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The transcriptional intermediary factor 18 (TIF1p) is a corepressor for KRAB-domain-containing zinc finger
proteins and is believed to play essential roles in cell physiology by regulating chromatin organization at
specific loci through association with chromatin remodeling and histone-modifying activities and recruitment
of heterochromatin protein 1 (HP1) proteins. In this study, we have engineered a modified embryonal
carcinoma F9 cell line (TIF1BHF?2°x/~) expressing a mutated TIF1p protein (TIF1B*?1*°%) ynable to interact
with HP1 proteins. Phenotypic analysis of TIF1p*"1%°*/~ and TIF18*~ cells shows that TIF1B-HP1 interaction
is not required for differentiation of F9 cells into primitive endoderm-like (PtE) cells on retinoic acid (RA)
treatment but is essential for further differentiation into parietal endoderm-like (PE) cells on addition of cAMP
and for differentiation into visceral endoderm-like cells on treatment of vesicles with RA. Complementation
experiments reveal that TIF1-HP1 interaction is essential only during a short window of time within early
differentiating PrE cells to establish a selective transmittable competence to terminally differentiate on further
cAMP inducing signal. Moreover, the expression of three endoderm-specific genes, GATA6, HNF4, and Dab2,
is down-regulated in TIF1%F*5°x~ cells compared with wild-type cells during PrE differentiation.
Collectively, these data demonstrate that the interaction between TIF18 and HP1 proteins is essential for
progression through differentiation by regulating the expression of endoderm differentiation master players.
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It has become clear within the last two decades that
regulation of chromatin higher-order structures by his-
tone modification and chromatin remodeling is essential
for genome programming during early embryogenesis,
tissue-specific gene expression, and global gene silencing
(for review, see Li 2002). The isolation and biochemical
characterization of several complexes involved in chro-
matin remodeling, including SWI/SNF, NuRD, and
ISWI, led to major breakthroughs into the mechanisms
of chromatin structure regulation (for review, see Narl-
ikar et al. 2002). The identification of chromatin-modi-
fying enzymes (e.g., histone acetylases, deacetylases, and
methyltransferases) and determination of their substrate
specificities suggested the existence of a histone code
(Jenuwein and Allis 2001). However, how these activities
are coordinated to respond properly to any environmen-
tal stimulus in vivo remains largely unknown.
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TIF1B (Le Douarin et al. 1996), also known as KAP-1
(Friedman et al. 1996) or KRIP-1 (Kim et al. 1996), is a
member of an emerging family of transcriptional regula-
tors designated as TIF1 (transcriptional intermediary fac-
tor 1). The TIF1 family includes TIFla (Le Douarin et al.
1995), TIFly (Venturini et al. 1999; Yan et al. 2004) in
mammals, and Bonus in Drosophila (Beckstead et al.
2001). TIF1 proteins are defined by the presence of two
conserved amino acid regions: an N-terminal RBCC
(RING finger, B boxes, coiled-coil) motif that is involved
in homo- and heterodimerization (Peng et al. 2002), and
a C-terminal bromodomain preceded by a PHD (plant
homeodomain) finger. These latter two motifs are often
associated and present in a number of transcriptional
cofactors acting at the chromatin level (Aasland et al.
1995; Jeanmougin et al. 1997; Zeng and Zhou 2002).

Recent genetic studies in mice have provided evidence
that TIF1B is a developmental regulatory protein that
exerts cellular function(s) essential for early embryonic
development (Cammas et al. 2000) and for spermatogen-
esis (Weber et al. 2002). Furthermore, TIF1 displays sev-
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eral biochemical properties suggesting that it could be a
coordinator in epigenetic regulation of transcription: (1)
TIF1B is a universal corepressor for a large family of tran-
scription factors, the Kriippel associated box (KRAB)-do-
main containing zinc finger proteins (Friedman et al.
1996; Kim et al. 1996; Moosmann et al. 1996; Abrink et al.
2001); (2) TIF1B is an intrinsic component of two chro-
matin remodeling and histone deacetylase complexes,
N-CoR1 and NuRD (Underhill et al. 2000; Schultz et al.
2001); (3) TIF1B directly interacts with the histone meth-
yltransferase SETDBI, which specifically methylates
Lys 9 of histone H3 preferentially within euchromatin
(Schultz et al. 2002); and (4) TIF1B interacts with mem-
bers of the heterochromatin protein 1 (HP1) family (Le
Douarin et al. 1996; Nielsen et al. 1999; Ryan et al. 1999).

HP1 is a structurally and functionally highly con-
served protein with family members found in a variety of
eukaryotic organisms ranging from Schizosaccharomy-
ces pombe to humans (Eissenberg et al. 1990; Wang et al.
2000). These proteins participate in chromatin packaging
and have a well-established function in heterochroma-
tin-mediated silencing (for review, see Eissenberg and
Elgin 2000). Mice and humans each have three different
HPI1 proteins (HPla, B, and vy) that are associated, al-
though not exclusively, with pericentromeric hetero-
chromatin (Nielsen et al. 1999). The structure of the
HP1-like proteins comprises a conserved N-terminal re-
gion called chromo-domain (CD) and a conserved C-ter-
minal chromo shadow domain (CSD) separated by a less
conserved hinge region (Eissenberg 2001). The HP1 CD
binds methylated Lys 9 of histone H3 (Lachner et al.
2001; Nakayama et al. 2001), as well as the histone fold
motif of histone H3 (Nielsen et al. 2001a). HP1s interact
with a large number of proteins and in particular with
several proteins known to function at the transcriptional
level through a specific pentapeptide PxVxL called HP1

box (Le Douarin et al. 1996; Thiru et al. 2004). These
proteins include the chromatin remodeling factor BRG1
(Nielsen et al. 2002), the TBP-associated factor TAF130
(Vassallo and Tanese 2002), the retinoblastoma protein
Rb (Nielsen et al. 2001b), and the transcriptional inter-
mediary factors TIFla and TIF1B (Le Douarin et al. 1996;
Nielsen et al. 1999). It is currently speculated that HP1
serves as a bridging protein, connecting histones through
interaction with the CD to nonhistone chromosomal
proteins through interaction with the CSD (Li et al.
2002). We and others have previously demonstrated that
the interaction between TIF1B and HP1 is required for
the TIF1B transcriptional repression activity, which also
requires histone deacetylase activity (Nielsen et al. 1999;
Ryan et al. 1999). In mouse embryonal carcinoma (EC) F9
cells that resemble the pluripotent inner cell mass cells
of the early embryo and can be induced to differentiate
into primitive endoderm-like (PrE) cells or into parietal
endoderm-like (PE) cells on treatment with retinoic acid
(RA) alone or RA plus cAMP, respectively (Strickland
and Mahdavi 1978; Strickland et al. 1980), we have
shown that the interaction between TIF18 and HP1 pro-
teins was essential for the relocation of TIF18 from eu-
to heterochromatin that accompanies PrE differentiation
(Cammas et al. 2002). Thus TIF1B8-HP1 interaction may
play an essential role during cell differentiation.

In this paper, we report the first demonstration of the
functional relevance of the interaction between TIFIB
and HPI1 proteins. We have introduced by homologous
recombination in F9 EC cells a mutation in the TIF1B
HP1 box motif that had previously been shown to dis-
rupt the interaction between TIF1B and HPI proteins
(Cammas et al. 2002). We demonstrate that TIF1p-HP1
interaction is essential for F9 cell differentiation into PE
cells and into visceral endoderm-like (VE) cells obtained
by treatment of vesicles with RA.

Figure 1. Targeted mutation of the TIF1g HP1box motif. (A) Diagram showing the genomic map of TIF1B; the targeting constructs

for the disruption of the first TIF1p allele and for the mutation in the HP1box motif of the second TIF1 allele; and the targeted alleles
before (L3 and L2HP1box, respectively) and after (L- and LHP1box, respectively) Cre-mediated excision of the LoxP-sites-flanked
sequences. Exons are represented as numbered boxes and introns as connected lines. The LoxP sites are represented by open triangles
and the PGK-Neo, PGK-hygro, and diphterin toxin A (DTA) cassettes are indicated. The 5’ and 3' probes have previously been
described (Cammas et al. 2000). The size of the DNA fragments expected with the 5’ probe on digestion with EcoRV and with the 3’
probe on digestion with BamHI are indicated. Relevant restriction sites are EcoRV (V), EcoRI (E), BamHI (B), HindIII (H), XhoI (X}, and
Eco47III (E47). (B) Southern blot analysis of DNAs derived from wild-type (WT), targeted TIF1p*/-%, and TIF1pL3/E2HP1box 9 cells and
from the corresponding TIF13*/% and TIF1R*/"P10ox E9 cells that had the Lox-P-flanked DNA sequences deleted by Cre-mediated
excision. Genomic DNA was digested with EcoRV or BamHI as indicated, blotted, and hybridized with the 5’, 3’ probes as indicated.
(C) PCR strategy for amplification of wild-type (WT), deleted (L-), and mutated (LHLHP1box and LHP1box) TIFIf alleles. DNA
samples were subjected to PCR amplification using a mixture of three primers (YD208, VR211, and VR211; see Materials and Methods)
or two primers surrounding the HP1box motif (VR216 and TV211; see Materials and Methods). (D) PCR amplification with YD208 and
VR211 produced a 152-bp DNA fragment (wild-type [WT]) and a 171-bp DNA fragment (LHP1box) whereas PCR amplification with
YD208 and TV210 produced a 390-bp DNA fragment for the deleted TIF1g allele (L-). (Upper band) PCR amplification produced a
726-bp fragment with the wild-type (WT), L3, LHP1box, and L2HP1box TIF1p alleles. (Lower bands) This 726-bp DNA fragment was
digested by Eco471II and produced two smaller bands of 305 and 421 bp specifically for LHP1box and L2HP1box alleles (see Materials
and Methods). (E) TIF1B protein levels in wild-type (WT), TIF18*/%~, and TIF1pL~/LHI1box E9 cells. Increasing amounts of whole-cell
extracts (3-30 ng) were analyzed by Western blotting using the anti-TIF18 monoclonal antibody 1TB3 directed against the C terminus
(amino acids 123-834) or the anti-RXRa polyclonal antibody (pAb) RPRXa. (F) TIF1BHP!Px does not interact with HP1. WCE from
wild-type (WT), TIF18*/~, and TIF1B""P°x/~ F9 cells were analyzed by Western blotting either directly (input) or following immuno-
precipitation with a TIF1g mAb (TIF1B IP). The control IP was done with an anti-Flag antibody. Western blots probed with HP1q,
HP1g, HP1vy, and TIF1B mAbs are shown. Inputs correspond to 1/10 the amount of cell extracts used for IP.
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Results

Targeted mutation of the TIF1g HP1 box

To disrupt the interaction between TIF1B and HP1 pro-
teins in F9 EC cells, we specifically mutated the HP1
box coding sequence of one TIFIB allele and inacti-
vated the other TIFIB allele. Two targeting vectors,
pTIF1RMHEHPIbox and pTIF1RMNYL (Fig. 1A), were con-
structed. pTIF1R"™“T was obtained by introduction
of a PGK-Neo selection cassette flanked by two
LoxP sites in intron 3 and a LoxP site in intron 14 (Fig.
1A; see Materials and Methods; Cammas et al. 2000).

TIF1B-HP1 association is critical for differentiation

LHL:HP1box

pTIF1B was obtained by introduction of a PGK-
Hygro selection cassette flanked by two LoxP sites in
intron 3 and mutation of the TIF1p HP1 box-coding se-
quence within exon 12 (substitution of two amino acids,
V488L490/AA), which was previously shown to disrupt
the interaction between TIF18 and HPlq, B, and v (Fig.
1A; Materials and Methods; Cammas et al. 2002). This
mutation generated an Eco47III restriction site in the
targeted TIF1B allele (E47, Fig. 1A).

F9 cells were electroporated with pTIFIB™ T, One
G-418-resistant clone, TIFIp*%*, with homologous re-
combination of a single copy of the targeting vector as
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assessed by Southern blot with three different probes (3’,
5’, and Neo probes [Fig. 1A,B]; data not shown) was iso-
lated and was transfected with the pTIF1pLHLHPIbox ¢y
geting construct. A clone resistant to both G-418 and
hygromycin and having integrated a single copy of
pTIF1pMHHLHPIbox ntg the second TIFIB allele (5 and
Hygro probes [Fig. 1B]; PCR analysis with primers flank-
ing the HPlbox, followed by digestion with Eco47III
[Fig. 1C,D]; data not shown) was isolated and called
TIF1pL3/t2HPIbox T excise the LoxP-flanked sequences,
we transiently transfected TIF1pL3/L2HPIPox cells with
the Cre-recombinase encoding expression vector
pPGK-Cre, yielding a clone, TIF1p*P1box/L~ with com-
plete excision in one allele, whereas the other allele had
the HP1box motif point mutations (Southern blot analy-
sis with three different probes: 5’, Neo, and Hygro [Fig.
1BJ; data not shown; PCR analysis followed by Eco471II
digestion [Fig. 1C,D]). The heterozygous clone TIF1p*/“~
was obtained by transfection of TIF1B*/*® cells with
pPGK-Cre (Fig. 1A,B).

The level of TIFIB gene expression in both TIFIp*/%~
and TIF1pHIP1box/L= F9 cell lines was compared with the
level of TIF1B expression in wild-type F9 cells. A TIF13
monoclonal antibody (mAb) revealed a decrease by ~50%
in TIF1B*/t~ and TIF1RHIP1Pox/L- E9 cells in comparison
with wild-type F9 cells. Thus, the HP1 box mutation
had no effect on the level of expression of the mutated
TIF1B allele (Fig. 1E). TIF1p*/*~ and TIF1pLHPibox/L- F9
cell lines, thereafter designated as TIFIB*~ and
TIF1pHPIPox/~ cells, respectively, expressed the wild-
type (TIF1B*) and mutant (TIF1BHP1P°%) proteins, respec-
tively.

The HP1 box mutation has previously been shown to
disrupt the interaction between TIF13 and HP1a, HP1,
and HP1vy (Weber et al. 2002). To investigate whether the
TIF1RHPIPox mytant protein was associated with HP1
proteins in TIF1BH71Po%/~ cells, we performed immuno-
precipitation (IP). Whole-cell extracts (WCE) from wild-
type and TIF1pHP1Pox/~ F9 cells were immunoprecipi-
tated with TIF1B mAb. As indicated by Western blot
analysis, HP1a, HP18, and HP1y were found in wild-type
immunoprecipitates, but not in TIF1pP°*/~ immuno-
precipitates (Fig. 1F). Thus, the TIF1"P** mutant pro-
tein is not associated with HP1 proteins within
TIF1pHP1box/~ cells.

TIF1p interaction with HP1 proteins is not required
for PrE cell differentiation

Treatment of wild-type, TIFIB*/~, and TIF1pHr1box/-
cells with 1 uM RA led to an enlargement and flattening
of the cells, which are morphological features character-
istic of F9 cell differentiation into PrE cells (Fig. 2, panels
a—f). To confirm the PrE identity of these cells, we ana-
lyzed expression of Troma-1, a marker for F9 cell differ-
entiation (Kemler et al. 1981; Verheijen et al. 1999).
Wild-type, TIF18*/~, and TIF1p"1P°%/~ cells were grown
for 4 d in the absence or presence of luM RA and ana-
lyzed by immunocytochemistry. Troma-1 was weakly
expressed and localized exclusively in nuclei of non-
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Figure 2. TIF1B""Px/~ F9 cells differentiate into PrE cells but
not into PE or VE cells. At day 0, 10* wild-type (WT), TIF1p*/,
and TIF1RMP1box/~ cells were plated, and they were treated as
described at day 1. (A) Wild-type (WT, panels a,d,g), TIF1p*/~
(panels b,e,h), and TIF1BM"Pox/~ (panels c,f,i) cells were cultured
either with vehicle (no treatment; panels a,b,c), in the presence
of 1 uM tRA (panels d,e,f), or in the presence of 1 uM tRA + 250
uM dbcAMP (panels g h,i). (B) Wild-type (WT, panels a,d),
TIF1B*~ (panels b,e), and TIF1BH"Pox/~ (panels c,f) cells were
cultured in bacterial Petri dishes with vehicle (no treatment;
panels a—c) or in the presence of 50 nM RA (panels d-f) Cells
were photographed at day 6 under a phase contrast microscope.
Bar, 100 pm.

treated wild-type, TIFIB*/~, and TIF1p""1P°%/~ cells (Fig.
3A, panels ab,ef,i,j), whereas it was highly expressed
and distributed in the cytoplasm of RA-treated cells (Fig.
3A, panels ¢,d,gh k1), indicating that these cells have
features of PrE cells.

We previously reported that PrE differentiation is ac-
companied by relocation of TIF1B from eu- to hetero-
chromatin (Cammas et al. 2002). The localization of
TIF1RMPIP°% was analyzed during PrE differentiation.
wild-type, TIFIB*/~, and TIF1B""1Po%/~ cells were grown
for 4 d in the absence or presence of 1 uM RA and ana-
lyzed by immunocytochemistry. In nontreated cells,
TIF1B labeling was rather uniformly distributed within
the nucleoplasm and largely excluded from the nucleoli
of wild-type, TIF1p*/~, and TIF1p""b°*/~ cells (Fig. 3B,
panels a,b,d,e; data not shown). After 4 d of RA treat-
ment, wild-type and TIF18*/~ cells displayed an enrich-
ment of TIF1B within heterochromatin characterized by
bright spots of Hoechst staining, whereas TIF1pH1box
remained diffusely distributed throughout TIF1@/"1box/-
nuclei (Fig. 3B, panels g h,j, k). The PrE identity of these
cells exhibiting diffused distribution of TIF1BHY1Pox was



no treatment

Troma-\Hoechst

Troma-1Hoechst

Troma-1

B no treatment 1

1

+/-

TIF1B

TIF1@/Troma-1

(=8

=

HP1box/-

THF1box
]

/Troma-1

TIF1B *”'_I — TIF1p

TIF1 [}/ Troma-1

—

HP1box/-

IF1B

=

L Hoechst

Figure 3. The relocation of TIF1 from eu- to heterochromatin
is not required for PrE differentiation. (A) Wild-type (WT),
TIF1B*/~, and TIF1B""12°x/~ F9 cells were grown on glass cover-
slips, treated with 1 uM tRA for 4 d, fixed, and hybridized with
an anti-Troma-1 mAb as indicated. Nuclei were visualized by
Hoechst staining. Projection of three confocal sections through
nondifferentiated and differentiated wild-type, TIF1B*~, and
TIF1BHP1Pox/~ F9 cells is shown. Bar, 50 um. (B) TIF1pHP1box
does not relocate from eu- to heterochromatin during PrE dif-
ferentiation. TIFIR*/~ and TIF1BMPP°¥~ were grown on glass
coverslips for 4 d in the presence or absence of 1 pM tRA, fixed,
and hybridized with an anti-Troma-1 mAb and the anti-TIF18
pADb PF64. The DNA content was visualized by Hoechst stain-
ing. Single confocal sections through differentiated (panels g-I)
and nondifferentiated cells (panels a—f) are shown. Bars, 5 pm.
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TIF1p HP 1" Troma-1

TIF1B-HP1 association is critical for differentiation

confirmed by expression of Troma-1 (Fig. 3B, panels i,1).
Taken together, these results indicate that the interac-
tion between TIF1B and HP1 proteins is not required for
PrE differentiation.

TIF1B interaction with HP1 proteins is required for
terminal differentiation into PE cells and into VE cells

Wild-type, TIF1B*/~, and TIF1p""5°%/~ cells were treated
for 4 d with RA, and then with 250 uM dbcAMP and 1
BM RA for 2 d. wild-type and TIFIB*/~ cells differenti-
ated into cells exhibiting a very stringent core body and
neuronal-like outgrowths that are morphological
changes characteristic of PE differentiation (Fig. 2, panels
gh). In contrast, TIF1p!"1bx/~ cells differentiated into
PrE cells but did not further differentiate into PE cells
(Fig. 2, panels d-f,i). Expression of Troma-1 in these cells
confirmed their differentiated status (Fig. 4A, panel f).
To investigate the RA +cAMP responsiveness of
TIF1RHP1box/~ cells at the molecular level, we analyzed
the expression of thrombomodulin (TM), a molecular
marker unique to PE cells (Weiler-Guettler et al. 1992).
RNA from wild-type, TIF1p*/~, and TIF1p""0°*/~ cells
grown for 6 d with either vehicle or 1 uM RA or for 4 d
with 1 uM RA followed by addition of 250 uM dbcAMP
for 2 d were analyzed by semiquantitative RT-PCR. No
TM expression was detected in either nontreated or RA-
treated cell lines (Fig. 4B; lanes 1-6). In contrast, TM
expression was induced after treatment with RA-db-
cAMP in wild-type and TIFIB*/~ cells, whereas it could
not be detected in TIF1p"71P°%/~ cells (Fig. 4B; lanes 7-9).
Thus, in contrast to wild-type and TIFIR*/ cells,
TIF1pHP1box/~ cells do not undergo PE differentiation af-
ter treatment with RA-dbcAMP. Note that TM expres-
sion was lower in TIF1B*/~ cells when compared with
wild-type cells, in agreement with the observation that
~20%-30% of the TIF1B*/~ cell population failed to mor-
phologically differentiate into PE cells, indicating that
the correct gene dosage of TIF1B is required for full dif-
ferentiation into PE cells (data not shown). It is notewor-
thy that TIF1pH"1P°%/~ cells treated for 6 d with RA and
dbcAMP added simultaneously were also unable to un-
dergo PE differentiation (data not shown). Altogether,
these results demonstrate that differentiation of
TIF1pHP1box/~ cells on RA-dbcAMP treatment is blocked
at the PrE stage, and therefore that the interaction be-
tween TIF1B and HP1 proteins is essential for differen-
tiation of PrE cells into PE cells.

To evaluate the requirement of the TIF13-HP1 inter-
action for VE differentiation, we grew wild-type, TIF1g*/~,
and TIF1p"Pbox/~ cells in bacterial Petri dishes to allow
formation of vesicles and treated them for 6 d with 50
nM RA as described previously (Casanova and Grabel
1988). Wild-type and TIF1B*/~ cells treated with RA
formed vesicles with an outer layer of large stringent
cells typical of VE differentiation (Fig. 2B, panels d,e). In
contrast, TIF1p71P°%/~ cells rapidly degenerated from 2
d (data not shown) to 6 d of RA treatment at a stage at
which there were only few residual vesicles left, as illus-
trated in Figure 2B, panel f. This effect is specific of VE
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Figure 4. TIF1RMPPox/~ cells do not differentiate into PE cells. (A) TIF1B*/~ and TIF1pHTP°x/~ cells were grown on glass coverslides,
treated with vehicle (no treatment) or with 1 uM RA + 250 uM dbcAMP for 6 d, fixed, and hybridized with an anti-Troma-1 mAb
antibody. DNA content was visualized by Hoechst staining. Bar, 5 uym. (B) RNA from wild-type (WT), TIF18*/~, and TIF1p""!box/~ F9
cells treated for 96 h with either the vehicle or 1 tM tRA or for 6 d with 1 pM tRA + 250 pM dbcAMP were subjected to semiquan-
titative RT-PCR analysis with the PE differentiation marker thrombomodulin (TM)-specific primers. The HPRT RT-PCR was used
as an internal control. (C) TIF1B transiently concentrates within pericentromeric heterochromatin during PE differentiation. Wild-type
(WT) cells were grown on glass coverslides in the presence of either 1 utM RA (open bars) or 1 tM RA plus 250 uM dbcAMP (black bars)
for 1, 2, 3, 4, and 6 d; fixed; and hybridized with an anti-TIF1g mAb. The percentage of cells displaying TIF1B heterochromatic foci
is plotted. (D) TIF1B expression is decreased during PE differentiation. Wild-type (WT) and TIF1B"7bo%/~ cells were grown for 4 d in
the presence of 1 uM RA followed by 2 d in the presence of 1 pM RA plus 250 uM dbcAMP. Cells were collected each day and WCE
of wild-type (TIF1B) of TIF1pFPox/~ (TIF1BMPPx) cells were analyzed by Western blot with a TIF1B-specific mAb. Actin was used as

an equal loading control.

differentiation and not of the growth conditions because
TIF1pHP1box/~ cells grown on bacterial Petri dishes in the
absence of RA treatment formed vesicles resembling
wild-type and TIF1B*/~ vesicles (Fig. 2B, panels a—c).
These results indicate that the interaction between
TIF1B and HPI is essential for VE differentiation.

We have previously shown and confirmed in the pres-
ent study that association of TIFIB to heterochromatin
was not observed within differentiated PE nuclei (Fig.
4A, panel b; Cammas et al. 2002). However, PE differen-
tiation is a two-step differentiation process including an
RA-dependent phase followed by a cAMP-dependent
phase. It is therefore conceivable that TIF1B could con-
centrate within heterochromatin at specific stages dur-
ing the process of PE differentiation. To address this
question, we treated F9 cells for 6 d with either 1 pM RA
alone or with 1 ptM RA plus 250 uM dbcAMP. Cells were
analyzed each day of the differentiation processes by im-
munofluorescence with a TIF1p mAb. As previously ob-
served (Cammas et al. 2002), RA treatment led to relo-
cation of TIF1B from eu- to heterochromatin in a pro-
gressively increasing number of nuclei to reach a
maximum of ~50% after 4 d of treatment (Fig. 4C). This
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percentage remained unchanged at all subsequent points
(Fig. 4C; data not shown). In the presence of RA plus
dbcAMP, TIF1p also relocates from eu- to heterochroma-
tin until 3 d of treatment to reach a maximum of ~20%-
25%. Thereafter, the percentage of cells with heterochro-
matic TIFIB decreased to reach ~0%—5% after 6 d of PE
differentiation (Fig. 4C). The kinetics of replacement of
the cell population with heterochromatic TIF1B by a cell
population with diffused nuclear TIF1B correlated with
the morphological changes associated with the differen-
tiation of PrE cells into PE cells (data not shown). It is
noteworthy that the homogenous localization of TIF1B
within PE nuclei is also observed when F9 cells are se-
quentially treated 4 d with 1 uM RA followed by 2 d with
1 uM RA plus 250 uM dbcAMP (data not shown). Alto-
gether, these results demonstrated that TIF1f concentra-
tion within heterochromatin is a transient status during
PE differentiation, whereas it is permanently established
during PrE differentiation. Interestingly, TIF1B reloca-
tion from eu- to heterochromatin also occurs during VE
differentiation of F9 cells (data not shown). These results
suggest that the relocation of TIF1B from eu- to hetero-
chromatin during the RA-treated phase of endodermal



differentiation might play a role in the regulation of
TIF1B concentration within differentiated cell nuclei.
The level of TIF1B and TIF1B !P°* was assessed in wild-
type and TIF1BH 1o/~ cells, respectively, during PE dif-
ferentiation. Western blot analysis with a TIFI mAb
revealed that TIF1B concentration is constant for up to 2
d of RA treatment and then decreases of 10-fold after 4 d
of treatment (Fig. 4D, cf. lanes 5 and 1). The level of
TIF1B further decreased by 1.7-fold after treatment with
dbcAMP (Fig. 4D, lanes 6,7). In TIF1p!7b°x/~ cells, the
level of TIF1RMP1P% was also decreased after 4 d of RA
treatment (fourfold) but did not further decrease after
RA-dbcAMP treatment (Fig. 4D). This expression of
TIF1B within F9 PE cells is in contrast with our previous
observation that TIF1@ transcript was not detected, by in
situ hybridization, within PE and VE layers of embryonic
day 6.5 (E6.5) and E7.5 embryos (Cammas et al. 2000).
We therefore analyzed TIF1p expression within embryos
by immunohistochemistry using the TIF18 pAb, PF64.
This study revealed that, as in F9 cells, TIF1B is ex-
pressed in both PE and VE of E6.5 and PE of E7.5 embryos
(data not shown).

Ectopic expression of TIF1B into TIF1RHPPox/~ cells
restores their ability to differentiate into PE cells

To unequivocally demonstrate that the failure of
TIF1RHP1Pox/~ cells to differentiate into PE cells reflects
the requirement of an interaction between TIF1g and
HP1 proteins, we investigated whether ectopically ex-
pressed TIF1B or TIFIRHPIP°* mutant proteins into
TIF1pHP1Pox/~ cells could restore PE differentiation.
TIF1pHP1box/~ cells were transfected with three con-
structs to perform doxycycline (Dox)-inducible expres-
sion of TIFIB: (1) an expression cassette encoding the
reverse tetracycline-controlled transactivator (rtTA;
Gossen et al. 1995); (2) a construct containing the mouse
Flag-tagged TIF18 or TIF1RHPP*x ¢DNAs (f.TIFIB and
f. TIF1HPIbox respectively) under the control of tetracy-
cline operators; and (3) a PGK-Hygro selection cassette-
expressing vector (Fig. 5A). Clones resistant to hygromy-
cin were amplified, grown in the presence or absence of
1 pg/mL Dox for 3 d, and analyzed by Western blotting
with an anti-Flag mAb. Two cell lines expressing either
f.TIF1B or f. TIF1B"P1P°X proteins selectively in the pres-
ence of Dox were isolated and designated TIF1p!r1box/-/
rtTA-f. TIF1B and TIF1B™"1Po%/~ [r¢ TA-f. TIF1pH"1P°% re-
spectively (Fig. 5B). Western blotting using a TIF1B-spe-
cific mAb showed that in the presence of Dox,
TIF1pMP1box/~ /1t TA-f. TIF1P cells express a total amount
of TIF1@ protein similar to wild-type cells, whereas
TIF1RHPIbox/~ [t TA-f. TIFIRHP1Pox  cells  express a
slightly lower level (Fig. 5B, lane TIF1B). The ability of
these two cell lines to undergo PE differentiation on RA-
dbcAMP treatment was analyzed in the absence or pres-
ence of 1 ng/mL Dox. TIF1pHP1box/~ /rTA-f. TIF1B cells
treated with RA-dbcAMP in the presence of Dox differ-
entiated into PE cells as assessed by morphological
analysis, whereas the same cells differentiated only into
PrE cells in the absence of Dox (Fig. 5C, panels f,b). In
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Figure 5. Expression of ectopic TIF1B cDNA in TIF1pHPibex/-
F9 cells rescues the ability of these cells to differentiate into PE
cells. (A) TIF1p*P1Pox/~ F9 cells were cotransfected with a vector
allowing the expression of the reverse tetracycline activator
(rtTA) cDNA under the control of the human cytomegalovirus
(hCMV) promoter/enhancer and with a vector driving the ex-
pression of either the Flag-tagged TIFIB or the Flag-tagged
TIF1BHPPx ¢DNAs under the control of the hCMV/tetracy-
cline operator (hCMV/Tet-Op) in parallel with a plasmid carry-
ing the PGK-hygro cassette as a selection marker. (B) One stable
hygromycin-resistant cell line expressing either Flag-TIF1B or
Flag-TIF1BMP®% proteins only after induction with 1 pg/mL
doxycyclin (Dox) as assessed by Western blot analysis using an
anti-Flag mAb were chosen (TIF1B""0oX/~/rTA-f TIFIB and
TIF1RMP1box~ [y TA-f. TIF1HP*Po%), Total amount of TIFIB
(TIF1B wild-type [WT] and TIF1BRMP'P°%) was assessed using a
TIF1B mAb. (C) TIF1RH?1box/ [yTAf TIF1B and TIF1gHF1box/-/
1TA-f. TIF1BH"*x F9 cells were grown for 6 d without (panels
a-d) or with (panels e-h) 1 ng/mL Dox, in the absence (panels
a,c,e,g) or presence (panels b,d,gh) of 1 uM RA +250 uM
dbcAMP. Cells were photographed under a phase contrast mi-
croscope. Bar, 100 um. (D) RNA from wild-type (WT),
TIF1BHP1Pox/- /rTA-f. TIF18, and TIF1B"P10ox [rTA-f. TIF1@HP1box
cells induced by 1 uM RA + 250 uM dbcAMP in the absence or
presence of 1 ng/mL Dox were subjected to RT-PCR analysis
with TM-specific primers. The HPRT RT-PCR was used as an
internal control.

contrast, TIF1p"P1box/~ [rTA-f. TIF18HP10°% cells treated

with RA-dbcAMP in the presence or absence of Dox only
differentiated into PrE-like cells (Fig. 5C, panels d,h).
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These results were confirmed by the expression of the PE
marker TM. As expected, TM was expressed in RA-
dbcAMP-treated wild-type, but not TIF1p"1P°%/~ cells,
independently of the presence of Dox (Fig. 5D, lanes 1-8).
In TIFIRHPIPoX~yTA-f TIFIB cells, but not in
TIF1RHP1Pox/~ [y TA-f TIF1RHP1Po% cells, TM was induced
specifically in the presence of RA-dbcAMP and Dox,
thus confirming that ectopic expression of TIF1B en-
abled TIF1pHP1box/~ cells to differentiate into PE cells,
whereas TIF1BHP1P°x did not (Fig. 5D, lanes 9-16). Note
that the level of TM induction in TIFIBM’1Po%/~/rTA-
F.TIF1B was reduced in comparison with wild-type cells,
confirming that PE differentiation is sensitive to TIF13
dosage.

Taken together, these results firmly establish that
TIF1B interaction with HP1 proteins is indispensable to
enable F9 cells to differentiate into PE cells, whereas it is
not required for PrE differentiation.

Interaction between TIF1B and HP1 is essential
during RA-induced PrE differentiation to enable
further PE differentiation

To establish whether the TIF1B-HP1 interaction was re-
quired throughout PE differentiation, we took advantage
of the temporally controlled inducibility of expression of
f.TIFIp cDNA in TIF1gHP1Pox/~/rt TA-f. TIF1B cells.
These cells were grown in PE differentiation-inducing
conditions: (1) 3 d in the absence of treatment (Fig. 6A,
d-3 to d0), followed by (2) 4 d in the presence of 1 uM RA
(Fig. 6A, dO to d4), and finally (3) 2 d in the presence of 1
1M RA plus 250 pM dbcAMP (Fig. 6A, d4 to d6). £.TIF1B
expression was induced in these cells by addition of 1
ug/mL Dox at various times of the differentiation pro-
cess (Fig. 6A). Western blot analysis using an anti-Flag
antibody revealed that f. TIF1B was expressed during dif-
ferent phases of the differentiation process (Fig. 6B). Ac-
tin was used as an equal loading control (data not
shown).

To quantify the extent of rescue of the PE phenotype
by f.TIF1B expression, we performed morphological
analysis in the previously described growing conditions
(Fig. 6A), with cell dilutions allowing us to count indi-
vidually each clone arising from single cells. The per-
centage of clones containing PE cells in each growing
condition is plotted in Figure 6C. Note that in the same
experimental conditions, 100% of wild-type cells under-
went PE differentiation (data not shown). This morpho-
logical analysis indicated that no PE cells were detected
in TIF1pHP1box/~ cells expressing TIF1B only from d-2 to
dl (Fig. 6B,C, lane 3), whereas PE differentiation was
induced in cells expressing TIF1B from dO (Fig. 6B,C,
lane 8). Therefore, expression of {. TIF1@ before RA treat-
ment is neither necessary (Fig. 6B,C, lanes 7,8) nor suf-
ficient (Fig. 6B,C, lane 3) to enable TIF1p""box/~ /i TA-
f. TIF1B cells to undergo PE differentiation. In contrast,
TIF1B must be expressed between at least the first and
second day of RA treatment in order for PE differentia-
tion to occur (Fig. 6B,C, lanes 5-9). Strikingly, cells that
expressed TIF1B only after 2-3 d of RA treatment were
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Figure 6. TIF1p interaction with HP1 is essential during RA-
induced PrE differentiation to enable further differentiation into
PE cells. [A) Scheme representing the treatment of TIF1R/F1box/~/
rTA-f.TIF1B F9 cells. TIF1HF0ox/~ [y TA-f. TIF1B F9 cells were
first grown for 3 d without treatment (d-3 to d0), followed by 4
d of treatment with 1 uM tRA (dO to d4) and 2 d with 1 uM
tRA + 250 uM dbcAMP (d4 to d6). (Lanes 1-11) Dox was added
to the medium during the indicated periods of time. (B) Flag-
TIF1B protein level in TIF1pHT1Po%/~ [y TA-f. TIF18 F9 cells. WCE
were prepared each day from d-2 to d4 and at day d6. (C) The
percentage of clones containing cells with morphological fea-
tures of PE cells at day d6 is plotted for each growing condition.
Each bar represents the mean + standard deviation of data from
three independent differentiation experiments. For each point,
>200 clones were counted. (D) RNA from TIF1p!P1box/~/rTA-
f. TIF1B cells treated in the previously described conditions were
subjected to semiquantitative RT-PCR analysis with TM-spe-
cific primers. The HPRT RT-PCR was used as an internal con-
trol.

mostly blocked at the PrE stage of differentiation (Fig.
6B,C, lanes 10,11), demonstrating that the TIF1-HP1
interaction was essential for PE differentiation well be-
fore the addition of dbcAMP. This morphological analy-
sis was confirmed at the molecular level by the expres-
sion of TM, which was only induced in cells expressing
{.TIF1B between at least the first and second day of RA
treatment (Fig. 6D, lanes 5-9).

Altogether, these results indicated that the essential
role of the interaction between TIF18 and HP1 proteins
for PE differentiation is restricted to an early time win-
dow during the initial RA-dependent phase of the differ-
entiation process.

Interaction between TIF18 and HP1 is essential
to regulate expression of endoderm-specific genes

To further investigate the RA responsiveness of
TIF1RHP1box/~ cells, we analyzed the expression of sev-
eral genes, including (1) genes known to play essential
roles in mouse endoderm differentiation: the transcrip-



tion factor genes GATAG (Morrisey et al. 1998), HNF4
(Chen et al. 1994), and Oct3/4 (Niwa et al. 2000) and the
signal transduction adapter protein Disabled-2 (Dab2;
Yang et al. 2002); and (2) genes whose expression is
known to be induced by RA treatment of F9 cells: the
transcription factor genes RARB2 and Hoxb1, and genes
encoding the components of the extracellular matrix
procollagen type IV (CollV) and laminin Bl (LamBl;
Harris and Childs 2002). Wild-type, TIF1f*/~, and
TIF1BHP1Pox/~ cells were either not treated or treated for
24 h or 48 h with 1 pM RA. These time points corre-
sponded to the window of time during which TIF13-HP1
interaction is indispensable for PE differentiation. Ex-
pression was analyzed by semiquantitative RT-PCR
analysis. We found that, in the absence of RA treatment,
only two genes, HNF4 and Oct3/4, had a detectable level
of expression and were both down-regulated in
TIF1pHPPox/~ cells compared with wild-type cells
(seven- and threefold, respectively; Fig. 7, lanes 1-3). For
Oct3/4, the difference between wild-type and
TIF1pHP1box/~ cells was maintained constant in the pres-
ence of RA treatment, even though, as expected, Oct3/4
expression was repressed by RA treatment in wild-type
and TIF1B*~ cells (2.5-fold after 24 h of RA treatment;
Fig. 7, cf. lanes 4,5 and 1,2). For all of the other genes
tested, RA induced their expression in wild-type, TIF13*/",
and TIF1RH71Po%/~ cells (Fig. 7, cf. lanes 4-9 and 1-3).
However, the extent of induction was highly dependent
on cell genotypes. After 24 h of RA treatment, GATAG6
and HNF4 expression was, respectively, four and three
times lower in TIF1B"P1Po%/~ cells in comparison with
wild-type cells, whereas the expression of all of the other
genes was not significantly different between the two
cell lines. After 48 h of RA treatment, GATAG6, Dab2,
HNF4, CollV, and lamB1 displayed reduced expression
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Figure 7. Interaction between TIF1B and the HPIs is essential
for accurate expression of endoderm-specific genes during PrE
differentiation. Wild-type (WT), TIF1p*/~, and TIF1pHPibox/-
cells were treated 48 h with vehicle (-) or 24 or 48 h with 1 uM
RA. Total RNA extracted from these cells was submitted to
semiquantitative RT-PCR analysis for the expression of
GATAG6, Dab-2, HNF4, oct3/4, RARB2, Hoxbl, CollV, and
lamB1. HPRT RT-PCR was used as an internal control.
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in TIF1RHP1box/~ cells in comparison with wild-type cells
(Fig. 7; eight-, seven-, 40-, 1.5-, and twofold, respec-
tively). In sharp contrast, expression of RARB2 was
equivalent in wild-type and TIF1p""bx/~ cells, and
Hoxbl expression was higher in TIF1p7?°%/~ cells in
comparison with wild-type cells (Fig. 7, threefold).

Taken together, these results indicate that the inter-
action between TIF1B and HP1 proteins is essential to
regulate the expression of specific genes in both nondif-
ferentiated and differentiated F9 cells, and in particular
is critical for the induction of endoderm master players
in response to RA treatment.

Discussion

We previously reported that TIF1@ relocates from eu- to
heterochromatin during RA-induced PrE differentiation
of F9 cells via its interaction with HP1 proteins (Cam-
mas et al. 2002). In this study, we demonstrate, by spe-
cifically mutating in EC F9 cells the HP1-interacting
PxVxL motif of TIF1B, that the association between
TIF1B and HP1 proteins is essential for F9 cells to differ-
entiate into PE and VE cells.

The TIF1B-HP1 association is required for progression
through differentiation

Differentiation is a highly regulated process that com-
prises different phases including self-renewal, commit-
ment, initiation, and progression through terminal dif-
ferentiation. These different phases correlate with spe-
cific combinations of gene induction and repression
orchestrated by a limited number of master players (for
review, see Fisher 2002). When grown as a monolayer,
EC F9 cells treated either sequentially or in combination
with RA plus cAMP differentiate first into PrE cells, and
then into terminally differentiated PE cells (Strickland et
al. 1980). This progression through differentiation is
marked by characteristic morphological changes as well
as by a bimodal expression pattern of hundreds of genes
(Harris and Childs 2002). We have shown here that the
disruption of the interaction between TIFIf and HP1
does not affect the ability of EC F9 cells (TIF1pH"box/~
cells) to morphologically differentiate into PrE cells, but
completely abrogates their capacity to differentiate into
PE cells on further treatment with cAMP, indicating that
the TIF13-HP1 interaction is not required to initiate dif-
ferentiation, but is essential at later stages to allow ter-
minal differentiation. Furthermore, using a temporally
controlled system of TIF1f expression to re-establish the
interaction between TIF1@ and HP1 proteins within
TIF1RHP1box/~ cells, we have established that (1) TIF1B
expression during the noninduced phase up to the first
day of RA treatment, or during a period extending from
the second day after RA treatment through the end of the
differentiation process, is neither necessary nor suffi-
cient to allow TIF1p""1P°%/~ cells to differentiate into PE
cells; and (2) TIF1B expression during the noninduced
phase up to the second day of RA treatment or during a

GENES & DEVELOPMENT 2155



Cammas et al.

period of time extending from the first day of RA treat-
ment through the end of the differentiation process en-
ables TIF1BM’Pox/~ cells to differentiate into PE cells.
Altogether, these results indicate that (1) the interaction
between TIF1B and HP1 proteins is essential only during
a short window of time early within differentiating PrE
cells, whereas it is not required during the cAMP-depen-
dent phase of PE differentiation; and (2) the deleterious
effect of the TIF1B HP1box mutation on PE cell differ-
entiation, once established in PrE early differentiating
cells, cannot be corrected by re-establishing the interac-
tion between TIF1B and HP1 proteins. This strongly sug-
gests that the TIF1B-HP1 association is required within
early differentiating PrE cells to establish a selective,
transmittable competence to respond to the further
cAMP differentiation signal.

TIF1B-HP1 interaction is involved in control
of expression of endoderm-specific genes

Gene expression analysis in differentiating PrE cells has
revealed that expression of GATA6, HNF4, Dab2, and
Oct3/4 is severely down-regulated in the absence of in-
teraction between TIF18 and HP1 proteins, whereas the
expression of RARB2 and Hoxb1 was either not modified
or moderately increased, respectively. In keeping with
the competence of TIF1pHP°*/~ cells to morphologi-
cally differentiate into PrE cells, these data demonstrate
that the TIF1B-HP1 association does not play a general
role in F9 cell RA responsiveness, but rather is critical
for the regulation of a specific set of genes. Of particular
interest, GATA6, HNF4, Oct3/4, and Dab2, but not
RARB2 or Hoxbl, have been shown to play essential
roles in endoderm differentiation during early mouse
embryogenesis (Chen et al. 1994; Gavalas et al. 1998;
Morrisey et al. 1998, Dupe et al. 1999; Koutsoukaris et
al. 1999; Niwa et al. 2000; Yang et al. 2002). Mice having
either GATAG6, HNF4, or Dab2 genes inactivated can de-
velop normally until the blastocyst stage displaying nor-
mal PrE differentiation, but fail to gastrulate with spe-
cific defects into extraembryonic visceral endoderm
cells, demonstrating that none of these factors is essen-
tial for primitive endoderm differentiation, but rather
they are master players for the progression of extraem-
bryonic endoderm differentiation (Chen et al. 1994; Mor-
risey et al. 1998; Koutsoukaris et al. 1999; Yang et al.
2002). We therefore propose that the inability of
TIF1pHP1box/~ cells to differentiate into PE cells is a con-
sequence of the down-regulation of one of these genes.
Furthermore, differential expression of HNF4 between
wild-type and TIF1p"71Pox/~ cells is detectable prior dif-
ferential expression of GATAG, although it has previ-
ously been shown that GATAG is epistatic to HNF4 dur-
ing endoderm differentiation (Morrisey et al. 2000),
strongly suggesting that GATA6 and HNF4 genes are in-
dependently down-regulated in TIFIpHPPox/~ cells.
From the available literature and our present findings,
we propose that the interaction between TIF18 and HP1
proteins plays an essential role during PrE differentiation
for proper induction of GATA6, HNF4, and/or Dab2 that
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are essential for PE and VE differentiation. We have pre-
viously shown that TIF18 is not critical for the forma-
tion of either PE- or VE-like layers within early embryos
(Cammas et al. 2000). Whether TIF1 is required for ap-
propriate differentiation of embryonic PE cells remains
to be determined, but we have clearly shown that TIF13
is critical for the complete differentiation of the VE layer
into squamous cells (Cammas et al. 2000), strongly sug-
gesting that the inappropriate endoderm differentiation
ability of TIF1p!*b°x/~ F9 cells has some functional rel-
evance.

The TIF1B-HP1 association represses a factor
that negatively controls the expression
of endoderm-specific genes

How are TIF1B-HP1 interactions involved in the control
of expression of endoderm-specific genes? From studies
showing that TIF1 interacts with the transcriptional
repressors KRAB-ZFPs and recruits histone deacetylase
and methyltransferase complexes together with HP1
proteins to specific chromatin sites, it is currently as-
sumed that TIF1f acts as a corepressor of KRAB-ZFPs
(Ayyanathan et al. 2003; and see introduction). It is
therefore unlikely that the TIF1p-HP1 association di-
rectly regulates the expression of the genes that are
down-regulated in TIF1B""?P°*/~ cells. Rather, we pro-
pose that the TIF1B-HP1 association indirectly controls
the expression of these endoderm-specific genes by re-
pressing the expression of a factor(s) that normally down-
regulates their expression. This factor(s) could belong to
different classes of regulators: (1) It could be a transcrip-
tional repressor, the expression of which would maintain
the expression of endoderm-specific genes either low
(HNF4) or fully repressed (GATAG) in nondifferentiated
cells, whereas its repression by TIF1B-HPI after RA
treatment would allow the induction of endoderm-spe-
cific gene expression. Similar mechanisms of regulation
of differentiation progression by transcriptional repres-
sors have been described for different differentiation
pathways. For example, the repressor REST (Ballas et al.
2001) and the nuclear receptor corepressor N-CoR (Her-
manson et al. 2002) play essential roles in neural stem
cell self-renewal and their decreased expression led to
neuronal and astroglial cell differentiation, respectively.
The transcription factor Pax-5 has been shown to play
essential roles in B-lineage commitment by repressing
lineage-promiscuous transcription (Nutt et al. 1999;
Mikkola et al. 2002); (2) It could correspond to factor(s)
that inactivate, either by posttranslational modification
or by degradation, an activator(s) of endoderm-specific
gene expression. In this respect, we note that RXRa
phosphorylation has been shown to be crucial for the
expression of several RA-responsive genes in F9 cells
(Bastien et al. 2002) and also that the ligand-dependent
degradation of RARs and RXRs by the ubiquitin protea-
some pathway could be important for the magnitude and
duration of the effect of retinoid signals in F9 cells (Kopf
et al. 2000). (3) It could be a chromatin silencing factor(s)
such as histone methyltransferase, deacetylase, and/or



DNA methyltransferase, which have all been shown to
be involved in control of embryonic development and
cellular differentiation (for reviews, see Ansel et al. 2003;
Ehrlich 2003). The identification of the genes that are
misexpressed in TIF1pHP1box/~ cells during the early
phase of PrE differentiation will allow discrimination be-
tween these various possibilities.

It is noteworthy that the window of time during which
the TIF1B-HPI1 interaction is essential for progression
through differentiation strikingly correlates with the
normal onset of TIF1B relocation from eu- to heterochro-
matin domains (Cammas et al. 2002). We therefore pro-
pose that, in the presence of RA, TIF13-HPI triggers the
translocation of the direct target genes from eu- to het-
erochromatin for their silencing. In this respect, we note
that Matsuda et al. (2001) have shown the colocalization
of two KRAB-ZFP proteins, KRAZ1 and KRAZ2, with
TIF1B and HPI proteins within pericentromeric hetero-
chromatin of a fibroblast population. We note also that
the translocation of specific euchromatic genes near or
within heterochromatin has been proposed for the tran-
scription factor Ikaros that regulates the expression of
genes involved in T-cell activation (Brown et al. 1997,
1999).

In conclusion, this report is the first demonstration
that the interaction between TIF1B and HP1 proteins
plays a critical role in vivo, that is, for the progression of
F9 cells through terminal differentiation. Although EC
F9 cells represent a relatively simple model of differen-
tiation, it is likely that the regulatory mechanism un-
covered in this study will apply to other differentiation
pathways. It is indeed noteworthy that we have also ob-
served TIF1B relocation from eu- to heterochromatin
during differentiation of ES cells into cardiomyocytes
and neuronal cell types (Cammas et al. 2002), which sug-
gests that the TIF1B-HP1 association is also playing a
pivotal role in these differentiation pathways.

Materials and methods

Details on individual plasmid constructs, which were all veri-
fied by sequencing, are available on request.

Construction of the targeting vector

The targeting vector pTIF1B*NYL for inactivation of the first
TIF1B allele was described previously (Cammas et al. 2000),
with the addition of a positive selection cassette containing the
coding sequence for the diphterin toxin A (DTA) under the con-
trol of the TK promoter (DTA cassette; McCarrick et al. 1993;
gift from J.W. McCarrick, Wistar Institute, Philadelphia, PA) at
the 3’ end of the construct. The pTIF1B(LNL:L) Clal fragment
was ligated in the Clal site of pSL1190-DTA to give pTIFpLNLL,
To mutate the HP1 box motif on the second allele of TIF1B, we
exchanged the PGK-Neo cassette of pTIF1B(LNL:L) with a PGK-
Hygro (gift from D. Metzger, Institut de Génétique et de Biolo-
gie Moléculaire et Cellulaire, Illkirch, France) and introduced
the previously described HP1 box mutation (Cammas et al.
2002) in the TIF1B gene. The HindIll PGK-HygroMod fragment
was ligated in purified HindIII TIFIB11 fragment to give
TIF1B40 (see Cammas et al. 2000). The double mutation in the
HP1 box of TIF1g (leading to the V488A/L490A substitutions)
was generated by site-directed PCR mutagenesis with the fol-
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lowing internal primers (the codon change is shown in bold-
face): ABP88 (5-GAAGGTGCCACGCGCGAGCGCTGAAC
GCCTGG-3') and ABP89 (5'-CCAGGCGTTCAGCGCTCGC
GCGTGGCACCTTC-3'). The mutation in the HP1 box was
introduced by PCR in TIF1B4 (see Cammas et al. 2000). Two
PCR reactions were first performed with oligonucleotides
ACC242 (5'-CACCAGGAACACATTTTGGCG-3') and ABP89
and with oligonucleotides ACC243 (5'-GGGACGGCATG
GTTCATGGC-3') and ABP88 using TIF1B4 as template. These
two PCR fragments were then mixed and used as the template
for a third PCR with oligonucleotides ACC242 and ACC243.
This PCR fragment was then digested with EcoRI and Ndel and
ligated in Ndel/EcoRI-digested TIF1B4 plasmid, to give
TIF1B41. The 4.5-kb XhoI/Xhol fragment from TIF1B41 was
then cloned in the Xhol site of TIF1B40 to give TIF1B23. The
DTA cassette was added to this construct as described earlier to
give pTIF1RMHLE,

For the temporally controlled expression of the Flag-tagged
TIF1B and TIF1B"P'P°x ¢cDNAs, the reverse tetracycline system
was used. The expression vector pDG1-1tTA, in which the ex-
pression of the rtTA (Gossen et al. 1995) is under the control of
the PGK promoter, was a gift from Dr. Metzger. The Flag-tagged
TIF1B and TIF1RM!P°* ¢cDNA EcoRI fragments from pCX-Flag-
TIF1B and pCX-Flag-TIF1B"P!P°% (Cammas et al. 2002) were li-
gated in EcoRI-digested PUHD10.3 (Gossen and Bujard 1992)
vector containing the hCMV/Tet-Operator sequence (gift from
Pr. Bujard, Max-Planck Institute, Heidelberg, Germany) result-
ing in TIF1B16.

Antibodies

mAbs used include mouse anti-TIF13 mAb, 1Tb3, raised against
recombinant Escherichia coli expressed mouse TIF1 (123-834;
Nielsen et al. 1999); the mouse anti-flag mAb 2FLB11; mouse
anti-RPBl mAb, 1PB-7C2, raised against the heptad repeat
CTD-containing peptide of the RPB1 largest subunit of the hu-
man RNA polymerase II (Nguyen et al. 1996); the anti-HPla
mAb 2HP-2G9; the HP1 mAb 1MOD-1A9; the anti-HPIvy
mAD, 2 Mod-1G6 (Nielsen et al. 1999), rat anti-Endo A, Troma-1
(kindly provided by Dr. R. Kemler, Department of Molecular
Embryology, Max-Planck Institute, Freiburg, Germany). The
rabbit polyclonal antibodies (pAbs) used include anti-TIF1B
pADb, PF64, raised against TIF1B (amino acids 141-155; Cammas
et al. 2002) and the anti-RXRa pAb RPRXa (gift from Dr. Ro-
chette-Egly, Institut de Génétique et de Biologie Moléculaire et
Cellulaire, Illkirch, France).

Cell culture and establishment of stable cell lines

Wild-type and mutant F9 cells were grown as monolayers on
gelatinized surfaces in Dulbecco modified Eagle medium
(DMEM, Gibco) supplemented with 10% fetal calf serum as
previously described (Boylan and Gudas 1991). To induce PrE
and PE differentiations, we plated cells at a density of 10>-10°
cells/cm? on cell culture dishes and treated them with 1.0 uM
all-trans RA (Sigma) alone or in combination with 250 pM di-
butyryl cAMP (dbcAMP, Sigma) or with vehicle (stem, no treat-
ment) for the indicated times, with a change of media every 2 d.
To induce VE differentiation, we plated cells at a density of 10*
cells/cm? on bacterial Petri dishes and treated them with 50 nM
RA or with vehicle (stem, no treatment) for the indicated times,
with a change of media every 2 d. Cells were counted with a
particle counter (Coulter Z2).

To establish an F9 cell line with one TIF1B null allele and one
TIF18 mutated in the HP1 box motif, we transfected 5 x 10°
exponentially growing F9 EC cells (10° per 10-cm plate) by elec-
troporation (200 V, 975 uF) with 5 ng of the targeting vector
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pTIFRNENL linearized with Sfil. After selection with G-418 (500
pg/mL, Sigma), G-418-resistant clones were expanded, and their
genomic DNA was prepared, digested with BamH]1, and ana-
lyzed by Southern blotting with the 3’ probe (a 1.2-kb DNA
fragment downstream of the TIF1B sequence included in the
targeting vector; Cammas et al. 2000). Positive clones for ho-
mologous recombination were further analyzed by Southern
blot after EcoRV digestion and hybridization with the 5’ probe
(a 1.5-kb EcoRI genomic fragment upstream of the TIFIB se-
quence included in the targeting vector; Cammas et al. 2000)
and a Neo probe and called TIF1B%*. This clone was transfected
by electroporation with 5 ng of the targeting vector pTIFgLLHL
linearized with Sfil. After selection with G-418 (500 pg/mL) and
hygromycin B (250 pg/mL; Roche), clones resistant to G-418 and
hygromycin were expanded, and their genomic DNA was pre-
pared, digested with EcoRV, and analyzed by Southern blotting
with the 5’ probe and the Hygro probe. Positive clones for ho-
mologous recombination were further analyzed by PCR with
oligonucleotides VR216 (5'-ATGGAAGTACAAGAGGGATAT
GGC-3') and TV211 (5'-TGAGCTGGTACTGCCACTAGG-3’),
followed by digestion with Eco47III to detect the mutation in
the HP1 box motif. The TIF1R/12HPIox clone was transfected
by electroporation with 10 pg of the PGK-Cre expression vector
(gift from Dr. Metzger). Cells were redistributed 72 h following
the transfection at a concentration of 250 cells/10-cm plate and
grown in the absence of any selection for 10 d. Clones were
expanded, and their genomic DNA was prepared and analyzed
by PCR with YD208/TV210/VR211 as described previously to
detect the excision of the LoxP-flanked sequences (Cammas
et al. 2000).

To establish TIF1p"P'Po%/~ cell lines expressing f.TIF1B or
f.TIF1RHPPx we coelectroporated TIF1BHI10%/~ F9 cells with 2
pg of pDG1-rtTA linearized by Aat2, 2 png TIF1B16 or TIF1B18
(Cammas et al. 2002) linearized by Aatll, and 0.4 ng of PGK-
NeoALSI (gift from Dr. Metzger) linearized by Bsal. After G-418
selection, cells were expanded and treated with 1 pg/mL Dox for
3 d. Clones expressing f. TIF1B or f. TIF1g"15°% only in the pres-
ence of Dox were selected by Western blotting using the anti-
Flag mAD.

Immunofluorescence and confocal microscopy

Cells were grown on gelatinized glass coverslips, washed once
with phosphate-buffered saline (PBS), and fixed with 2% para-
formaldehyde in PBS (pH 7.5) for 10 min at room temperature.
Samples were then permeabilized twice with 0.1% Triton X-100
(PBS-Tx) for 5 min at room temperature, washed in PBS, and
incubated for 16 h at room temperature with primary antibodies
appropriately diluted in PBS. Cells were washed twice with PBS-
Tx for 5 min at room temperature and incubated for 1 h with
fluorochrome-conjugated secondary antibodies in PBS-Tx.
Slides were washed twice (5 min/wash) in PBS-Tx, stained for
DNA with Hoechst 33258 at 5 pg/mL, and mounted in PBS 5%
propyl gallate 80% glycerol. Image acquisition was performed
using a Leica TCS-4D confocal scanning microscope.

Immunoprecipitation and Western blot analysis

Isolation of whole-cell extracts from F9 cells and Western blot
detection were performed as previously described (Chiba et al.
1997a; Nielsen et al. 1999).

RT-PCR

RNA extraction was performed with a water-saturated phenol/
guanidinium thiocyanate solution as described previously
(Rothblum and Xie 1991). Semiquantitative RT-PCRs were
performed as described previously (Chiba et al. 1997b). The PCR
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primers used for amplification are available on request. End-
labeled oligonucleotides were generated for probing the PCR
products on Southern blots.
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