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The F9 murine embryonal carcinoma (EC) cell line, a
well established model system for the study of retinoic
acid (RA)-induced differentiation, differentiates into
cells resembling three types of extra-embryonic endo-
derm (primitive, parietal and visceral), depending on
the culture conditions and RA concentration used. A
number of previously identified genes are differentially
expressed during this process and serve as markers
for the different endodermal cell types. Differentiation
is also accompanied by a decreased rate of proliferation
and an apoptotic response. Using homologous recom-
bination, we have disrupted both alleles of the retinoid
X receptor (RXR) a gene in F9 cells to investigate its
role in mediating these responses. The loss of RXRa
expression impaired the morphological differentiation
ofF9 EC cells into primitive and parietal endoderm, but
has little effect on visceral endodermal differentiation.
Concomitantly the inducibility of most primitive and
parietal endoderm differentiation-specific genes was
impaired, while several genes upregulated during
visceral endodermal differentiation were induced
normally. We also demonstrate that RXRa is required
for both the anti-proliferative and apoptotic responses
in RA-treated F9 cells. Additionally, we provide further
evidence that retinoic acid receptor (RAR)-RXR
heterodimers are the functional units transducing the
effects of retinoids in F9 cells.
Keywords: apoptosis/cellular proliferation/RXRa/RXR-
RAR heterodimers/synthetic retinoids

Introduction
Retinoids have been shown to modulate a wide variety
of biological processes, including morphogenesis in the
embryo, cell proliferation, differentiation, homeostasis and
malignant transformation (for reviews see Lotan, 1980;
Chambon, 1994; Gudas et al., 1994). Retinoids exert
their effects through two classes of ligand-dependent
transactivators, the retinoic acid receptors (RARs) and
retinoid X receptors (RXRs), both members of the nuclear
receptor superfamily (Leid et al., 1992a; Chambon, 1994;
Mangelsdorf and Evans, 1995; Kastner et al., 1995;
and references therein). RARs are activated by all-trans
retinoic acid (tRA) and its 9-cis isomer (9C-RA), while

RXRs are only activated by 9C-RA. The three members
(types) of each class of retinoid receptors designated
RARoc, P and y and RXRox, D and y, are encoded by
different genes. Each gene can generate multiple mRNA
splice variants encoding for receptor isoforms with unique
N-terminal A regions (Leid et al., 1992a; Gronemeyer
and Laudet, 1995; and references therein). The various
RAR and RXR types and isoforms are highly conserved in
evolution, and display distinct spatio-temporal expression
patterns in developing organisms and in the adult (reviewed
in Kastner et al., 1995), which suggested that each receptor
exerts some distinct physiological functions (Leid et al.,
1992a). RXRs can dimerize with RARs, thyroid hormone
receptors, vitamin D receptors, peroxisome proliferator-
activated receptors, and a number of 'orphan' receptors
(Chambon, 1994; Giguere, 1994; Glass, 1994; Leblanc
and Stunnenberg, 1995; Mangelsdorf and Evans, 1995;
and references therein). Upon heterodimerization, RXRs
have been shown to modulate the DNA-binding and
transcriptional activating functions of these receptors
in vitro and in transfected cells. Thus RXRs are likely to
play a key role in the control of several signaling pathways.
The F9 murine embryonal carcinoma (EC) cell line

provides an interesting model system for analysis of
retinoid receptor functions at the cellular and molecular
level. F9 cells resemble the pluripotent stem cells of the
inner cell mass of the early embryo and differentiate into
three distinct endodermal cell types upon treatment with
tRA (reviewed by Hogan et al., 1983). Treatment of cells
in monolayer culture with 0.1-1,IM tRA induces primitive
endodermal differentiation (Strickland and Mahdavi,
1978). Treatment with 0.1-1 gM tRA and 250 gM
dibutyryl cAMP (bt2cAMP) induces a parietal endodermal
phenotype, which in the embryo is derived from primitive
endoderm (Strickland et al., 1980). When F9 cells are
cultured in suspension as aggregates, treatment with 50 nM
tRA induces a visceral endodermal (VE) phenotype in the
outermost cell layer (Hogan et al., 1981; Rogers et al.,
1990). The retinoid-induced differentiation of F9 cells, as
well as a large number of other cell lines (Amos and
Lotan, 1991), is accompanied by a dramatic decrease in
the rate of proliferation, characterized by a diminished
rate of DNA synthesis and an increase in the fraction of
cells in the GI phase of the cell cycle (Linder et al., 1981;
Rosenstraus et al., 1982; Atencia et al., 1994). Moreover,
it has been reported recently that tRA can trigger the
apoptotic response, or programmed cell death, in F9 cells
(Atencia et al., 1994).

Inactivation of RARoc and RARy by homologous
recombination (HR) in F9 cells has indicated a more
prominant role for RARy than for RARoc in mediating
tRA-induced differentiation and control of gene expression
in those cells (Boylan et al., 1993, 1995; Taneja et al.,
1995). However, tRA-induced growth arrest was not
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Fig. 1. Disruption of both alleles of the RXRa gene by HR. (A) Schematic diagram of the WT RXRa genomic locus, the pRXRa(LNL) targeting
vector, the recombined locus after integration [HR(I)] and after Cre-mediated excision [HR(E)]. Dark boxes indicate exons. Restriction enzyme sites
and the location of probes X1-X3 are indicated. Xl and X3 probes correspond to 0.6 kb ScaI-SpeI and 1.2 kb SpeI-XhoI fragments derived from
the RXRa genomic clones X6-pBSK and X3-pBSK, respectively. X2 probe corresponds to a 2.1 kb SalI-BamHI fragment derived from pRXRaILNL.
The numbers in the lower part of diagram are in kilobases (kb). Abbreviations: A, AccI; B, BamHI; C, ClaI; L, loxP recombination site; S, SpeI;
ST, three tandem translation stop codons inserted in frame after Cre excision; X, XhoI. * indicates that this restriction site is derived from vector

sequences and is not present in the WT gene sequence. (B) Southern blot analysis indicating the disruption of the RXRa gene. The genotypes of
different cell lines (for example 28) and their subclones (28-3,4 etc.) are indicated at the top of each lane, and correspond to all three panels. The
WT and homologous recombined fragments resulting from XhoI digestion and probing with X3 and Xl are indicated in kb (upper and middle panels
respectively). The WT, and recombined fragments which result from SpeI digestion and probing with X2 are indicated in the lower panel.
(C) Western blot analysis of WT, RXRa+/4L) and RXRa-(L)/.4LNL) cell lines. Lane 1 contains 2 tg of whole cell extract from Cos cells transfected
with the mRXRo0 expression construct, and lanes 2-6 contain 70 ,ug of the indicated nuclear extracts. Protein quantitation was determined by the
Bradford assay. RXRx protein was detected using the rabbit polyclonal antibody RPRXa(A) (Rochette-Egly et al., 1994), followed by
chemiluminescence detection. Mol. wt is designated in kilodaltons.

affected by the loss of either RARy or RARa (Boylan
et al., 1995). We have now inactivated the RXRa gene
and shown that RXRax is required for mediating the tRA-
induced differentiation of F9 cells into primitive and
parietal endoderm, as well as for the tRA induction of a

number of genes. Differentiation into VE, on the other
hand, is delayed, but otherwise nearly unaffected by the
loss of RXRox. Interestingly, we also demonstrate that
both the anti-proliferative and apoptotic responses to tRA
observed during primitive endodermal differentiation are

impaired in cells lacking RXRa.

Results
Targeted disruption of the RXRa gene in F9 EC
cells
The pRXRa(LNL) targeting construct was used to disrupt
the RXRa gene by HR so as to introduce three tandem

translation stop codons within the first zinc-binding motif
encoded by exon 4 (see Materials and methods and Figure
lA). In order to target both RXRa gene alleles, the Cre/
loxP system (Sauer and Henderson, 1990) was employed,
which permitted the removal of the neomycin resistance
gene from the first targeted allele, before targeting the
second allele with the same construct. The occurrence of
the HR event, and the Cre-mediated deletion, were checked
by Southern blotting as exemplified in Figure 1. A 3'
probe (X3) located outside of the region of the targeting
construct detected a single wild-type (WT) XhoI fragment
of 24.0 kb and a 7.5 kb fragment in the case of HR
(Figure IA and B, upper panel, compare lane 1 with lanes
2-8). HR was confirmed by the use of a 5'-outside probe
(X1) on the same Southern blot to detect the WT and
mutant fragments of 24.0 and 16.5 kb, respectively (Figure
IA and B, middle panel).
Three out of 144 neomycin resistant clones were positive
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for the desired recombination event. One heterozygote
cell line [clone 28 RXRac+/-(LNL)] was then transiently
transfected with a Cre recombinase expression construct
(pPGK-Cre), to excise the loxP-flanked PGK-TKneo
cassette. Cells were grown in the presence of gancyclovir
to select for the loss of the TK gene [+/-(LNL) signifies
a single allele targeted prior to Cre excision, and +/-(L)
signifies the removal of one loxP site and sequences
between the loxP sites in this allele]. Approximately 47%
of the gancyclovir-resistant clones had undergone the
expected Cre-mediated recombination at the mutated allele
as determined by Southern blotting (data not shown). The
loss of a Spel site internal to the loxP sites was verified
using the X2 probe, which detects a Spel fragment of
15.4 kb in the WT allele and in targeted alleles after Cre-
mediated excision (WT and RXRax+/-(L) respectively), and
a 9.1 kb fragment in targeted alleles before Cre excision
[RXRo+/-(LNL) in Figure IA and B, lower panel, compare
lane 2 with lanes 3 and 4]. Note that at least one of the
XhoI sites immediately flanking both of the loxP sites
remains after the Cre-mediated excision (Figure 1A and
B, upper and middle panel lanes 3-8 compared with lower
panel, lanes 3-8). The absence of other Spel fragments
detectable by the X2 probe indicates that random integra-
tions of the pRXRcX(LNL) construct did not take place,
which was confirmed with a probe derived from the
neomycin resistance gene sequence (data not shown). The
second allele of the RXRcx gene was targeted as above in
a subclone of the clone 28 RXRox+I-(L) cell line (28-3),
using the pRXRoX(LNL) targeting vector, followed by Cre
excision, to yield RXRoc(L)/-(LNL) and RXRoX-L)/-(L) clones,
respectively (Figure iB, lanes 5-8).
The absence of RXRoc protein expression in RXRoc-'-

cell lines was verified by Western blotting using the
polyclonal antibody RPRXcx(A) (Rochette-Egly et al.,
1994), directed against region A of the RXRoc protein
(Figure IC). No 50 kDa RXRcx protein could be detected
for RXRow- clones 59 and 66 (compare lanes 5 and 6
with lanes 1-4, and data not shown). Note that the level
of protein in heterozygote cells was intermediate between
those of WT and RXRcc-- cells (Figure IC, compare
lanes 3 and 4 with lanes 2, 5 and 6).

RXRa-null F9 cells are impaired in their
morphological differentiation into primitive and
parietal endoderm
WT and RXRoa-- cells [RXRrC-(L)/-(L), clone 59-19] were
grown in monolayer culture and treated with either 1 gM
tRA alone (Figure 2B and G) or in combination with
250 ,uM bt2cAMP (Figure 2C and H), to induce differenti-
ation into primitive or parietal endoderm, respectively
(see Introduction). Interestingly, RXRcx-null cells did not
exhibit the changes in morphology which normally accom-
pany tRA-induced differentiation (compare Figure 2A-C
with F-H). After a 5-day treatment, a majority of RXRoc--
cells retained a clustered or compact appearance, similar
to that of the untreated controls (Figure 2, compare G and
H with F). All RXRor-/- clones analyzed (66, 81, 95,
190, 66-56) exhibited the same impaired differentiation
response to tRA or tRA and bt2cAMP, and similar results
to those shown in Figure 2 were obtained using 9C-RA
(1 ,uM) instead of tRA (data not shown).

Longer tRA treatment of RXRrx-'- cells never resulted
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Fig. 2. RXRocx-- cells are resistant to tRA-induced primitive and
parietal endodermal differentiation and RXRa is a required partner for
retinoid-induced morphological differentiation of F9 cells. WT (A-E)
and clone 59-19 RXRX-(L)/-(L) (F-J) cells were seeded in 10 cm
culture dishes and treated with control vehicle (A and F), 1 ,uM tRA
alone (B and G), 1 ,uM tRA and 250 ,uM bt2cAMP (C and H), 10 nM
CD666 and 1 ,tM BMS649 (D and I) or with 100 nM CD666 (E and
J). The cells were photographed under a phase-contrast microscope at
125 x magnification.

in a fully differentiated cell population. By 10 days
of continuous treatment with tRA, clusters of compact,
morphologically undifferentiated cells were interspersed
with a minority of cells displaying a differentiated morpho-
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Table I. Effect of various retinoids on the morphological differentiation, proliferation and apoptotic response of F9 EC cells

Cell line Treatmenta Differentiationb % Prolif. inhibitionc Apoptosisd

F9 WT I tM tRA ++ 88 +
10 nM CD666 + 62

1 gM BMS649 0
10 nM CD666 + 1 ,uM BMS649 ++ 79 +/-

100 nM CD666 ++ 76 +/-
RXRa-/- I ,uM tRA +/- 52

10 nM CD666 +/- 16
1 tM BMS649 0

10 nM CD666 + 1 ,uM BMS649 +/- 29
100 nM CD666 +/- 38

RARyf/- 1 ,uM tRA +/- 82 +
1 ,uM BMS649 0
1 nM AM80 0 n.d.

100 nM AM80 +/- 51 n.d.
1 nM AM80 + 1 tM BMS649 +/- 75 n.d.

100 nM AM80 + 1 tM BMS649 +/- 77 n.d.

'F9 WT, clone 95 RXRx4L)/-(LNL) and RARYr'- cells were treated for 5 days in monolayer culture to induce differentiation into primitive endoderm
with the indicated retinoids.
bDifferentiation was scored according to the proportion of cells assuming the differentiated morphology after 5 days of retinoid treatment. 70-90%
of cells, ++; 15-25% of cells, +; not more than 10%, +/-; no visible effect, -.
cPercentage of proliferation inhibition was calculated as described in Materials and methods.
dThe presence (+) or absence (-) of apoptosis was determined by both the appearance of a ladder of fragmented DNA, as in Figure 8A and B, and
by the presence of apoptotic nuclei and subcellular fragments upon staining of fixed cells with Hoechst 33258, as in Figure 8C. +/- indicates that
the induction of apoptosis was sharply reduced compared with WT. n.d., not determined.

logy (data not shown). The 'non-differentiated' morpho-
logy persisted for as long as the cells were tRA treated
(15 days), and at a wide range of plating densities (data
not shown). Thus, the loss of RXRa results in a drastic
reduction in the capacity of the cell population to differenti-
ate, rather than in a simple delay in the differentiation
process.

Retinoid-induced morphological differentiation of
F9 cells requires RXRa as a synergistic partner for
RARs
Previous studies have shown that RAR-RXR heterodimers
bind more efficiently to retinoic acid response elements
(RAREs) than RAR or RXR homodimers, both in vitro
and in transfected cells overexpressing RARs and/or RXRs
(Yu et al., 1991; Leid et al., 1992b; Durand et al., 1992,
1994 and references therein). Furthermore, recent studies
using RAR type-selective and pan-RXR-specific synthetic
retinoids have shown that RAR and RXR strongly syner-
gize upon ligand binding to induce differentiation and
gene transcription in F9 cells, thus suggesting that RAR-
RXR heterodimers are the functional units (Roy et al.,
1995). We therefore determined whether RXRcx is required
for this synergism. As expected, WT F9 cells treated for
4 days with a combination of 10 nM CD666, a RARy-
selective retinoid, and 1 gM BMS649 (also called
SR11237), a pan-RXR agonist (Lehmann et al., 1992),
morphologically differentiated (compare Figure 2A and B
with D, and Table I), while each of these retinoids
administered separately has little or no effect (Table I;
and see Roy et al., 1995). Under similar conditions
almost no differentiation was observed in RXRo-/- cells,
providing evidence that RARy-RXRa heterodimers may
mediate the effects of this combination of retinoids (Figure
21 and Table I). It has also been previously demonstrated
that at the non-selective concentration of 100 nM, under
conditions where all RARs but not RXRs are activated,

CD666 can induce the morphological differentiation of
F9 cells (Roy et al., 1995; Figure 2E and Table I).
Interestingly, RXRr'4- F9 cells were almost unaffected
by treatment with 100 nM CD666, indicating that an
unliganded RXRa partner is still required to induce
differentiation at an elevated concentration of a RAR-
specific ligand (Figure 2, compare E with J, and Table I).

Loss of RXRa results in impaired RA induction of
several genes during primitive endodermal
differentiation
The expression of a number of tRA-induced genes was
compared over a time course of tRA (1 gM) treatment for
WT and RXRx-'- cells. Reverse transcription-polymerase
chain reactions (RT-PCR) were performed on total RNA
to semi-quantitatively estimate the expression of the genes
indicated in Figure 3 (see Materials and methods). The
induction of most genes tested was affected by the loss
of RXRox expression. The induction of both collagen
type IValI and laminin B 1, two markers of endodermal
differentiation (Strickland and Mahdavi, 1978; Wang and
Gudas, 1983), was ~6-fold and ~8-fold lower, respectively,
in RXRW-/- cells than in WT cells after 96 h of tRA
treatment (Figure 3A). Similarly, the induction of another
tRA-responsive gene, TGF-j2 (Glick et al., 1989), was
~7-fold lower in RXRx-r- cells than in WT cells (Figure
3A). The induction of several other genes which contain
RAREs in their promoter region was also diminished in
RXRx-r- cells. The Hoxa-1 and Hoxb-1 homeogenes are
known to be rapidly induced by tRA in F9 cells (LaRosa
and Gudas, 1988a; Langston and Gudas, 1992; Marshall
et al., 1994; Boylan et al., 1995). The tRA induction of
Hoxa-1 was much lower in RXRwx' than in WT cells
(Figure 3A). In contrast to WT cells, the induction of
Hoxb-1 and CRABPII (Giguere et al., 1990) was very
low by 24 h of tRA treatment in RXRo-r- cells, and by
48 h both genes were -2-fold less efficiently induced than
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Fig. 3. RXRx-r- cells grown in monolayer culture are impaired in the
tRA-induction of several genes. (A) Total RNA from WT and clone
59-19 RXRx-(L)/-(L) cells treated with 1 ltM tRA for the indicated
times was subjected to semi-quantitative RT-PCR analysis for the
genes indicated. Of the total PCR 15% was electrophoresed and
blotted onto nylon membranes as previously described (Bouillet et al.,
1995), followed by hybridization with the indicated probes.
(B and C) RT-PCR analysis of early tRA-inducible genes was
performed as in (A) for the indicated times of tRA treatment, followed
by hybridization with the indicated probes. Similar results were
observed for each gene for at least three RXRx-'- cell lines, in at least
three separate experiments. The level of 36B4 expression is indicated
for each RNA sample as a control for quantitation.

WT cells (Figure 3B and data not shown). The induction
of RARI2, which contains the same RARE as Hoxa-1 in
its 5' promoter region (deThe et al., 1990; Langston and
Gudas, 1992), was less dramatically decreased (Figure 3C).
In contrast, Cdx- 1 expression, known to be upregulated by

tRA in P19 and F9 cells (Bouillet et al., 1995; Taneja
et al., 1995; Meyer and Gruss, 1993), was apparently not
affected in RXRc'-- cells (Figure 3C). It appears therefore
that RXRcx is required during F9 cell primitive endodermal
differentiation for the induction of most tRA-responsive
genes, and that this requirement effects differentially the
various genes tested.

Lack of RXRa has little effect on VE differentiation
In contrast to primitive and parietal endodermal differenti-
ation, RXRoir- cells appear to differentiate normally into
VE. Their morphology, when grown as aggregates for 10
days in the presence of 50 nM tRA to induce VE
differentiation, was indistinguishable from that of WT
cells (Figure 4A), although there was a 1-2 day delay in
their morphological differentiation (data not shown). In
order to better characterize the VE differentiation of
the null mutants, the expression of three differentiation
markers, collagen IVoc1, laminin Bi and cx-fetoprotein
(AFP) was analyzed by RT-PCR (Figure 5), and the
expression of one marker, laminin B 1, was also determined
by immunohistochemical staining of sectioned aggregates
(Figure 4B). Induction of collagen IVox I mRNA was
slightly reduced in RXRcx-'- cells (~1.5-fold and -1.2-
fold lower levels than in WT cells after 6 and 10 days of
culture in the presence of tRA, respectively (Figure 5).
AFP and laminin B1 mRNA levels were also slightly
lowered in RXRa7-- cells compared with the WT cells
(AFP mRNA level was ~1.7-fold lower after 10 days of
tRA treatment, and laminin B1 mRNA levels were -1.4-
fold and ~1.2-fold lower after 6 and 10 days of tRA
treatment, respectively; Figure 5). In agreement with the
RT-PCR results, both WT and RXRrx-'- aggregates display
very similar patterns of laminin B 1 expression, with the
highest fluorescence intensity in the area underlying the
outer layer of VE cells (Figure 4B, arrows), as previously
reported for F9 WT cells (Hogan et al., 1981; Rogers
et al., 1990). In conclusion, the levels of collagen IVcxl,
laminin B 1 and AFP mRNA are only slightly reduced in
tRA-treated RXRca-'- cells grown as aggregates, and
RXRocx-- F9 cells do appear to differentiate normally into
VE, in contrast to their drastically impaired differentiation
into primitive and parietal endodermal cell types.

RXRa-null cells are less sensitive to the
anti-proliferative effect of RA and exhibit a higher
basal rate of proliferation than WT F9 cells
WT population doubling time (DT) was 15 h, whereas
that of RXRoc-x- lines ranged from 12 to 13 h (Table II).
Interestingly, in the absence of retinoid treatment, the
basal rate of proliferation of every RXRc-'- cell line tested
was higher than that of the parental WT F9 cell line
(Figure 6A-C, and data not shown).

Since tRA treatment is known to decrease the rate of
proliferation of F9 cells (see Introduction), we compared
the anti-proliferative effect of tRA on RXRix-r- and WT
F9 cells. The inhibition of proliferation relative to vehicle
treated-controls (% in parentheses, Figure 6A) was
markedly lower for RXRw'-l- cells after 5 days of tRA
treatment (32-48%, depending on the clone) than for WT
cells (87%). Similar results were observed for eight
different RXRox-'- clones (data not shown). Figure 6B
illustrates the inhibition of proliferation for cells which
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Fig. 4. RXRCx-' VE aggregrates are morphologically similar to WT as revealed by phase contrast microscopy and immunohistochemical staining of
laminin B 1. (A) WT and clone 66 RXRcr4L)/(LNL) cells were grown in the absence or presence of 50 nM tRA for 10 days, with a change of media
every 2 days. The aggregates were photographed under a phase-contrast microscope at 125X magnification. (B) WT and clone 66 RXRx-(L)/-(LNL)
cells treated as in (A) were sectioned, immunostained using specific anti-laminin antibodies (red), and the nuclei stained with Hoescht dye (blue).
White arrows indicate the location of the basement membrane that forms between the outer layer of VE cells and the non-differentiated inner mass
of cells.

were replated at an equal density after 5 days of continuous
tRA treatment, and counted after an additional 5 days of
tRA treatment. The proliferation of RXRaci- cells was
markedly reduced after such a 10 day tRA treatment, but
in contrast, that of the WT cells was fully inhibited
(Figure 6B).
As seen above for the induction of morphological

differentiation, 10 nM CD666 and 1 jM BMS649 (pan-
RXR-specific) synergized to inhibit the proliferation of
WT F9 cells, and this effect clearly requires the presence
of RXRct (Table I, and data not shown). WT F9 cells
were also growth-inhibited by 100 nM CD666 (although
to a slightly lower extent than with 1 ,uM tRA), while
RXRoi-- cell growth was markedly less inhibited (Figure
6C and Table I). Thus, as in the case of the differentiation
response, the anti-proliferative response also requires
RXRax, and may therefore involve RAR-RXRoc hetero-
dimers. It should also be noted that treatment with the
pan-RXR agonist BMS649 alone had no effect on the
proliferation rate of either WT or RXRoi4- cells (Table
I), indicating that liganding of RXRs is not sufficient for
eliciting the anti-proliferative response.

In order to better estimate the effect of tRA on cellular
proliferation, the rate of [3H]thymidine incorporation was
compared for WT and a representative RXRa-x cell line.
A marked reduction in [3H]thymidine incorporation was
observed for the WT, but not RXRacx- cells after 5 days
of tRA treatment (Figure 6D). The amount of incorporated
[3H]thymidine was calculated on a per cell basis, in order
to control for differences in cell number both between
control and tRA-treated cultures, and between WT and
RXRa'- cultures. Clearly, at least part of the anti-
proliferative response to tRA in WT cells is related to a
decrease in the rate of cell division, which is much less
affected in the case of RXRr'- mutants.
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Fig. 5. The loss of RXRa has a minimal effect on the induction of VE
markers of differentiation by tRA. WT and clone 66 RXRa-(L)/-LNL)
cells were grown in suspension culture as aggregates for the indicated
times in the presence of 50 nM tRA before collection of total RNA,
followed by RT-PCR analysis.

Table II. Comparison of cell number and DT of F9 WT and RXR'-/-
cells after a 5-day period of growth in monolayer culture

Cell line Cell number (x 10-6) ± SEM DT (h)

WT 0.64 ± 0.03 15
RXRc(XL)/-(LNL) c81 2.30 ± 0.30 12
RXRW(L)/-(LNL) c95 1.80 ± 0.05 12.5
RXRaeL)/ (L) c59-l1 1.40 ± 0.03 13

The population DT for the untreated cell cultures shown in Figure 6A
was calculated according to Kuchler (1977).
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Fig. 6. RXRc'/- cells are impaired in the anti-proliferative response to tRA and CD666, and have a higher basal proliferation rate than WT cells.
(A) The number of cells after 5 days of culture in the presence (striped bars) or absence (dark bars) of tRA are indicated for WT and clone 81
RXRXC(L)/-(LNL) (81), clone 95 RXRac(L)/((LNL) (95) and clone 59-19 RXRCC(L)/<(L) (59-19). The bars represent the mean SEM for triplicate
cultures within the same experiment. The numbers in parentheses indicate the percentage of growth inhibition for the tRA-treated cultures relative to
the untreated controls. (B) F9 WT and the indicated RXRo-/- cell lines were cultured as in (A) for 5 days followed by replating in triplicate, at
identical densities (2.5x 103 cells/well) into 3 cm culture wells, and the tRA treatment continued for an additional 5 days before counting. (C) F9
WT and clone 59-19 RXRCt(L)/-(L) cells were treated and counted as in (A), in the absence of retinoids (dark bars), or in the presence of 1 lM tRA
(striped bars) or 100 nM CD666 (open bars). (D) F9 WT and clone 59-19 RXRC(L)/4L) cells were cultured in the presence or absence of 1 gM tRA
for 5 days, followed by [3H]thymidine labeling. The error bars represent the mean ± SEM for three different experiments, setting the amount of
[3H]thymidine ([3H]TdR) incorporated per 1000 cells equal to 1 for F9 WT control cells.

Since the proliferation rate of eukaryotic cells is con-

trolled at specific points in the cell cycle, and previous
studies have shown that tRA treatment of F9 cells results
in the lengthening of the GI portion of the cell cycle
(Linder et al., 1981; Rosenstraus et al., 1982), the cell
cycle profile of untreated and tRA-treated RXRw-'- cells
was compared with that of WT cells by cell cycle flow
cytometry. tRA treatment for 4 and 6 days resulted in an

accumulation of cells in the G1 phase for both WT and
RXRc-'- cells, but the shift to the GI phase was more

pronounced for WT cells (Figure 7, compare A, B and C

with D, E and F). The proportion of cells remaining in
the proliferative phases of the cell cycle after tRA treatment
(S+G2+M) was higher for the RXRo-K- line, 61 and 52%
at 4 and 6 days tRA treatment, respectively, compared
with 38 and 34% for WT cells.

RXRa is required for the induction of apoptosis by
tRA in F9 cells
Since at least part of the differences in cell number
observed between tRA-treated RXRa-'- and WT cells
could also be due to variation in the rate of cell death,
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Fig. 7. FACS analysis reveals that the tRA-induced accumulation in GI is reduced for RXRcC/' cells compared with WT. RXRox/- cells also have a

diminished accumulation of apoptotic particles in the response to tRA treatment. Subconfluent cultures of WT (A-C), and clone 81 RXRax(L)/(LNL)
cells (D-F), were grown for 4 and 6 days in the presence of 1 tM tRA, and analyzed by FACS. The x-axis indicates the integrated fluorescence
intensity and the y-axis particle number. Approximately 20 000 particles are represented in each histogram. The values indicated for the percentage

of cells in GI/Go, S and G,/M are accurate within 10-15%. Arrows in B, C, E and F indicate the position of sub-2N size DNA-containing
particles or 'apoptotic bodies'.

we compared the tRA-induced apoptotic response of WT
and RXRo-/x cells. Strikingly, the appearance of the
characteristic apoptotic 'ladder' of fragmented DNA was

observed for WT, but not RXRx-'- cells, upon a 5-day
treatment with tRA (Figure 8A). Cells were plated at
different densities to achieve low (-50% confluent cells;
L) and high (confluent cells; H) cell densities by the end
of the experiment, for both untreated and tRA-treated
cultures, in order to control for effects of cell density
on apoptosis [see Materials and methods for details;
overconfluent F9 WT and RXRox-d- cells will apoptose
due to nutrient and/or mitogen depletion (data not shown)].
Note the presence of faint bands of fragmented DNA in
all lanes, especially the high density lanes, indicating a

background level of apoptosis even in the absence of tRA
(Figure 8A).

Apoptosis is also known to be associated with the
appearance of membrane-bound subcellular fragments
containing DNA in the culture media. Such 'apoptotic
bodies' can be visualized, and their relative amount
determined by flow cytometry. The arrows in Figure 7 point
to the sub-2N particles appearing in culture supernatants of
tRA-treated cells. These 'apoptotic bodies' accounted for
37 and 26% of the total number of particles for WT cells
after 4 and 6 days of tRA treatment respectively, whereas
they amounted to only 7 and 13% of all particles for
RXRoe'- cells after 4 and 6 days of tRA treatment (Figure
7B and C compared with E and F).
We also compared the tRA-induced apoptosis in

RXRx-/- and RARy-/- cells. As reported, tRA-treated
RARy-'- F9 cells are resistant to differentiation and are

also impaired for the induction of several tRA-responsive
genes (Boylan et al., 1993, 1995; and Table I). However,
unlike RXRor'- cells, RARy-/- cells are almost as sensitive
as WT to the anti-proliferative effect of tRA (Boylan

et al., 1995). Interestingly, tRA treatment of the RAR'y-/-
cells resulted in the appearance of an apoptotic DNA
ladder, similar to that observed for the WT cells (Figure
8B, compare lanes 2 and 6). Thus, RXRax, but not RARy,
is indispensible for the tRA-induced apoptotic response

of F9 cells. However, the induction of apoptosis clearly
requires the presence of a RAR, since the RXR-specific
BMS649 alone did not induce apoptosis in WT F9 cells
(Table I).

Further evidence of the differential requirement for
RXRa and RARy for tRA-induced apoptosis is presented
in Figure 8C. WT, RXRx-/- and RAR7y-/- F9 cells grown

under the same conditions as in Figures 7 and 8A and B,
were stained with the DNA-binding fluorochrome Hoechst
33258. Panel A is a schematic diagram representing the
key morphological alterations associated with the apoptotic
process. These include the condensation of chromatin
along the inner surface of the nuclear membrane, the
fragmentation of the cell to produce membrane-bound
apoptotic bodies, some of which contain DNA, and finally
endocytosis by neighboring cells (Kerr et al., 1995). Panel
B is a high magnification of tRA-treated F9 cells after
Hoechst staining, revealing the characteristic, highly con-

densed DNA lining the inner surface of the nuclear
membrane. The WT and RAR'y-/ cells exhibited this
morphology to a far greater extent than RXRcx-/- cells
(Figure 8C, compare panels D and H with F, arrows). The
appearance of the DNA-containing particles, which are

likely to be remnants of apoptosing cells, is also visible.
Apoptotic particles and condensing chromatin were rarely
observed in the tRA-untreated controls for all cell lines.

RARs are functionally redundant for mediating
anti-proliferative effects of retinoids
RARy'/- cells were treated with a combination of 1 nM
AM80 (a RARoc-selective retinoid) and 1 ,uM of the
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Fig. 8. RXRrx-/- cells, but not RARy/- cells, are defective in the apoptotic response to tRA. (A) WT F9 and clone 81 RXRo-(L)/-(LNL) cells were
plated to allow growth to confluence (high density, H) and to 50% confluence (low density, L) after 5 days of culture, either in the absence or
presence of I ,uM tRA. Low molecular weight DNA (5 tg/lane) was electrophoresed in a 1.5% agarose gel, followed by staining with ethidium
bromide. Molecular weight is indicated in kilobases (kb). (B) WT F9 cells, clone 81 RXRox-(L)/-(LNL) cells, and an RAR'f- cell line were plated as
in (A) to yield subconfluent cultures after 5 days in the presence or absence of tRA. DNA (5 .g/lane) was purified and electrophoresed as in (A).
(C) WT F9 cell, clone 81 RXRo(-(L)/-(LNL) cells, and an RARyf/- cell line were grown on gelatinized plastic coverslips for 5 days in the absence
(panels C, E and G) or presence of I ,tM tRA (panels D, F and H) followed by fixation and staining with Hoechst dye, and photography on a

fluorescence microscope at a 120X magnification. Panel A is a schematic diagram illustrating the major morphological alterations accompanying
apoptosis (adapted with permission from Figure 1 of Kerr et al., 1995). Arrows indicate condensed chromatin in the nuclei of apoptosing cells or in
apoptotic bodies. Panel B, a 600X magnification of tRA-treated F9 cells, highlighting the morphology of nuclei containing condensed chromatin.

pan-RXR agonist BMS649, and assessed for their anti-
proliferative response (Figure 6A). Interestingly, both tRA
and the 1 nM AM80/1 jM BMS649 combination inhibited
proliferation in RARy-/- cells to nearly the same extent
as seen for tRA in WT F9 cells, even though the
differentiation response remained drastically impaired
(Table I). A higher dose of AM80 (100 nM), which can

activate the remaining RAR types (RARcx and RARf3) in
these cells, in combination with BMS649, did not result
in greater inhibition of proliferation, indicating that RARc(,
in combination with RXRs, can mediate the anti-prolifer-
ative effect of retinoids. Thus, RARs are functionally
redundant for mediating this anti-proliferative effect, since
it was also not affected by disruption of the RARcx gene

(Boylan et al., 1995).

Discussion
A key role for RARy-RXRa heterodimers in
primitive and parietal endodermal differentiation
of F9 cells
F9 EC cells which do not express RXRoc have been
generated by gene targeting in order to investigate the
function of RXRcx at the cellular level. RXRx-'- cells are

drastically impaired in their differentiation response to
high doses of tRA both in the absence and presence of
bt2cAMP, when grown in monolayer culture to induce
primitive and parietal endodermal cell types, respectively.
In contrast, when treated with low doses of tRA, the
differentiation of RXRoc'-- cells in aggregate culture into
VE, although delayed by 1-2 days, appeared otherwise
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normal. This finding may reflect a distinct lineage specifi-
city of function for RXRax, such that the control of genes
implicated in primitive/parietal endodermal differentiation
might require specifically RXRcx, whose absence could
not be fully compensated by functionally redundant RXR,
and/or RXRy. On the other hand, mouse embryos null for
RXRoc, as well as for RXRf or RXRy expression, are
defective only in a limited range of tissues, which suggests
a high degree of functional redundancy between RXR
types (Kastner et al., 1994, 1996; Sucov et al., 1994). In
fact, the culture conditions employed for VE differentiation
may represent a closer approximation to conditions found
in the early embryo. The outer layer of cells in the
aggregates, which are destined to become VE, are in
contact with underlying cells and a lower concentration
of tRA in the medium. This is in contrast to cells
growing in monolayer culture, which are in contact with
a gelatinized plastic surface and a sustained high concentra-
tion of tRA in the medium, two conditions not found in
the early embryo. It is likely that the acquisition of the
normal 3-dimensional stucture and gene expression pattern
for the VE cells is dependent not only on transduction of
the retinoid signal, but also on cell-cell contacts and on
contact with the underlying basement membrane, which
eventually forms directly beneath the outer layer of cells
(Hogan et al., 1981; Rogers et al., 1990). Thus, as
in RXRax-null embryos, other regulatory mechanisms
(possibly involving RXR,3 and y) may compensate for the
absence of RXRox during VE differentiation. The final
possibility remains that in the case of VE differentiation,
RXRs are not involved and that RARs are the only retinoid
receptors mediating the tRA signal. It will be necessary
to generate double and triple knockouts of RXRs in order
to address this possibility.

The recent generation of RXRa and RXRoc-RAR
double mutant mice has provided the first evidence sup-
porting the proposal that RXR-RAR heterodimers are the
functional units which actually transduce the retinoid
signal in vivo (Kastner et al., 1994, 1995). That such
signaling involves RAR-RXR heterodimers was also
strongly suggested by our previous finding that the pan-
RXR-specific retinoid BMS649 and limiting concentra-
tions of the RARy-selective retinoid CD666 very efficiently
synergize to induce F9 cell differentiation (Roy et al.,
1995). The present results obtained with RXRocx-- F9 cells
provide further genetic evidence for a physiological role
of RXRs in the transduction of the retinoid signal in vivo.
Indeed, the removal of RXRcx abolishes the synergistic
effect of BMS649 and limiting concentrations of CD666
on differentiation, providing evidence that those retinoids
probably act through RAR-RXR heterodimers. Moreover,
we have found that the differentiation which can be induced
in WT F9 cells by non-selective high concentrations of
CD666 in the absence of RXR ligand, is also abolished
by the removal of RXRox. This provides compelling
evidence supporting our previous assumption that RXRx
is still required as a heterodimeric partner even when all
RARs are activated (Roy et al., 1995), although its ligand-
dependent transcriptional activation function becomes dis-
pensable. Combined with our previous finding that
RAR/- cells are more severely impaired in their
differentiation response than the RARr'-/- cells (Boylan
et al., 1995), the present results strongly support the

conclusion that RARy-RXRx heterodimers correspond to
the functional units which play a major role in transducing
the tRA signal triggering F9 cell differentiation.
The impaired tRA-induced morphological differenti-

ation of RXRcx-'- cells into primitive and parietal endo-
derm-like cells is closely paralleled by a marked decrease
in the induction of several tRA-responsive genes. However,
the inducibility of RAR,B2 is less affected and the induction
of Cdx- 1 is not affected at all by the loss of RXRa. In
these two cases, RXR3 and/or RXRy, which are present
in the F9 cells (Wan et al., 1994) may functionally
substitute for RXRox. Interestingly, while the sequence
and halfsite spacing of the RARE in the RAR,32 promoter
is identical to that of Hoxa- 1, its position relative to the
start site of transcription is different (deThe et al., 1990;
Langston and Gudas, 1992). The Hoxa- 1 RARE lies
downstream of the coding exons, while the RAR,B2 RARE
is 6 bp upstream of the TATA box, suggesting that a
greater amount ofRAR-RXR heterodimer may be required
for activation of transcription initiation at a distance.
Knock-outs of the RXRf3 and RXRy genes in F9 cells are
required to investigate this possibility further.
The marked reduction in TGF-f32 transcript induction

in RXRor-'- cells is noteworthy, since no RARE has been
identified in this gene (Noma et al., 1991). Further studies
will show whether the lack of induction of TGF-32 in
RXRocx cells corresponds to a secondary event. Further
experiments are also necessary to determine whether the
impaired anti-proliferative response to tRA in RXRcx-/-
cells is related to a decreased level of TGF-P2 (see below).

Mediation of anti-proliferative and apoptotic
effects of RA in F9 cells by RARs and RXRs
There has long been an interest in understanding the
mechanism by which retinoids control the proliferation of
a variety of cells. Much of this interest derives from
observations that retinoids can decrease the growth rate
of numerous transformed cell lines (Amos and Lotan,
1991), can suppress experimental carcinogenesis in
animals, as well as exhibit varying degrees of efficacy in
chemoprevention and therapy of certain cancers (for
reviews see Smith et al., 1992; Hong and Itri, 1994; Love
and Gudas, 1994). The anti-tumoral effect of retinoids in
precancerous and cancer cells is thought to be related to
the induction of differentiation and to the concomitant
reduction in proliferation rate. However, retinoids can also
induce apoptotic responses in cultured cell lines (Martin
et al., 1990; Atencia et al., 1994; Nagy et al., 1995),
raising the possibility that at least part of the anti-
carcinogenic effect of retinoids could be related to the
induction of apoptosis. Besides playing an important role
in many biological processes, including tissue remodeling
and morphogenesis (for reviews see Fesus et al., 1991;
Raff et al., 1993), apoptosis may indeed provide an
additional mechanism by which many cancer treatments
kill tumor cells (Fisher, 1994).

Although F9 cells have served primarily as a model
system for retinoid-induced differentiation, the anti-pro-
liferative effect of RA on these cells is well documented
(Linder et al., 1981; Rosenstraus et al., 1982; Sleigh,
1992). In fact, one initial aim for generating RAR and
RXR-null cells has been to gain an understanding of
the growth inhibitory effect of retinoids, and possibly
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determine how this effect may relate to differentiation.
Somewhat unexpectedly, it was found that the knockout
of RARax or RARy does not affect RA-induced growth
arrest, even though in the case of RART'- cells, differenti-
ation by RA is markedly impaired (Boylan et al., 1993,
1995). In contrast, we have shown here that the loss of
RXRox results in a substantially reduced anti-proliferative
response, as well as an impaired apoptotic response, which
most probably also contributes to the difference in cell
number between tRA-treated WT and RXR'-/- cells. As
is the case for differentiation, RXR-RAR heterodimers
appear to mediate the retinoid effects on both inhibition
of cell proliferation and apoptosis, since neither of these
two effects could be induced by the RXR-specific retinoid
BMS649 alone. Furthermore, the combination of a sub-
optimal concentration of an RARoc-selective retinoid
(AM80) and the pan-RXR-specific retinoid (BMS649)
strongly synergizes to inhibit proliferation (but not to
induce differentiation) in the RARy-'- cells, clearly indicat-
ing an involvement of RARoc in the inhibition of prolifer-
ation. Thus, although the requirement of individual RARs
and RXRs for mediating differentiation, inhibition of
proliferation and apoptosis may be different, RAR-RXR
heterodimers appear to be involved in all three cases. In
this respect, it is interesting to note that, as previously
observed for cell differentiation (see Roy et al., 1995),
inhibition of F9 cell proliferation can be achieved by a
saturating concentration of a RAR-specific ligand, in the
absence of a RXR ligand, whereas activation of both
RARs and RXRs is required to obtain efficient apoptosis
(Table I).

Since RXRs can serve as heterodimerization partners for
several other members of the nuclear receptor superfamily
(Leblanc and Stunnenberg, 1995), some aspects of the
anti-proliferative and apoptotic responses of F9 cells to
retinoids may nevertheless involve other RXR partners.
Possible candidates for such a partnership include the
orphan receptors, Nurrl and NGFI-B (Nur77), which
can heterodimerize with RXRs and confer RXR-specific
ligand-inducibility to RARE reporter constructs (Forman
et al., 1995; Leblanc and Stunnenberg, 1995; Perlmann
and Jansson, 1995). Interestingly, the Nurrl and NGFI-B
genes are rapidly upregulated by mitogens, suggesting a
role for these proteins in regulating cellular proliferation
(Hazel et al., 1988; Law et al., 1992). The phenotype of
RXRo-/- cells, wherein both proliferation characteristics
and retinoid-induced differentiation are altered, could
therefore also reflect a defect at the convergence point of
the mitogen and retinoid signaling pathways. In any
event, regardless of whether RAR-independent pathways
controlling proliferation and apoptosis exist, it is clear
from the present study that, at least in F9 cells, RXRcx
plays an important role in the control of these processes,
in addition to its role in mediating the differentiation
response. Finally, we cannot unequivocally rule out that,
in the process of targeting and selection for neomycin
resistant clones, some other genetic alteration has occurred,
which is unrelated to the disruption of the RXRct gene.
However, the finding that all independently isolated
RXRox-/- clones exhibit an elevated proliferation rate, and
that the heterozygote clone from which they were derived
exhibits a rate of proliferation intermediate between those

of F9 WT and RXRoc-i- cells (data not shown), makes
this possibility unlikely.
As was the case for the RART'- F9 cells (Boylan et al.,

1993), it is difficult to reconcile the phenotype of RXRrc--
cells with that of RXRoc '- mice, which do not exhibit any
obvious defect in cell proliferation (Kastner et al., 1995).
The maintainance of normal cell proliferation, differenti-
ation and death in the embryo are tightly regulated by a
variety of extracellular signals not present in the cell
culture environment. This may explain the absence of a
widespread proliferative defect in RXRoc'- mice, where
cells are subject to far more complex proliferation controls.

Materials and methods
Cell culture
F9 cells were cultured as previously described (Boylan et al., 1993). F9
cells were induced to differentiate into primitive and parietal endoderm
by treatment with 1 tM tRA alone, or in combination with 250 ,uM
N6,02'-bt2cAMP (Sigma), respectively (Strickland et al., 1980). Cells
were refed with fresh media containing drugs every 2 days. Induction
of VE differentiation was essentially performed as previously described
(Rogers et al., 1990). Single-cell suspensions were seeded at a density
of lX 5 cells/ml, treated with 50 nM tRA, and fed every 2 days with
fresh medium and tRA. The aggregate suspensions were split into two
cultures after 4 days growth and maintained at this density throughout
the experiments. The retinoids (tRA, AM80, BMS649 and CD666) were
dissolved in ethanol to a concentration of 1 mM and diluted to
the appropriate final concentrations in culture media at time zero of
retinoid treatment.

Targeting of the RXRa gene locus
The targeting vector, pRXRo&LNc), was constructed as follows: a phage
containing an 11.8 kb genomic fragment containing RXRax exons 2, 3
and 4, was isolated from a genomic library established in kEMBL3 from
the P19 EC cell line. After partial filling in, a full length Sall insert
derived from this phage was subcloned into the partially filled BamHI
site of a pBluescript II SK+ (Stratagene) derivative in which the XhoI
site was destroyed. A unique XhoI site, followed by three in frame stop
codons, was introduced at the AccI site located at nucleotide 637
(Mangelsdorf et al., 1990) in exon 4 of RXRa by inserting the
oligonucleotides 5'-ATTATTATTACTCGAGTGATGATG-3' and 5'-
ATCATCATCACTCGAGTAATAATA-3', which also destroys the Accl
site. An XhoI fragment containing a fusion of the herpes simplex virus
thymidine kinase (TK) and bacterial neomycin phosphotransferase gene
(neo) driven by the phosphoglycerate kinase promoter, and flanked by
loxP sites (Metzger et al., 1995), was inserted into this XhoI site.

Electroporation of F9 cells with pRXRa(LNL), selection of neomycin
resistant clones and analysis were done as described (Metzger et al.,
1995). RXRx+/-(LNL) cells (5x 106) were electroporated with 5 ,ug of
the Cre enzyme expression vector pPGK-Cre, and replated at a density
of 5x103 cells per 10 cm plate, followed 24 h later by treatment with
2 ,uM gancyclovir for 8 days. Correct excision events yielding
RXRa+/IL) cells were determined by Southern blotting of DNA from
individual gancyclovir-resistant clones. A subclone of the clone 28
RXRa+/-(L) cell line (c28-3) was re-electroporated as above with
pRXRa(LNL), followed by Cre-mediated excision, to yield RXRa-(L)/-(L)
cell lines (also called RXRx-/-) lacking any integrated antibiotic resist-
ance genes.

Western blotting
Western blot analysis was performed as previously described (Kastner
et al., 1994) using the rabbit polyclonal antibody RPRXa(A), directed
against the N-terminal A/B domain of RXRax (Rochette-Egly et al.,
1994). Chemiluminescence detection was performed according to the
manufacturer's instructions (Amersham).

RT-PCR
RNA preparation, RT-PCR and Southern blotting was performed as
described previously (Bouillet et al., 1995; Roy et al., 1995). The PCR
primers were as follows: collagen IVal, 5'-ATGAATTCTCAGCGT-
CTGGCTTCTGCTG-3' (nt 155-174) and 5'-ATGGATCCGTTGCATC-
CTGGGATACCTG-3' (nt 500-519) (Killen et al., 1988); laminin

4152



Targeted disruption of the RXRa gene in F9 EC cells

B 1. 5 '-ATGAATTCTCACTGCAGACATGGTGAAG-3' (nt 4946-4965)
and 5'-ATGGATCCCTCACTTATGTCCTTAAGGA-3' (nt 5489-5508)
(Sasaki et al., 1987); TGF-P2. 5'-ATGAATTCGAAATGTGCAGG-
ATAATTGC-3' (nt 2149-2168) and 5'-ATTCTAGATTACAAGACTTG-
ACAATCAT-3' (nt 2433-2451) (Kelly et al., 1990): Hoxa-l, 5'-
CTACTTACCAGACTTCTGGA-3' (nt 301-320) and 5'-CAAAGGT-
CTGCGCTGGAGAA-3' (nt 665-684) (LaRosa and Gudas. 1988b);
Hoxb-1. 5'-ATGAATTCTCAGAACCCAGCACTCTCAC-3' (nt 1130-
1149) and 5'-ATTCTAGAAGTCTTCGAGAGAACTGGTC-3' (nt
1562-1581) (Murphy and Hill, 1991): RARf2. 5'-GCCGAATGGCA-
GCACCG-3' (nt 589-605) and 5'-GCTCTCTGTGCATTCCTGCT-3' (nt
953-972) (Zelent et al., 1991); CRABPII. 5'-GGAGACAGCAAAGTAT-
CTTTA-3' (nt 29-49) and 5'-GGAACATCAGACACACTAAA-3' (nt
806-825) (Giguere et al., 1990): Cdx-1, 5'-ACTGCCTACCTAGG-
ACAAGT-3' (nt 860-879) and 5'-GTGAGGCTGGAAGAGGAGAC-3'
(nt 1211-1220) (Duprey et al., 1988): AFP, 5'-ATGAATTCACATCA-
GTGTCTGCTGGCAC-3' (nt 308-327) and 5'-ATTCTAGAGCG-
AGTTTCCTTGGCAACAC-3' (nt 750-769) (Gorin et al., 1981): 36B4,
5'-CAGCTCTGGAGAAACTGCTG-3' (nt 290-309) and 5'-GTGTA-
CTCAGTCTCCACAGA-3' (nt 826-845) (Krowczynska et al.. 1989).
The following oligonucleotides, internal to their respective PCR primers.
were end-labeled for probing the Southern blots: Collagen IVWl, 5'-
GGTTGCAAGGTGTCATTGGATTTCC-3' (nt 305-330): Laminin Bl,
5'-TCAGCAGATGCCAGGAGGAAAGCTG-3' (nt 5311-5335): TGF-
P2, 5'-CTCAACACACCAAAGTCCTCAGCCT-3' (nt 2290-2314):
Hoxb-1, 5'-CCCAGTTCCATCACCTCTTGAATTG-3' (nt 1508-1532):
AFP, 5'-GCTGACAACAAGGAGGAGTG-3' (nt 529-538): and 36B4
5'-ATGTGAAGTCACTGTGCCAG-3' (nt 426-445). RARf2. Hoxa-1.
CRABPII and Cdx- 1 RT-PCR were probed with random-primed
mRARf0 total plasmid (Zelent et al., 1989), the EcoRI-HiozdlIl fragment
from pERA-1-993 (LaRosa and Gudas, 1988b), pGEM-CRABPII
(Boylan et al., 1995) and a 267 bp fragment from the mouse Cdx-l
cDNA (Duprey et al., 1988) as templates, respectively. All fold inductions
were calculated after normalizing to the corresponding 36B4 mRNA
levels.

Immunohistochemistry
Aggregates of F9 WT and RXRx-'- cells, cultured in the presence or
absence of 50 nM tRA for 11 days, were washed in PBS and quick-
frozen in OCT compound on dry ice before sectioning into 5 pm sections
and immunostaining with a rabbit polyclonal antibody against all forms
of laminin (Sigma) and CY3 indocarbocyanine-conjugated donkey anti-
rabbit IgG as second antibody (Jackson Immunoresearch Labs, Inc). The
sections were also stained with Hoechst 33258 dye to reveal the
location of nuclei, and photographed on a fluorescence microscope at a
magnification of 15OX.

Analysis of cellular growth
Cell counting experiments were performed for untreated and tRA-treated
cells as follows: cells were plated at identical densities (2.5x 103 cells/
well) in triplicate 3 cm culture wells, fed with fresh media on days 2
and 4, and on day 5. trypsinized, resuspended to appropriate dilutions
and counted on a Coultronics particle counter (Coultronics France, SA).
The percentage growth inhibition by tRA was calculated using the
equation: (I-R/C)X100, where R and C represent the number of cells
in tRA-treated and control cultures, respectively. The DT was calculated
according to Kuchler (1977). The cell cycle profile of WT and null
mutant clones was determined by cell cycle flow cytometry based on
cellular DNA content. using an Epics Profile II cell sorter (Coulter
Electronics, Inc.), equipped with a 15 W argon laser at a wavelength of
488 nm. and an emission wavelength of 575 nm. Subconfluent cultures
of untreated or tRA-treated cells were trypsinized. resuspended and
combined with their supernatents, and fixed in 70% ethanol at 4°C.
Following two washes in PBS, the cells and subcellular particles were
incubated in 1 mg/ml RNase A (59 Kunitz U/mg, Sigma Chemical Co.)
for 30 min at 37°C, centrifuged and resuspended in PBS at a concentration
of _ 106 cells per ml. Ethidium bromide was added to a final concentration
of 50 pg/ml immediately prior to sample analysis. The percentage of
cells in the different phases of the cell cycle was determined from the raw
data using the Epics (R) Elite Flow Cytometry software. [3H]thymidine
incorporation assays were performed essentially as described (Heath.
1987), with the following modifications. F9 cells were plated in six
replicate 1 cm wells and after 5 days of growth in the presence or
absence of 1 l.M tRA, three of six wells were treated with 2 pCi/well
[3H]methylthymidine (20.0 Ci/mmol, Dupont NEN) 10 h prior to the
end of the experiment. The TCA-precipitable material from the labeled

wells was measured by scintillation counting and the cell number
determined as above for the corresponding unlabeled replicate wells.

Analysis of apoptosis
For the DNA fragmentation assay, F9 cells were plated either in the
presence or absence of I tM tRA for 6 days, scraped in PBS, combined
with the culture supernatants and spun at 250 g for 5 min. Low molecular
weight DNA. extraction and analysis were performed as described (Nagy
et al., 1995). For Hoechst staining of nuclei, cells were grown on
gelatinized, 1 cm diameter plastic disks (Nunc). either in the presence
or absence of 1 l.M tRA for 5 days. After fixation in 4% paraform-
aldehyde, cells were stained with 5 j.g/ml Hoechst 33258 dye for 1 min.
washed three times with PBS and photographed on a fluorescence
microscope.
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