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Abstract

Alien has been described as a corepressor for the thyroid hormone receptor (TR). Corepressors are coregulators that mediate ge
silencing of DNA-bound transcriptional repressors. We describe here that Alien gene expression in vivo is regulated by thyroid hormone
both in the rat brain and in cultured cells. In situ hybridization revealed that Alien is widely expressed in the mouse embryo and also
throughout the rat brain. Hypothyroid animals exhibit lower expression of both Alien mRNAs and protein levels as compared with normal
animals. Accordingly, we show that Alien gene is inducible after thyroid hormone treatment both in vivo and in cell culture. In cultured
cells, the hormonal induction is mediated by eitheraT®&® TR, while cells lacking detectable amounts of functional TR lack hormonal
induction of Alien. We have detected two Alien-specific mRNAs by Northern experiments and two Alien-specific proteins in vivo and in
cell lines by Western analysis, one of the two forms representing the CSN2 subunit of the COP9 signalosome. Interestingly, both Alier
mRNAs and both detected proteins are regulated by thyroid hormone in vivo and in cell lines. Furthermore, we provide evidence for the
existence of at least two Alien genes in rodents. Taken together, we conclude that Alien gene expression is under control of TR and thyroi
hormone. This suggests a negative feedback mechanism between TR and its own corepressor. Thus, the reduction of corepressor levels |
represent a control mechanism of TR-mediated gene silencing.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction 2000). TR bound to its DNA-regulatory elements is able to
silence gene expression in the absence of hormone by for-
Alien has been described as a corepressor for the thyroidmation of a receptor—corepressor complex. Thyroid hor-
hormone receptor (TR) (Dressel et al., 1999), a member of mone leads to target gene activation through binding and
the nuclear hormone receptor super family (Mangelsdorf et inducing a conformational change of the TR ligand binding
al., 1995). Nuclear hormone receptors are hormone-regu-domain, dissociation of corepressors, and recruitment of
lated transcription factors that can repress and activate gengoactivators. Several classes of such hormone-sensitively
expression by binding directly to DNA or by interacting jnteracting corepressor proteins for the thyroid hormone
with other transcription factors. Thereby, cofactors play an receptor have been described, including the homologous
important role in mediating these transcriptional properties NCOR and SMRT class of corepressors (Chen and Evans,
(for review, see McKenna and O’Malley, 2000; Ordentlich 1995; Haolein et al., 1995), the nonhomologous protein
et al, 2001; Rosenfeld and Glass, 2001; Wolffe et al, AIien’as a member o,f anoth;ar class (Altincicek et al., 2000;
Dressel et al., 1999; Polly et al., 2000), and the recently
« Corresponding author. Fax: 49-641-09-35469. described corepressor Hairless as a member of yet another
E-mail address: Aria.Baniahmad@gen bio.uni-giessen.de (A. Baniah- Unrelated class of corepressors (Potter et al., 2001). Other
mad). corepressors, such as SUN-CoR, that bind constitutively to
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TR have also been described (Zamir et al., 1996; for review,
see Burke and Baniahmad, 2000). The corepressor Alien
interacts with TR in a hormone-sensitive manner in vitro
and in vivo (Dressdl et a., 1999). We also found that Alien
interacts with the orphan receptor DAX-1 (Altincicek et al.,
2000) that is expressed in adrenal gland and brain. Alien is
localized in the cell nucleus and potentiates the transcrip-
tional silencing mediated by TR. Interestingly, in contrast to
the NCoR/SMRT class of corepressors, Alien does not bind
to retinoic acid and retinoic X receptors. Alien mediates its
repression function at least in part by recruiting histone
deacetylase activity. Alien is a highly conserved protein
between human and Drosophila sharing 90% identity
(Dressdl et al., 1999). Intriguingly, an Alien isoform, CSN2
(COP9-signalosome subunit 2; Deng et al., 2000) with a
molecular weight of about 52 kDa, has been shown to be a
subunit of an evolutionary conserved multimeric protein
complex called COP9-signalosome (Chamovitz and Segal,
2001; Henke et al., 1999; Schwechheimer and Deng, 2000;
Wei and Deng, 1999). This protein complex is involved in
multiple cellular processes, including phosphorylation of
both p53 and 1B, deneddylation of Cullin and protein
degradation (Lyapina et a., 2001; Schwechheimer et al.,
2001), mitogen-activated protein kinase (MAPK) signaling
(Claret et al., 1996; Naumann et al., 1999; Spain et al.,
1996), and cell cycle control (Bech-Otschir et al., 2001;
Mahalingam et al., 1998; Mundt et a., 1999; Tomoda et al.,
1999; Yang et a., 2002). However, regulation of Alien/
CSN2 gene expression has not been addressed.

Thyroid hormone action is essential for mammalian
brain maturation (Dussault and Ruel, 1987; Legrand, 1984;
Porterfield and Hendrich, 1993). Lack of adequate levels of
thyroid hormones, the active form 3,5,3'-triiodothyronine
(T3), and the pro-hormone thyroxine (T4) during fetal and
neonatal periods lead to multiple brain abnormalities and
mental retardation in humans (DeLong, 1990; Legrand,
1984). Conditions like iodine deficiency, congenital hypo-
thyroidism, maternal hypothyroxinemia, and prematurity di-
minish physiological levels of thyroid hormone and may
compromise brain maturation. Crucial processes in mam-
malian brain development, such as axogenesis and dendritic
arborization, myelination, lamination of the cerebral cortex,
as well as neuronal cell migration are affected by hypothy-
roidism and result in structural abnormalities of the central
nervous system (reviewed in Bernal and Nunez, 1995; Ber-
nal, 2002). In the last years, a number of genes have been
identified to be under the direct or indirect control of thyroid
hormone in the brain (Bernal, 2002; Brent, 1994; Cuadrado
et a. 1999; Munoz et a., 1991; Oppenheimer and
Schwartz, 1997). Deregulation of these TR target genes may
in part explain the symptoms of hypothyroidism in brain.

Thus, the function of TR in regulating T3 target genesis
mediated at least partially by coactivators and corepressors.
Because the céllular levels of corepressors control the re-
ceptor function, the regulation of corepressor gene expres-

sion is likely to be an important regulatory step of TR
activity.

Here we show by in situ hybridization and Northern and
Western blot analysis that the expression of Alien is down-
regulated in the hypothyroid rat brain. In accordance with
these findings, the expression of Alien mRNA and proteinis
induced by T3 in cultured neuroblastoma cells. Therefore,
we conclude that the gene expression of the TR corepressor
Alien is repressed by the unliganded TR. This suggests a
negative feedback mechanism and contribution of Alien to
TR action during hypothyroidism and normal brain devel-
opment.

Material and methods
Plasmids

The in vitro transcription vector pT 7-asAlien,;q-SP6 was
constructed by insertion of the 419-bp BglllI/Hindlll frag-
ment of pAB-hAlien (Dressel et al., 1999) in antisense
orientation into Hindll1/BamHI sites of pT7BSa (Norman
et a., 1988).

Cell culture

Murine N2A neuroblastomacells (ATCC: CCL-131) and
its derivates N2A +TRa as well as N2A+TRp cells (Lebel
et al., 1994) were grown under standard conditions in
DMEM supplemented with 25 mM Hepes, pH 7.4, and 10%
(v/v) fetal calf serum (FCS). In case of hormone depriva-
tion, 10% (v/v) FCS depleted of thyroid hormone by treat-
ment with resin AG1X8 (Samuels et al., 1979) was supple-
mented.

Preparation of animals

Wistar rats and BALB/c mice maintained in the animal
facilities of the Ingtituto de Investigaciones Biomédicas
were used for the studies reported here. All efforts were
made to minimize animal suffering and to reduce the num-
ber of animals used. The maintenance and handling of the
animals were as recommended by the European Communi-
ties Council Directive of November 24th, 1986 (86/609/
EEC). The induction of fetal and neonatal hypothyroidism
in rats was previously described (Munoz et al., 1991). This
protocol ensures that the animals are hypothyroid during the
entire neonatal period. (Alvarez-Dolado et al., 1998). PO
animals were killed 8-12 h after birth. T4 was used for the
in vivo hormonal treatments because it crosses the blood-
brain barrier more efficiently than T3 and is converted to T3
in the brain (Dickson et al., 1987). T4 was administered as
single daily intraperitoneal injections of 1.8 ug/100 g body
weight starting 4 days before death. Rats were killed 24 h
after the last T4 injection. T3 and T4 vaues for normal
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Fig. 1. Whole-mount immunostaining reveals ubiquitous expression of Alien. Mouse embryos at day E9.5 were immunostained with (A) affinity purified
anti-Alien antibody or (B) as a control with an unrelated antibody against the affinity purified Willebrand factor (Control antibody). Control embryos
incubated with control serum or with the peroxidase-coupled secondary antibody did not stain and remained entirely white (not shown). (C) Nuclear staining
of mouse amnion tissue with the affinity purified anti-Alien antibody or control serum (D).

g —

(control) and hypothyroid animals are as follows: T4 levels animals >15 ng/dl; plasma T4: control animas. 5 ug/dl,
of brain tissue of control animals are 1.46-1.48 ng/g, while while hypothyroid animals had 0.2 wg/dl. For in situ hy-
of hypothyroid animals, 0.022-0.024 ng/g; circulating lev- bridization studies, at least three animals were studied per
els: Plasma T3: control animals 62 ng/dl, while hypothyroid experimental group to obtain representative values.
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RNA extraction and Northern analysis

Total RNA preparation from N2A and derivate cells
from 10-cm cell culture dishes was performed by using TRI
REAGENT (Molecular Research Center Inc.) following the
manufacturer’s instructions. Northern blot experiments
have been repeated twice. Total RNA from rat tissues was
obtained by the guanidinium isothiocyanate-phenol -chloro-
form procedure (Chomczynski and Sacchi, 1987). For
Northern analysis from a pool of rat brain tissue, polyA™
RNA was then purified by affinity chromatography oli-
go(dT)-cellulose method (Sambrook et al., 1989). In this
case, 6 ug of poly A" RNA pooled from brains of the
different developmenta ages (from eight animals in case of
E19 and PO, seven for P5 and five for each P10 and P15) of
control (C), hypothyroid (H), or T4-treated hypothyroid
(H+T4) animals were loaded in each lane (Sambrook et al.,
1989). Radioactive cDNA probes were prepared by the
random priming procedure (Feinberg and Vogelstein,
1983). The hAlien cDNA (Dressel et a., 1999) was used for
Northern hybridization.

Immunoblotting and in situ hybridization

Immunoblotting and in situ hybridization were per-
formed as described earlier (Alvarez-Dolado et al., 1998,
2000; Gall and Isackson, 1989). To determine specificity
and background of riboprobe hybridization, a representative
amount of brain sections of each age and treatment was
hybridized with Alien sense riboprobe following the above
described protocol. After exposure of in situ hybridizations,
the mounted sections were Nissl-stained with a 0.1% solu-
tion of toloudine-blue by using standard techniques, to vi-
sualize brain regions. For anatomical abbreviations, we fol-
lowed those in Swanson (1992).

Whole-mount immunostaining

The whole-mount immunostaining was done as de-
scribed elsewhere (Adams et al., 1999). Embryos were in-
cubated with affinity purified polyclonal anti-Alien antibody
or as controls only with the peroxidase coupled secondary
antibody, and control flow through serum that did not result
in staining, or the purified anti-Willebrand factor, kindly
provided by Dr. U. Deutsch.

Genomic PCR

Genomic DNA from mouse liver was prepared by first
crushing the tissue in liquid nitrogen. Subsequently, the
genomic DNA from mouse liver and RMB3 cells was isolated
by lysing cells using standard methods, including proteinase K
incubation, phenol/chloroform treatment, and ethanol precipi-
tation. For genomic Alien, first round PCR amplification
was performed with the primer pair: exon 7: 5- GGGG-
AATTCACTGATGATGGAGAAGATGACC-3' and exon 8:
5'-GGGGGAT-CCGTGAGTCAAACGGATTTATTCC-3'.
The second nested PCR was performed with the primer pair:
exon 7(2); 5'-GGGGAATTCGATTCAAATGTACACAG-
CAC-3' and exon 8(2): 5'-GGGGGATCCATTAGCATATT-
GGCTAAGACC-3'. PCR products were sequenced directly
by cyclic sequencing of the PCR products.

Results
Expression pattern of Alien in mice

Data bank search for Alien cDNA (expressed sequence
tags, EST) suggeststhat Alienisexpressed in alarge variety
of different mouse tissues. This includes liver, kidney,
mammary gland, macrophages, T-cells, lymph nodes, and
placenta. Also, various embryonic stages express the Alien
message (Schaefer et al., 1999). Using mouse embryos at
embryonic day E9.5, we verified the expression pattern of
the Alien protein using an affinity purified rabbit anti-Alien
antibody (Goubeaud et al., 1996). Staining of embryos was
observed throughout the embryo (Fig. 1A). As negative
controls, the secondary peroxidase-coupled antibody alone
and the control serum were used, that led to completely
unstained embryos (not shown), and aso the unrelated
affinity purified rabbit antibody against the Willebrand Fac-
tor, which is expressed in endothelia cells (Coffin et al.,
1991). Here, specifically, the vascular system is stained
(Fig. 1B).

Furthermore, compared with the control, we detect nu-
clear staining with the affinity purified alien antibody shown
for mouse amnion tissue (Fig. 1C and D), which is in
accordance to previous results (Dressel et al., 1999).

These data suggest that Alien is expressed in a large
number of tissues, including brain.

Fig. 2. Expression pattern of Alien in rat brain at postnatal day 5. In situ hybridization with radioactive Alien antisense riboprobe on rat brain sections of
animals at postnatal day 5. Alien RNA is expressed throughout the brain with higher levelsin the subventricular epithelium (SvE), the cerebral cortex (CTX),
piriform cortex layer 11 (PIR), anterior olfactory nucleus (AON), and olfactory tubercle (OT), as well as in the caudate putamen (CP), globus pallidus (GP),
pyramidal and granular layers of the hippocampus (H), and neuronal layers of the developing cerebellum (CB). No detectable expression was observed in
other brain areas, such as corpus callosum (CC), septum (SEP), the anterior commissure (AC), and cerebellar white matter at P5. The brain sections are
displayed in order from rostral to caudal. Further brain regions are indicated: main olfactory bulb (MOB), inferior colliculus (IC), and medulla (MY'). Nissl
staining of the same coronal brain sectionsis shown to visualize brain-specific areas. The control for specificity of the Alien riboprobe using sense-probe with

rat brain section from postnatal day 5 is shown (sense).
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Fig. 3. Alien expression is induced by thyroid hormone in rat brain. Northern experiments were performed with polyA—-mRNA isolated from rat brain pools
at the indicated ages from embryonal day 19 (E19) up to postnatal day 15 (P15). Two Alien-specific bands were detected at 2 and 4kb. Normal, control rats
(C) are compared with hypothyroid (H) rats. At P5, hypothyroid rats were treated with thyroxine (H+T4). Methylene-blue-stained 18S rRNA is displayed
as a loading control. The 4- and 2-kb transcripts were quantified, normalized, and indicated arbitrarily as relative to Alien mRNA content of E19 control

animals.

Alien expression is reduced in the hypothyroid brain

To determine the pattern of Alien expression in devel-
oping brain, we first performed radioactive in situ hybrid-
ization analysis using a specific antisense Alien riboprobe
with rat brain sections. In 5-day-old animals (P5), Alien
RNA is expressed throughout the brain (Fig. 2a-2j), fairly
ubiquitous with higher levels in the subventricular epithe-
lium (SvE), the cerebra cortex (CTX), piriform cortex
(PIR) layer 11, anterior olfactory nucleus (AON), and olfac-
tory tubercle (OT), as well as in the caudate putamen (CP),
globus pallidus (GP), and pyramidal and granular layers of
the hippocampus (H). Neuronal layers of the developing
cerebellum (CB) also showed high hybridization signal. No
expression was observed in white matter areas, such as
corpus callosum (CC), the anterior commissure (AC), and
cerebellar white matter at P5 (Fig. 2).

To investigate whether Alien expression could be af-
fected by hypothyroidism, we performed Northern blot
analysis comparing pools of rat brain tissue from normal
and hypothyroid rats. In accordance with reports of other
tissues (Altincicek et al., 2000; Schaefer et al., 1999), two
transcripts of 2 and 4 kb were detected at all ages studied
from embryonic day 19 (E19) to postnatal day 15 (P15)
using Alien cDNA as probe (Fig. 3). In brains from euthy-
roid (control, C) rats, both RNAswere maximally expressed
at P10 and P15. Interestingly, from embryonic day E19 to
postnatal day P5, the levels of both Alien RNAs were
significantly lower in hypothyroid animals, with a strong
difference at day P5 between control (C) and hypothyroid
(H) animals. This indicates that Alien gene expression in
brain is under thyroid hormone control.

However, the differences between euthyroid and hypo-
thyroid status spontaneously disappeared in later ages P10
and P15, reaching a similar expression level independent of
the hypothyroid status. Comparing the strength of expres-
sion of both messages, a dlight increase in the 4-kb message

at postnatal day 15 was observed in hypothyroid animals
(Fig. 3). Thisindicates that, at |ater ages of hypothyroidism,
a dight change of the ratio between the two detectable 2-
and 4-kb Alien transcripts occurs.

Due to the striking difference of Alien gene expression
between normal and hypothyroid animals at postnatal day 5,
we focused on that developmental day and tested whether
thyroid hormone treatment can induce Alien expression in
hypothyroid animals. At postnatal day P5, brain RNA was
isolated from a pool of hypothyroid rats injected with thy-
roxine. Remarkably, thyroid hormone administration to hy-
pothyroid rats caused partial normalization of the level of
both Alien RNAs (Fig. 3). Thus, Alien mRNA expression is
inducible by thyroid hormone in vivo.

An apparent downregulation of Alien message was ob-
served at day P5, as assessed by Northern blotting, whereas
at P15, only dlight differences were detected between con-
trol and hypothyroid animals. We wanted to confirm these
observations by in situ hybridization both at P5 and P15.
Nissl staining (panel ¢ & d, g & h) is shown to visualize
specific brain areas (Fig. 4). Brain sections of day P5 from
control and hypothyroid rats hybridized with Alien anti-
sense riboprobe show lower Alien gene expression in hy-
pothyroidism compared to the euthyroid, control animals
(Fig. 4A, compare a-b and eff). As negative control, the
Alien sense riboprobe was used (Fig. 4C). At day P15, the
regional pattern and level of RNA expression is roughly
maintained (Fig. 4B, a and €). However, comparing these
samples with P15 hypothyroid brains (Fig. 4B, b and f),
reveals only dight differences in Alien RNA levels.

Taken together, these findings are in agreement with the
Northern data (Fig. 3) that Alien RNAs are found to be
downregulated in hypothyroid rats at P5. Also, the in situ
hybridization experiments at day P15 are in agreement with
the data obtained in Northern blot analysis (Fig. 3, lanes 6,
7, 10, and 11).

These results indicate that Alien expression is under
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Fig. 4. Hypothyroid animals exhibit lower Alien gene expression in vivo Normal, control rat (Control) and hypothyroid (Hypo) rat brains were used for in
situ hybridization with Alien antisense riboprobe of brain sections at both postnatal day 5 (A, P5) and P15 (B). Nissl staining is shown to visualize brain
specific areas. As control for specific in situ hybridization, the Alien sense-riboprobe was used (C).

thyroid hormone regulation in the rat brain during the post-
natal period in vivo.

Rapid induction of Alien mRNA in neuroblastoma cells
To investigate the time response of thyroid hormone-

mediated induction of Alien messages, we used N2A neu-
roblastoma cell clones stably expressing TRa or TR

(Lebel et a., 1994; Pastor et al., 1994). Cells were treated
with T3 for various times before cell harvest, RNA isola-
tion, and test for endogenous Alien expression with North-
ern experiments (Fig. 5A-C). Both cell clones expressing
either TRB (Fig. 5A) or TR« (Fig. 5B) show rapid induction
of both Alien 2- and 4-kb messages within 2 h. The nature
of the 4-kb band is still unclear, while the 2-kb transcript
corresponds to the mouse Alien gene on chromosome 2
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Fig. 5. Alien message is induced by thyroid hormone. Neuroblastoma
cells (N2A-cell line) stably expressing TRa, TR, or the parental N2A
cells were treated the indicated times with thyroid hormone (T3) at a
final concentration of 150 nM prior harvest and analyses of Alien gene
expression by Northern blotting. From (A) N2A stably expressing TRp,
(B) stably expressing TRea, and (C) the parental N2A cells, total RNA
was isolated and hybridized with the Alien cDNA probe. Two Alien-
specific messages at 2 and 4 kb are inducible by treatment with T3 in
the TR- expressing but not in the parental N2A cells (C). Fold induction
by T3 represents the quantification of the Alien-specific messages
relative to untreated cells and normalized to that of control RNA (Cy:
cyclophilin).

(Schaefer et al., 1999) homologous to that on human chro-
mosome 15. The TRB-expressing cells exhibit a stronger
induction compared with the TRa-expressing N2A cells. As
control, parental N2A cells lacking significant amounts of
functional TRs exhibit no significant induction of the two
Alien transcripts after 2 and 4 h of thyroid hormone treat-
ment (Fig. 5C). Interestingly, Alien mRNA expression is
reduced after 12 h of T3 treatment in both TR-expressing
N2A cell lines before the expression is increased dightly at
the 24-h time point (Fig. 5A and B). This interesting draw-
back effect may be linked to corepressor induction and
therefore to reduced thyroid hormone mediated response or
another yet unknown feedback mechanism.

Taken together, these data suggest that Alien gene ex-
pression is rapidly induced by thyroid hormone treatment.

Alien protein is induced by thyroid hormone both in vivo
and in TR expressing cells

To test whether Alien protein levels increase upon T3
treatment, protein extracts from pools of euthyroid and
hypothyroid rat brain (cerebrum) were tested in Western
blot experiments with anti-Alien peptide antibody (Dressel
et a., 1999). As seen in Fig. 6A, the anti-Alien peptide
antibody detects two bands, a weaker band migrating at
about 41 kDa and a stronger band at 54 kDa, respectively.
Therefore, we speculate on the existence of two Alien
forms. We address the lower migrating band at 41 kDa as
Aliena and the detected band at 54 kDa as AlienB. Both
detected protein bands are reduced in hypothyroid com-
pared with normal, euthyroid (control) rat brain, while the
Coomeassie-stained PVDF membrane shows equal loading
as control. Quantification of the bands revealed a 6.6-fold
higher Aliena and a 2.1-fold higher Alieng expression in
control animals compared with hypothyroid animals (Fig.
6A). Similar results were obtained from N2A-TRa cells
(not shown). Lower levels of Alien protein in hypothyroid
animals are in accordance with the lower Alien mRNA
levels shown in Northern and in situ experiments. Thus,
anti-Alien antibody recognized two bands that exhibit re-
duced expression in hypothyroid rat brain.

Similar experiments were performed with N2A neuro-
blastoma cells expressing TRB (Fig. 6B; Lebel et a., 1994).
Western analyses with anti-Alien peptide antibody also re-
vealed two detected bands in these cells. In contrast to the
primary brain tissue, the lower migrating band at 41 kDa
(Aliena) is much stronger compared with the slower mi-
grating band at 54 kDa (AlienB). Based on the molecular
weight, Alieng is likely to be the CSN2 subunit of the
COP9-signalosome. Importantly, comparing the expression
with and without thyroid hormone treatment, both bands
detected by the Alien antibody show a strong induction after
thyroid hormone treatment (Fig. 6B). As hormonal control,
we have tested the parental neuroblastoma cells lacking
detectable amounts of functional TRs (Fig. 6C). These cdlls
lack T3-mediated induction of Alien proteins. As loading
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Fig. 7. Two different introns are identified between exon 7 and exon 8 of
Alien gene in mouse genome. Schematic view of the mouse genomic PCR
using two rounds of PCR with nested primers. Two specific PCR products
were obtained which contained parts of the exons but different introns with
the size of 222 and 769 bp, respectively. Sequencing analysis revealed that
the 222-bp intron is highly homologue to the human Alien intron, while the
769-bp intron is highly homologue to a mouse contig clone (see text).

control, the Coomassie staining of the PVDF membrane is
shown.

Thus, both detected Alien protein isoforms are induced
by T3 in neuroblastoma cells.

Evidence for at least two Alien genes in the mouse
genome

Homology search of Alien cDNA with human data base
revealed the existence of at |east two genes, onelocalized on
chromosome 15, the other on chromosome 9. In addition,
part of the Alien cDNA revealed sequence homologies on
chromosome 2. To gain insight about the gene number
coding for Alien in mouse genome and to obtain a possible
hint of the origin of the two Alien mMRNA messages, we first
blasted the human genome sequence of chromosome 15
against the mouse data bank. We found sequence homolo-
gies only between human exons to the known mouse exons.
However, no sequence similarities to the human introns
were found in the mouse data bank.

Therefore, we set up genomic PCR using primers and
nested primers against exons 7 and 8 with mouse genomic
DNA. Interestingly, we reveaed that two different se-
quences are flanked by exons 7 and 8, indicating that two
different intron sequences have been isolated with a length
of 222 and 769 bp, respectively (Fig. 7). Homology search
with the 222-bp mouse intron sequence in the data bank
showed strong homologies (97%) with the human intron,
while no match was found with the second 769-bp intron
sequence. However, this intron matched with sequences
(98%) to the mouse Contig clone, Contig_114886.

Thus, our genomic PCR analyses and in silico searches

quantified densitometrically. Asloading control, the Coomassie staining of
the PVDF membranes is shown. Western analysis was performed with
either N2A cells expressing TR (B) or with the parental N2A cells (C). *,
indicates bands that were not detected in brain tissue.
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suggest the existence of two introns, and therefore we hypoth-
esize the exigtence of two Alien genes dso in the mouse
genome.

Discussion

Thyroid hormone plays a crucia role during brain de-
velopment by regulating the expression of target genes. In
this study, we used Northern blot and in situ hybridization
assays in order to determine the ontogenic pattern of ex-
pression of Alien RNA in the developing rat brain and to
investigate whether it is affected by hypothyroidism.

Alien RNA displayed a ubiquitous expression in the rat
brain. This is in line with our findings that all tissues and
cell lines analyzed so far express Alien to a certain degree
(Altincicek et al., 2000; Schaefer et a., 1999, and unpub-
lished results).

Alien was found fairly ubiquitously expressed predomi-
nantly in the cerebral cortex, pyramidal and granular layers
of the hippocampus, subventricular epithelium, piriform
cortex layer 1l, and external germinal layer as well as in-
ternal granular layer of the cerebellum, regions composed
mainly of neurons, whereas thoserich in fibersand glial cell
populations, such as corpus callosum, septum, anterior com-
misure, and white matter of the cerebellum, show no Alien
expression. Thus, the general pattern of Alien RNA distri-
bution in the rat brain is suggestive of a preferential neuro-
nal expression. However, basal expression in glial cellsin
vivo cannot be ruled out, and in line with that, cultured
glia-derived cell lines, such as rat C6 and mouse B3.1,
express Alien RNAs (data not shown).

Northern blot analysis revedled a relatively low Alien
expression at late embryonic stages and an increase up to
postnatal day 10 in normal, control animals. Hypothyroid-
ism does not change the developmental profile of Alien
expression, but induces a delay respectively to control con-
ditions. The period of which thyroid hormone is known to
be important in brain development is the very early postna-
tal period (Bernal, 2002). The thyroid hormone regulation
of Alien occurs within this period. Similar to Alien, other
TR target genes, such as redlin, laminin, and COX-1, are
regulated within only a few days in postnatal brain devel-
opment. A delay in expression and hormone-independent
recovery has been described for most T3-regulated genesin
brain, such as myelin proteins, reelin, or cerebellar genes
(Rodriguez-Pefia et a., 1993; Oppenheimer and Schwartz,
1997; Alvarez-Dolado et a., 1999; Bernal, 2002). Impor-
tantly, administration of T4 to hypothyroid animals partialy
recovered the amount of Alien RNA at P5. These findings
strongly suggest that the expression of Alien RNA is de-
pendent on thyroid hormone during brain development.

The pattern and time course of Alien expression during
brain maturation correlate with that of thyroid hormone
receptors, whose numbers increase at the end of the embry-
onic period, and are maximum by the end of the second

postnatal week. Furthermore, the onset of Alien expression
coincides with the period of maximum neuronal differenti-
ation (Ferreiro et al., 1990; Mellstrom et a., 1991; Bradley
eta., 1992). The overal decrease of the Alien mRNA in the
hypothyroid brain isin agreement with the widespread pres-
ence of thyroid hormone receptors and additionally suggests
alack of modulation by local factors.

We recently demonstrated that Alien acts as transcrip-
tional corepressor mediating gene silencing of TR (Dressel
et al., 1999). Both Alien forms Aliena and Alieng interact
with TR (Dressel et a., 1999, and data not shown). There-
fore, it may be speculated that downregulation of Alien in
hypothyroidism during the crucial period of T3 action in
brain maturation may contribute to abnormal TR function,
and thus, could underlie to a certain extent the aberrant gene
expression, taking place in the hypothyroid brain. On the
other hand, if the manifestations of hypothyroidism are due
to repression by unliganded TR (Forrest and Vennstrom,
2000; Morte et a., 2002), downregulation of Alien might
attenuate such a repression, and this may represent a com-
pensatory mechanism. Therefore, we conclude that the T3
regulation of Alien gene expression represents a negative
feedback mechanism.

Additionally, changes in Alien expression might affect
COP9-signalosome complex activity in the developing
brain. Supporting this hypothesis, the Alieng isoform CSN2
with a molecular weight of 52 kDa has been shown to be a
subunit of the CSN and to be a limiting factor in COP9-
signalosome assembly (Naumann et al., 1999). Based on
these findings, we speculate that the hormonal regulation of
Alien gene expression may aso affect the divers function-
aity of the signalosome.

Transcriptional corepressors are important for adequate tar-
get gene dilencing by interaction with transcription factors. In
several cases, aberrant interaction of these regulatory proteins
can lead to severe pathophysiologica manifestations. On one
hand, reduction of corepressor interactions is implicated in
physiological disorders. Naturally occurring mutants of the
orphan receptor DAX-1 involved in congenital hypogonadism
in human lack binding of the Alien corepressor. In these cases,
DAX-1 failsto silence target genes important for developmen-
tal processes (Altincicek et d., 2000; Crawford et al., 1998;
Muscadli et a., 1994).

On the other hand, enhanced interaction of corepressor
complexes with silencer proteins has been linked to the
human syndrome of thyroid hormone resistance (RTH) (re-
viewed in Tenbaum and Baniahmad, 1997; Burke and
Baniahmad, 2000). RTH displays a mostly dominantly ge-
netically inherited disorder based on mutations of the TRB
gene. The main characteristic of RTH is the lack or reduc-
tion of response to thyroid hormone of target tissues. The
main clinical indications are elevated level of plasma thy-
roid hormones and inappropriate thyrotropin levels. As
symptoms, goiter, attention deficit, learning disabilities, and
hearing defects, impaired bone maturation, and mental re-
tardation were observed. Furthermore, speech impediment,
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frequent ear, nose, and throat infections have been de-
scribed. Most of these symptoms show that TRB plays a
very important role in brain development.

In addition, it has been shown that TRe™'~ 8™/~ null
mutant mice with complete absence of thyroid hormone
receptors result in an only mild phenotype (Gothe et d.,
1999) compared with the profound deficiencies induced by
severe hypothyroidism or thyroid hormone resistance in
human and in animals. One possible explanation for these
findings is that the observed manifestations are due to re-
pressor activity of unliganded thyroid hormone receptors
(Forrest and Vennstrom, 2000; Morte et a., 2002).

In line with that, mutated TRp, involved in the RTH
syndrome, was shown to have lower dissociation capability
of corepressors than wild type TRB (Yoh et a., 1997).
Therefore, target genesrequired for normal development are
not fully activated or remain repressed. A negative feedback
loop that leads to reduction of corepressor levels would
attenuate the repression and would represent an intrinsic
control mechanism of gene silencing mediated by TR.
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