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Background: Altered expression of serotonin-1A (5-HT1A) receptors, both presynaptic in the raphe nuclei and post-synaptic in limbic and
cortical target areas, has been implicated in mood disorders such as major depression and anxiety. Within the 5-HT1A receptor gene, a
powerful dual repressor element (DRE) is regulated by two protein complexes: Freud-1/CC2D1A and a second, unknown repressor. Here we
identify human Freud-2/CC2D1B, a Freud-1 homologue, as the second repressor.

Methods: Freud-2 distribution was examined with Northern and Western blot, reverse transcriptase polymerase chain reaction, and
immunohistochemistry/immunofluorescence; Freud-2 function was examined by electrophoretic mobility shift, reporter assay, and West-
ern blot.

Results: Freud-2 RNA was widely distributed in brain and peripheral tissues. Freud-2 protein was enriched in the nuclear fraction of
human prefrontal cortex and hippocampus but was weakly expressed in the dorsal raphe nucleus. Freud-2 immunostaining was
co-localized with 5-HT1A receptors, neuronal and glial markers. In prefrontal cortex, Freud-2 was expressed at similar levels in control
and depressed male subjects. Recombinant hFreud-2 protein bound specifically to 5= or 3= human DRE adjacent to the Freud-1 site.
Human Freud-2 showed strong repressor activity at the human 5-HT1A or heterologous promoter in human HEK-293 5-HT1A-negative
cells and neuronal SK-N–SH cells, a model of postsynaptic 5-HT1A receptor-positive cells. Furthermore, small interfering RNA
knockdown of endogenous hFreud-2 expression de-repressed 5-HT1A promoter activity and increased levels of 5-HT1A receptor
protein in SK-N–SH cells.

Conclusions: Human Freud-2 binds to the 5-HT1A DRE and represses the human 5-HT1A receptor gene to regulate its expression in
non-serotonergic cells and neurons.
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The serotonin-1A (5-HT1A) receptor is expressed presyn-
aptically as an autoreceptor in raphe nuclei and postsyn-
aptically in the limbic system, including lateral septum,

hippocampus, amygdala, and entorhinal cortex (1,2), and is
implicated in regulation of the serotonin system and of mood and
emotion. Reductions in 5-HT1A receptor expression or activity
are observed in patients with anxiety or major depression or
suicide victims (3–6). Downregulation of postsynaptic 5-HT1A
receptors in the hippocampus and prefrontal cortex (PFC) is
implicated in schizophrenia, major depression, and Type I
bipolar disorder (7,8). Genetic rescue studies indicate that early
postnatal restoration of forebrain 5-HT1A receptors restores
normal anxiety-like behavior in 5-HT1A-null mice (9). Moreover,
postsynaptic 5-HT1A receptors are a potential target of antide-
pressant drugs (10), implicating the level of expression of
postsynaptic 5-HT1A receptors in the pathophysiology and treat-
ment of mood disorders.

To identify the mechanisms of transcriptional regulation of
the 5-HT1A gene, we and others have investigated the 5-HT1A
promoter region. The 5-HT1A proximal promoter contains a
series of GC-rich MAZ/Sp1-binding sequences that drive strong
expression in all cell types, which is silenced by upstream
repressor elements (11,12). In the rat 5-HT1A promoter we
identified a 31-base pair (bp) dual repressor element (DRE) that
is located between �1555/�1524 bp from the translation initia-
tion codon that strongly silences the promoter (13). The human
5-HT1A gene contains two tandem imperfect repeats of the DRE
(�1624 bp to �1570 bp) with 71% nucleotide identity to the rat
5-HT1A DRE and displaying similar silencer activity (14,15). The
DRE is composed of a 5= 14-bp element (FRE) and adjacent
3=-element (TRE). In postsynaptic 5-HT1A–expressing neuronal
cells or 5-HT1A–negative cells, two protein complexes bound to
the DRE and deletion of the entire DRE was required to
de-repress the gene. However, in raphe cells a single complex
bound the DRE, and mutation of the FRE blocked this complex
and completely de-repressed the 5-HT1A promoter. By yeast
one-hybrid screen, we identified a novel transcription factor
named Freud-1 (FRE under Dual repression binding protein
1)/CC2D1A (Coiled-coil/C2-Domain-1A) that interacts with FRE
and represses the 5-HT1A promoter in raphe RN46A cells (16).
However, the identity of the second protein complex that binds
to the 5-HT1A-TRE has remained unknown.

In this study we report a Freud-1 homologue, Freud-2/
CC2D1B, which binds to the 5-HT1A-DRE at distinct sites that
overlap with the Freud-1 site. Freud-2 negatively regulates
5-HT1A gene transcription via the DRE, and depletion of Freud-2
increased 5-HT1A transcription and receptor expression in a
postsynaptic 5-HT1A–expressing cell model. Freud-2 staining
was enriched in hippocampus and PFC but very sparse in the
dorsal raphe nucleus. These data indicate that in the brain, unlike
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