RA-controlled lung development.

F9 mouse teratocarcinoma cells differentiate to visceral
endoderm upon stimulation with RA. c-jun has been
identi®ed among the earliest genes responding to RA and
is believed to play a key role in the commitment to this
differentiation. The c-jun promoter contains an enhancer
essential for its differentiation-associated activation. This
enhancer called DRE is recognized by DRF, which
contains p300/CBP and ATF-2 as the DNA-binding
subunit and is activated by RA (Kawasaki et al., 1998;
Ugai et al., 1999). However, the mechanism by which RA
activates DRF remains unknown.

Nuclear hormone receptors represent a large family of
ligand-dependent transcription factors. They are key
regulators of cell growth and differentiation, homeostasis
and development (Rossi et al., 2000; Zile, 2001). In the
absence of hormone, nuclear receptors repress transcrip-
tion of target genes via their association with corepressors
that contain histone deacetylase activity. Hormone binding
triggers release of corepressors and subsequent association
of an array of coactivators, such as p300/CBP, PCAF,
ACTR and SRC-1 that exhibit histone acetyltransferase
activities (Torchia et al., 1998; Chen et al., 1999).
However, neither RAR nor any of the cofactors acting
for RARs seem to interact directly with ATF-2 (Torchia
et al., 1998; Ugai et al., 1999) although p300/CBP
reportedly is contained in DRF (Kawasaki et al., 1998).
Thus, there was a missing link between RAR and ATF-2.
All the properties of Rcd1 reported here seem to ®t nicely
the expected properties of the missing link.

Our data show Rcd1 to be a component of DRF. In F9
cells, Rcd1 is associated with the RAR, but upon
stimulation with RA it forms a complex containing RAR
and ATF-2, but not RXR. The data from the ChIP assays
indicate that at least a fraction of DRE-bound DRF is
composed of this complex. Interestingly, the RAR/RXR
species bound to the RAR-b promoter were not associated
with Rcd1 (Figure 7), and antisense RCD1 treatment did
not block the RA-invoked RAR-b induction (Figure 6).

Thus, RARs do not require Rcd1 for activation of the
RAR-b promoter, which is elicited via their direct binding
to the RA response element. Moreover, it appears that only
the RAR/RXR molecules not bound to Rcd1 are able to
activate the promoter. Whether this can be generalized to
other RAR promoters or even any promoters containing
the RA response element remains to be elucidated.

The nature of the interactions and the physical mechan-
ism of the complex formation among RARs, Rcd1 and
ATF-2 are unknown at present. However, the association
of Rcd1 with RARs, at least, seems to be indirect. In vitro
pull-down assays with E.coli-expressed Rcd1 and any of
the RARs showed no signi®cant interaction between them
(our unpublished data), suggesting that it might be
mediated by an additional factor. However, carefully
controlled pull-down assays with proteins expressed in
more relevant cells would certainly be required to
conclude anything on the nature of the interactions
between RARs and Rcd1, and between Rcd1 and ATF-2.

In ®ssion yeast, Atf1, the closest homolog of mamma-
lian ATF-2, is essential for nitrogen starvation-invoked
induction of the ste11+ gene, whose action is absolutely
required for the onset and progression of conjugation and
meiosis (Takeda et al., 1995; Okazaki et al., 1998).
Furthermore, Rcd1 and Atf1 are similar in that their
deletion suppresses the pat1-114 mutation, which results
in ste11+ induction and subsequent lethal haploid meiosis
at the non-permissive temperature. In the light of our
present ®ndings, this functional similarity suggests that
Atf1 may be an association partner for ®ssion yeast Rcd1.
In contrast, it is unlikely that RAR is also an association
partner for Rcd1 in ®ssion yeast because no gene encoding
such a receptor or a related molecule has been found in this
organism. This in turn raises the possibility that RAR
might not be the sole upstream interacting factor for Rcd1.
Interestingly, Rcd1 protein contains a consensus sequence
(amino acids 198±201) for the binding of STAT3 protein
that critically regulates embryonal stem cell differentiation
(Matsuda et al., 1999). In this regard, it is noteworthy that
Rcd1 is also involved in megakaryocytic and erythroid
differentiations of K562 cells that are induced by TPA and
NaB, respectively (N.Hiroi and H.Okayama, unpublished
observation). In addition, the presence of a considerable
amount of ATF-2-asscociated Rcd1 molecules at least in
several organs during mouse embryogenesis (Figure 5)
might also re¯ect its possible involvement as a critical
cofactor in the regulation of other genes. Furthermore, in
an erythropoietin-responsive erythroid cell, Rcd1 is highly
induced by stimulation with erythropoietin, suggesting the
possible involvement of Rcd1 also in erythropoietin-
induced proliferation, survival and differentiation of
erythroid cells (Gregory et al., 2000).

Materials and methods

Cell culture, DNA transfection and proliferation assay
The human leukemia cell lines K562 (JCRB 0019), U937 (JCRB 9021),
Jurkat (ATCC TIB 152), Daudi (JCRB 9071) and HL-60 (JCRB 0085)
were cultured in 5% CO2 at 37°C in RPMI 1640 medium containing
L-glutamine (Sigma) supplemented with 10% heat-inactivated fetal calf
serum (Equitech-bio Inc.). F9 cells (JCRB 0721) and P19 cells (ATCC
CRL-1825) were grown in Dulbecco's modi®ed Eagle's medium
(DMEM) supplemented with 10% fetal calf serum.
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K562, HL60, U937, Daudi, Jurkat, F9 and P19 cells were induced to
differentiate by culturing in medium containing 10 nM TPA, 10 mM all-
trans-RA, 20 nM TPA, PHA and TPA at 2 mg and 20 ng per ml, 50 nM
RA, and 300 nM RA, respectively.

pIRES-human RCD1 contains a full-length human RCD1 cDNA in a
CMV promoter-based expression vector with the neo selection marker.
Stable transfection was carried out by lipofection with LipofectamineÔ
2000 reagent. pIRES-human RCD1 (10 mg) and empty pIRES (10 mg)
were transfected separately into 106 F9 cells followed by incubation at
37°C for 48 h. After incubation, cells were washed with growth medium
and selected in the medium containing G418 at 100 mg/ml. G418-resistant
cells were expanded and analyzed for protein expression and differen-
tiation ability.

Western blot detection and immunoprecipitation
Western blot analysis was performed as described (Yamamoto et al.,
1999). Various tissues of embryonic and post-natal rats were dissected
and quickly frozen in liquid N2. These tissues were weighed and ground
into powder while frozen in liquid N2. For western blotting, cells and
powdered tissues were lysed with RIPA buffer. After 10 min incubation
on ice, lysed cells and tissues were centrifuged at 20 000 g for 10 min at
4°C, and the supernatants were used for western blot analysis after
adjustment of protein amounts. For immunoprecipitation, cells and
powdered tissues were lysed with SDS-free RIPA buffer. Immuno-
precipitation was performed by incubation with the relevant antibodies
and protein G±Sepharose beads in SDS-free RIPA buffer overnight at 4°C
followed by two washes with 103 volumes of SDS-free RIPA buffer.
Immunoprecipitated proteins were then analyzed by western blotting. The
proteins in loading buffer were boiled for 5 min, separated by SDS±PAGE
(10% polyacrylamide), and blotted onto ImmobilonÔ-P membranes
(Millipore). The ®lters were blocked with 5% skimmed milk in TBS-T for
1 h at room temperature. The anti-c-Jun/AP-1 (SC-45), anti-RARa
(SC-551), anti-RARb (SC-552), anti-RARg (M-454, G-1), anti-RXRa
(DN197), anti-RXRb (SC-831), anti-RXRg (SC-555) and anti-ATF-2
(C-19) antibodies were purchased from Santa Cruz Biotechnology, and
the anti-b-actin (A5441) antibody from Sigma. The ®lters were then
washed, incubated with the secondary antibody (sheep anti-mouse or
donkey anti-rabbit) conjugated with horseradish peroxidase (Amersham
Pharmacia) for 1 h at room temperature and washed in TBS-T.
Immunoblotted bands were detected by using the ECL system
(Amersham Pharmacia) with the same exposure time for detection with
the same antibody.

Immunocytochemistry
Differentiated F9 cells in culture dishes were rinsed with phosphate-
buffered saline (PBS), dehydrated with methanol and ®xed at room
temperature for 10 min with a solution of 1% acetic acid and 99%
methanol. For immunostaining, cells were washed with ice-cold PBS and
incubated with anti-AFP goat antibody for 30 min at 37°C, and then
rinsed with PBS. The cells were incubated with anti-goat biotinylated
donkey antibody for 30 min at 37°C followed by incubation with
streptavidin±¯uorescein for 30 min at 37°C and three washes with PBS.
All antibodies are products of Amersham Pharmacia.

ChIP assay
The ChIP assay was performed as described (Shang et al., 2000). A total
of 106 F9 cells were grown for 2 days with or without RA, washed twice
with PBS and treated with 1% formaldehyde at room temperature for
10 min. The cells were then rinsed with ice-cold PBS twice, incubated for
15 min at 30°C in 100 mM Tris±HCl pH 9.4 containing 10 mM
dithiothreitol (DTT), and sedimented by centrifugation at 400 g for 5 min.
The cells were washed with 1 ml of ice-cold PBS and 1 ml each of buffer I
and buffer II. The cells were then resuspended in 0.3 ml of lysis buffer
containing protease inhibitors and sonicated with a Branson Soni®er 250
three times for 10 s each at the setting of output control at 5 and duty cycle
10%, followed by centrifugation for 10 min. Supernatants were collected
and diluted in buffer followed by incubation with 2 mg of sheared salmon
sperm DNA, 20 ml of pre-immune serum and protein G±Sepharose (rinsed
with dilution buffer) for 2 h at 4°C in order to suppress non-speci®c
interactions. Immunoprecipitation was then performed by incubation on
ice for >2 h with speci®c antibodies. After immunoprecipitation, 25 ml of
protein G±Sepharose and 200 ng of salmon sperm DNA were added and
rotated at 4°C overnight. Precipitations were washed for 10 min with
rotation sequentially with TSE I, TSE II and buffer III. Precipitates were
then washed three times with TE buffer and extracted three times with 1%
SDS, 0.1 M NaHCO3. Eluates were pooled and heated at 65°C for at least
6 h to reverse formaldehyde cross-links. For PCR, 0.5 ml from a 100 ml

DNA extraction and 30 cycles of ampli®cation were used. The primers
used for ampli®cation of DRE were GTCAGCCCACAATGCACCGG
(forward primer), GCTACCAGTCAATCCCTAAA (reverse primer);
those for ampli®cation of the a2-actin promoter were CATGACTCC-
TCTGCATATT (forward primer), ACGAGCTGAGCTGCCTCCTG
(reverse primer); and those for ampli®cation of the RAR-b promoter
were GCCGTGGGGAGCAGCCGGCGGCT (forward primer), GCG-
CACGGGAACTCTGGTCC (reverse primer).

Effect of antisense oligonucleotide on RA-treated fetal
lung explants
Fourteen pregnant ICR mice were purchased from Japan SLC (Shizuoka,
Japan). At embryonic day 11.5, the pregnant mice were anesthetized with
an intra-abdominal pentobarbital injection, their gravid uteruses were
excised, and all fetuses were removed. The fetal lungs with the trachea
were taken from the fetuses aseptically under a stereo microscope for
culture. The lungs with two branches from the left lobar bronchus were
used for the morphogenesis study. In total, 69 pairs of the lungs with the
trachea (11±12 pairs in each experimental group) were placed on a 6-well
tissue culture plate formatted with an 8 mm pore size insert (Falcon/
Beckon Dickinson, NJ). The lung explants were cultured for 5 days in
chemically de®ned medium (Fitton±Jackson modi®cation BGJb, Gibco,
Grand Island, NY) containing 10% fetal bovine serum, 0.2 mg/ml
ascorbic acid and 50 U/mg penicillin/streptomycin with additions of RA
(Sigma) at a concentration of 10±6 M alone, RA and the RCD1 sense
oligonucleotide at a concentration of 1 mM, or RA and the RCD1
antisense oligonucleotide at a concentration of 1 mM and without any
other treatment (NT). The number of terminal buds in the left lungs was
counted at days 0, 1, 3 and 5, and phase-contrast micrographs were taken.
The data were analyzed by unpaired Student's t-test. Results were
determined to be signi®cant if P < 0.05. At the end of cultivation, the
cultured lung tissues were frozen for western blot analyses.
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