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Nuclear receptors are transcription factors that require multiple pro-
tein—protein interactions to regulate target gene expression. We have
cloned a 27-kDa protein, termed NIX1 (neuronal interacting factor X
1), that directly binds nuclear receptors in vitro and in vivo. Protein—
protein interaction between NIX1 and ligand-activated or constitutive
active nuclear receptors, including retinoid-related orphan receptor 3
(RORP) (NR1F2), strictly depends on the conserved receptor C-termi-
nal activation function 2 (AF2-D). NIX1 selectively binds retinoic acid
receptor (RAR) (NR1A) and thyroid hormone receptor (TR) (NR1B) in a
ligand-dependent manner, but does not interact with retinoid X
receptor (RXR) (NR2B) or steroid hormone receptors. Interestingly,
NIX1 down-regulates transcriptional activation by binding to ligand-
bound nuclear receptors. A 39-aa domain within NIX1 was found to
be necessary and sufficient for protein-protein interactions with
nuclear receptors. Northern blot analysis demonstrates low-abun-
dance RNA messages only in brain and neuronal cells. In situ hybrid-
ization and immunohistochemistry revealed that NIX1 expression is
restricted to the central nervous system and could be confined to
neurons in the dentate gyrus of the hippocampus, the amygdala,
thalamic, and hypothalamic regions. In summary, protein-protein
interactions between the neuronal protein NIX1 and ligand-activated
nuclear receptors are both specific and selective. By suppressing
receptor-mediated transcription, NIX1 implements coregulation of
nuclear receptor functions in brain.
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uclear receptors and steroid hormone receptors form a super-

family of sequence-specific transcription factors that regulate
diverse biological processes, including cell growth and differentia-
tion, development, homeostasis, and various organ functions in the
adult, by stimulating or repressing target gene expression (for
review see ref. 1). They all share a common modular structure
composed of several domains. Receptor dimerization, ligand bind-
ing, repression in the absence of ligand, and ligand-dependent
transactivation are mediated by the C-terminal region of nuclear
receptors termed the ligand-binding domain (LBD). Crystal struc-
tures of unliganded (apo-) and liganded (holo-) LBDs reveal that
ligand binding induces several conformational changes within the
LBD structure, including the positional reorientation of the C-
terminal helix 12 (2-5). Helix 12 contains the core motif of the
activation function 2 (AF2-D) and is indispensable for transcrip-
tional activation by nuclear receptor LBDs (6).

Intense study has focused on the molecular mechanisms of
transcriptional regulation by nuclear receptors, especially on ligand-
dependent protein—protein interactions occurring between the re-
ceptors and additional factors, designated corepressors and coac-
tivators (for review see ref. 7).

Transcriptional repression mediated by unliganded nuclear re-
ceptors has been ascribed to the binding of corepressors N-CoR or
SMRT (8, 9). Both N-CoR and SMRT recruit mSin3a, c-Ski, and
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histone deacetylases, thus forming multisubunit repressor com-
plexes (10, 11).

Transcriptional activation by liganded nuclear receptors requires
a functional AF2-D. Several related proteins of 160 kDa named
SRC1 (12, 13), TIF2/GRIP1 (14, 15), AIB1/ACTR /p/CIP (16—
18), and the bridging protein factor CBP/p300 (12, 19) have been
shown to associate with nuclear receptors in an AF2-D-dependent
fashion and augment the receptor’s transcriptional activity. Recent
findings support the notion that histone acetylation increases
transcriptional activity (for reviews see refs. 20 and 21). SRCI,
ACTR /p/CIP, and p300/CBP have been demonstrated to recruit
and/or harbor intrinsic histone acetyltransferase activity (for re-
view see ref. 7). Initial evidence for the physiological role of nuclear
receptor cofactors has been provided by several studies: amplifica-
tion and overexpression of AIB1 in many breast cancers suggest a
role for AIB1 in tumorigenesis (16); a cold-inducible coactivator for
PPAR and thyroid hormone receptorf (TRB), named PGC1, has
been shown to activate mitochondrial gene expression and thus
could contribute to adaptive thermogenesis (22); targeted gene
disruption of the SRC1 gene has been demonstrated to result in
partial hormone resistance and compensatory expression of TIF2
mRNA (23). However, most studies on nuclear receptors and their
cofactors reported to date indicate that their protein—protein
interactions are promiscuous rather than selective. In addition,
multiple cofactors are present in each cell, and their expression is
neither tissue-specific nor cell type-restricted.

In this manuscript, we report the cloning of a 27-kDa neuronal-
specific protein termed NIX1 (neuronal interacting factor X 1) that
selectively down-regulates transcriptional activation by nuclear re-
ceptors. NIX1 directly binds to the holo-LBDs of distinct members
of the NR1 and NR4 nuclear receptor subfamilies (24), and
mutations within NIX1 define the platform for the protein—protein
interaction with the holo-LBDs of nuclear receptors. In summary,
selectivity and specificity of the protein—protein interaction com-
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bined with the highly restricted expression pattern imply that NIX1
regulates nuclear receptor functions in brain.

Materials and Methods

Yeast Two-Hybrid Screen and Isolation of NIX1 cDNA Clones. A cDNA
library derived from mouse brain poly(A)* RNA in pGADI10
(CLONTECH) was screened for retinoid-related orphan receptor
B (RORP)-interacting proteins according to the manufacturer’s
instruction. Saccharomyces cerevisiae HF7c strain [MATa, ura3-52,
his3-200, lys2-801, ade2-101, trp1-901, leu2-3,112, gal4-542, gal80-
538, LYS2::GALI-HIS3, URA3::(GAL4 17-mers)s-CYCI-lacZ] ex-
pressing Gal4 DNA-binding domain (DBD) fusion with ROR 375
459 was used for yeast two-hybrid screening. Library plasmids
encoding positive clones that express both HIS3 and lacZ reporters
were rescued and retransformed into SFY526 [MATa, ura3-52,
his3-200, lys2-801, ade2-101, trp1-901, leu2-3,112, can" , gal4-542,
8al80-538, URA3::GALI-lacZ], together with the original bait or
other constructs, for testing the specificity of protein—protein
interaction. Among five different cDNAs, a single specific clone
contained a Gal4 activation domain fusion with the sequence
coding for NIX1 amino acids 61-229. Full-length NIX1 cDNA was
cloned by 5'-rapid amplification of cDNA ends (RACE)-PCR from
mouse brain poly(A)* RNA. Detailed information on gene-specific
primer selection, cDNA modification, and cycling conditions are
available on request. The putative 5’ end of NIX1 cDNA was
confirmed by screening a brain cDNA library derived from male
BALB/c mice (AZAPII; Stratagene).

Construction of Recombinant Vectors. Detailed description on the
cloning of all of the eukaryotic and prokaryotic expression vectors
for RORB and NIX1 described in the manuscript are available on
request. All generated plasmids were verified by sequencing. The
CMX expression plasmids encoding the human estradiol receptor
(hERa), human retinoic acid receptor o (hR AR«), human retinoid
X receptor « (hRXRa), and human TR B were described previously
(25). pRSETB was purchased from Invitrogen.

Expression and Purification of Recombinant Proteins. Glutathione
S-transferase (GST) fusion proteins were expressed in Escherichia
coli BL21,y according to ref. 25. After bacterial lysis, GST fusion
proteins were bound to glutathione-Sepharose beads (Amersham
Pharmacia) and either used directly for GST pulldown experiments
or purified. His-tagged proteins were expressed from pRSETB
expression plasmids using identical procedures, and purified from
E. coli on Talon metal affinity resin according to the manufacturer’s
protocol (CLONTECH).

In Vitro Protein-Protein Interaction Assay. GST pulldown assays.
Recombinant cDNAs encoding RORB, hRAR«a, hRXRa, h'TRp,
and hERa were transcribed and translated in rabbit TNT-coupled
reticulocyte lysate (Promega) with [33S]methionine following the
manufacturer’s instructions and incubated either with specific
ligands [all-frans-retinoic acid (RA), 1 uM; 4-[(E)-2-(5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)- 1-propenyl Jbenzoic
acid (TTNPB), 1 uM; LG153,0.1 uM; 3,5,3'-triiodothyronine (T3),
1 uM; estradiol, 0.1 uM] or vehicle for 30 min at 4°C. GST pulldown
assays were performed according to ref. 25.

Electrophoretic mobility-shift assays (EMSAs). Detailed experimen-
tal procedures for gel retardation assays were described by Greiner
et al. (6) and Pfitzner et al. (25). The following oligonucleotides and
their complements were used: PO, 5'-TAAGTAGGTCATGAC-
CTACTTA-3"; DRS, 5-AGCTTCAGGTCACCAGGAGGTCA-
GAG-3'; GALp, 5-GATCTGCCGGAGGACTGTCCTC-
CGAGG-3'. The protein-DNA complex was separated on 5% or
8% nondenaturing polyacrylamide gels at 4°C in 0.25 X TBE
(RORP), or 0.5 TBE (RAR/RXR).
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Northern Blotting and in Situ Hybridization. Total RNA was prepared
from cultured cells or several mouse tissues by guanidine isothio-
cyanate extraction. mRNA was isolated by separating polyadenyl-
ated RNA from total RNA using streptavidin-immobilized biotin-
labeled oligo(dT), probe (Roche Molecular Biochemicals). The
poly(A*) mRNA was subjected to Northern blot analysis according
to standard procedures. Hybridization was performed by using
32P-labeled NIX1 cDNA and ExpressHyb solution from CLON-
TECH following the manufacturer’s instructions. Digoxigenin-
labeled sense and antisense ribonucleotide probes were generated
from pBSSK NIX1 by T3 and T7 polymerase using digoxigenin-
11-UTP (Roche Molecular Biochemicals). Preparation of tissue
sections and in situ hybridization were performed according to
ref. 26.

Cell Culture and Transient Transfection Experiments. HT22 and NIH
3T3 cells were cultured in DMEM. Neuro2A cells were cultured in
Earl’s modified Eagle’s medium. Both media were supplemented
with 10% FCS, penicillin, streptomycin, and glutamine. Transient
transfection assays were carried out in 12-well plates (4 X 10* cells
per well) using the standard calcium phosphate coprecipitation
technique (25) or N-[1-(2,3-dioleoyloxy)propyl]-N, N, N-trimethyl-
ammonium methylsulfate (DOTAP) lipofection (Roche Molecular
Biochemicals) according to the manufacturer’s protocol. Luciferase
activity was assayed as recommended by the manufacturer (Pro-
mega) in a Luminometer ML 3000 (Dynatech). Relative light units
were normalized according to ref. 25. All experiments were re-
peated at least five times.

Immunofluorescence Studies. NTH 3T3 cells (5 X 10*) were seeded on
glass coverslips in 12-well plates and transfected the following day
by lipofection using DOTAP mixed with 1 ug of DNA per well.
Twenty-eight hours after transfection, cells were washed with PBS,
fixed with 5% paraformaldehyde, and permeabilized in 0.2% Triton
X-100. After blocking with 0.2% porcine gelatin, mouse anti-NIX1
IgG (1:120) was applied for 1 h. FITC-conjugated goat anti-mouse
immunoglobulins (Dako) were used (1:600) as a secondary anti-
body. Nuclear stainings were performed by using propidium io-
dide/RNase before mounting the specimen for immunofluores-
cence microscopy.

Results

Identification and cDNA Cloning of NIX1. We used the yeast two-hybrid
system to identify proteins interacting with the brain-specific nu-
clear orphan receptor RORB. Five distinct cDNA clones with
OREFs including a partial cDNA of 800 bp were identified. A
full-length cDNA of the latter obtained by RACE-PCR and
hybridization screening of a mouse brain AZAPII cDNA library was
termed NIX1 cDNA. A 687-bp ORF without a consensus Kozak
sequence surrounding the initiating AUG codon but with several
in-frame stop codons within the 5" untranslated region could be
identified (Fig. 1).

The NIX1 cDNA encodes a protein of 229 amino acids with a
predicted molecular mass of 27 kDa (Fig. 1). Sequence similarity
searches reveal that NIX1 represents a protein with no homologs in
any database except for a 429-bp clone reported in the expressed
sequence tags (EST) database. However, several peptide motifs
were recognized by performing PROSITE pattern searches including
consensus sites for phosphorylation by protein kinase C.

NIX1 shares no similarity with protein domains of other nuclear
receptor cofactors except for two nuclear receptor binding LXXLL
motifs (L denotes leucine, X denotes any amino acid). Recent
findings demonstrated LXXLL motifs to be critical for receptor—
cofactor interactions (18, 27, 28). One LXXLL motif is found within
the C terminus of NIX1 (amino acids 192-196), whereas the other
is located in an opposite orientation within the central part of the
protein (amino acids 87-91).
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Fig.1. Analysis of NIX1sequence. (A) The amino acid sequence of NIX1 has been
submitted to the EMBL database. The minimal receptor interacting domain
(amino acids 61-99) of NIX1 is highlighted (bold type). Note two nuclear receptor
LXXLL interaction motifs (amino acids 87-91 and 192-196) and six consensus sites
for phosphorylation by protein kinase C (amino acids 14-16, 21-23, 53-55, 59-61,
97-99, and 197-199). (B) Schematic representation of NIX1. Indicated are the
minimal receptor interacting domain (gray box), the LXXLL motifs, and putative
protein kinase C phosphorylation sites (asterisks).

NIX1 Specifically Interacts with RORS and Ligand-Activated Nuclear
Receptors of the RAR and TR Subfamily in Vivo and in Vitro. To quantify
the in vivo interaction between NIX1 and ROR observed in yeast,
liquid B-galactosidase assays were performed. Various RORp
deletion mutants fused to the Gal4 DBD (GAL) were used as bait
proteins, and full-length NIX1 linked to the Gal4 activation domain
(NIX1-AD) was used as a prey (Fig. 2 A and B). According to the
previously described transcriptional activation properties of RORS
(6), the AF2-D core motif of RORS is required for the interaction
with NIX1 in vivo but does not suffice. NIX1-AD associates with
Gal4-RORBy01-459, thereby increasing B-galactosidase reporter
gene activity 8-fold. Both Gal4-ROR B2p1-440 and Gal4-ROR s
459 fail to interact with NIX1, which is reflected in basal B-galac-
tosidase levels.

In vivo interaction between NIX1 and various nuclear receptors,
including ROR, was further confirmed by a second independent
method, the mammalian two-hybrid assay. Cotransfection of a
VP16-NIX1 expression plasmid into CV1 cells increases the tran-
scriptional activity of RORBa91-459 5-fold as compared with the
control (Fig. 2C).

To investigate the interaction between NIX1 and nuclear recep-
tors in vitro, GST pulldown experiments were performed with
recombinant GST-NIX1 fusion proteins and various in vitro-
translated [>*S]methionine-labeled nuclear receptors. Fig. 34 dem-
onstrates that full-length RORS associates with GST-NIX1 in an
AF2-D-dependent fashion, but fails to interact with the control
GST protein. RORB;_440 lacking the AF2-D core binds neither
NIX1 nor the control GST protein, thus confirming that the specific
interaction with NIX1 requires the AF2-D of RORS in vitro.
Additional GST pulldown experiments were addressed to test
whether other nuclear receptors interact with NIX1 in a ligand- and
AF2-D-dependent manner. Both RAR and TR only interact with
NIX1 in the presence of their cognate ligands (Fig. 3B). Specific
ligand-dependent interaction with NIX1 could also be detected for
the vitamin D receptor and distinct nuclear receptors of the NR1
subfamily (data not shown). However, GST pulldown experiments
show that NIX1 does not bind RXR either in the absence or in the
presence of ligand (Fig. 3C). Steroid hormone receptors also fail to
associate with GST-NIX1, as shown for the estrogen receptor in the
presence and in the absence of estradiol (Fig. 3C). These results
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Fig. 2.  Functional interaction between NIX1 and RORB in vivo. (A) NIX1
interacts with RORB in an AF2-D-dependent fashion. Plasmids expressing differ-
ent deletion mutants of RORB fused to the Gal4 DBD were introduced into the
yeast reporter strain SFY526 together with NIX1 fused to the Gal4 activation
domain. The transformants were grown in liquid dropout medium lacking tryp-
tophan and leucine. Extracts were prepared and assayed for B-galactosidase
activity, which is expressed in units per mg of protein. The stimulation in -
galactosidase activity resulting from the in vivo interaction between the
Gal4-RORp constructs and the NIX1-AD is indicated. Interaction between Gal4-
p5373-708 and simian virus 40 large-T-AD served as an internal positive control. (B)
Schematic representation of different RORB deletion mutants fused to the Gal4
DBD domain. The AF2-D core (AF2-AD) motif is located at amino acid residues
445-451 within helix 12 (H12). (C) RORB requires the AF2-D core for the interac-
tion with NIX1 in mammalian cells. (GALp)3-TK LUC (1.25 ug) was cotransfected
into CV1 cells with the indicated expression plasmids (200 ng each) coding for
Gal4 DBD, Gal4 DBD fused to various RORS deletion mutants, VP16 activation
domain, and VP16-NIX1 amino acids 61-229. Fold induction averaged from seven
independent experiments indicates the relative luciferase activity of the Gal4
DBD fusion proteins alone or in combination with the VP16 constructs over the
Gal4 DBD vector.

indicate that the ligand-dependent interaction with NIX1 is re-
stricted to distinct nuclear receptors of the RAR and TR subfamily.

NIX1 Interacts with DNA-Bound Nuclear Receptors. To establish
ternary complex formation of DNA-bound nuclear receptors and
NIX1, EMSAs were performed. DNA-protein complexes gener-
ated by incubating recombinant nuclear receptors with their radio-
actively labeled cognate response elements were challenged with
recombinant NIX1. Fig. 44 illustrates that NIX1 specifically inter-
acts with ROR bound to a PO response element, thus resulting in
a clear supershift (Fig. 44). To investigate the interaction with
nuclear receptor heterodimers on DNA, NIX1 was incubated with
RAR-RXR heterodimers bound to a DRS5 retinoic acid response
element. NIX1 specifically interacts with DNA-bound RAR-RXR
heterodimers in a ligand-dependent fashion. Both the sequence of
the response elements and the resulting heterodimeric organization
are not decisive for the interaction with the cofactor (data not

Greiner et al.
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Fig.3. Selective interaction between NIX1 and nuclear receptors in vitro. GST protein alone or NIX1 fused to GST was immobilized on glutathione-Sepharose beads,
and GST-pulldown experiments were performed with in vitro translated [3*S]methionine-labeled nuclear receptors and appropriate ligands or vehicles. Autoradio-
graphs show NIX1-interacting nuclear receptors in comparison to 10% of the corresponding input. (A) Full-length ROR in contrast to the AF2-D deletion mutant
ROR1-a40 interacts with NIX1 in vitro. (B) NIX1 associates with RARa and TR in a ligand-dependent fashion. For RAR« and TR, the ligands all-trans-retinoic acid (1
M) and T3 (0.1 M), respectively, were used. (C) ERa and RXRe fail to interact with NIX1 in the absence and in the presence of their ligands. For ERq, estradiol was

used at 0.1 uM, for RXRq, LG153 was used at 1 uM.

shown). Interestingly, NIX1 exclusively binds the DNA-protein
complex in the presence of all-frans-retinoic acid (Fig. 4B) and other
RAR agonists, but not in the presence of RAR antagonists or
selective RXR agonists (data not shown). These data demonstrate
that, on ligand-induced conformational changes, DNA-bound nu-
clear receptors associate with NIX1.

Identification of the Domain That Mediates the NIX1-RORp Interac-
tion. To define the domains of NIX1 that mediate the interaction
with nuclear receptors, different C- and N-terminal deletion mu-
tants of NIX1 were generated and expressed as GST fusion proteins
in E. coli. The EMSAs shown in Fig. 54 illustrate that deletion of
the C-terminal amino acids 100-229 of NIX1 does not influence
ternary complex formation. Conversely, GST-NIX1 amino acids
100-229 cannot bind the nuclear receptor although containing an
LXXLL motif (amino acids 192-196). Further deletions identified

wll-tram KA
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GST-NIXD
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u'u !E!""
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Fig. 4. NIX1 associates with DNA-bound nuclear receptors. EMSAs were per-
formed by incubating purified recombinant nuclear receptor proteins with their
32p-Jabeled cognate response elements. DNA-protein complexes were subse-
quently challenged with recombinant GST alone or GST-NIX1 (see Materials and
Methods for details). (A) His-tagged RORB was incubated with the 32P-labeled
palindromic PO response element. Addition of recombinant GST-NIX1 (2 ug) in
contrast to GST alone results in a clear supershift indicating ternary complex
formation of DNA-bound RORB and NIX1. GST-NIX1 by itself does not bind to the
response element PO. (B) Purified recombinant GST-RARa and GST-RXRa were
bound to the 32P-labeled cognate DR5 response element. Resulting het-
erodimeric receptor-DNA complexes are specifically retarded by GST-NIX1 only in
the presence of all-trans-retinoic acid (1 nM), but not in the absence of ligand.
GST-NIX1 does not bind the response element.

Greiner et al.

a minimal protein fragment spanning the amino acids 61-99, that
is both necessary and sufficient for the interaction between NIX1
and nuclear receptors such as ROR (Fig. 54) and RAR (data not
shown). Interestingly, NIX1 amino acids 61-99 contain a nuclear
receptor binding motif in an inverted orientation (LLQAL, amino
acids 87-91) that might be critical for the receptor interaction.
Replacement of both leucine 87 and leucine 88 with alanine in
full-length NIX1 (NIX1 AA) or in NIX1 amino acids 61-99
produced proteins that fail to bind RORB (Fig. 5B). These data
indicate that the binding of nuclear receptors by NIX1 is mediated
by the LLQAL motif within the minimal interaction domain
spanning the amino acids 61-99.
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Fig.5. NIX1containsaminimal receptor interactingdomain spanning 39 amino
acids. EMSAs were performed by incubating a 32P-labeled GALp response ele-
ment with Gal4-RORB201-459 or Gal4-ROR 3201-440. Receptor-DNA complexes were
challenged with purified GST, GST-NIX1, or various GST-NIX1 deletion mutants.
(A) GST-NIX1 specifically interacts with DNA-bound Gal4-RORB201-4s59, but does
not bind to DNA alone or a DNA/Gal4-RORpB01-440 complex. Both GST-NIX1
amino acids 1-99 and GST-NIX1 amino acids 61-99 bind the receptor-DNA com-
plex and mediate ternary complex formation comparable to GST-NIX1. GST
alone, GST-NIX1 amino acids 1-60, or GST-NIX1 amino acids 100-229 do not
associate with DNA-bound RORB. (B) Gal4-RORp01-450 bound to a 32P-labeled
GALp oligonucleotide, was incubated with equal amounts of purified recombi-
nant GST-NIX1 fusion proteins. Resulting protein-DNA complexes were separated
on nondenaturing 6% polyacrylamide gels. GST-NIX1 and GST-NIX1 amino acids
61-99 specifically interact with DNA-bound RORp. Replacement of both L87 and
L88 with A in either full-length NIX1 or in NIX1 amino acids 61-99 resulted in
proteins GST-NIX1 (AA) or GST-NIX1 amino acids 61-99 (AA), which do not
associate with receptor-DNA complexes.
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Fig. 6. Neuronal-specific expression of NIX1 mRNA. (A) Northern blot analysis

of poly(A)* RNA isolated from the indicated mouse tissues and Neuro2A cells. A
total of 15.0 ug of poly(A)* RNA was loaded in each lane. Hybridization using a
32p-Jabeled NIX1 cDNA probe identified a mRNA of approximately 1.4 kb. (B) In
situ hybridization of NIX1 in mouse brain. NIX1 mRNA was exclusively found in
neuronal cells. Digoxigenin-labeled anti-sense RNA was used to localize NIX1
mRNA in a coronal section to the dentate gyrus of the hippocampus (d.g.) and to
the central nucleus of the amygdala (c.a.n.). NIX1 mRNA is also found in thalamic
and hypothalamic regions, and in several brainstem nuclei.

Neuronal-Specific Expression Pattern of NIX1. To investigate the
expression pattern of NIX1, mRNA from distinct mouse tissues was
isolated and subjected to Northern blot analysis. The Northern blot
analysis in Fig. 64 identifies a 1.4-kb mRNA in brain and Neuro2A
cells. NIX1 mRNA is not detected in heart, kidney, liver, lung,
muscle, spleen, or testis, but is exclusively expressed in brain.

To analyze the brain-specific expression of NIX1 mRNA in more
detail, in situ hybridization studies were performed in mouse brain
sections (Fig. 6B). In situ hybridization in a coronal section localizes
significant expression of NIX1 mRNA to the dentate gyrus of the
hippocampus (d.g.) and to the central nucleus of the amygdala
(c.a.n.). NIX1 mRNA is also found in thalamic and hypothalamic
regions and in several brainstem nuclei. NIX1 mRNA was exclu-
sively found in neurons (data not shown). The data from the in situ
hybridization experiments indicate that NIX1 mRNA is specifically
expressed in distinct brain areas and can even be confined to subsets
of neurons within these areas. Comprehensive studies on the
localization of NIX1 expression will be described elsewhere.

To visualize the localization of NIX1 protein within single cells,
specific antibodies were raised and used in immunocytochemistry.
Confocal laser microscopy images recorded in Fig. 74 reveal that
NIX1 resides in the nucleus of transfected NIH 3T3 cells. NIX1
localization is indicated by the green fluorescence, whereas the cell
nuclei are stained in red. Superimposing the images results in a
yellow signal, indicating that NIX1 is located in the nucleus of the
transfected fibroblasts.
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Fig. 7. (A) NIX1 is located in the nucleus. NIH 3T3 fibroblasts and HT22
hippocampal cells were transfected with pCMX-NIX1. NIX1 immunodetection
with affinity-purified anti-NIX1 antibody and FITC-labeled secondary antibody is
shown in green. DNA staining by using propidium iodide and RNase is shown in
red. The superimposed fluorescence microscopy images of both results in a
yellow, nuclearstain. (Band C) NIX1 suppresses transactivation of distinct agonist-
bound nuclear receptors. (B) (GALp)3-TK LUC was transfected into NIH 3T3 cells
together with increasing amounts of pCMX-NIX1 (100, 200, and 500 ng) and
expression plasmids (100 ng each) encoding for Gal4 DBD alone or the indicated
Gal4 DBD-receptor fusions. For Gal4-ERq, transfected cells were treated with 0.1
1M estradiol or vehicle. (C) HT22 cells were transfected with expression plasmids
(100 ng) for RORB and increasing amounts pCMX-NIX1 or pCMX-NIX1 AA (100,
200, 500 ng). DR8-TK LUC (500 ng) was used as reporter plasmids.

NIX1 Inhibits Transcriptional Activation. To investigate the transcrip-
tional properties of NIX1, expression plasmids coding for NIX1
were tested in transient transfection experiments. Fig. 7 B and C
illustrates that NIX1 specifically suppresses the transcriptional
activation of ROR 3 in a dose-dependent manner. Cotransfection of
increasing amounts of NIX1 expression plasmid specifically blocks
transactivation by either Gal4-RORapi-459 or wild-type RORp
when tested with their cognate luciferase reporter genes (6).
However, neither the transcriptional activation by Gal4-ER« (Fig.
7B) nor by ER« (data not shown) is inhibited by NIX1. In addition,
the interaction-deficient mutant NIX1 A A, which also resides in the
nucleus (data not shown), fails to down-regulate the transactivation
by nuclear receptors (Fig. 7C). These data indicate that NIX1
specifically interferes with the transcriptional activation of distinct
nuclear receptors. Interestingly, no intrinsic transcriptional function
is associated with NIX1 when fused to the Gal4 DBD (data not
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shown). These observations suggest that NIX1 blocks transcrip-
tional activity of ligand-bound nuclear receptors, rather than con-
taining its own transcriptional repression domain.

Discussion

Nuclear receptors control specific and selective target gene expres-
sion by serving as platforms for the assembly of multisubunit
protein complexes. Unliganded nuclear receptors associate with
corepressors N-CoR or SMRT (8, 9) which mediate gene repression
by recruiting multisubunit repressor complexes. On ligand binding,
nuclear receptors interact with various coactivators which provide
and/or recruit histone acetyltransferase activity to stimulate re-
ceptor-dependent gene transcription (for review see ref. 7). There-
fore, cofactors are ideal candidates to integrate signals from various
pathways and regulate specific gene expression. However, most
cofactors described to date interact with numerous receptors rather
than selecting distinct partners. Except from the recently described
coactivators, AIB1 (16), FHL2 (29), and PGC1 (22), they do not
display restricted expression patterns and can be found in various
tissues. Thus, additional cell type-specific cofactors may exist that
select particular nuclear receptors and mediate specific functions in
distinct tissues.

The data in this report describe the cloning and initial charac-
terization of a neuronal-specific protein termed NIX1, which
specifically interacts with holo-LBDs of certain nuclear receptors.
NIX1 differs from previously reported nuclear receptor-associated
proteins in several respects: it displays a neuronal specific expres-
sion pattern; it selectively interacts with distinct nuclear receptors
of the RAR and TR subfamily, but does not bind steroid hormone
receptors; it suppresses transcriptional activation by docking to
activated nuclear receptors in an AF2-D-dependent fashion.

NIX1 displays a highly restricted expression pattern that is
regulated spatially and temporally. mRNA encoding NIX1 cannot
be detected in the newborn mouse, but is induced at around P7 and
persists into adulthood (data not shown). In situ hybridization
experiments and immunohistochemistry (data not shown) reveal
that NIX1 expression can be found in neurons of the dentate gyrus,
of the hippocampus, the amygdala, thalamic, hypothalamic regions,
and several brainstem nuclei. Recently cloned nuclear receptor
cofactors named AIB1, FHL2, and PGC1 have been reported to
exhibit restricted expression patterns that are regulated in a cell
type-specific fashion. NIX1 exclusively expressed in neurons rep-
resents the first neuronal-specific protein that selectively coregu-
lates nuclear receptors in an AF2-D and ligand-dependent fashion.

NIX1 also differs from previously reported nuclear receptor
interacting proteins in that it exclusively binds a distinct subset of
activated nuclear receptors. With the exception of FHL2 (29), most
coactivators described to date interact with various nuclear recep-
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tors, including steroid hormone receptors. In contrast, NIX1 ex-
clusively binds distinct activated nuclear receptors of the RAR and
TR subfamily, but clearly fails to associate with any steroid receptor,
either in the presence or in the absence of their cognate ligands.
Both corepressors, N-CoR and SMRT, have been reported to
interact with unliganded nuclear receptors, including RAR, TR,
and RXR (8, 9). In contrast, NIX1 specifically interacts with RAR,
TR, and VDR in the presence of their ligand, but does not bind
RXR. Thus, NIX1 displays a high degree of selectivity with respect
to its nuclear receptor partner proteins.

Recent findings indicate that cofactors contain LXXLL nuclear
receptor-binding motifs that are both necessary and sufficient for
the interaction with the nuclear receptors (27, 28). NIX1 holds two
copies of the LXXLL motif. For binding nuclear receptors, the
LXXLL sequence located within the C terminus of NIX1 (amino
acids 192-196) is dispensable. Positioned in an opposite orientation
(amino acids 87-91), the second LXXLL motif is required for the
highly selective interaction between NIX1 and nuclear receptors of
the RAR and TR subfamily.

By definition, bona fide nuclear receptor coactivators/corepres-
sors must harbor autonomous transcriptional activation /repression
functions. NIX1 exerts neither function when fused to a Gal4 DBD
and tested in reporter gene assays. However, NIX1 inhibits recep-
tor-mediated gene expression in an AF2-D-dependent manner
presumably by interfering with coactivator binding. By docking to
the holo-LBD of nuclear receptors, NIX1 might displace coactiva-
tors and result in suppression of the transcriptional activity of
liganded nuclear receptors. Therefore, NIX1 might fall into the
same category of coregulatory proteins such as RIP140 (30), which
is described to suppress the activation of certain agonist-bound
hormone receptors (31, 32). Nuclear receptors and their associated
proteins, each capable of being activated by ligands and other
signals, constitute interacting networks that produce complex pat-
terns of gene activation and repression. Because of its distinct
neuronal expression pattern, NIX1 might act as an additional but
special player, in regulating brain-specific gene expression by nu-
clear receptors. However, additional biochemical and genetic ex-
periments have to be addressed to investigate how NIX1 impinges
on particular nuclear receptor functions in the nervous system.
Importantly, NIX1 displays features that differ from nuclear re-
ceptor coactivators. NIX1 binds nuclear receptors in their holo
conformation, but down-regulates their activation function.
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