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Abstract

The serotonin-1A (5-HT1A) receptor functions as a pre-synaptic autoreceptor in serotonin neurons
that regulates their activity, and is also widely expressed on non-serotonergic neurons as a post-
synaptic heteroreceptor to mediate serotonin action. The 5-HT1A receptor gene is strongly
repressed by a dual repressor element (DRE), which is recognized by two proteins: Freud-1/
CC2D1A and another unknown protein. Here we identify mouse Freud-2/CC2D1B as the second
repressor of the 5-HT1A-DRE. Freud-2 shares 50% amino acid identity with Freud-1, and
contains conserved structural domains. Mouse Freud-2 bound specifically to the rat 5-HT1A-DRE
adjacent to, and partially overlapping, the Freud-1 binding site. By supershift assay using nuclear
extracts from L6 myoblasts, Freud-2-DRE complexes were distinguished from Freud-1-DRE
complexes. Freud-2 mRNA and protein were detected throughout mouse brain and peripheral
tissues. Freud-2 repressed 5-HT1A promoter—reporter constructs in a DRE-dependent manner in
non-neuronal (L6) or 5-HT1A-expressing neuronal (NG108-15, RN46A) cell models. In
NG108-15 cells, knockdown of Freud-2 using a specific short-interfering RNA reduced
endogenous Freud-2 protein levels and decreased Freud-2 bound to the 5-HT1A-DRE as detected
by chromatin immunoprecipitation assay, but increased 5-HT1A promoter activity and 5-HT1A
protein levels. Taken together, these data show that Freud-2 is the second component that, with
Freud-1, mediates dual repression of the 5-HT1A receptor gene at the DRE.
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Introduction

The serotonin system originates from neurons of the midbrain raphe nuclei that project
widely throughout the brain (Térk, 1990). The serotonin system regulates the development
of anxiety, aggression and stress-reactivity phenotypes (Gordon & Hen, 2004; Lesch, 2005),
and is implicated in feeding behavior, sleep disorders and emotional function (Jacobs &
Azmitia, 1992). The serotonin-1A (5-HT1A) receptor is expressed pre-synaptically on
serotonergic raphe neurons as a somatodendritic autoreceptor (Sotelo et a/., 1990; Riad et
al., 2000), which regulates the activity of the entire serotonin system (Pineyro & Blier,
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1999). The 5-HT1A receptor is also expressed as a heteroreceptor on non-serotonergic
neurons in the hippocampus, septum, hypothalamus and cortex to mediate serotonin action
(Albert et al., 1990; Pompeiano et al., 1992). Mice lacking 5-HT1A receptors display
increased anxiety and fear behaviors, altered sleep patterns and reduced behavioral and
neurogenic responses to antidepressants (Boutrel et al., 2002; Gross et al., 2002; Santarelli et
al., 2003; Toth, 2003; Tsetsenis et al., 2007). The anxiety phenotype can be rescued by early
post-natal expression of 5-HT1A receptors in the forebrain (Gross ef al., 2002), suggesting
that 5-HT1A receptors mediate early developmental events that set the anxiety phenotype in
the adult (Faber & Haring, 1999; Gross & Hen, 2004; Scott & Deneris, 2005; Whitaker-
Azmitia, 2005; Alexandre et al., 2006).

In order to elucidate the transcriptional mechanisms that regulate 5-HT1A receptor
expression, we have characterized its promoter and identified specific DNA elements that
regulate this gene (Albert & Lemonde, 2004). The rat and human 5-HT1A receptor genes
are negatively regulated by a strong repressor element, the 31-bp dual repressor element
(DRE), located between —1590 and —1519 bp upstream of the rat 5-HT1A translation start
site (Ou et al., 2000). Using the DRE as the target sequence in yeast one-hybrid cloning, we
identified Freud-1/CC2D1A (Ou et al., 2003; Rogaeva et al., 2007a), which binds to the 5’
14-bp segment [5”-repressor element (FRE)] within the 5-HT1A DRE and represses the 5-
HT1A promoter in raphe RN46A cells, a model of 5-HT1A autoreceptor regulation.
However, in non-neuronal L6 myoblasts and other neuronal cell lines, a second protein binds
to the 3" 12-bp [3’-repressor element (TRE)] portion of the DRE to mediate dual repression
(Ou et al., 2000). Mutations in the 14-bp segment (FRE) eliminated the binding of Freud-1
and derepressed 5-HT1A receptor expression in RN46A cells. However, in L6 myoblast
cells, mutation of both FRE and TRE was required to eliminate DRE-dependent repression
of 5-HT1A promoter activity. Thus, although Freud-1 regulates the basal expression of 5-
HT1A receptors in raphe RN46A cells, a second unknown repressor mediates dual
repression of the 5-HT1A receptor gene in several other cell types.

In the present study we identify the Freud-1-related transcription factor Freud-2/CC2D1B as
the second component that binds to the 5-HT1A-DRE. These results, together with our
previous results showing the role of human Freud-2 in the regulation of the human 5-HT1A
promoter (Hadjighassem et al., 2009), implicate Freud-2 as a key repressor of 5-HT1A
receptor expression in brain.

Materials and methods

Polymerase chain reaction and plasmids

A 2.5-kb fragment of mouse Freud-2 cDNA was amplified from an NIH-3T3 cDNA library
(Clontech) using specific primers: forward: 5’-
CCGCTCGAGCGGCAGGCCCCAGGCTCCAGGACC-3’; reverse: 5'-
CCGGAATTCCGGATGCCAGGGCCAAGACCTCG-3 . The polymerase chain reaction
products were gel purified and subcloned in pPGEMT-Easy vector (Promega, Madison, WI,
USA). Freud-2 expression plasmids were created by subcloning the coding sequence of
mouse Freud-2 from pGEMT-Easy vector to the EcoRI/Xhol site in either pcDNA3
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(Invitrogen, Burlington, ON, Canada) or pGEX-4T-1 (Amersham Bioscience, Baie d’Urfe,
QC, Canada). All constructs were verified by DNA sequence analysis.

Expression of Freud-2 protein

In vitro transcription and translation of recombinant glutathione-S-transferase (GST)-
Freud-2 or GST were performed using the EcoProT7 system (Novagen, Madison, WI,
USA). Briefly, the desired amount of Freud-2 expression vector and vector alone as a control
were combined with the EcoPro extract, methionine and water based on the manufacturer’s
protocol and incubated for 60 min at 37 °C. The expression of Freud-2 was tested by
western blot assay using specific peptide antibody against the Freud-2 protein.

Nuclear extracts and electrophoretic mobility shift assay

Nuclear proteins were extracted from L6 cells as previously described (Lemonde et al.,
2004). For electrophoretic mobility shift assay, sense and antisense oligonucleotides of the
5" or 3" rat 5-HT1A-DRE with CC/GG 3’-overhang were hybridized and labeled with
[a-32P]-dCTP using Klenow fragment DNA polymerase (Ou et al., 2000). Labeled probe
was incubated with L6 protein (60 (g/reaction or /n vitro transcribed mouse Freud-2 or
vector as control), with or without competitor DNA in a 25-4L reaction containing gel shift
DNA binding buffer (20 mM HEPES, 0.2 mM EDTA, 0.2 mM EGTA, 100 mM KCl, 5%
glycerol and 2 mM dithiothreitol, pH 7.9) and 2 wg poly(deoxy(1-C)) at 22 °C. Unlabeled
double-stranded 31-bp DRE as well as 12-bp and 14-bp segments of the 31-bp DRE (Ou et
al., 2000) were used as competitors. For supershift assay, polyclonal rabbit anti-Freud-2
antibody (C-F2) was generated against a peptide from a common immunogenic region
between human and mouse Freud-2 near the C-terminus (DGRKPTGGKLF) (Fig. 1) with an
N-terminal cysteine residue added for conjugation with maleimide-activated keyhole limpet
hemocyanin. In addition, for western blot of cell extracts, a polyclonal rabbit antibody was
generated against recombinant bacterially-purified human GST-Freud-2 (Cedarlane). The
C-F2 and full-length Freud-2 antibodies were purified using the Montage antibody
purification PROSEP-G spin column (Millipore). Specificity of the C-F2 antibody was
determined by enzyme-linked immunosorbent assay using bacterially- expressed human and
mouse GST—Freud-2, and by immunoprecipitation of L6 cell extracts compared with pre-
immune serum. The full-length Freud-2 antibody was screened for specificity by western
blot using bacterially-expressed GST—Freud-2; no cross-reactivity with GST—Freud-1 was
detected. Previously we showed that this antibody to full-length Freud-2, but not anti-GST
or pre-immune serum, specifically recognizes Freud-2 in electrophoretic mobility shift assay
supershift, western blot, immunohistochemistry and immunofluorescence (Hadjighassem et
al., 2009). Purified C-F2 antibody (3 zL) was used in a 25-4L reaction and incubated for 20
min at 37 °C. [32P]-labeled 31-DRE probe (60 000-100 000 dpm/sample) was added and
incubated for more 20 min at room temperature. The DNA/protein complexes were
separated on a 5% polyacrylamide gel at 4 °C, gel dried and exposed to film overnight at

80 °C with an intensifying screen.

Northern blot and western blot analyses

Mouse Multiple Tissues Northern blot (MTN#7762-1; Clontech Laboratories, Mountain
View, CA, USA) was used. It was probed with an 800-bp mouse Freud-2 cDNA fragment
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using a Strip-EZ DNA kit (Ambion, Austin, TX, USA). Northern blot assay was performed
as described previously (Mao et al., 2004). For western blot analysis, tissues were dissected
from male C57BL6 mice and homogenized in homogenization buffer [10 mM Tris, 150 mM
NaCl, 2 mM MgCl,, 1 mM protease inhibitor (Roche)] on ice. Homogenized tissues were
filtered and centrifuged at 4 °C for 5 min at 200 g followed by the addition of 2% sodium
dodecyl sulfate and 1% Nonidet P-40. Samples were sonicated on ice (three times, power
setting 3, 10 s, 10 s off) and centrifuged at 10 000 g for 10 min at 4 °C. The supernatant was
then transferred to new tubes and centrifuged at 10 000 g for 15 min at 4 °C. Supernatants
were then transferred to new tubes and kept at =80 °C. Extracts (60 ug) were loaded on 8%
sodium dodecyl sulfate gel, electrophoresed and blotted onto nitrocellulose membrane. The
membrane was incubated in 5% western blocking reagent (Roche) in 1 x Tris-buffered
saline at 4 °C overnight, and then incubated with PROSEP-G-purified anti-full-length
Freud-2 antibody (1 : 2000) overnight. The membrane was then incubated with horseradish
peroxidase-linked anti-rabbit (1 : 2000; New England Biolabs, Pickering, ON, Canada) as
secondary antibody for 30 min at 22 °C, washed and the reactive bands were visualized
using the enhanced chemiluminescence protocol (Amersham) and exposure to film. 5-HT1A
receptors were detected using 1 : 500 rabbit polyclonal anti-5-HT1A antibody raised against
the second intracellular domain of the rat 5-HT1A receptor (Cedarlane) (Jacobsen et al.,
2008). The 5-HT1A antibody specifically recognized the 5-HT1A receptor in western blot of
5-HT1A-negative human embryonic kidney 293 cells transfected with rat 5-HT1A receptor
cDNA vs. vector-transfected cells. Blots were reprobed with 1 : 2000 anti-beta actin
antibody (Sigma) as loading control.

Cell culture and transient transfection

The L6 myoblast and NG108-15 cells were cultured and transfected as previously described
(Ou et al., 2000). Briefly, cells were grown in Dulbecco’s modified Eagle’s medium (Life
Technologies, Gaithersburg, MD, USA) containing 10% fetal calf serum at 37 °C in 5%
CO,. The medium was replaced 12 h before transfection and cells (except NG108-15) were
transiently transfected by calcium phosphate coprecipitation (Charest et a/., 1993) using 20
La/plate of luciferase constructs and 10 pg/plate of beta-galactosidase expression plasmid
pCMV ggal. NG108-15 cells were transfected by Lipofectamine2000 reagent (Invitrogen) at
50-60% confluency in Primaria six-well plates (Falcon, Franklin Lakes, NJ, USA) with 1.5
g plasmid/well. RN46A cells were cultured as previously described (Ou et af., 2000).
RN46A cells were transfected with a 1 : 1.5 ratio of plasmid : Lipofectamine2000 reagent
(Invitrogen) using 7.5-10 wg/plate of luciferase plasmid and an equal amount of protein
expression construct or empty vector, with 2 pg/plate pPCMV Syal.

Luciferase and B-galactosidase assay

The 5-HT1A promoter luciferase reporter plasmid constructs have been described previously
(Ou et al., 2000; Lemonde et al., 2004). For reporter assays, triplicate samples after 48 h of
transfection were washed three times with cold phosphate-buffered saline and extracted with
150 L of reporter lysis buffer (Promega). Supernatants were collected, assayed for
luciferase activity using Spectramax M2 (Molecular Devices, Sunnyvale, CA, USA) and
measured by Softmax Pro 4.8. Activities were obtained from at least three independent
experiments in which transfections were performed in triplicate and corrected for
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transfection efficiency by calculating the ratio of luciferase : g-galactosidase activity and
normalized to vector-transfected extracts. Data are presented as mean £ SEM. Statistical
significance was evaluated using a two-tailed unpaired #test or one-way ANOVA, with
Newman-Keuls post-test.

Short-interfering RNA transfection

Stealth short-interfering RNA (siRNA) targeting human Freud-2 (CC2D1BHSS153336) (5’-
CCCUGCAGCAGAGGCUGAACAAGUA-3") and stealth short-interfering RNA negative
control duplexes were used (Invitrogen). NG108-15 cells were transfected using
Lipofectamine2000 (Invitrogen) with a final sSiRNA concentration of 100 nM. For luciferase
assay, 5 /L of specific Freud-2 siRNA or siRNA negative control (CG scrambled) was
cotransfected with 1.5 gg of rat 5-HT1A luciferase construct (5-HT1A) in NG108-15 cells
and incubated for 72 h. Luciferase activity was normalized to that of g-galactosidase and
normalized to control. All data are presented as the mean + SEM of at least three
independent experiments. For western blot, cells were processed as described above.

Chromatin immunoprecipitation

Results

Chromatin immunoprecipitation assays were performed as described previously (Rogaeva &
Albert, 2007). Briefly, cells were washed 3 x in phosphate-buffered saline and cross-linked
for 15 min at 25 °C in phosphate-buffered saline, 1 mM MgCl, and 1% formaldehyde. Cell
lysates were sheared with 212-300-xm glass beads added using a 60 Sonic Dismembrator
(Fisher, Ottawa, ON, Canada) (15 x 20 s each), immunoprecipitated overnight at 4 °C with
anti-full-length Freud-2 (1 : 2000) and decross-linked (16 h, 65 °C), followed by 1-h
proteinase K treatment (Sigma) and DNA purification. The polymerase chain reaction
primers designed to amplify a 265-bp region containing 5-HT1A 5’-DRE and 3’-DRE were:
forward: 5" -ATTTTATAGAGTCTTTGGGTTTTC; reverse: 5’-
AGGGCTTCTTTTTCTATGGAC. The amplification cycles were 94 °C for 3 min, 40 cycles
at 94 °C for 30 s, 55 °C for 30 s, 72 °C for 20 s, and termination was at 72 °C for 10 min
using a Rotor-Gene RG-3000 cycler (Corbett Life Science, Sydney, Australia).

Freud-2: molecular cloning and domains

To identify the second protein that binds the 5-HT1A DRE, we repeated the yeast one-
hybrid screening of a murine brain cDNA library, but did not identify any new positive
clones. Screening of the Genbank database for Freud-1 homologs using the Blast2 sequence
search engine identified Freud-2/CC2D1B cDNA, which encodes an 812-amino acid protein
with 50% amino acid identity to mouse Freud-1/CC2D1A (long form) and 80% amino acid
identity to human 216 M. R. Hadjighassem et a/. Freud-2 (Fig. 1). The highest similarity
was within the conserved domains including the four DM-14 domains, a helix-loop-helix
(HELIX-LOOP-HELIX) domain, and a protein kinase C conserved domain (C2) (Fig. 1).
The DM-14 domain is characteristic of the Freud gene family, but its function remains
unknown (Rogaeva et al., 2007a). The C2 domain (protein kinase C conserved region 2)
mediates calcium-dependent lipid binding of protein kinase C, phospholipases, and protein—
protein interactions (Nalefski & Falke, 1996; Sondermann & Kuriyan, 2005), and is required
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for DNA binding and repression by Freud-1 (Ou et a/., 2003). Thus, Freud-2 is the second
member of the Freud gene family.

Freud-2 binding to the rat serotonin-1A 31-bp dual repressor element

Like Freud-1, we hypothesized that Freud-2 binds to the 5-HT1A-DRE. To address this
possibility, /in vitrotranscribed and translated GST—Freud-2 cDNA or GST vector control
was incubated with labeled 5-HT1A-DRE for electrophoretic mobility shift assay (Fig. 2A).
A single specific protein-DNA complex was detected with GST—Freud-2, but not GST, and
this complex was competed by unlabeled 5-HT1A-DRE oligonucleotides (lane 3 vs. 2),
indicating a specific interaction. The Freud-2-DRE complex was also competed by either a
50- or 100-fold molar excess of unlabeled 12-bp (TRE) oligonucleotides (lanes 4 and 5), but
not with excess 14-bp FRE primers (lanes 6 and 7), suggesting that Freud-2 binds
preferentially to the 12-bp (TRE) portion of 5-HT1A-DRE. Anti-GST antibody did not shift
the complex in this assay. We further examined whether Freud-2 is the second protein in L6
cells that binds to 5-HT1A DRE in non-neuronal cells. Nuclear extract from L6 myoblasts
was incubated with labeled 5-HT1A-DRE in the presence or absence of C-F2 anti-Freud- 2
antibody in electrophoretic mobility shift assay (Fig. 2B). Two protein—-DNA complexes
were detected. As reported previously, Freud-1 forms the lower protein-DNA complex and
is displaced using anti-Freud-1 antibody (Ou et a/., 2000, 2003). In the presence of anti-
Freud-2 antibody only the upper complex was super-shifted, indicating that Freud-2 is the
second protein that binds to 5-HT1A 31-bp DRE, recognizing the 12-bp TRE segment.

Freud-2 mRNA and protein distribution

To address the distribution of Freud-2 in tissues, we examined the RNA and protein
expression profile of Freud-2 using northern and western blot analyses, respectively (Fig. 3).
Freud-2 mRNA was ubiquitously expressed in mouse brain and peripheral tissues, with the
highest levels in testes (Fig. 3A). Freud-2 protein was detected with anti-C-F2 antibody,
which is selective for Freud-2 and did not recognize Freud-1 (data not shown). Freud-2
protein was detected as a 120-kDa species in all brain and tissue regions examined,
including the cortex and cerebellum, as well as in the midbrain (Fig. 3B), consistent with the
apparent molecular weight of 120-130 kDa observed for the predominant long form of
Freud-1 (Rogaeva & Albert, 2007). Although both long and short Freud-2 cDNA species
have been reported in GenBank, we did not detect the short isoform of Freud-2 in these
tissues. Taken together, the tissue distribution of Freud-2 RNA and protein in mouse is
widespread, consistent with a general role for Freud-2 in repressing 5-HT1A receptor
expression.

Freud-2 repression of serotonin-1A heteroreceptor expression

The transcriptional regulatory activity of Freud-2 was compared in non-neuronal 5-HT1A-
negative L6 myoblasts, 5-HT1A-expressing NG108-15 (heteroreceptor model) and RN46A
neuronal cells (autoreceptor model) (Storring et al., 1999; Ou et al., 2000; Czesak et al.,
2006). L6 cells were cotransfected with Freud-2 or vector and 2300-bp rat 5-HT1A
promoter—luciferase reporter constructs containing the DRE (Fig. 4). These reporter
constructs included the wild-type sequence (5-HT1A) or the corresponding 5-HT1A-DRE
mutants m1, m2 and m3, which lack the FRE site, TRE site or both FRE and TRE sites (Ou
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et al., 2000). Freud-2 significantly repressed the activity of the wild-type 5-HT1A-luciferase
construct in L6 cells compared with control. Mutation in either the 14-bp FRE that
recognizes Freud-1 or the 12-bp TRE segment of 5-HT1A-DRE did not block Freud-2-
induced repression (Fig. 5). However, mutation of both FRE and TRE (m3 construct)
resulted in strong derepression of the basal activity of the 5-HT1A promoter, similar to the
derepression observed previously upon deletion of the entire DRE (Ou ef a/., 2000). These
results are consistent with our previous data (Ou ef a/., 2000), suggesting that in cells that
lack 5-HT1A receptors, either Freud-2 or Freud-1 could suppress the transcription of the 5-
HT1A receptor gene. The lack of effect of the m2 mutant on Freud-2 repression suggests
that additional DNA sequences participate in Freud-2 binding and repression.

We further investigated Freud-2 activity in 5-HT1A receptor-expressing cells. In NG108-15
cells, Freud-2 significantly repressed the activity of the 5-HT1A promoter construct.
Similarly, in 5-HT1A-positive H19-7 hippocampal cells (Eves et al., 1992), both Freud-1
and Freud-2 strongly repressed the 5-HT1A promoter (data not shown). As observed in L6
cells, Freud-2-induced repression was not blocked in the m2 mutant of the TRE site.
Similarly, the m3 mutant derepressed basal 5-HT1A promoter activity and Freud-2
repression was blocked; surprisingly, Freud-2 enhanced activity of this construct in these
cells, suggesting that Freud-2 may have indirect actions at other sites of the 5-HT1A
promoter. These data suggest that Freud-2 may bind to the TRE and partial sequence in the
FRE that overlaps with the Freud-1 site. In RN46A cells, Freud-2 lacked repressor activity at
5-HT1A reporter constructs, in both the wild-type and m3 mutant (Fig. 6A and B). However,
no repression by Freud-1 or the combination of Freud-1 and Freud-2 was observed using this
construct (Fig. 6C), perhaps due to the strong basal repression in these cells. The basal
repression of this construct was attenuated by mutation of the FRE (not shown) or both FRE
and TRE (m3, Fig. 6B), but not TRE alone (not shown), indicating mediation by Freud-1,
which recognizes the FRE (Ou et a/., 2003). This is consistent with our previous finding in
RN46A nuclear extracts of only the Freud-1-DRE complex and no Freud-2-DRE complex
(Ou et al., 2000, 2003). The activity of Freud- 1 and Freud-2 was addressed in RN46A cells
using the —1790A repressor element-1 construct, a 5-HT1A promoter construct lacking the
repressor element-1 site (Lemonde et a/., 2004), which had greater basal activity than the
complete 5-HT1A promoter construct (Fig. 6D). Both Freud-1 and Freud-2 repressed this
construct, but the combination showed a level of repression consistent with Freud-1 being
the dominant repressor in RN46A cells. Taken together, these data suggest that both Freud-1
and Freud-2 repress 5-HT1A transcriptional activity, but that Freud-1 appears to be the
dominant repressor in RN46A cells.

Endogenous Freud-2 represses serotonin-1A receptor expression

To further address the role of endogenous Freud-2 in the regulation of 5-HT1A gene
transcription and expression, we knocked down Freud-2 expression using specific SIRNA
against human Freud-2 (Freud-2 siRNA) in NG108-15 cells, to monitor the effects on both
5-HT1A promoter activity and endogenous 5-HT1A receptor levels. In these cells, maximal
depletion was obtained using 5 £ of Freud-2 siRNA, resulting in a significant 60 + 5%
reduction in Freud-2 protein (P < 0.01 by one-way ANOVA, Newman—Keuls post-test)
levels compared with siRNA control (Fig. 7A, inset). To assess the effects on 5-HT1A
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promoter activity, NG108-15 cells were cotransfected with the 5-HT1A promoter construct
and Freud-2 siRNA, scrambled siRNA-control as a negative control, or without siRNA (Fig.
7A). In the presence of Freud-2 siRNA, 5-HT1A promoter activity was significantly
enhanced compared with control, indicating that reduction of Freud-2 protein levels
derepresses the 5-HT1A promoter. The modest derepression observed may be due to
repression by other repressors [e.g. Freud-1, repressor element-1 silencing transcription
factor/neural restrictive silencing factor (REST/NRSF) (Lemonde et a/., 2004)] or to
incomplete knockdown of Freud-2. The effect of Freud-2 knockdown on endogenous 5-
HT1A receptor expression was examined by western blot (Fig. 7B). In the presence of
Freud-2 siRNA, Freud-2 protein levels were decreased and 5-HT1A receptor protein was
significantly increased compared with siRNA control or untreated NG108-15 cells. These
data indicate that endogenous Freud- 2 represses the 5-HT1A promoter and negatively
regulates the 5-HT1A receptor level in NG108-15 cells.

Finally, to address whether endogenous Freud-2 binds to the 5-HT1A DRE repressor region,
chromatin immunoprecipitation assays were performed using NG108-15 cells in the
presence or absence of siRNA to deplete Freud-2 (Fig. 8). In untreated cells, a strong
association of Freud-2 with the 5-HT1A DRE region was observed upon
immunoprecipitation with anti-Freud-2 antibody C-F2, but not in its absence. Upon
treatment with Freud-2 siRNA, Freud-2 binding to the DRE region was reduced, but was
unchanged in the presence of control siRNA. Taken together, these experiments indicate that
endogenous Freud-2 negatively regulates 5-HT1A heteroreceptor expression in non-
serotonergic cells via binding to the DRE repressor region of the 5-HT1A receptor gene.

Discussion

The 5-HT1A autoreceptors in the raphe nuclei play key roles in regulating serotonergic
activity (Sotelo et al., 1990; Riad et al., 2000; Richardson-Jones et al., 2010), whereas 5-
HT1A heteroreceptors are widely expressed in the brain (Albert ef a/., 1990; Pompeiano et
al., 1992) and forebrain 5-HT1A receptors are implicated in anxiety and depression (Gross
et al., 2002). Knockout of the 5-HT1A receptor gene results in an anxiety phenotype in
several mouse strain backgrounds (Toth, 2003), whereas transgenic mice overexpressing the
receptor display reduced anxiety behavior (Kusserow et al., 2004). The anxiety phenotype of
5-HT1A-null mice can be rescued by early post-natal induction of forebrain 5-HT1A
receptor expression, whereas rescue of receptor expression after post-natal day 21 failed to
rescue the anxiety phenotype (Gross et al., 2002). By contrast, knockdown of the pre-
synaptic 5-HT1A receptor results in a depression-like phenotype and impaired response to
antidepressant, with no anxiety phenotype (Richardson-Jones et al., 2010). These studies
indicate that the level of expression of 5-HT1A receptors, in the adult and during
development, is a key determinant of the anxiety—depression phenotype in mice. Hence we
have addressed the specific DNA elements and transcription factors that regulate 5-HT1A
receptor expression.
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Freud-2/CC2D1B: arepressor of serotonin-1A receptor expression

We have used 5’-deletion mapping of the 5-HT1A promoter to identify the DRE as a strong,
conserved repressor element that, when deleted, leads to a 10-fold induction of 5-HT1A
promoter activity in neuronal and non-neuronal cells (Storring et al., 1999; Ou et al., 2000).
Freud- 1 binds at the 5" portion of the DRE (FRE) to repress 5-HT1A receptor expression in
a variety of cell types, including in 5-HT1A-expressing raphe RN46A cells. In this study, we
identify Freud-2/CC2D1B as a repressor of 5-HT1A receptor transcription via binding to the
3’ portion of the 5-HT1A-DRE (TRE). Although Freud-2 specifically bound to the TRE
(Fig. 2), mutational inactivation of the TRE (Ou et a/., 2000) did not block Freud-2
repression, but the combined mutation of both FRE and TRE did block Freud-2 repression
(Figs 4-6). Thus, Freud-2 appears to recognize the TRE and a part of the FRE to repress the
activity of the 5-HT1A receptor promoter. Freud-1 and Freud-2 binding to the DRE appears
to be mutually exclusive, as in L6 cell extracts we observed distinct Freud-1-DRE (Ou et al.,
2003) and Freud-2-DRE (Fig. 2B) complexes, with no evidence for a third complex
containing both, consistent with competition between Freud-1 and Freud-2 for binding.

Freud-2 repressed the 5-HT1A receptor promoter in 5-HT1A receptor-negative L6 cells,
non-serotonergic 5-HT1A-expressing NG108-15 cells and serotonergic raphe RN46A cells
(Figs 4-6). In non-serotonergic NG108-15 cells, Freud-2 regulated basal 5-HT1A receptor
expression, as depletion of Freud-2 using small interfering RNA (siRNA) modestly
derepressed the 5-HT1A promoter and enhanced the level of 5-HT1A protein. Freud-2
siRNA also reduced the amount of Freud-2 bound to the genomic 5-HT1A DRE region,
correlating with increased 5-HT1A receptor expression and indicating that Freud-2 binding
to the DRE is required to repress 5-HT1A receptors in NG108-15 cells. The limited
derepression observed in Freud-2 siRNA-treated cells may reflect the partial reduction
(60%) of Freud-2 protein, or repression maintained by Freud-1.

We previously found that Freud-1 represses 5-HT1A autoreceptor expression in RN46A
cells, and that specific depletion of Freud-1 using transfection of antisense Freud-1 cDNA
derepressed the 5-HT1A promoter to increase 5-HT1A receptor expression in RN46A cells,
but not L6 cells (Ou et al., 2003). This suggests that Freud-1 is a primary determinant of
basal 5-HT1A receptor expression in RN46A cells. Consistent with this, Freud-1 is strongly
expressed in raphe neurons and colocalized with serotonin and 5-HT1A receptor
immunostaining (Ou et al., 2003). By contrast, Freud-2 RNA and protein are weakly
expressed in human dorsal raphe nucleus as visualized by reverse transcription—polymerase
chain reaction, immunohistochemistry and western blot of post-mortem brain tissue
(Hadjighassem et al., 2009). Thus, based on its localization and competition by Freud-1,
Freud-2 is expected preferentially to regulate 5-HT1A heteroreceptors, rather than 5-HT1A
autoreceptors /n vivo.

Both Freud-1 and Freud-2 RNA and protein are detected in a variety of brain and peripheral
tissues (Ou et al., 2003; Basel-Vanagaite et al., 2006; Rogaeva & Albert, 2007), indicating a
ubiquitous role for these factors in repression of 5-HT1A receptors. 5-HT1A receptor RNA
and protein are widely expressed in brain, including the pyramidal and interneurons of the
cortex (Aznar et al., 2003; Palchaudhuri & Flugge, 2005) as well as in the septum,
hippocampus and hypothalamus (Albert ef a/., 1990; Pompeiano et al., 1992). The
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combination of Freud-1 and Freud-2 provides a dual mechanism for regulating the
expression level of 5-HT1A receptors in 5-HT1A-positive neurons, where Freud-2 is
expressed in non-serotonergic neuronal cells, whereas Freud-1 is expressed in both
serotonergic and non-serotonergic cells. By contrast, in most peripheral tissues, 5-HT1A
RNA is undetectable (Albert et a/., 1990). In 5-HT1A receptor-negative tissues, Freud-1 and
Freud-2 may participate in silencing 5-HT1A receptor expression in concert with repressor
element-1 silencing transcription factor neural restrictive silencing factor (REST/NRSF),
which recognizes a consensus repressor element-1 site located immediately 3° of the DRE
to repress the 5-HT1A promoter (Lemonde et al., 2004).

Potential roles of Freud-2 in vivo

As a homolog of Freud-1, Freud-2 complements Freud-1 action to repress the 5-HT1A
promoter. Freud-1 also recognizes a highly conserved DRE in the second intron of the
DRD?2 gene to repress basal expression of the dopamine D2 receptor (Rogaeva et al.,
2007b). However, unlike Freud-1, Freud-2 does not bind the D2-DRE (data not shown),
consistent with the poor conservation of the TRE region compared with the identical FRE
region, which is nearly identical to the 5-HT1A FRE sequence. Hence Freud-2 may have
additional gene targets and functions that differ from those of Freud-1.

Recent linkage analysis of non-syndromal mental retardation cohorts has revealed a deletion
mutation of the Freud-1/CC2D1A gene locus in this disorder, suggesting a role for Freud-1
in cognitive development (Basel-Vanagaite ef a/., 2006) that may be shared by Freud-2. The
non-syndromal mental retardation Freud-1 mutant lacks the C-terminal portion of the protein
including the protein kinase C conserved region 2, and is thus predicted to lack repressor
activity, resulting in derepression of 5-HT1A and dopamine D2 receptor genes. Similarly, a
mutation in Freud-2 might also result in derepression of the 5-HT1A receptor gene
particularly in cortical or hippocampal neurons, which could contribute to mental
retardation. Increased 5-HT1A receptor expression results in reduced anxiety, but also
impaired cognitive ability (Bert et al.,, 2005), which could contribute to mental retardation.
Inactivation of the Freud-2 gene could induce post-synaptic 5-HT1A heteroreceptor
expression, and may contribute to cognitive impairment and antianxiety behavior; however,
to date, linkage of Freud-2 to mental retardation has not been reported.

Taken together, in this study we demonstrate that Freud-2/CC2D1B binds to the 5-HT1A~-
DRE at a site adjacent to and partly overlapping the Freud-1 site, and represses 5-HT1A
receptor expression in non-neuronal and neuronal 5-HT1A-expressing cells. Freud-2 is
expressed in many serotonin brain target regions as well as in peripheral tissues, but is
weakly expressed in raphe nuclei (Hadjighassem et al., 2009). These findings suggest that
Freud-2 preferentially regulates 5-HT1A receptor expression in these regions compared with
Freud-1, which regulates 5-HT1A receptor autoreceptor expression. Thus, these
transcription factors provide complementary regulation of the 5-HT1A receptor gene.
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Fig. 1.
Alignment of human and mouse Freud-2. Shown is the amino acid alignment of predicted

amino acid sequences for human (upper sequence) and mouse (lower sequence) Freud-2,
with mismatched amino acids underlined. Solid lines between arrowheads represent the
DM-14 domains and the boxes show the conserved helix-loop-helix and protein kinase C
conserved region 2 (C2 domains). Domains were identified by NCBI blast (http://
www.nchi.nlm.nih.gov/BLAST) conserved domain alignment. The helix-loop-helix domain
was identified by HELIX-TURN-HELIX.
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Specific binding of Freud-2 to the 5-HT1A-TRE. (A) Direct binding of recombinant
Freud-2 to the 5-HT1A DRE. [32P]-labeled 5-HT1A-DRE (31-bp DRE) as probe was
incubated with /n vitro transcribed and translated GST—Freud-2 (lanes 2-8) or GST vector
(lane 9) as control. A single specific band (arrowhead) was detected with GST-Freud-2
(lane 2). Binding of Freud-2 to 31-DRE was abolished in the presence of a 100-fold molar
excess of unlabeled DRE (lane 3) or 50- or 100-fold 12-bp TRE (3" portion of 5-HT1A-
DRE; lanes 4 and 5) but not 14-bp FRE (5”-portion of DRE; lanes 6 and 7). (B) Freud-2 is
the second DRE-binding protein complex in L6 cells. L6 nuclear extracts were incubated
with [32P]-labeled 31-bp 5-HT1A DRE oligonucleotides and two protein-DNA complexes
were observed; the lower band represents Freud-1 (as shown previously) and the upper
complex contains Freud-2 (arrowhead) as shown by supershift of that complex after
incubation using the C-F2 antibody (Materials and methods) against Freud-2 (Freud-2/Ab,
arrowhead), but not using pre-immune antibody (Pre).
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Tissue distribution of Freud-2 RNA and protein expression. (A) Freud-2 mRNA expression
in mouse tissues. RNA was prepared from the indicated mouse tissues for northern blot
analysis using mouse Freud-2 cDNA probe. An arrowhead indicates Freud-2 RNA
hybridization, which migrated with an approximate size of 4 kb. The blot was reprobed with
beta-actin cDNA as a loading control; the faster migrating species in muscle samples
represents alpha-actin cross-hybridization (Bains et a/., 1984). (B) Freud-2 protein
expression in mouse brain. The indicated regions of mouse brain (above) or peripheral tissue
(below) were homogenized and subjected to western blot analysis. Freud-2 protein
expression (arrowhead) was detected by antibody against full-length Freud-2. The blots were
reprobed with antibody to beta-actin as loading control.
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Fig. 4.

Regpression of the rat 5-HT1A receptor gene by Freud-2 protein in L6 myoblast cells. (A)
Freud-2 repression at the 5-HT1A-DRE. The DRE-containing 2300-bp rat 5-HT1A
promoter luciferase reporter pGL3B construct (5-HT1A), or inactivating mutations of the
14-bp FRE (m1), 12-bp TRE (m2) or double mutant of FRE and TRE (m3) were transiently
transfected in L6 myoblast cells in the presence of vector (pcDNAS3) or Freud-2; relative
luciferase activity was measured and normalized to pGL3P SV40 positive control (P) or
luciferase vector pGL3B (B). Freud-2 significantly repressed the transcriptional activity of
5-HT1A receptor gene, and this suppression was eliminated in the presence of FRE + TRE
mutant (m3). Variation in transfection efficiency was corrected by cotransfection of a 5-
galactosidase plasmid with each construct. Data represent the mean + SEM of three
independent experiments. **P < 0.01 compared with vector-transfected and *~ < 0.05 (m3
vs. 5-HT1A) by one-way ANOVA, Newman-Keuls post-test.
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Fig. 5.
Repression of 5-HT1A receptor gene by Freud-2 in NG108-15 neuroglioma cell line. The

2300-bp 5-HT1A promoter luciferase construct (5-HT1A), m2 (TRE mutant) and m3
(double FRE/TRE mutant) were transiently transfected with vector (pcDNA3) or Freud-2 in
NG108-15 cells. Luciferase activity was normalized to luciferase vector pGL3B (B); pGL3P
was positive control (P). Freud-2 repressed the 5-HT1A and m2 promoter constructs. Note
that the 5-HT1A receptor promoter was derepressed in the m3 double mutant and that
Freud-2 further enhanced its activity. Data represent the mean + SEM of three independent
experiments; **P < 0.005, *P < 0.05 compared with vector-transfected by unpaired #test.
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Freud-1 and Freud-2 repression in RN46A raphe cells. The 2300-bp rat 5-HT1A (A and C),
m3 double FRE/TRE mutant (B) and human -1790ARE-1 (lacking repressor element-1
repressor site, D) reporter constructs were transfected in RN46A raphe cells with vector
(pcDNAZ3), mouse or human Freud-1 (mF1, hF1), mouse or human Freud-2 (mF2, hF2) or
both (F1/F2) expression plasmids. Luciferase activity was normalized to pGL3B (B); pGL3P
was positive control (P). Data represent the mean + SEM of at least three independent
experiments for each panel. For D: £< 0.01 for hF1, hF2 or F1/F2 compared with pcDNAS3;
*P < 0.05 between hF2 and hF1 or F1/F2 by one-way ANOVA, with Newman—Keuls post-

test.
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Fig. 7.
Freud-2 depletion by siRNA derepresses the 5-HT1A promoter and increases 5-HT1A

receptor expression in NG108-15 neuroglioma cells. (A) Derepression of 5-HT1A promoter
activity by Freud-2 siRNA. Rat 2300-bp 5-HT1A luciferase construct (1.5 4g) was
transfected alone (5-HT1A) or cotransfected with 5 gL of specific Freud-2 siRNA36
(Freud-2 siRNA) or CGscrambled siRNA (control) in NG108-15 cells and incubated for 72
h. Inset: western blot using antibody to full-length Freud-2 of cell extracts from cells
transfected with control vs. Freud-2 siRNA. Luciferase activity is expressed relative to 5-
HT1A reporter alone. Data represent the mean + SEM of three independent experiments.
**P< 0.01 in comparison to control (5-HT1A-2300) or siRNA control by one-way ANOVA,
Newman-Keuls post-test. (B) Increased level of 5-HT1A protein upon depletion of Freud-2
by siRNA. NG108-15 cells were transfected with siRNA control, siRNA to Freud-2 or not
transfected (untreated), and whole cell extracts were examined by western blot using
antibodies to Freud-2 (1 : 2000), 5-HT1A and actin as indicated. Below, the level of 5-HT1A
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protein in three independent experiments is plotted as mean + SE. A significant increase in
5-HT1A receptor protein was observed in Freud-2 siRNA vs. siRNA control or untreated
(*P<0.05, one-way ANOVA, Newman—Keuls post-test), indicating that depletion of
Freud-2 induces an increase in 5-HT1A receptors.
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Fig. 8.
Endogenous Freud-2 is bound to the DRE of the rat 5-HT1A receptor gene. NG108-15 cells

grown in 10-cm plates were untreated or treated with siRNA control (SiRNA-CTL, two
plates) or Freud-2 siRNA (Freud-2 siRNA), incubated for 72 h and analyzed by chromatin
immunoprecipitation (ChlP) assay using anti-Freud-2 antibody (1 : 2000) and amplifying a
region containing the 5”-DRE and 3’-DRE of the rat 5-HT1A receptor gene. As controls,
ChlIP assay was performed on untreated NG108-15 cells in the absence (—ve CTL) of anti-
Freud-2 antibody, with 1/10 dilution as input; rat 2300-bp 5-HT1A promoter luciferase
plasmid (15 ng) was amplified as positive control (+CTL) and revealed a specific 265-bp
band of amplified DNA containing the 5-HT1A 5’-DRE and 5-HT1A 3’-DRE.
Immunoprecipitation using anti-Freud-2 antibody revealed the association of endogenous
Freud-2 with the genomic 5-HT1A-DRE, which was reduced in the presence of Freud-2
SiRNA.
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