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Some members of nuclear hormone receptors, such as the thyroid hormone receptor (TR), silence gene ex-
pression in the absence of the hormone. Corepressors, which bind to the receptor’s silencing domain, are in-
volved in this repression. Hormone binding leads to dissociation of corepressors and binding of coactivators,
which in turn mediate gene activation. Here, we describe the characteristics of Alien, a novel corepressor. Alien
interacts with TR only in the absence of hormone. Addition of thyroid hormone leads to dissociation of Alien
from the receptor, as shown by the yeast two-hybrid system, glutathione S-transferase pull-down, and coim-
munoprecipitation experiments. Reporter assays indicate that Alien increases receptor-mediated silencing and
that it harbors an autonomous silencing function. Immune staining shows that Alien is localized in the cell nu-
cleus. Alien is a highly conserved protein showing 90% identity between human and Drosophila. Drosophila Alien
shows similar activities in that it interacts in a hormone-sensitive manner with TR and harbors an autonomous
silencing function. Specific interaction of Alien is seen with Drosophila nuclear hormone receptors, such as the
ecdysone receptor and Seven-up, the Drosophila homologue of COUP-TF1, but not with retinoic acid receptor,
RXR/USP, DHR 3, DHR 38, DHR 78, or DHR 96. These properties, taken together, show that Alien has the
characteristics of a corepressor. Thus, Alien represents a member of a novel class of corepressors specific for se-
lected members of the nuclear hormone receptor superfamily.

Corepressors are involved in gene silencing by various tran-
scriptional repressor proteins such as MAD/MAX and MxiI
(2), YY1 (74), KRAB domain proteins (27), NGF1-A, KROX
20 (59, 63) and some members of the nuclear hormone recep-
tor (NHR) superfamily, such as thyroid hormone receptor
(TR) and retinoic acid receptor (RAR) (8, 19, 38, 50). Both
TR and RAR repress gene activity in the absence of hormone
in vivo (3, 4, 21, 73) and in vitro (28, 67, 68). This repression is
mediated by a silencing domain in the carboxy terminus, en-
compassing about 250 amino acids (aa) (3, 33, 46, 58). In
addition to the silencing function, TR and RAR harbor sev-
eral other functions C-terminal to their DNA binding do-
main (DBD) including dimerization, hormone binding and
hormone-dependent transactivation. These activities can be
transferred to heterologous proteins and therefore represent
functional domains (for reviews, see references 6, 50, and 65).

Gene silencing by NHRs is relieved by addition of the cog-
nate ligand, which induces a conformational change and trans-
forms the receptor into a transcriptional activator. In this way,
both hormone binding and the small conserved receptor acti-
vation domain, AF2/AF2-AD/t4/tc (8, 11, 12, 22, 49, 50), rep-
resenting helix 12 (14, 38, 55, 57, 71), are required to dissociate
corepressors from the receptors (8, 9, 19, 38).

For the liganded (holo)receptors, the activation domain

AF2/AF2-AD/t4/tc is also essential for binding of coactivators
(36, 40, 71) that mediate gene activation. Interestingly, a large
number of coactivators for NHRs have been cloned, including
SRC1 (54), TIF1 (44), TIF2 (71)/GRIP1 (37)/TRAM-1 (64),
RIP140 (16), RIP160 (42), TRIP230 (18), ARA70 (76), p/CIP
(69), CREB binding protein (19, 42), PGC-1 (56), and addi-
tional TR-associated proteins (30). Thus, multiple classes of
coactivators are involved in NHR gene activation. It is yet
unknown why so many different coactivators are involved in
transcriptional activation by NHRs.

Gene silencing by TR, RAR, Rev-erbAa, and COUP-TF is
mediated, at least in part, by corepressors in vivo (8, 10, 19, 25,
38, 61) and in vitro (68), which bind to the unliganded (apo)
receptors. Only one class of nuclear receptor corepressors has
been identified, which exhibit hormone-sensitive interaction.
This class contains two related members, SMRT and N-CoR
(19, 38). These corepressors were isolated by the yeast two-
hybrid system and bind to the silencing domains of TR and
RAR only in the absence of ligand. Hormone binding by the
receptor leads to dissociation of these corepressors. Further-
more, SMRT and N-CoR are localized in the cell nucleus and
harbor an autonomous silencing function when bound to DNA
(19, 38). The mechanism of repression by the SMRT/N-CoR
class involves interaction with SIN3 and a histone deacetylase
function (1, 35, 52).

Here, we describe a novel corepressor, Alien, which is un-
related to SMRT and N-CoR and is highly conserved from
humans to Drosophila. Conserved sequences are even found in
Ricinus communis and Caenorhabditis elegans. Alien interacts
with TR only in the absence of hormone and does not inter-
act with RAR, retinoid X receptor (RXR), or glucocorticoid
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receptor (GR). Addition of thyroid hormone leads to dissoci-
ation of Alien from TR as shown by yeast two-hybrid, glutathione
S-transferase (GST) pull-down, and coimmunoprecipitation
experiments. Alien is able to enhance receptor-mediated
silencing, is localized in the cell nucleus, and harbors an au-
tonomous silencing function. Taking these results together,
Alien fulfills the characteristics of a corepressor, is specific for
some members of the NHR superfamily, and represents a
novel class of corepressors.

(This work contains part of the Ph.D. thesis of U. Dressel,
Justus Liebig University of Giessen, Giessen, Germany.)

MATERIALS AND METHODS

Plasmids. (i) GST fusion expression vectors. GST–d-Alien aa 1 to 360 was
constructed by insertion of the EcoRI-EcoRI fragment from pABgal94–d-Alien
aa 1 to 360 into the EcoRI site of pGST-linker (5). GST–h-Alien aa 1 to 305 was
cloned by inserting the EcoRI-XhoI fragment (partial digest) from pABgal94–h-
Alien into the EcoRI-SalI site of pGST-linker.

(ii) In vitro translation vectors. Ecdysone receptor (EcR) aa 330 to 878 was
excised from pABgal94 (8)-EcR fusion with EcoRI-HincII, filled in with Klenow
enzyme, and ligated to the pT7bSal (53) HincII site. Full-length DHR 38, DHR
78, and DHR 96 cDNAs and the P9 FTZ-F1 cDNA were gifts from C. S.
Thummel; pBSK2 SVP cDNA was a gift from M. Mlodzik; COUP-TF1,
hRXRb, and hRARa were obtained from M.-J. Tsai and B. W. O’Malley; and
cDNAs E75B and DHR3 were a gift from S. Munroe. pT7bSal hTRb 5-461 was
described previously (5).

(iii) Expression vectors. Generation of reporter constructs was described pre-
viously (3, 4). pABgal94-d-Alien was generated by insertion of the cDNA (31) in
frame with the Gal4-DBD coding sequence in the vector pABgal94 (8). PCR
cloning of human Alien (h-Alien) was performed with HeLa cells as the RNA
source. Oligo(dT) primers were used to generate cDNA. h-Alien-specific primers
were used in accordance with the known 59-end sequence of TRIP15 (45).
pBS-SK2–h-Alien was cloned by insertion of the EcoRI-XhoI 2-kb fragment of
pJG-TRIP15/h-Alien into the EcoRI-XhoI site of pBluescript II SK2 (Strat-
agene). pAB–h-Alien was cloned by insertion of the SmaI-XhoI (Klenow) frag-
ment of pBS-SK–h-Alien into the PvuII site of pABDgal (3). pHA-TRa c.t. was
generated by replacing the coding sequence of the Gal4 DBD in the vector
pABgal94-TRa by that of hemagglutinin epitope tag through the use of synthetic
oligonucleotides. Full-length pHA-TRa is a fusion of the entire TRa coding
region from full-length pEG-TRa into the pHA vector.

(iv) Yeast two-hybrid expression vectors. pJG-EcR 330–878 was constructed
by excision of the coding sequence of EcR (aa 330 to 878) from pABgal94-EcR
HindIII (Klenow)-EcoRI and insertion into the XhoI (Klenow)-EcoRI site of
pJG4-5 (24). pJG-d-Alien was created by insertion of the EcoRI fragment of
pABgal–d-Alien into EcoRI sites of pJG4-5. The lex fusions pEG–v-erbA, pEG-
TRa, and pEG-TRb, point mutants, and deletions were generated by insertion
of the receptor C termini from the corresponding pABgal fusions (4, 15) with
EcoRI and filled-in HindIII sites into blunted XhoI-EcoRI sites of pEG202.
Insertion of the entire SMRT cDNA from Gal-SMRT (19) into the vector
pJG4-5 created pJG-SMRT-f.l (9). pJG-SMRT and pJG-N-CoR were described
previously (9). pEG-SIN3A was generated by insertion of the ScaI fragment of
pVZ-Sin3A into pEG202. pEG-RAR and deletions were described previously (9,
10), as was pEG-hGRa (60). Hormones were added at the following concentra-
tions: 1026 M for 3,39,5-triiodothyroacetic acid (TRIAC), 105 M for retinoic
acids, and 1026 M for triamcinolone diacetate.

Cell culture. HeLa, CV1, Ltk2, and COS1 cells were grown in Dulbecco
modified Eagle medium plus 10% fetal calf serum (FCS) at 37°C under 5% CO2;
HD3 cells were grown in Dulbecco modified Eagle medium plus 8% FCS and 2%
chicken serum at 37°C under 5% CO2. For both HeLa and CV1 cells, cotrans-
fections were carried out by the calcium phosphate method. A 0.5-pmol portion
of expression vector was cotransfected with 1.0 pmol of indicated reporter plas-
mid. The DEAE-dextran method of transfection was used for COS1 and Ltk2
cells essentially as described previously (21). In detail, for COS1 or Ltk2 cells
2.5 3 106 or 1 3 106 cells, respectively, were trypsinized, washed once with
Tris-buffered saline (TBS), and incubated with DNA transfection solution con-
taining 30 mg (1 pmol of reporter and the indicated expression vectors) of
expression plasmid in 100 ml (20 ml for Ltk2 cells) Tris-EDTA, 900 ml (150 ml
for Ltk2 cells) TBS, and 1,200 ml (220 ml for Ltk2 cells) DEAE-dextran (1% in
TBS). After a 1-h incubation at room temperature, the cells were collected by
centrifugation and cultured on 15-cm (6-cm for Ltk2 cells) cell culture dishes
in normal or (for hormonal studies) charcoal-treated 10% FCS and were grown
for a further 2 days before harvest.

For augmentation of TR-mediated silencing on a natural TR response element
(TRE), 1.5 pmol of reporter, 2 mg of Gal-fusion, and 3 mg of h-Alien or empty
expression vector were used in CV1 cells. For the potentiation of silencing of
Alien, 1 pmol of reporter (pUAS63 tkCAT), 1 pmol of Gal-fusion, and 2 pmol
of rat TRa were cotransfected in CV1 cells. For detection of the silencing
function of Alien, different cell lines were transfected with 3 pmol of Gal-fusion

and 1 pmol of reporter. Trichostatin A (Biomol Research Labs) was added at a
final concentration of 100 ng/ml 8 h before cell harvest.

GST pull-down experiments. Bacterial expression of GST, GST-TR, GST–h-
Alien or GST–d-Alien was performed by induction of gene expression with 0.2
mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 3 h at 25°C for GST-TR
and 30°C for GST and GST-Alien in HB101 cells. The purification of recombi-
nant protein and interaction studies with in vitro-translated, [35S]methionine-
labeled h-Alien or NHR were as described previously (7). In each experiment,
the amount used in the input lane was 10% of that incubated with the GST-
beads. The GST fusion proteins were stained with Coomassie brilliant blue to
ensure equal loading, and the bound proteins were visualized by autoradiogra-
phy. For ligand-sensitive interaction studies, 5 3 1028 mol of TRIAC was used.

Coimmunoprecipitation. COS1 cells were transfected with HA-TRa expres-
sion vector coding for the hemagglutinin-tagged carboxy terminus (aa 120 to 410)
of TR a (TRa c.t.) or the full-length TRa. Hormone (1027 M T3) was added 3 h
to 1 day prior to harvest. Cells were lysed on ice in 300 mM NaCl–0.1% Nonidet
P-40–1 mM dithiothreitol–1 mM phenylmethylsulfonyl fluoride–50 mM Tris-HCl
(pH 7.6). After cell lysis, water was added to dilute the solution to a final salt
concentration of 80 mM. Cell debris were pelleted at 100,000 3 g at 4°C for 30
min. HA antibody (1:5,000) coupled to 20 ml of protein A-Sepharose beads
(Pharmacia) was incubated for 2 h with cell extract at 4°C. The beads were
washed five times with 0.33 lysis buffer, and the samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). West-
ern analysis was performed by using anti-Alien peptide antibody (31) and the
enhanced chemiluminescence detection method (Amersham). Anti-Alien pep-
tide antibody was used for coimmunoprecipitations of SIN3A by the method of
Eggert et al. (26) with 0.1% Nonidet P-40. Anti-SIN3A antibody (Santa Cruz)
was used for detection of SIN3A in Western analysis.

Immunofluorescence. Indirect immunofluorescence of cells was performed es-
sentially as described by Eggert et al. (26). For detection, preimmune antiserum
or rabbit anti-Alien peptide antibody (31) and tetramethylrhodamine-5-isothio-
cyanate (TRITC)-conjugated swine anti-rabbit antibody (Dakopatts) were used.

Yeast two-hybrid assay. Yeast two-hybrid assays were performed as described
previously (9, 32). The yeast strain EGY48 was transformed with three plasmids,
the lex fusion as the bait, pJG or pVP vectors as the activator, and pSH18-34 as
the reporter.

Nucleotide sequence accession number. The sequences of h-Alien and TRIP15
have been assigned accession no. AF120268 and L40388, respectively.

RESULTS

Alien is a highly conserved protein which interacts in the ab-
sence of hormone with a subset of members of the NHR super-
family. TR is a transcriptional silencer in the absence of hor-
mone as well as a hormone-dependent trans-activator (3, 21,
22). The silencing domain is localized in the receptor C termi-
nus, together with the hormone binding and the hormone-
dependent trans-activation functions.

We previously isolated Drosophila Alien (d-Alien [31]), which
has homologies to the partial sequence of a TR-interacting
factor, TRIP15, isolated by a yeast two-hybrid screen (45). We
were interested whether d-Alien was able to interact in a hor-
mone-sensitive manner with TR. Therefore, yeast two-hybrid
experiments were performed which revealed that d-Alien in-
teracted with TR only in the absence of ligand (Fig. 1). Addi-
tion of hormone leads to the dissociation of the Alien-TR
complex. In contrast, RXR and RAR failed to interact with
d-Alien. Further characterization of d-Alien showed that it
harbors an autonomous silencing function and that the d-Alien
antibody cross-reacts with h-Alien in the cell nucleus of HeLa
cells (see below). We then isolated and sequenced full-length
h-Alien/TRIP15 from HeLa cells.

h-Alien bears very high homologies to its Drosophila homo-
logue throughout the entire amino acid sequence (Fig. 2).
h-Alien isolated from HeLa cells is composed of 305 aa (Fig.
2). The sequence was verified by several independent experi-
ments involving reverse transcription-PCR cloning and subse-
quent sequencing. The cDNA is 2,001 bp long and is polyad-
enylated (data not shown). The GenBank-submitted sequence
of TRIP15 (45) ends at bp 933 of the cDNA. The d-Alien
protein has an extended C-terminal part (31) compared to
h-Alien. Alignment of d- and h-Alien revealed high homolo-
gies (90% identity and 95% similarity at the amino acid level
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for the entire h-Alien protein). Further searches of the data
banks yielded putative open reading frames from several spe-
cies with quite strong similarities, such as R. communis (31)
(accession no. T14894) and C. elegans (accession no. U97190).
An anti-Alien-antibody was generated against the indicated
peptide sequence (Fig. 2), which shows 100% identity between
the human and Drosophila homologues. Western analysis from
various mammalian cell lines including human (HeLa and
C33A), mouse (NIH 3T3) and monkey (CV1 and COS1) cells

showed an apparent molecular mass of about 41 kDa (not
shown), which is similar to that of the in vitro-translated cDNA
clone. Alien harbors an acidic region in the N terminus, a pu-
tative Zn finger in the C terminus, and a central hydrophobic
region flanked by two putative a-helical structures and one
putative nuclear localization signal.

h-Alien interacts in a hormone-sensitive manner with full-
length TRa as well as with both TRa and TRb C termini
(Fig. 3A). h-Alien also binds to the C terminus of the onco-
gene v-ErbA, which acts as a hormone-independent silencer in
vertebrate cells. Accordingly, h-Alien interacts with v-ErbA in
a hormone-independent manner. Interestingly, h-Alien does
not interact with hGRa, hRXRa, or hRARa (Fig. 3A). In the
absence of Alien, all nuclear hormone receptors tested did not
show a significant effect; the results for TRa are shown as an
example. We did not see an interaction of h-Alien with RXR
in the presence of ligand, whereas Lee et al. (45) showed an
interaction of TRIP15 with RXR only in the presence of hor-
mone. These different observations may be because we used
full-length h-Alien. As controls, we used established inter-
action partners and found hormone-sensitive interaction of
the SMRT and N-CoR class of corepressors with hRXRa or
hRARa and hormone-dependent interaction of GRIP1 with
GR (reference 61 and data not shown). Thus, the lack of
interaction of Alien with RAR is dissimilar to the situation for
SMRT or N-CoR.

However, h-Alien interacts with the core silencing domain of
hRARa (RARDC60) (Fig. 3B). Interestingly, a larger RAR
fragment containing both the silencing domain and the AF2-
AD/t4/tc domain (RARDC43) did not interact with h-Alien,
indicating that the presence of helix 12 inhibits the binding of
Alien to RAR. Furthermore, Alien interacts with the Drosoph-
ila EcR (Fig. 3B), which is known to repress gene transcription
(24, 70) and to harbor a silencing domain in its C terminus
(data not shown). Treatment of yeast cells with the EcR ligand
20-hydroxy-ecdysone or muristerone A had only a marginal
effect on the EcR-Alien interaction (data not shown). Possibly,
penetration of the yeast cell wall by these ligands is impaired or

FIG. 1. d-Alien interacts with TR in a hormone-sensitive manner. The C
termini of TRa, RXRa, and RARa were used as bait (lex fusion) and d-Alien
was used as the activator, with or without the cognate ligands, in yeast two-hybrid
experiments as described by Gyuris et al. (32). Interaction leads to activation of
the cotransfected reporter (lacZ gene). As controls, the bait alone (lex vector) or
the empty activator vector (C) were used.

FIG. 2. Alien is highly conserved in evolution. h-Alien is aligned with the d-Alien homologue and translated open reading frames of C. elegans (C.e.) and Ricinus
communis (R.c.). Identical amino acids to h-Alien are indicated by vertical lines, and related amino acids are shown in boldface type. Sequence comparison between
h-Alien and d-Alien revealed 90% identity and about 95% similarity at the amino acid level. The peptide sequence for antibody generation is indicated by a box. Two
incomplete open reading frames have been retrieved from C. elegans (Alien 1 and 2), and one partial open reading frame has been retrieved from R. communis. Missing
amino acids are indicated by dots.
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FIG. 3. (A) Alien interacts specifically with TR but not with RAR, RXR, or GR. h-Alien was tested for interaction with TRa f.l., the C termini of the TRa, TRb,
the oncogene v-erbA, RARa, RXRa, and GRa in the presence or absence of the cognate hormones. Yeast two-hybrid experiments were performed as described for
Fig. 1. As controls, the parental expression vectors were used. The hormones used were TRIAC (1026 M) for TR and v-erbA; retinoic acids (1025 M) for RAR and
RXR; and triamcinolon diacetate (1026 M) for GR. (B) Alien interacts with the silencing domains of both RAR (RARDC60) and EcR. Yeast two-hybrid experiments
were performed as described in the legend to Fig. 1 in the absence of hormone, with or without h-Alien, with the C terminus of EcR, with hRARa, and with C-terminal
deletions of hRARa: a 43-aa deletion (RARDC43), lacking the RAR F-region, and a 60-aa deletion (RARDC60), lacking both the receptor F-region and the
AF2-AD/t4/tc. (C) Interaction of Alien with TR is hormone sensitive in vitro. GST pull-down experiments were performed with bacterially expressed GST or
GST-hTRb fusion and in vitro-translated, 35S-labeled h-Alien. The ligand TRIAC (5 3 1028 M) was added to the reaction mixture in the indicated lanes. (D) Alien
interacts with a subset of Drosophila NHRs. GST pull-down assays were performed with bacterially expressed GST, GST–d-Alien, or GST–h-Alien incubated with
various in vitro-translated, 35S-labeled NHRs from mammals or Drosophila. The input lane shows 10% of total input. Luciferase served as a negative control.
GST–h-Alien was used for the human receptors, and GST–d-Alien was used for the Drosophila receptors. (E) Schematic presentation of the Alien-receptor interaction
of the GST pull-down experiments. Results obtained in the experiment in Fig. 3D were plotted as the percentage of bound receptor compared to the input of each
nuclear receptor. Interaction was observed with TR, EcR, and FTZ-F1, weak interaction was observed with COUP-TF1 and SVP, and no significant interaction was
observed with RXR, USP, DHR 3, DHR 38, DHR 78, and DHR 96. (F) Alien is complexed with TR in the absence of hormone in vivo. Coimmunoprecipitations were
performed with HA-tagged TRa c.t. (top) expressed in COS1 cells and endogenous Alien, using anti-HA-antibody for coimmunoprecipitation and anti-Alien antibody
for Western analysis. Transfected COS1 cells were treated with or without thyroid hormone (1026 M) for one day prior to harvest. Nonspecific bands with a lower
migration rate appear in both lanes with similar intensity, while Alien (arrow) is complexed only in the absence of ligand with TR. TRa f.l. complexed with Alien was
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they are rapidly degraded. Another possibility is that the af-
finity of EcR to the ligand is greatly impaired when ECR is not
heterodimerized with ultraspiracle (75). Thus, since we have
not seen an interaction of Alien with intact RAR, it suggests
that Alien complexes with a different set of NHRs from that
used by the SMRT/N-CoR class of corepressors.

GST pull-down experiments were performed to test whether
the binding of Alien to NHRs is direct. Bacterially expressed
GST-TRa was incubated with in vitro-translated, 35S-labeled
h-Alien. h-Alien, which migrates at about 41 kDa, was bound
to TR in the absence of hormone (Fig. 3C). Furthermore,
addition of thyroid hormone decreased the interaction of h-
Alien with TR in vitro. We also performed interaction analysis
with various members of the NHR superfamily, human COUP-

TF1, its Drosophila homologue Seven-up (SVP), RXR, its
Drosophila homologue USP, Fushi-tarazu-F1 (Ftz-F1), and
Drosophila hormone receptors DHR 3, DHR 38, DHR 78, and
DHR 96 (DHR 96 is the homologue of the vitamin D3 recep-
tor). GST pull-down experiments were performed with bacte-
rially expressed GST or GST-Alien and in vitro-translated,
35S-labeled NHRs (Fig. 3D). Human receptors were incubat-
ed with GST–h-Alien, and Drosophila receptors were incu-
bated with GST–d-Alien. The relative binding efficiency of the
tested NHR is summarized in Fig. 3E. We have observed
strong interactions of Alien with EcR and TR, weaker inter-
actions with COUP-TF1, SVP, and Ftz-F1, and almost no in-
teractions of Alien with RXR, USP, DHR 3, DHR 38, DHR
78, and DHR 96. For most of the NHRs interacting with Alien,

used in coimmunoprecipitation experiments (bottom). HA-tagged full-length TRa from transfected COS cells coprecipitates Alien only in the absence of ligand.
Extracts from HA-tag-transfected cells, untransfected cells, and added hormone in extracts transfected with full-length TRa did not coprecipitate Alien. In
vitro-translated [35S]methionine-labeled h-Alien is shown as a migration control.
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a silencing function has been shown (references 4, 20, 24, and
70 and data not shown).

To verify the hormone-sensitive interaction of Alien with TR
in vivo, we performed coimmunoprecipitation experiments.
For this purpose, we fused the full-length TR (TR f.l.) or its C
terminus (TR c.t.) with the HA tag and transfected COS1 cells
to test whether TR is complexed with endogenous Alien. Coim-
munoprecipitation with the HA antibody shows that endoge-
nous Alien is associated with TRa f.l. or with TRa c.t. in the
cell only in the absence of hormone (Fig. 3F). Other slower-
migrating, nonspecific bands appear with similar intensity
independent of hormone treatment. No Alien was coimmu-
noprecipitated from untransfected or HA-tag-transfected cells.
Addition of hormone (T3) to extracts containing full-length TRa
does not lead to coimmunoprecipitation of Alien (Fig. 3F).

Thus, Alien is interacting with TR in the absence of hor-
mone in vitro and in vivo. Furthermore, ligand binding leads
to dissociation of the Alien-TR complex in vivo and in vitro.
Interestingly, Alien is a highly conserved protein of higher
eukaryotes, including animals and plants. Since we could not
find any significant sequence homologies between Alien and
the corepressors SMRT or N-CoR and observed distinct inter-
action properties for RAR, we suggest that Alien represents a
member of a new class of corepressors.

Alien is localized in the cell nucleus and harbors an auton-
omous silencing function. To be involved in transcriptional
regulation, Alien would be expected to be localized in the cell
nucleus. Therefore, we performed immunofluorescence ex-
periments with the anti-Alien peptide antibody. As seen in
Fig. 4A, Alien is localized predominantly within the nucleus of
HeLa cells. The preimmune antiserum (Fig. 4D) showed only
an extremely weak staining. For the same cells 49,6-diamidino-
2-phenylindole (DAPI) staining (Fig. 4B and E) and phase-

contrast pictures (Fig. 4C and F) are also shown. We have also
seen similar results with Ltk2 and CV1 cells (results not shown).

If Alien is involved in mediating silencing, we expected that
Alien would harbor an autonomous silencing function. For

FIG. 4. Alien is localized predominantly in the cell nucleus. Rabbit anti-Alien peptide antibody (A to C) or preimmune antiserum (D to F) was used for indirect
immunofluorescence analysis of HeLa cells with TRITC-conjugated anti-rabbit antibody. A triplicate picture was taken of the same cells: (A and D) immunofluores-
cence of immune and preimmune antisera, respectively; (B and E) DAPI staining; (C and F) phase-contrast pictures.

FIG. 5. Alien harbors an autonomous silencing function. Both d-Alien and
h-Alien were fused as full-length proteins to the DBD of Gal4 (aa 1 to 94) and
were tested with a UAS-tkCAT reporter in chicken HD3 cells for their ability to
repress promoter activity. In addition, h-Alien was tested in HeLa, mouse Ltk2,
and monkey CV1 cells. For Gal fusions, 3 pmol of expression vectors was
transfected. Values obtained with Gal4 DBD were set arbitrarily to 1.
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that purpose, we fused the full-length Alien cDNA to the Gal4
DBD (aa 1 to 94) to tether Alien to the DNA and tested the
ability of Alien to modulate transcription of a heterologous
promoter in different cell lines via reporter assays. Both
h-Alien and d-Alien strongly repress promoter activity in HD3
cells (Fig. 5). Furthermore, we found that Alien silences pro-
moter activity in HeLa, CV1, and Ltk2 cells (Fig. 5), albeit to
a different extent from that in HD3 cells.

Thus, both h-Alien and d-Alien harbor an autonomous si-
lencing function.

Loss of the silencing function of TR correlates with loss of
interaction with Alien. To fulfill criteria necessary to establish
Alien as a corepressor of TR, binding of Alien to TR should
correlate with the ability of TR to silence transcription. There-
fore, a number of TR deletion and point mutants were gener-
ated and tested for interaction with Alien (Fig. 6) in the yeast
two-hybrid assay. A summary of the silencing function of the
mutant receptors and the corresponding results obtained by
the interaction assay is shown in Fig. 6. The extent of the
receptor-silencing domain and the effect of the mutations on
receptor activity have been shown previously (14, 15, 50). As

previously shown (Fig. 3A), TR interacts in a hormone-sensi-
tive manner with h-Alien. Deletion of part of the hinge region
up to aa 205 (TR-205), does not affect the silencing function
(51) or interaction with Alien. A further deletion of only 16 aa
(TR-221), which abolishes the silencing function, eliminates
the interaction of TR with Alien simultaneously. Similarly, a
receptor with a truncation of 34 aa from the C terminus of TR
(TRD427) does not silence transcription (4) and also fails to
interact with Alien. Lack of interaction with TRD427 and Alien
has also been confirmed in GST pull-down experiments (the
interaction is below 0.5% of the input [results not shown]).

Furthermore, we tested three point mutants of TR, for which
the hormone-dependent transactivation properties are unaffected
(15). Two of the point mutants (K419E and K415E) lack the
silencing function, while the point mutant N359S silences tran-
scription to a similar extent to the wild-type receptor (15). West-
ern analysis of the transformed yeast cells showed that the TR
mutants are expressed in yeast cells (data not shown). The TR
mutants lacking the silencing function (K419E and K415E)
also lacked interaction with Alien, while the interaction of Alien
with TR-N359S remained unaffected by the mutation (Fig. 6).

FIG. 6. Interaction of Alien with TR correlates with its silencing function. Yeast two-hybrid experiments with TR mutants as bait were tested for interaction with
Alien as prey, as described in the legend to Fig. 1. This figure gives an overview of point mutants and deletions of TR used. Interaction with h-Alien is indicated as
a plus, and the corresponding Miller units obtained are listed. The extent of the receptor-silencing domain and the silencing function of receptor mutants were described
previously (4, 15, 51). Solid bars represent the single-amino-acid exchanges K419E, K415E, and N359S of TR and the naturally occurring P398R mutant of v-ErbA;
numbers indicate the amino acid endpoints of the deletion of TR mutants. h: hormone-sensitive silencing function and interaction with Alien; const., constitutive
silencing function and interaction with Alien.
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A naturally occurring CoR-box mutant, P398R of the v-erbA
oncogene product, which has been shown to lack the silencing
function (15, 22) also did not interact with Alien. This mutation
occurs in the region of the v-erbA oncogene product which
corresponds to the critical amino acids in TR required for bind-
ing of Alien, as shown by the deletions TR-205 and TR-221.

Thus, both the hinge region and the C-terminal end of the
silencing domain of TR are required for interaction with Alien.
Furthermore, the interaction of Alien with TR correlates with
the ability of TR and TR mutants to mediate transcriptional
silencing.

Alien and TR mutually enhance the ability to mediate si-
lencing. To test the ability of either Alien or TR to influence
the transcriptional properties of its interacting partner, we
used cotransfection experiments. In one set of experiments, we

transfected full-length TR with the reporter containing the
lysozyme TREs (F233-tkCAT [3]) or a Gal-TR fusion with a
reporter containing an upstream activation sequence (UAS)
driven promoter (4) together with h-Alien in the absence of
ligand. Since all cell lines analyzed contain Alien, we chose
CV1 cells, which do not contain measurable amounts of func-
tional TR. As seen in Fig. 7A, Alien moderately but signifi-
cantly enhanced the silencing function of TR bound to a T3RE.
Alien itself had only very weak effects on this reporter in this
test system. The Gal-TR fusion, which encompasses the C ter-
minus of TR fused to the DBD of Gal4, together with over-
expressed Alien, results in significantly higher silencing than
does Gal-TR alone (Fig. 7B). When we used Gal-RAR in CV1
cells, we did not see, as expected, an effect of Alien on RAR-
mediated transcription (data not shown).

FIG. 7. TR and Alien mutually enhance the ability to silence gene transcription. (A) The silencing function of TR is increased when Alien is coexpressed on a
natural response element. The results of cotransfection of TRa with h-Alien and the reporter pTRElys33 tkCAT (4.4 mg) bearing the natural lysozyme TRE in CV1
cells are shown. As a control (lane C), an empty expression vector was used. (B) The silencing mediated by the C terminus of TR is enhanced by coexpression of h-Alien.
Gal-TRb (1 mg) encompassing the Gal4 DBD fused to the TRb c.t. was coexpressed with h-Alien (10 mg) and the reporter pUAS63 tkCAT (3 mg) containing Gal4
binding sites. As controls, both the Gal4 DBD expression vector and an empty expression vector were used. (C) The silencing of Alien is enhanced by expression of
TRa only in the absence of hormone. Expression vectors for Gal–h-Alien (1 pmol), a fusion of full-length h-Alien to the Gal4 DBD (aa 1 to 94), and TRa (2 pmol)
were tested for hormone-dependent effects of the TR-Alien interaction with the reporter pUAS63 tkCAT in CV1 cells (1 pmol) (mammalian one-hybrid). As controls,
an empty expression vector (lane C), the Gal4 DBD alone, and RARa were used.
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HD3 cells express the oncogene v-erbA (13), and Alien re-
presses promoter activity in this cell line more effectively than
in other cell lines (Fig. 5). Therefore, we analyzed whether
v-erbA/TR can strengthen Alien-mediated repression in CV1
cells. To be able to test the effect of ligand on the Alien-TR
interaction, we tethered h-Alien to the Gal4 DBD and cotrans-
fected the TR expression vector with a UAS-driven reporter.
The silencing mediated by h-Alien is weaker than shown in Fig.
5 because smaller amounts of Gal-Alien expression vector
were used. No effects on the reporter were observed when only
the Gal4 DBD was expressed. However, expression of TRa
potentiated the repression mediated by Gal–h-Alien in the ab-
sence of ligand. This potentiation of repression was completely
abolished by addition of thyroid hormone. This result suggests
a functional complex of TR with Alien in mammalian cells
which is hormone sensitive. As controls, we used both the Gal
DBD alone and RARa, which does not interact with Alien in
yeast two-hybrid experiments (Fig. 3A). As seen in Fig. 7C, nei-
ther the hormone-dependent effect nor the potentiation of
silencing was observed with the controls. This indicates that
Alien and RAR do not form a functional complex, which is in
accordance with our previous results.

Thus, our results suggest that Alien and TR mutually poten-
tiate repression in mammalian cells.

Mechanisms of Alien-mediated silencing. To gain insight
into the mechanism of Alien-mediated gene repression, we
tested whether the silencing function of Alien is based on
complex formation with the known corepressors SMRT and
N-CoR or with SIN3A (2, 35). We tested the ability of full-

length h-Alien to interact with either full-length SMRT (9), the
C terminus of N-CoR, or mouse SIN3A in the yeast two-hybrid
system. We did not detect any interaction of h-Alien with the
SMRT/N-CoR class of corepressors (Fig. 8A). Interestingly,
we detected a strong interaction of Alien with SIN3A, a pro-
tein shown to be part of a deacetylase complex (33, 35, 41, 43,
80). We also observed a specific Alien-SIN3A interaction in
GST pull-down experiments with GST–h-Alien and in vitro-
translated SIN3A (data not shown). To verify this interaction,
coimmunoprecipitations were performed. The anti-Alien anti-
body immunoprecipitated SIN3A from HeLa extracts (Fig.
8B). Protein A-Sepharose alone or anti-GST antibody, as con-
trols, did not show immunoprecipitation of h-Alien. This in-
dicates that Alien is mediating silencing, at least in part,
by recruiting a factor known to be involved in deacetylase
activity.

To further investigate the association of Alien with a de-
acetylase activity, we used trichostatin A (TSA), a specific in-
hibitor of histone deacetylases (77). CV1 cells were transfected
with Gal–h-Alien or Gal–N-CoR and treated with TSA for 8 h.
Addition of TSA reduces silencing by both Alien and N-CoR
(Fig. 8C), a protein known to repress transcription by recruit-
ment of deacetylase activity. Taken together, this supports a
role for deacetylase activity in Alien-mediated silencing. Since
the SMRT/N-CoR class of corepressor also interacts with
SIN3A, the observed TR-Alien-SIN3A interaction may strength-
en the recruitment of a deacetylase complex to genes regulated
by selected NHRs.

Thus, our data indicate that one mechanism by which Alien

FIG. 8. Alien interacts with SIN3A but not with the SMRT/N-CoR class of corepressors. (A) Full-length h-Alien was tested for interaction with full-length SMRT
(SMRT f.l.), the receptor interaction domain of N-CoR (N-CoR i.d.), or SIN3A. Yeast two-hybrid assays were done as in the experiment in Fig. 1. (B) Coimmuno-
precipitation of endogenous h-Alien with SIN3A. HeLa cells were used for immunoprecipitation with the anti-Alien peptide antibody. Western blotting was performed
with the anti-SIN3A antibody. Protein A-Sepharose alone and anti-GST antibody were used as negative controls. As a migration control, HeLa extract was loaded. (C)
The histone deacetylase inhibitor TSA decreases the silencing activity of Alien. Cotransfection experiments were performed with the Gal-Alien expression vector and
the UAS63 tkCAT reporter in CV1 cells. TSA (100 ng/ml) was added 8 h prior to cell harvest. Gal-N-CoR was used as a positive control.
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confers silencing may, at least to some extent, be based on
recruitment of deacetylase activity via interaction with SIN3A.

DISCUSSION

Alien represents a novel type of corepressor. Alien shows the
characteristics of a corepressor in that it interacts only in the
absence of ligand with TR, dissociates from the receptor in the
presence of ligand, is localized within the nucleus, and harbors
an autonomous silencing function. Furthermore, we observed
that Alien potentiates TR-mediated silencing and that the
interaction of Alien with TR or TR mutants correlates with
the ability of TR to silence transcription. Interestingly, RAR
does not interact with Alien. This indicates that Alien has
characteristics different from those of the SMRT/N-CoR
class of corepressors. This correlates with the observation
that there is no obvious sequence homology between Alien
and SMRT or N-CoR. Taking these points together, we
suggest that Alien represents a member of a new class of
corepressors.

Corepressors exhibit differential interaction with RAR. The
SMRT/N-CoR class of corepressors exhibits interaction with
NHRs such as TR, RAR, and RXR (19, 38, 48, 78). Interest-
ingly, Alien shows different properties in its ability to interact
with different NHRs. In contrast to the SMRT/ N-CoR class,
Alien fails to bind RAR as shown by yeast two-hybrid experi-
ments, mammalian one-hybrid experiments, and lack of influ-
ence of Alien on RAR transcriptional activity. However, by
using RAR deletion mutants, we observed an interaction of
Alien with the RAR silencing domain (RAR DC60) when it
was separated from the activation domain AF2-AD/t4/tc (helix
12) and the receptor F-region. However, a mutant with C-
terminal truncation, RARDC43, which harbors the AF2-AD/
t4/tc sequence but lacks the receptor F-region, fails to interact
with Alien. These findings suggest that helix 12 of RAR pre-
vents the binding of Alien to the RAR silencing domain. Thus,
binding of Alien to RAR is inhibited by the AF2-AD/t4/tc
domain.

A functional silencing domain is required for interaction of
NHRs with the SMRT/N-CoR class of corepressors. All the
TR mutants we tested that have lost the silencing function also
lacked interaction with SMRT and N-CoR (results not shown).
While we observed a difference in interaction between Alien
and the SMRT/N-CoR class for RAR, a large battery of TR
mutants that have only partially lost the silencing function will
be required to distinguish between the two corepressor classes
for TR.

We found that the silencing mediated by DNA-bound Alien
was enhanced by overexpression of TR. Hormone treatment
abolished this enhancement. This suggests that the enhance-
ment of silencing mediated by the Alien-TR complex is re-
lieved because thyroid hormone binding is able to dissociate
the Alien-receptor complex. We also saw an enhancement of
Alien-mediated silencing by TR in the absence of ligand (Fig.
7C), indicating that Alien is not competing for the binding of
the SMRT and N-CoR corepressors. Rather, we observed that
TR can potentiate the Alien-mediated silencing. We hypothe-
size that TR is cocomplexed with Alien and the SMRT/ N-CoR
class and is recruiting the SMRT/N-CoR class into the TR-
Alien complex and hence enhancing silencing. In addition,
there are no sequence homologies of SMRT or N-CoR to
Alien, indicating that Alien represents a member of a novel
class of corepressors. Taken together, these results imply that
Alien interacts with nuclear receptors in a distinct manner
from the SMRT/N-CoR class which we observed for RAR.

Since a large number of coactivators for NHRs have been

found, it is quite possible that these oppose a similar number
of counteracting corepressors. The biological role of multiple
cofactors may be that they provide certain specificities. This
specificity may be present at the level of development if some
cofactors are expressed in temporarily distinct patterns, at the
level of differentiation, or at the level of receptor-specific in-
teraction.

TR-mediated silencing. In vitro transcription experiments
demonstrate that unliganded TR mediates repression in vitro
(28, 67, 68), even with highly purified basal transcription fac-
tors (28, 29). This shows that one mechanism of TR-mediated
silencing may exclude the involvement of chromatin and con-
sequently histone deacetylation and may direct into a different
mode of repression. This is indicated by interaction of TR with
basal transcription factors (5, 28, 29). The newly identified
pathways including histone deacetylase function represent an
additional mechanism by which TR can repress promoter ac-
tivity and suggest that NHRs use multiple pathways for gene
silencing. Thus, analyzing single interaction partners in a cell
containing multiple interacting partners may show that the
impact of each leads to moderate actions in the cellular con-
text. This may explain the moderate but significant effect of
Alien on potentiation of the repression mediated by TR. The
extent of potentiation is similar to that by other corepressors,
such as SMRT (47), KAP-1 (27), RPD3 (74), and SUN-CoR
(79) on transcriptional silencer proteins.

Mechanisms of Alien-mediated repression. The mechanism
by which Alien mediates repression is unknown. Our observa-
tion that Alien interacts with SIN3A provides a link to the
SIN3A-associated deacetylase activity recently identified
for MAD/MAX-Mxi- and N-CoR/SMRT-mediated repression
(34, 41, 43, 63, 80). This suggests that Alien-mediated repres-
sion is, at least in part, due to histone deacetylation by recruit-
ment of SIN3A. Interestingly, a 42-kDa protein (p42) has been
reported to be associated with SIN3A in experiments involving
coimmunoprecipitation with an anti-SIN3 antibody (34). Such
a migration may correlate with our observed 41-kDa h-Alien.
Since we have not seen interaction of Alien with the SMRT
and N-CoR class of corepressors, Alien-mediated repression
through SIN3A represents a SMRT- and N-CoR-independent
pathway for SIN3 recruitment. It is therefore possible that both
types of corepressors, Alien and SMRT/N-CoR, act synergis-
tically to recruit SIN3A. An enhanced recruitment of SIN3A
would augment chromatin-mediated repression of receptor
target genes. This may be especially important when the ex-
pression of corepressors is tissue specific or developmentally
regulated, leading to a differential silencing strength in differ-
ent tissues. Another possibility is that there are several types of
deacetylase complexes in a cell, which contain alternatively
SMRT/N-CoR and Alien. However, other mechanisms of gene
repression by Alien cannot be ruled out.

Alien is highly conserved in evolution. Alien is highly con-
served at the amino acid level among different species includ-
ing vertebrates, Drosophila, C. elegans, and plants such as Ric-
inus (Fig. 2). The biological role of Alien in all these species is
unknown. In Drosophila, Alien shows tissue-specific expression
and is developmentally regulated (reference 31 and unpub-
lished data). Since there is no Drosophila Alien mutant avail-
able, the developmental role of d-Alien is still unclear. In yeast,
a putative protein predicted from an open reading frame shows
only a very weak homology to h-Alien (20% at the amino acid
level). Interestingly, a GenBank database search revealed that
one Alien gene is located on human chromosome 21. Taken
together, Alien appears to be highly conserved only in multi-
cellular organisms.

Alien exhibits 90% identity between Drosophila and human.
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The high degree of conservation is striking but not unusual
when comparing human COUP-TF1 and its Drosophila homo-
logue SVP, which show only one amino acid difference in their
DBD and also exhibit about 90% identity in their receptor E
region. Similarly, USP and RXR can be functionally inter-
changed to confer EcR- or RAR-mediated transcriptional reg-
ulation in mammalian cells (66).

The high degree of conservation throughout the Alien pro-
tein indicates that it plays an important biological role. It is
possible that Alien harbors multiple functions and may interact
with additional, as yet unidentified proteins. Future mapping
of additional Alien functions may shed more light on the role
of Alien and the basis of its high degree of conservation in
multicellular organisms.
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