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Abstract

Background—Altered expression of serotonin-1A (5-HT1A) receptors, both presynaptic in the

raphe nuclei and in limbic and cortical target areas, has been implicated in mood disorders such as

major depression and anxiety. Within the 5-HT1A receptor gene (HTR1A), 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 using Northern and Western blot, RT-PCR,

immunohistochemistry/immunofluorescence; Freud-2 function was examined by electrophoretic

mobility shift, reporter assay and Western 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 HEK293 5-HT1A-negative cells and

neuronal SK-N-SH cells, a model of post-synaptic 5-HT1A receptor-positive cells. Furthermore

siRNA 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.

Conclusion—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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Introduction

The serotonin-1A receptor (5-HT1A) is expressed presynaptically as an autoreceptor in

raphe nuclei and postsynaptically 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, major depression or suicide victims (3–6).

Down-regulation of postsynaptic 5-HT1A receptors in the hippocampus and prefrontal

cortex is implicated in schizophrenia, major depression, and type I bipolar disorder (7; 8).

Genetic rescue studies indicate that early post-natal restoration of forebrain 5-HT1A

receptors restores normal anxiety-like behaviour in 5-HT1A−/− mice (9). Moreover,

postsynaptic 5-HT1A receptors are a potential target of antidepressant drugs (10),

implicating the level of expression of postsynaptic 5-HT1A receptors in the pathophysiology

and treatment of mood disorders.

In order to identify the mechanisms of transcriptional regulation of the 5-HT1A gene, others

and we 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-bp dual repressor element (DRE) that is located between

−1555/−1524 bp from the translation initiation codon that strongly silences the promoter

(13). The human 5-HT1A gene contains two tandem imperfect repeats of the DRE (−1624 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 post-synaptic 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 new 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 post-synaptic 5-HT1A-expressing cell model.

Freud-2 staining was enriched in hippocampus and prefrontal cortex, but very sparse in the
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dorsal raphe nucleus. These data indicate that in the brain, unlike Freud-1, Freud-2 regulates

post-synaptic rather than presynaptic 5-HT1A expression.

Materials and Methods

PCR and Plasmids

A 2.6-kb fragment of human Freud-2 cDNA including the complete coding sequence was

amplified using specific primers 5-CCGGAATTCC GGATGCCAGG GCCAAGACCT

CG-3′, 5′-CCGCTCGAGC GGCAGGCCCC GAGGCTCCAG GACC-3′ from a human

brain cDNA library (Clontech). PCR products were gel-purified, subcloned in pGEMT-easy

vector (Promega, Madison, WI) and subcloned into EcoRI/XhoI-cut pcDNA3 (Invitrogen,

Burlington, Ontario, Canada) or pGEX-4T-1 (Amersham Bioscience). Human 5-HT1A

promoter constructs were described previously (14). All constructs were purified by

maxiprep kit (Sigma), quantified spectrophotometrically, and verified by DNA sequence

analysis.

Freud-2 protein expression

Escherichia coli BL21cells were transformed with pGEX-4T-1-Freud-2 to express GST-

Freud-2, and induced with 0.1 M isopropyl-β-D-thiogalactopyranoside. Bacteria were

pelleted (3000xg, 4°C, 20 min) and recombinant proteins purified from pellets using B-PER

GST Fusion Protein Purification Kit (Pierce, IL, USA) and stored at −80°C.

Cell culture and transfection

Human embryonic kidney (HEK) 293 cells and SK-N-SH human neuroblastoma cells were

cultured and transfected as described previously (13; 14; 17). HEK293 cells were transfected

by calcium phosphate co-precipitation (18), with 20μg luciferase reporter construct and 5μg

pCMVβgal per 10-cm plate. For co-transfections total DNA was 25μg: 10μg of luciferase

plasmid, indicated amounts of other constructs or empty vector, and 0.1 μg pCMVβgal to

normalize transfection efficiency. SK-N-SH cells were subcultured into 6-well plates and

transfected at 50–60% confluency with 1:1.5 ratio of plasmid:lipofectamine 2000 reagent

(Invitrogen) using 7.5–10 μg/plate of luciferase and Freud-2 plasmids or empty vector with

2 μg/plate pCMVβgal. For reporter assays, triplicate samples after 48h of transfection were

washed three times with ice-cold PBS and extracted with 150μl reporter lysis buffer

(Promega). Supernatants were collected, assayed for luciferase activity using Spectramax

M2 (Molecular Devices) luminometer and analyzed using Softmax Pro 4.8 software.

Activities from at least three independent experiments was based on the ratio of luciferase/

βgalactosidase activity and normalized to vector-transfected extracts. Data are presented as

mean± SEM. Statistical significance was evaluated using two tailed unpaired t test.

Electrophoretic mobility shift assay

Complementary human DRE oligonucleotides were labelled with [α-32P]-dCTP using

Klenow DNA polymerase (13) and probe (60,000–100,000 cpm/sample) incubated with

recombinant proteins in 25-μl reaction containing EMSA buffer (20 mM HEPES, 0.2 mM

EDTA, 0.2mM EGTA, 100 mM KCl, 5% glycerol, and 2 mM DTT, pH 7.9) and 2 μg

poly(d(I-C)) at 22°C. Unlabeled double-stranded DREs (Table I) were used as competitor.
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For supershift assay, 2 μl of purified (Pierce) polyclonal rabbit antibody (Cedarlane, Hornby,

ON) against a C-terminal peptide of human Freud-2 (CDGRKPTGGKLF) was used in 25-μl

reaction (20 min, 37°C), probe added and incubated (20 min, 37°C). DNA/protein

complexes were separated on a 5% polyacrylamide gel at 4°C dried and exposed to film

overnight at −80°C with an intensifying screen.

Northern blot analysis

Human brain MTN Blot and 12-lane MTN Blot (Clontech) or 10 μg of purchased human

prefrontal cortex and kidney RNA (Clontech) run on formaldehyde gel and transferred to

hybond-N (Amersham) were probed with 900-bp human Freud-2 cDNA fragment using

Strip EZ DNA kit (Ambion). 50 μl of 25,000 cpm/μl of purified probe was incubated with

human brain MTN Blot membranes overnight at 42°C. Membranes were washed twice with

2xSCC/0.1% SDS (10 min, 42°C) followed by 0.1%SCC/0.1% SDS (30 min, 65°C) and

exposed to film overnight at −80°C with intensifier screen.

qRT-PCR—Total RNA (5 μg) treated with DNase I (TURBO DNA-free kit) was reversed-

transcribed using cells-to-DNA™ II kit (Applied Biosystems, Foster City, CA, USA). Each

reaction contained 10 μl Taqman Universal master mix, 0.87μg cDNA, 1.5μl Freud-2 FAM

(Hs01054180-g1) and GAPDH JOY primers, and 7.6μl DNase-free water. Taqman reactions

were carried out in triplicate using a RotorGene3000 cycler (Corbett Research, Sydney,

Australia) at: 10 min, 95°C; 40 cycles, 95°C, 15 sec; 60°C, 60s. PCR products were verified

by agarose gel electrophoresis, and non-reverse transcribed samples were run as negative

control. Relative amounts of Freud-2 to GAPDH were obtained as 10(CtT-CtG), where

CtT=target gene threshold cycle, CtG=GAPDH threshold cycle (19).

Western blot analysis

Tissue punches were homogenized in buffer A (10mM HEPES pH 7.9, 10mM KCl, 0.1mM

EDTA, 1mM DTT, protease inhibitors, 0.1% Igepal CA-630) and centrifuged (11,000xg, 1

min). The pellet was resuspended in buffer C (20 mM HEPES, pH 7.9; 400mM NaCl; mM

each of DTT, EDTA, EGTA; and protease inhibitors), incubated 15 min. with shaking and

centrifuged (11,000xg). Supernatant protein (nuclear extract) was resolved on 12.5% SDS

polyacrylamide gel, blotted on nitrocellulose membrane and incubated overnight at 4°C with

affinity-purified primary rabbit anti-Freud-2 polyclonal antibody or preimmune serum

(1:5000) washed and incubated with secondary horseradish peroxidase (HRP)-linked anti-

rabbit antibody (Amersham Biosciences, Buckinghamshire, England). After incubation,

blots were washed with PBS and developed using enhanced chemiluminescence detection

(ECL; Perkin-Elmer Life Sciences Inc., Boston, MA) and exposed to film. Nuclear protein

of SK-N-SH cells was extracted as previously described (14). 60 μg of extracts were

separated by SDS-PAGE on an 8% polyacrylamide gel. Polyclonal rabbit anti-Freud-2

antibody was purified using Montage antibody purification PROSEP-G spin column

(Millipore).

Immunohistochemistry/immunofluorescence

Frozen 30-μm sections were fixed in 4% paraformaldehyde in PBS (1h, 22°C), preincubated

in 5% horse serum in PBS (30 min) and incubated with rabbit anti-Freud-2 polyclonal

Hadjighassem et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2014 July 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



antibody (1:500; 24h at 4°C). Sections were washed in PBS, incubated in biotinylated horse

anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) in PBS buffer (4h, 22°C),

processed using Vectastain ABC immunoperoxidase kit (Vector, Burlingame, CA) for 24h

at 4°C and stained using 3,3′-diaminobenzidine tetrahydrochloride (DAB; 0.05%, Sigma).

For dual immunofluorescence, frozen 20-μm sections were incubated overnight with rabbit

anti-Freud-2 antibody (1:500) and mouse monoclonal anti-GFAP (1:1000; Chemicon) anti-

NeuN (1:1000; Chemicon), anti-5-HT1A (1:100; Immunostar), or anti-CNPase (1:1000;

Covance) diluted in the incubation solution. After three washes in 0.1M Tris-HCl buffer (pH

7.6), sections were incubated for 90 min with Cy2- and Cy5-conjugated goat anti-mouse

antibody (Jackson Immunochemicals; 1:200), washed and viewed using fluorescence

microscopy.

siRNA transfection

Stealth siRNA targeting hFreud-2 [CC2D1BHSS153336] (5′-

cccugcagcagaggcugaacaagua-3′) and stealth RNAi negative control duplexes were

purchased from InVitrogen. HEK cells were transfected using lipofectamine 2000

(Invitrogen) with a final siRNA concentration of 100 nM. Transfection efficiency control

was performed with Block-iT™ fluorescent oligo (Invitrogen). For luciferase assay, 5 μl

specific Freud-2-SiRNA or RNAi negative control was co-transfected with 1.5 μg of human

5-HT1A luciferase construct (h5-HT1A) in HEK cells and incubated for 48–72 hr and

assayed as described. For immunoblot, 60μg protein/lane blotted using rabbit 5-HT1A

polyclonal antibody (Cedarlane laboratory (1:1000) and secondary HRP-linked rabbit

antibody (1:2000; Amersham) (16).

Human subjects

The Institutional Review Board of the University of Mississippi Medical Center and

University Hospitals of Cleveland approved all procedures in this study. Human brain

specimens were obtained from autopsies conducted at the Cuyahoga County Coroner,

Cleveland, OH, after obtaining written consent from legally-defined next-of-kin.

Retrospective, informant-based psychiatric assessments were performed for all depressed

and control subjects (20). Subjects included 5 male MDD subjects, 1 male with dysthymia,

and 6 male control subjects without Axis I illness or neurological disorder. MDD subjects

included four suicides, one accidental death and one death undetermined; control subjects

included four heart disease, one asthma, one electrocution and one homicide. Post-mortem

toxicology revealed diazepam in only one male depressed subject. The mean age (yrs.

±SEM) was 49.7±6.60 (MDD) and 46.8±7.35 (control); mean post-mortem interval (hrs)

was 16.1±2.80 (MDD) and 14.8±2.82 (control); mean brain pH was 6.7±0.11 (MDD) and

6.8±0.031 (control); there was no significant difference observed. The mean age of onset of

depression was 38.0±4.93 years and the average duration of illness was 7.0±4.93 years.

Results

Molecular cloning of human Freud-2

To identify human Freud-1 homologues, we screened the GenBank database and identified

Freud-2/CC2D1B, a distinct gene located on chromosome 1p32 (NP_115825) that encodes
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an 858-aa protein with 50% overall amino acid identity to hFreud-1 (Supplemental Fig. 1).

Freud-2 contains highest conservation in a number of known domains such as four DM14

domains which extend from amino acids 170–237, 270–332, 385–433, 537–594; predicted

helix-loop-helix (648–673); and a conserved protein kinase C (PKC) conserved region (C2

domain; 705–799). The DM-14 domain is highly conserved among species homologues of

Freud/CC2D1, although its function is unknown. In Freud-1, the C2 domain is important for

DNA binding and essential for its repressor activity (16). The helix-loop-helix domain is

slightly shifted or expanded compared to that of Freud-1 and may mediate protein

interactions and DNA binding. Several phosphorylation sites are conserved, including the

calcium calmodulin-dependent kinase T642 site (T689 in Freud-2) that may mediate calcium

sensitivity in Freud-1. A series of proline-directed protein kinase sites located in between

DM14-2 and -3 in Freud-1 appear between DM14-3 and -4 in Freud-2. The conservation of

important functional domains suggested that like Freud-1, Freud-2 might also bind to DNA

and repress transcription.

Freud-2 RNA and protein expression

To verify the expression of Freud-2 in vivo, we examined the tissue distribution of Freud-2

mRNA by Northern blot analysis of human tissues (Fig. 1). A single 3.5-kb mRNA was

highly expressed in several peripheral tissues particularly skeletal muscle, kidney and liver

(Fig. 1A). In brain, Freud-2 RNA was also highly expressed and enriched in corpus

callosum (Fig. 1B), which may reflect its expression in glial cells (see below) and in

prefrontal cortex (Fig. 1C). By quantitative RT-PCR, Freud-2 RNA was approximately two-

fold enriched in prefrontal cortex compared to dorsal raphe nucleus (Fig. 1D). Freud-2

protein expression was determined using a specific antibody generated against full-length

Freud-2, which does not cross-react with Freud-1 (data not shown). By Western blot

analysis of nuclear extracts from human postmortem brain tissue using anti-Freud-2, a major

120-kDa Freud-2 species was detected that was not present using preimmune serum (Fig. 2).

The apparent molecular weight of the major Freud-2 isoform is larger than the predicted

molecular weight of 89-kDa, but migrated with recombinant purified Freud-2 protein (data

not shown) and may reflect post-translational modification. Interestingly, Freud-2 protein

was enriched in PFC and hippocampus, but was only weakly detected in dorsal raphe nuclei

(Fig. 2B). The presence of Freud-2 in the nuclear fraction is consistent with a possible role

as a transcription factor.

Freud-2 protein was further localized by immunohistochemistry using anti-Freud-2 (Fig. 3)

compared to preimmune serum, which lacked specific staining (data not shown). Consistent

with Western blot data, Freud-2 immunoreactivity was enriched in the grey matter of the

prefrontal cortex (BA10, Fig. 3A), and appeared to stain pyramidal neurons, as well as

interneurons and glia (Fig. 3B). Freud-2 was also detected in dentate gyrus of the

hippocampus (data not shown), which expresses 5-HT1A receptor RNA (8). In the dorsal

raphe (DR) nucleus Freud-2 staining was sparsely distributed in cell bodies (Fig. 3C),

consistent with the low level of Freud-2 staining in Western blot. Thus Freud-2 displays a

predominant distribution in cells of the prefrontal cortex compared to presynaptic

serotonergic raphe cells.
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The cell types expressing Freud-2 were identified by dual immunofluorescence (Fig. 4).

Freud-2 immunoreactivity was strongly detected in cells of the human prefrontal cortex

(PFC) with a primarily nuclear localization, and was colocalized with both astrocyte (GFAP)

and neuronal (NeuN) markers (Fig. 4A). In dorsal raphe (Fig. 4B), Freud-2 staining was also

colocalized with glial (CNPase) and neuronal markers (NeuN). In both raphe and prefrontal

cortex Freud-2 was colocalized with 5-HT1A immunostaining (Fig. 4C), although Freud-2

was also detected in 5-HT1A-negative cells, suggesting that like Freud-1, Freud-2 may

regulate other genes. Thus Freud-2 is expressed in the nuclei of subsets of neurons and glia

in both prefrontal cortex and raphe. The sparse population of stained glial cells in the raphe

nuclei may contribute to the higher background staining in the DR (Fig. 3C).

Freud-2 binding to human 5-HT1A DRE

We hypothesized that Freud-2 may bind to the 5-HT1A DRE based on the amino acid

similarity between Freud-1 and Freud-2 (Supplemental Fig. 1) and the partially-overlapping

sequences of 5-HT1A DREs (13; 14). To examine Freud-2 binding to the DRE, EMSA was

done using labeled 5-HT1A DREs incubated with purified recombinant GST-Freud-2 fusion

protein (Fig. 5). GST-Freud-2, but not GST alone, bound to labeled 5′- or 3′-DRE as a single

complex, which was competed by unlabelled DRE oligonucleotides indicating that Freud-2

protein binds specifically to both 5′ and 3′ 5-HT1A DRE elements. Antibody to GST also

partly reduced GST-Freud-2 interaction with DRE. To localize the site within the DRE that

Freud-2 recognizes, competition EMSA was done in which GST-Freud-2 was incubated

with labeled 3′ or 5′ 5-HT1A-DRE and competed with unlabelled segments of the DRE

(Table I, Fig. 6). A single 3′-DRE-Freud-2 complex was detected, which was competed as

effectively with the 19-bp primers as with the complete 3′-DRE, but was not competed with

the adjacent 12-bp portion (Fig. 6A), indicating that Freud-2 binds specifically to the 5′ half

of the 3′DRE (Table-1). A polyclonal antibody raised against Freud-2 C-terminal peptide

(Anti-cF2) super-shifted the protein-DNA complex (upper arrowhead), while antibody alone

did not form a complex with the probe (Fig. 6A). These results confirm the presence of

Freud-2 in the complex. Analysis of Freud-2 interactions with the 5-HT1A 5′-DRE revealed

that both 16- and 17-bp primers competed for Freud-2 binding to the 5′ DRE (Fig. 6B).

Alignment of these sequences in Table I reveals that recombinant Freud-2 binds specifically

to a minimal consensus sequence of 5′-TAAAAC-3′, conserved between 5′ and 3′ DREs,

and competing oligonucleotides.

Freud-2 repression of human 5-HT1A expression

To test whether Freud-2 regulates 5-HT1A gene transcription, Freud-2 was cotransfected

with human 5-HT1A promoter-luciferase constructs to assay transcriptional activity in either

5-HT1A-expressing human SK-N-SH neuroblastoma cells or HEK cells, which lack

detectable 5-HT1A expression (Table 2). Compared to pGL3P, the activity of the DRE

containing 5-HT1A constructs was low, consistent with basal repression observed at these

elements (13; 14). In both cell types, transfection of human Freud-2 significantly reduced

the transcriptional activity of DRE-containing 5-HT1A reporter constructs (Table 2, upper

rows). To examine the activity of endogenous Freud-2 on 5-HT1A gene activity, Freud-2

protein level was decreased by cotransfection of Freud-2/CC2D1B-siRNA. Reduction of
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endogenous Freud-2 protein level induced a 1.6-fold derepression of transcriptional activity

of human 5-HT1A gene in HEK-293 cells (Table 2, lower row).

To determine whether reduction in Freud-2 alters endogenous 5-HT1A expression, 5-HT1A-

positive SK-N-SH cells were transiently transfected by either control (i.e., scrambled

siRNA) or two different CC2D1B siRNAs (1–2) and the level of endogenous 5-HT1A

protein was examined by Western blot (Fig. 7). Both siRNA-1 or siRNAs-1/2 combination

reduced the expression of endogenous Freud-2 protein and increased the level of 5-HT1A

protein, although siRNA1 alone was more effective in both cases. Thus, these experiments

show that human Freud-2 represses 5-HT1A gene transcription in neuronal or non-neuronal

cell types. Reduction of Freud-2 protein by specific CC2D1B siRNA increases the level of

5-HT1A protein in SK-N-SH cells, indicating that Freud-2 negatively regulates the basal

level of 5-HT1A expression in these cells.

Freud-2 expression in depressed subjects

Since alteration in 5-HT1A receptor expression is implicated in depression, the level of

Freud-2 protein was examined in PFC tissue from subjects with major depression and

psychiatrically normal matched control subjects (Supplemental Fig. 2). In these preliminary

studies, Freud-2 protein was reduced by 40% in the PFC of MDD subjects (relative optical

density of Freud-2/beta-actin in control: 5.53 ± 2.26 vs. MDD: 3.37 ± 1.24). Furthermore,

Freud-2 protein was decreased in four out of the six male MDD subjects relative to paired

controls (Supplemental Fig. 2B). However, the decrease in Freud-2 protein failed to reach

statistical significance (two-tailed Wilcoxon signed rank test: W = 15.00, P=0.1563,

Supplemental Fig. 2C).

Discussion

Freud-2: novel repressor of post-synaptic 5-HT1A expression

In order to elucidate transcriptional mechanisms that regulate the brain serotonin system, we

have initially focused on the identification of transcription factors that regulate the 5-HT1A

receptor gene (21). The 5-HT1A is a key presynaptic regulator of serotonergic activity, and

also a major post-synaptic receptor that mediates serotonin actions in anxiety and depression

(6; 22). We previously identified the DRE as a powerful repressor element in both human

and rat 5-HT1A genes (13; 14), and identified Freud-1/CC2D1A as a strong repressor at the

DRE (15; 16). In this study we have identified the repressor function of Freud-2/CC2D1B, a

homologue of Freud-1, which binds to the DRE to repress the human 5-HT1A receptor

gene. Recombinant purified Freud-2 protein bound specifically to both 5′ and 3′-DRE, but

recognized a consensus sequence (5′-TAAAAC, Table 1) that is adjacent and partly

overlapping with the Freud-1 site defined at the rat 5-HT1A promoter (5′-

CATAAAGCAAG) (13). These observations suggest that both Freud-1 and Freud-2 mediate

repression of 5-HT1A receptor expression at the DRE.

Our studies indicate that Freud-2 regulates the basal expression of 5-HT1A receptors.

Transfection of Freud-2 cDNA reduced the activity of 5-HT1A DRE-luciferase constructs in

neuronal 5-HT1A-positive SK-N-SH cells and 5-HT1A-negative non-neuronal HEK293
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cells, indicating that Freud-2 may ubiquitously repress this gene. Oppositely, depletion of

Freud-2 protein using siRNA increased reporter activity and 5-HT1A receptor protein in

SK-N-SH cells, indicating that endogenous Freud-2 represses basal 5-HT1A receptor

expression in this post-synaptic neuronal model. Both Freud-1 and Freud-2 are expressed

widely in brain and appear to partially overlap in regulating 5-HT1A receptor expression.

The strong expression of Freud-2 protein in serotonin target brain regions that express 5-

HT1A receptors, such as PFC and hippocampus, suggests that Freud-2 may play a role in

regulating the basal expression of post-synaptic 5-HT1A receptors in these regions.

However, Freud-1 is also strongly expressed in raphe nuclei and plays a key role in the

regulation of basal 5-HT1A autoreceptor expression in serotonergic raphe RN46A cells (16),

while Freud-2 did not repress 5-HT1A transcription in these cells (data not shown). Unlike

Freud-1, Freud-2 was weakly expressed in the raphe nuclei, consistent with a lack of

Freud-2 repression of presynaptic 5-HT1A autoreceptors. Thus, our results indicate that

unlike Freud-1, which regulates both pre- and post-synaptic 5-HT1A receptors, Freud-2

appears to preferentially regulate the level of expression of post-synaptic 5-HT1A receptors.

Our data show that like Freud-1, Freud-2 is also widely expressed in peripheral tissues that

lack 5-HT1A receptors, suggesting that both Freud-1 and Freud-2 mediate redundant

repression to silence 5-HT1A transcription in these tissues. In addition, REST/NRSF, a pan-

neuronal repressor that silences neuronal genes in non-neuronal cells, represses the 5-HT1A

receptor at a conserved RE-1 recognition site that is located adjacent to the 5-HT1A 3′-DRE

(13; 14). Thus, the combination of Freud-1, Freud-2 and REST/NRSF appear to contribute

to the silencing of 5-HT1A transcription in non-neuronal tissues. In addition, its broad tissue

distribution suggests that like Freud-1, Freud-2 may act as a global repressor of other genes.

Potential roles of Freud-2 in vivo

The strong immunostaining of Freud-2 in forebrain regions and its repression of 5-HT1A

expression suggest a role in mental illnesses such as depression or anxiety. Freud-2 protein

levels were slightly but not significantly reduced in preliminary studies of depressed versus

control PFC (Supplemental Fig. 2), suggesting that down-regulation of Freud-2 could be a

compensatory adaptation following the down-regulation of 5-HT1A receptor expression in

depression due to genotype (e.g. 5-HTT s/s genotype (23)) or environmental factors (e.g.,

chronic mild stress, (24) (25)). Interestingly, a recent study indicates that in male depressed

suicide brains there is an increase in 5-HT1A RNA in BA10 (26), which could be mediated

by Freud-2 down-regulation.

In imaging studies, region- and disorder-specific reductions in the density of cortical and

hippocampal 5-HT1A receptors have been observed in depression (27–31) and anxiety

disorders (3; 20; 32), while cortical 5-HT1A receptors are increased in anorexia or bulimia

nervosa (33; 34). In post-mortem tissue, 5-HT1A RNA and protein levels are reduced in the

hippocampus of major depression and bipolar I disorder patients compared to control

subjects (7; 8) and 5-HT1A signaling is reduced in several brain regions (35). In 5-HT1A−/−

mice, early post-natal rescue of 5-HT1A receptors in hippocampus and cortex restored

anxiety phenotype to normal (9), and specific 5-HT1A rescue and activation in the dentate

gyrus reduced conditioned freezing response to ambiguous stimuli (36). In mice, 5-HT1A
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receptors were required for fluoxetine-mediated hippocampal neurogenesis and anti-anxiety

actions (10), although this effect appears to be strain-dependent (37). However, the

regulation of Freud-2 and its role in reduction of 5-HT1A receptors in depression and

anxiety disorders remains to be elucidated. Similarly, the expression of Freud-2 in cortical

glia and corpus callosum is of interest since a reduction of glial cells has been observed in

the prefrontal cortex of depressed suicides (38; 39) and is counteracted by electroconvulsive

seizure (40–42). However the mechanisms involved and the role of Freud-2 in glial function

remain unknown.

The structural and functional similarities between Freud-1 and Freud-2 suggests overlapping

functions. Recently, a deletion mutation in the Freud-1/CC2D1A gene has been linked to

non-syndromal mental retardation (43), implicating Freud-1 in cognitive development. This

mutation truncates the protein, eliminating the C2 domain that is required for Freud-1

repressor activity (16), suggesting that the truncated mutant is non-functional or a dominant-

negative protein (44). Similarly, Freud-2 may also participate in cognitive development,

although it is unable to rescue the Freud-1 mutant phenotype.

Although Freud-2 represses the 5-HT1A gene and depletion of Freud-2 leads to up-

regulation of 5-HT1A receptor expression, like Freud-1 Freud-2 may regulate additional

genes. In particular, we recently characterized a DRE in the human dopamine-D2 receptor

gene that is repressed by Freud-1 (45). The D2-DRE contains a consensus GATAAG

sequence for Freud-1 binding, but also contains an adjacent TAAAAG sequence that is

similar to the TAAAAC sequence we identified for Freud-2 binding to the 5-HT1A DRE.

Further studies will be required to determine whether Freud-2 also regulates dopamine-D2

receptor expression.

In summary, we have identified Freud-2 as a novel transcriptional repressor, which, in

combination with the homologue Freud-1, regulates the expression of 5-HT1A receptors in

neuronal and nonneuronal cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Tissue distribution of human Freud-2 RNA. RNA prepared from the indicated human tissues

(Clontech) (A, C) or brain regions (B, C) was hybridized to labeled human Freud-2 cDNA

for Northern blot analysis. A major Freud-2 RNA species of approximately 3.5-kb was

identified (arrowhead) in most tissues; molecular size markers are shown. Below, the blots

were reprobed with labeled beta-actin cDNA to control for RNA loading. D. Quantitative

RT-PCR. Freud-2 RNA levels relative to GAPDH standard were quantified in total RNA

from PFC and dorsal raphe using Taqman procedure for real-time PCR; Relative RNA

levels are shown as mean ± S.E. of triplicate determinations. ***P<0.0001 by unpaired t-

test.
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Fig. 2.
Freud-2 protein is enriched in human prefrontal cortex and hippocampus, but weakly

detected in raphe. Nuclear fractions from individual samples of human prefrontal cortex

(PFC), dorsal raphe (DR) and hippocampus (HP) were isolated and probed using anti-

Freud-2 antiserum (Anti-Freud-2) or preimmune serum as negative control; a representative

blot of three replicates is shown. Blots were reprobed for beta-actin as loading control. A

major 120-kDa Freud-2 protein species was identified as a doublet. B. Detection of Freud-2

in raphe. Increasing amount of protein was loaded as indicated (30 or 40 μg) and probed

using anti-Freud-2; the 120 kDa band was weakly detected in dorsal raphe tissue.
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Fig. 3.
Distribution of Freud-2 immunoreactivity in human prefrontal cortex and dorsal raphe

nuclei. Frozen sections of post-mortem human prefrontal (PFC; sections A and B) and

dorsal raphe nuclei (DR; sections C and D) were incubated with anti-Freud-2 antibody and

processed for immunohistochemistry using anti-Freud-2; no specific staining was observed

using preimmune serum (not shown). Sections B and D are at high magnification (40x).

Freud-2 staining is enriched in grey matter of prefrontal cortex, but sparse in dorsal raphe

nuclei (DR).
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Fig. 4.
Colocalization of Freud-2 with glial and neuronal markers and 5-HT1A receptor in human

PFC and DR. Brain sections from human post-mortem prefrontal cortex (A) or dorsal raphe

(B) were probed using anti-Freud-2, GFAP or CNPase (glial) or NeuN (neuronal) antibodies

and processed for immunofluorescence of each marker (Freud-2 in green, other markers in

red), and merged. Freud-2 was colocalized with GFAP and NeuN indicating its presence in

glial and neuronal cells. C. Freud-2 colocalization with 5-HT1A receptor. Sections from

PFC or DR were co-stained with anti-Freud-2 and anti-5-HT1A antibodies, and

colocalization shown in the merged sections.
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Fig. 5.
Specific binding of Freud-2 to human DRE sequences. Electrophoretic mobility shift assay

(EMSA) was done using bacterially expressed purified recombinant GST-Freud-2 fusion

protein (GST-hF2) or GST alone with labelled 5′or 3′DRE from the human 5-HT1A

promoter. For competition, unlabelled 5′or 3′DRE (cold) were used at 100-fold molar

excess. Antibody to GST (GST-Ab, 2 μl/sample) was added as indicated. A single band

(arrow) was detected which was competed with excess unlabeled 5′ or 3′ DRE, indicating

that Freud-2 protein binds both 5′ and 3′ DRE from human 5-HT1A promoter.
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Fig. 6.
Binding specificity of Freud-2/DRE complexes. EMSA was done using purified

recombinant GST-Freud-2 (GST-hF2), GST or no protein incubated with labelled 5-HT1A

3′ or 5′ DRE (A or B, respectively). A specific complex (lower arrowhead) was observed for

GST-hF2 but not GST, and this complex was competed with the indicated molar excess of

unlabelled primers (see Table I). The 3′ 19-bp and 5′ 16- and 17-bp primers effectively

competed (at 100x), indicating that human Freud-2 specifically binds to sequences in

common between these primers (Table I). To confirm the presence of Freud-2 in the

complex, antiserum (2 μl) to Freud-2 C-terminal (Anti-F2) was added and a supershifted

complex was observed in the presence of GST-hF2 (upper arrowhead).

Hadjighassem et al. Page 21

Biol Psychiatry. Author manuscript; available in PMC 2014 July 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7.
Depletion of Freud-2 increases 5-HT1A receptor expression in SK-N-SH cells. SKN-SH

cells were treated with scrambled control siRNA (CTL) or siRNA to Freud-2 (Si-1, Si-2)

and cell extracts were examined by Western blot using anti-Freud-2 (top) or anti-5-HT1A

antibody (middle); the blot was probed for β-actin as loading control (bottom). Treatment

with Freud-2 siRNA1 reduced Freud-2 protein and proportionately increased 5-HT1A

receptor expression. The relative intensity of 5-HT1A protein normalized to si-1 (100) is

plotted below. The data shown are representative of three independent experiments.
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Table 1
5-HT1A DRE primers for competition assay

The human 5-HT1A 5′ and 3′ DRE nucleotide sequences and location (relative to translation initiation site) of

forward primers used for competition assays are aligned. The minimal consensus sequence in common among

primers that competed for Freud-2 binding is underlined.

Sequence Name (Location) DNA sequence

5′-DRE (−1624/−1598) AGATGGCACTCTAAAACATTTGCCAGA

17-bp 5′ (−1624/−1608) AGATGGCACTCTAAAAC

16-bp 5′ (−1613/−1598)  TAAAACATTTGCCAGA

3′-DRE (−1597/−1565) AGGTGGCGACATAAAACCTCATTGCTTAGAACT

19-bp 3′ (−1597/−1578) AGGTGGCGACATAAAACCT

12-bp 3′ (−1578/−1566)   CATTGCTTAGAA
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Table 2
Repressor activity of Freud-2 at the 5-HT1A DRE

Human embryonic kidney HEK-293 or 5-HT1A-expressing human neuroblastoma SK-N-SH cells were

transiently co-transfected with vector (pcDNA3, Control) human Freud-2 expression plasmid (Freud-2) and

either 5-HT1A-DRE-containing pGL3P luciferase reporter or vector (pGL3P, lacking DRE). For siRNA

experiments, cells were treated with 5 μl of scrambled control (Control) or Freud-2 siRNA (F2-siRNA).

Transcriptional activity is expressed as luciferase/β-galactosidase activity of cell extracts normalized to

pGL3P (=1); % change is Freud-2 or Freud-2 siRNA relative to Control (100%). Data represent the mean ±

SEM of three independent experiments. P <0.05 compared with Control by t-test.

Cell type Control (DRE/pGL3P) Freud-2 (DRE/pGL3P) Change (%) p <

HEK-293 0.18 ± 0.01 0.096 ± 0.037 −47% 0.05

SK-N-SH 0.27 ± 0.06 0.068 ± 0.034 −75% 0.05

Cell type Control (DRE/pGL3P) Freud-2 siRNA (DRE/pGL3P) Change (%) p <

HEK-293 0.11 ± 0.01 0.18 ± 0.02 +64% 0.05
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