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Figure 7 NLK, SETDBI1 and CHD7 RNAi abrogated Wnt-5a-dependent analysis on aP2 promoter in ST2 cells expressing SETDB1, NLK or CHD7
differentiation and recruitment of modified H3. (a, b) ST2 cells RNAI. (f) A mechanistic model for Wnt-5a dependent suppression of
overexpressed with NLK or SETDB1 mutants (NLK-KN, SETDB1T976A PPAR-y function. Activated NLK through Wnt-5a-CaMKII-TAK1-TAB2
or SETDB1ASET) were incubated for 7 d, then stained with Qil-red-0O (a) phosphorylates SETDB1. Then phosphorylated SETDB1 associates
and ALP assay (b). Scale bars, 100 pm (¢, d) SETDBI and CHD7 RNAi with CHD7 and act as a repressor for PPAR-y transactivation function.
abrogated the Wnt-5a dependent inhibition of adipogenesis. Control, CaMKII, calmodulin kinase Il; PPRE, PPAR-response element; K4me,

SETDBI or CHD7 RNAi adenovirus was infected in ST2 cells and stained tri-methylated histone H3K4; K9me, tri-methylated histone H3K9; grey
with Oil-Red-0 (c) or by ALP assay (d). (e) Chromatin immunoprecipitation square, Wnt-5a.
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transrepression of PPAR-y by Wnt-5a mediates a histone-inactivating
mechanism other than histone deacetylation by a HDAC co-repressor
complex. We identified an HKMT, SETDB1, as an interacting partner of
activated NLK by Wnt-5a by a biochemical approach. SETDBI seems to
form a complex with CHD7 and phosphorylated NLK. However, under
our purification conditions, known SETDBI partners such as human
ATFa-associated modulator (hAM) were undetectable®. The SETDB1
complex associated with PPAR-y to methylate H3-K9 in the PPAR-y
target gene promoters leading to inactivation of gene expression through
histone-inactivating modifications. Thus, this complex is presumed to
be a new type of HKMT co-repressor complex for nuclear receptors
in terms of signalling dependency. These findings are supported by a
recent report that several H3-K9 HKMTs serve as co-repressors for lig-
and-bound nuclear receptors*#, although signal-induced recruitment
of HKMT to nuclear receptors was not reported. In this respect, it is
notable in a previous report that repression of A-Myb by activated NLK
through the Wnt-1-TAK1-TAB1-HIPK2 axis was mediated by an as
yet unidentified HKMT*., SETDB1 might be a nuclear target activated
by signalling of cell-membrane receptors to co-repress several classes of
transcriptional factors.

SETDBI is shown here to be integrated into a complex through
phosphorylation by activated NLK, and it then serves as a co-repressor
complex component with CHD7, a platform component. Interestingly,
the HKMT activity of SETDBI1 required complex formation induced
by the non-canonical cascade. Given that hAM is reportedly a crucial
partner for forming a complex with SETDBI that has HKMT activity
and can transcriptionally repress®, SETDB1 might be a catalytic subunit
that is fully functional only when integrated into distinct protein com-
plexes. Co-activators and co-activator complexes are required for lig-
and-induced transactivation of PPAR-y, but the SETDB1-NLK-CHD7
complex seems to attenuate recruitment of such co-activators to ligand-
bound PPAR-y. In this regard, CHD7 seems to be a docking component
in the complex for PPAR-y, considering the observed interaction of
CHD?7 with PPAR-y in vitro. Moreover, because CHD7 harbours two
chromodomains that selectively recognize and preferentially bind to
methylated histone lysines*, CHD7 could also anchor this complex to
specific chromosomal regions. In fact, CHD7 was revealed to selectively
interact with methylated H3-K4 and H3-K9, but notacetylated histones
(Fig. 5g), implicating multiple roles of CHD7 in transcriptional repres-
sion. CHD7 may target the SETDB1 complex to transcriptionally active
regions through interacting with methylated H3-K4, and then SETDBI
might initiate H3-K9 methylation in the PPAR-y target gene promoters
(Fig. 7f). At the present stage, it remains unclear whether methylated
H3-K4 is an initial docking signal for recruiting the SETDB1 complex
or whether this complex is first recruited to PPAR-y. Furthermore, at
later stages of the repression process, through stable retention of the
SETDBI complex through interaction of CHD7 with tri-methylated
H3-K9 at the promoters, the SETDB1 complex might trigger hetero-
chromatinization from transcriptionally silent euchromatin. In this
respect, CHD7, but not SETDBI1, might define the target specificity
of the PPAR-y target promoters by acting as an anchor to chromatin.
Likewise, other silencing factors such as DNA methyltransferase and
methyl-binding protein may be recruited through CHD7 to the target
promoters for stable transrepression.

For every histone modification at a specific residue, multiple histone-
modifying enzymes have been identified as recognizing the same histone
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residue. As recent findings have shown that histone-modifying enzymes
often form complexes as enzymatically functional units®, it is conceivable
that complex components enable enzymes to specifically recognize his-
tone residues as substrates and serve as regulatory subunits that integrate
with intracellular signalling. Thus, the combination of histone-modify-
ing enzymes with their complex partners might be prerequisite for their
specific roles in gene regulation at the chromatin level. a

METHODS

Plasmid construction. Expression vectors of full-léngth PPAR-y, PPAR-y mutants
(S8A, S112A and S8A-S112A), TAK1, TAK1*¥, C/EBPB, GR and acyl-CoA-PPRE-
tk, GRE-tk, C/EBP-RE-tk luciferase reporter vectors, GST-fusion PPAR-ys (amino
acids 1-506, 1-138, 139-311, 204-506) were constructed as previously described"*.
Expression vectors of CaMKII (WT, KN and TD) and Flag-NLK and Flag-NLK*!**™
were constructed as previously described®. Deletion mutants of NLK (amino acids
1-443, 124-443, 124-517) and GFP-fusion mutants of NLK were amplified by
polymerase chain reaction (PCR) and cloned into pcDNA3 (Invitrogen, Carlsbad,
CA) and pGEX4T-1 (Amersham, Piscataway, N]). SETDB1 and CHD7 were cloned
by PCRand inserted into pcDNA3, SETDB1ASET(amino acid 1-660) was cloned by
PCR and inserted into pcDNA3 and SETDB1 point mutants were generated by PCR-
based mutagenesis using pcDNA3-SETDBI as a template, For GST-fusion CHD?,
CHD7 constructs (amino acids 231-364) were cloned by PCR and inserted into
pGEX4T-1. The expression vector of Runx2 and Runx2-RE-tk luciferase reporter
vector have been previously described”. For luciferase assays, the DNA sequence for
RNAi against -catenin and NLK were as follows: -catenin, CACGCAAGAGCAA
GTAGCTGATATT; NLK, GAAATATCTCCATTCAGCTGGCATT.

Cell culture, Wnt-5a treatment, transfection and luciferase assays. ST2 cells
were cultured and examined using Oil-red-O staining and alkaline phosphatase
assays as described previously'®. For differentiation assays, cells were treated with
or without 1 uM of Tro or 50 ng ml™' of recombinant Wnt-5a (R&D Systems,
Minneapolis, MN) for 7 d. GPDH activity was measured using the GPDH activ-
ity measurement kit (Takara, Ohtsu, Japan). The luciferase reporter assay was
performed as previously described',

Animal preparation. The generation of Wnt-5a*", Wnt-3a*"- and PPAR-y*" gene-
target mice was previously described***¥". These mice were crossed with C57BL6
over five generations. All experiments were performed on male mice at 18 weeks
of age, and mice littermates were fed a standard diet. All mice were maintained
according to the protocol approved by the Animal Care and Use Committee of
the University of Tokyo.

Analysis of skeletal morphology and p-QCT imaging. The femora were collected
from 18-week old WT, Wnt-5a*-, Wnt-3a*- and PPAR-y*"- mice and fixed in 70%
ethanol. Femoral bone mineral densities were determined by dual-energy X-ray
absorptiometry (DCS-600EX-111, ALOKA, Tokyo, Japan). Femur bone radiographs
were obtained using a soft X-ray apparatus (TRS-1005, SOFTRON, Yokohama,
Japan). Histomorphometric analysis for measurement of BV/TV, trabecular number
and space was conducted by the Bone Analysis Service at Kureha Special Laboratory
(Tokyo, Japan). For micro-quantitative computed tomography (u-QCT) imag-
ing, soft tissue was meticulously removed and placed in a special polycarbonate
specimen tube filled with distilled water and scanned by ScanXmate-A100540
(Comscan techno, Yokohama, Japan). Data sets with isotropic 8.6 um voxel spac-
ing were acquired at 0.45° steps over a total rotation of 360° at 80 kVp. Images were
reconstructed into three-dimensional volumes using true Feldkamp reconstruction
with 10-bit grey levels. To determine adipocytes in bone, an upper and lower pixel
intensity threshold (LUT) was chosen (110-160; adipocytes). The highlighting tool
was used to select individual adipose depots for pixel counting.

RNA analysis. Total cellular RNA was isolated from ST2 cells by ISOGEN
(Wako, Tokyo, Japan), and quantitative reverse transcribed PCR (RT-PCR) was
performed on a TP800 sequence detector (Takara, Ohtsu, Japan). The primers
used are described in the Supplementary Information. For RT-PCR analysis, RT
reaction was performed using SuperScript III (Invitrogen, Carlsbad, CA), and
aggrecan (amino acids 150-290) and type I collagen (amino acids 1395-1451)
were amplified by PCR.
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Immunoprecipitation and ChIP analysis. The immunoprecipitation assay was
performed as previously described*. For the ChIP assay, ST2 cells were incubated
with or without Tro or Wnt-5a. We used the ChIP Assay Kit (Upstate, Lake Placid,
NY) with antibodies against acetylated histone H3, trimethylK9H3 (Upstate),
PPAR-y, NLK (Santa Cruz Biotechnology, Santa Cruz, CA) or SETDBI (Axxora,
San Diego, CA). Antibody against CHD7 was produced by Asahi Technoglass
(Funabashi, Japan). For PCR, we used the following primer pairs: 5-AGTTC
ACTAGTGGAAGTGTCACAGC-3' (-5340 to -5315) and 5-CTAGAAACAG
ACACTGGAACCACTCT-3" (-4800 to -4775) for aP2 gene promoter region
at PPRE, and 5-ACAGGCCTGCACAGAGGACGTTTCC-3' (-7763 to -7739)
and 5'-CATCATTTGCTATAAGTTGATTAGG-3’ (-7464 to -7439) for aP2 gene
distal region. For amplification of Runx2 promoter by PCR, we used the primer
pairs 5-GGTAGAGAAGAGAGATGAAAAAGCAGAGG-3' (-546 to -518) and
5- GGTGTTCCTCTGTCTCTCCTTCCCT-3' (-268 to -244) for the Runx2 gene
promoter region*, and 5'-GCTACAATGTCGATATTCCTC-3(-3939 to -3919)
and 5'-GCATATCTGGTTGTGAGTAC-3’ (-3568 to -3549) for the Runx2 gene
distal region. Optimal PCR conditions for semi-quantitative measurement were
27 cycles of 30 s at 96 °C, 45 s at 56 °C, and 1 min at 72 °C. PCR products were
visualized on 2% agarose-Tris- Acetate-EDTA (TAE) gels.

In vitro kinase assay and histone methylation assay. For the in vitro phos-
phorylation assay, anti-Flag-NLK immunocomplexes were incubated with
GST-SETDB1 (WT, T700A and T976A) in 10 pl of kinase buffer containing
10 mM HEPES (pH 7.4), 1 mM dithiothreitol (DTT), 5 mM MgCl, and 5 yCi
of [y2P]ATP at 25 °C for 10 min. Samples were resolved by SDS polyacrylamide
gel electrophoresis (SDS-PAGE), and phosphorylated proteins were visualized
by imaging analyser BAS1500 (Fujifilm, Tokyo, Japan). For the histone methyl-
transferase assay, we used aliquots of anti-Flag-NLK immunocomplexes and the
HMT assay kit (Upstate).

Protein purification. For NLK-PPAR-y complex purification, HeLa cells stably
expressing Flag-NLK were incubated with 50 mM KCl for 30 min, and nuclear
extracts were prepared as previously described®’*. Then extracts were bound to
the GST-PPAR-y column, and complexes bound to PPAR-y were eluted with
15 mM reduced glutathione in elution buffer (50 mM Tris-HCI, pH 8.3, 150 mM
KCl,0.5 mM EDTA, 0.5 mM PMSE 5 mM CHD?7, 0.08% NP-40 and 10% glycerol)
and loaded onto an anti-Flag M2 resin column (Sigma, St Louis, MO), washed
with binding buffer, and eluted by incubation for 60 min with 0.5 ml of the Flag
peptide (0.2 mg ml') (Sigma) in binding buffer. After elution, proteins were
identified by MALDI-TOF mass spectroscopy (Voyager, Applied Biosystems,
Foster City, CA). For glycerol density gradient fractionation, they were layered
on top of a 4.5 ml linear 100%-40% glycerol gradient in the binding buffer and
centrifuged for 16 h at 4 °C at 40,000 r.p.m. in a SW40 rotor (Beckman Coulter,
Fullerton, CA).

Pull-down assays. NLK (amino acids 1-443, 124-517), SETDB1 (amino acids
661-1291), PPAR-y mutants (amino acids 1-138, 139-311, 204-506, 1-506)
were expressed as a GST fusion protein in Escherichia coli strain HB101. The
expression of a protein of the predicted size was then monitored by SDS-PAGE.
GST pull-down assays using [*S]-methionine-labelled CHD7, CHD7'"'”, NLK
and SETDBI were performed as previously described'. Peptide pull-down
assays using GST-CHD7 (amino acids 231-364) were performed as previously
described®. For histone-binding assays, GST proteins were incubated with semi-
purified HeLa histones in 300 mM NaCl, 50 mM Tris-HCI (pH 7.5), 5 mM EDTA
(pH 7.9), 0.5% NP40 for 2 h at room temperature. After washing three times in
500 mM NacCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA (pH 7.9), 0.5% NP40,
samples were separated by SDS-PAGE and western blotting was performed.

Adenoviral constructs and transduction. The adenoviral vector expressing
RNAi against murine NLK, murine SETDBI, and murine CHD7 were constructed
from pSIREN and Adeno-X (Clontech, Palo Alto, CA). The RNAI oligonucle-
otide sequences are as follows: Control, CTGGACTTCCAGAAGAAATT: NLK,
GCAGCCGTCATTACAGCAA; SETDBI, GGTGATGAGTACTTTGCAA;
CHD7, GCAATCATCCCTACCTAAT. Adeno-X plasmids were digested with
Pacl and cotransfected into 293T cells using Lipofectamine Plus (Invitrogen,
Carlsbad, CA). Virus-containing supernatants were collected at 48 h post-trans-
fection and passed through a 0.45 pm filter.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S4. (a) Supplemental data on the degradation of PPAR-y by NLK.
ST2 cells were transfected with NLK expression vector and then lysates
were performed for western blotting with antibody against PPAR-y. (b) In
vitro kinase assay using GST, GST-SETDB1 (1-660 amino aicds), and GST-

SETDB1 (661-1291 amino acids). GST fused proteins were incubated with
anti-FLAG-NLK immunocomplexes and [32P]y-ATP. Arrow head indicates
phosphorylated GST-SETDB1 (661-1291 amino acids) and asterisk
indicates self-phosphoerylated NLK.
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Supplementary Information

MATERIALS

The primers used for quantitative RT-PCR were as follows;
aP2; 5-TGGGAACCTGGAAGCTTGTCTC-3’ for forward primer and
5’-GCTGATGATCATGTTGGGCTTG-3’ for reverse primer.
ALP; 5’-ACACCTTGACTGTGGTTCTGCTGA-3’ for forward primer and
5’-CCTTGTAGCCAGGCCCGTTA-3’ for reverse primer.
Runx2; 5-CATTTGCACTGGGTCACACGTA-3" for forward primer and
5’-GAATCTGGCCATGTTTGTGCTC-3’ for reverse primer.
LXR-a; 5’-TGCAGGACCAGCTCCAAGTAGA-3" for forward primer and
5’-GGCTCACCAGCTTCATTAGCATC-3’ for reverse primer.
GPDH; 5-GGGCTGAAGCTAATCTCCGACA-3* for forward primer and

5’-AGGCCGTTCTGCTCACTTTG-3’ for reverse primer.

ChIP analysis Was performed as described in the text. Used primers for ChIP analysis
were 5-AGTTCAGCACAGAAGTGCTTTCCTAGC-3 (-876 to -850) and
5'-CCCATCTGAGATGGTGTCAAGATCTAC-3’ (-372 to -345) for the LXR-a gene
promoter region at Pi’RE, and 5’-CGCCCGGATGCATTCGTAAGGA-3’ (-3907 to
-3886) and 5’-GGCTGGTTACATGCAGTACCCT—3’ (-3447 to -3426) for LXR-a
gene distal region.

Reporter vectors of aP2 promoter (-4246 to -6025)-tk-luc or LXR-a promoter (-1 to

1
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-1650)-tk-luc were cloned by PCR and inserted into pGL3-tk-luc. Mouse TAZ1 cDNA
was cloned by PCR and inserted into pcDNA3. RNAI sequence of TAZ1 was same as
previously  described'. Primers for RT-PCR we;re as follows; Fw;
5’-AATCCGTCCTCGGTGCCCCATCCGC-3’, Reyv;

5’-TTACAGCCAGGTTAGAAAGG-3’.
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A cell cycle-dependent co-repressor mediates
photoreceptor cell-specific nuclear receptor

function
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Photoreceptor cell-specific nuclear receptor (PNR)
(NR2E3) acts as a sequence-specific repressor that controls
neuronal differentiation in the developing retina. We
identified a novel PNR co-repressor, Ret-CoR, that is ex-
pressed in the developing retina and brain. Biochemical
purification of Ret-CoR identified a multiprotein complex
that included E2F/Myb-associated proteins, histone deace-
tylases (HDACs) and NCoR/HDAC complex-related compo-
nents. Ret-CoR appeared to function as a platform protein
for the complex, and interacted with PNR via two CoRNR
motifs. Purified Ret-CoR complex exhibited HDAC activity,
co-repressed PNR transrepression function in vitro, and
co-repressed PNR function in PNR target gene promoters,
presumably in the retinal progenitor cells. Notably, the
appearance of Ret-CoR protein was cell-cycle-stage-depen-
dent (from G1 to S). Therefore, Ret-CoR appears to act as a
component of an HDAC co-repressor complex that sup-
ports PNR repression function in the developing retina,
and may represent a co-regulator class that supports
transcriptional regulator function via cell-cycle-dependent
expression.

The EMBO Journal (2007) 26, 764-774. doi:10.1038/
sj.emboj.7601548; Published online 25 January 2007

Subject Categories: chromatin & transcription

Keywords: cell cycle; co-repressor complex; HDAC; PNR;
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Introduction

Members of the nuclear receptor (NR) gene superfamily serve
as sequence-specific regulators in the promoters of their
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cognate target genes (Mangelsdorf et al, 1995). Reflecting
the spatiotemporal expression patterns of NRs in animals, a
wide variety of biological events are under the control of NR-
mediated transcriptional regulation (McKenna and O’Malley,
2002; Rosenfeld et al, 2006). Structurally, NR proteins can be
divided into five domains, A-E. The highly conserved C
domain acts as a DNA-binding domain (DBD), which has
two Zn-finger motifs that recognize and stably bind to
specific target DNA sequences. The moderately conserved
ligand-binding domain (LBD) is mapped to the C-terminal E
domain. The N-terminal A/B domain exhibits poor homology
among NRs but is responsible for ligand-induced transactiva-
tion together with the LBD regions in NRs such as nuclear
hormone/vitamin receptors. Unlike hormone/vitamin
receptors, several NRs are believed not to require ligand
binding, and are therefore classified as orphan receptors
that function as ligand-independent regulators (Mangelsdorf
et al, 1995).

Ligand-dependent and -independent transcriptional con-
trol by NRs requires histone modification and chromatin
remodeling (Belandia and Parker, 2003; Kitagawa et al,
2003). Histone modification coupled with transcriptional
control by NRs depends on the input of two types of
co-regulators with opposing functions. It appears that most
co-regulators exist as multiprotein complexes (McKenna and
O’Malley, 2002; Perissi and Rosenfeld, 2005). It is thought
that three distinct classes of co-activators support NR trans-
activation, with two of these classes, CBP/pl60 and GCN5/
TRPAP complexes (Onate et al, 1995; Kamei et al, 1996;
Yanagisawa et al, 2002), containing histone acetyltransferase
(HAT) enzymes. The other class, DRIP/TRAP complex, is a
non-HAT co-activator complex (Fondell et al, 1996; Rachez
et al, 1999). The co-repressor type complexes contain histone
deacetylase (HDAC) enzymes, which along with NCoR/SMRT
physically interact with NRs via CoRNR motifs, and are
thought to be functionally indispensable subunits in NR co-
repression complexes (Heinzel et al, 1997; Nagy et al, 1997).
The other histone-modifying enzymes are also likely to co-
regulate the NR function (Metzger et al, 2005). Although
histone modification owing to HAT/HDAC activity in NR co-
regulator complexes may in cooperation with chromatin-
remodeling complexes explain at least in part the mechanism
of NR-mediated transcriptional control via chromatin remo-
deling (Narlikar et al, 2002; Belandia and Parker, 2003;
Kitagawa et al, 2003), the molecular link between NR-
mediated gene regulation and cell cycle control remains
elusive.

The photoreceptor-specific orphan receptor PNR (NR2E3)
is a pivotal regulator in the developing retina, as it determines
cone photoreceptor phenotype (Haider et al, 2001; Milam
et al, 2002; Yanagi et al, 2002). Its significance in neuronal
differentiation has been established by a number of studies
based on spontaneous genetic mutations of the PNR gene in
human enhanced S-cone syndrome (ESCS) patients and in

©2007 European Molecular Biology Organization
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Figure 1 Identification of Ret-CoR as a novel co-repressor of an orphan nuclear receptor PNR. (A) Schematic diagram of Ret-CoR protein. The
two CoRNR motifs, DEVH box motifs and the region corresponding to the isolated cDNA clone (arrows) by yeast two-hybrid screening are
illustrated. (B) Expression of Ret-CoR transcripts in the retina. In situ RT-PCR of adult mouse retinal sections performed with [RT(+)] or
without [RT(—)] reverse transcriptase (RT). PNR (left) and Ret-CoR (right) transcripts as detected by in situ RT-PCR are shown. GCL, ganglion
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer nuclear layer; OS, outer segment; PE, pigment epithelium.
(C) Expression of Ret-CoR and PNR transcripts in mouse tissue (left panel) and human culture cells (right panel) as determined by Northern
blotting. (D) Interaction between PNR and Ret-CoR in each cell line. Whole cell extracts from Y79 cells, 293F cells, and untransfected/PNR-
transfected 293F Ret-CoR stable cells were subjected to immunoprecipitation (IP) with anti-PNR antibody. Each immunoprecipitant was then
analyzed by Western blot (IB) with anti-PNR or anti-Ret-CoR antibody. (E) The CoRNR motif of Ret-CoR mediates interaction with PNR.
In vitro-translated PNR proteins were applied for a GST pull-down assay. (F) Ret-CoR mediates the co-repressive function of PNR. Luciferase
assays were performed in 293F cells transfected with a GAL4-DBD-binding site x 4 containing luciferase reporter plasmid (MH100-CMX-luc)
(400ng), GAL-fused expression vectors (200ng), Ret-CoR expression vectors (100ng), NCoR expression vectors (100ng) and 107°M
Trichostatin A. (G) Ret-CoR has a transrepressive activity itself. Luciferase assays were performed as illustrated in (F) using GAL-fused Ret-

CoR expression vectors (200ng (+) or 500ng (+ +)).

rd7/rd7 mice, which suffer retinal degeneration and lack
color perception due to imbalanced ratio between S- and
M-cone cell numbers (Akhmedov et al, 2000; Gerber et al,
2000; Haider et al, 2000). PNR appears to attenuate
cell proliferation of S-cone cells from retinal progenitor
cells, but is unlikely to control of differentiation of S into
M-cone cells.

Given that the well-known NR co-repressor NCoR/SMRT
was not potent to co-repress PNR (see Figure 1F), we
identified a novel PNR co-repressor, designated as Ret-CoR.
By a biochemical approach, Ret-CoR was shown to form an
HDAC complex to co-repress PNR. Most notably, appearance
of Ret-CoR protein was dependent on cell cycle. Thus, Ret-
CoR may represent a novel class of co-regulators that support
transcriptional function of sequence-specific regulators via
cell cycle-dependent expression.

Results

Identification of Ret-CoR as a novel PNR co-repressor

We used the yeast two-hybrid system to screen a human brain
cDNA library for putative co-repressors that supported the
constitutive transrepression function of PNR. We identified
a specific PNR-interacting clone that encoded the N-terminal

©2007 European Molecular Biology Organization

region of the KIAAO890 protein (Nagase et al, 1998). Full-
length KIAA0890 sequence encoded a 1194-amino acid-
protein that contained a DEVH box motif (ATPase/helicase
domain) and two CoRNR motifs (Figure 1A) that are thought
to function as a physical interface for nuclear receptors and
are found in co-repressors such as NCoR and SMRT (Hu and
Lazar, 1999; McKenna and O’Malley, 2002). A mouse ortho-
log was identified from the NCBI database that showed 98%
amino-acid sequence identity to human homologue. In-situ
RT-PCR performed on slices of mouse retina revealed specific
signals of this clone located at specific layers. Like expression
pattern of the PNR transcript (Kobayashi et al, 1999), the
transcript of KIAA0890 appeared to express abundantly in the
outer nuclear layer (ONL) and to some extents in inner
nuclear layer (INC) of the mouse retina (Figure 1B). whereas
significant KIAA0890 mRNA expression was detected in
mouse retina and brain tissues on postnatal day 0, levels
were significantly decreased in 12-week-old mice, as deter-
mined by Northern-blot analysis (Figure 1C). The KIAA0890
gene expressed in the Y79 retinoblastoma cell line, as well as
in the human embryonic renal cell line 293F, but PNR
transcript was detected only in Y79 (Figure 1C, right panel).
Endogenous Ret-CoR protein expression was detectable in
Y79 and 293F (Figure 1C), in which nuclear localization of
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Ret-CoR protein was observed (data not shown). From
the expression pattern, the clone was designated as retina
co-repressor (Ret-CoR) hereafter.

To investigate for interactions between PNR and Ret-CoR,
we performed co-immunoprecipitation experiments on endo-
genous PNR and Ret-CoR proteins. Association between the
proteins was observed in Y79 cells (Figure 1D), and by
in vitro GST pull-down assay (data not shown). To map the
interacting domain in Ret-CoR, in vitro-translated PNR and
mutant Ret-CoR GST-fusion proteins were assayed. As ex-
pected from previous reports (Hu and Lazar, 1999), disrup-
tion of either CoRNR motif (V60A or V252A) in Ret-CoR
significantly reduced the interaction with PNR (Figure 1E),
which suggested that Ret-CoR interacts with PNR via the two
CoRNR motifs.

We then tested the coregulatory function of Ret-CoR by
generating a chimeric protein of PNR fused to the yeast GAL4
DNA-binding domain (DBD). A transrepressive activity was
detected using the PNR-fusion protein by a transient expres-
sion assay in 293F cells (Figure 1F) and Y79 cells (data not
shown). As an HDAC inhibitor trichostatin A (TSA) abrogated
the transrepression by PNR (see lane 13 in Figure 1F), the
HDAC activity was presumed to be required for the PNR-
mediated transrepression. Ret-CoR clearly co-repressed PNR
transrepression function, whereas NCoR was not so potent
in 293F cells (Figure 1F) and the other cell lines (data not
shown). Expectedly, TLX (NR2E1), an NR highly homologous
to PNR, was also transrepressed by Ret-CoR (data not
shown). Ret-CoR on its own exhibited transrepressive activity
when fused with GAL4-DBD (Figure 1G). In contrast, this
potentiation of transrepression was abrogated (Figure 1F) by
point mutations in the Ret-CoR CoRNR motifs (see Figure 1E
for the V60A/V252A mutant). Thus, our results indicated that
Ret-CoR appears to serve as a co-repressor for PNR.

Ret-CoR forms an HDAC complex

To explore the molecular basis of Ret-CoR co-repressor
function, we biochemically purified (Yanagisawa et al,
2002; Kitagawa et al, 2003) a Ret-CoR-containing complex.
We generated stable 293F cell transformants (Ret-CoR-293F)
that expressed human Ret-CoR tagged with FLAG and His
epitopes at the N- and C-termini, respectively (Figure 2A).
Nuclear extracts were then subjected to sequential affinity
column purification using an anti-FLAG M2 affinity resin
column and then a Protino Ni-affinity column. After concen-
trating the complexes using glycerol density gradients
(Figure 2C), tagged Ret-CoR was detected in fractions that
contained a complex with a molecular weight of about 1 MDa
(Figure 2C). As shown in Figure 2B, middle panel, Ret-CoR
appeared to form a multiprotein complex with 11 polypep-
tides, which were then identified by a mass spectrometry. The
two background proteins appeared Hsc70 and B-actin. The
complex formation and subunit identification by MALDI-
TOF/MS was further confirmed by immunoprecipitation of
the purified complex by an RbAp46-specific antibody
(Figure 2B, right panel). Identities of these components in
the glycerol density gradient functions could be further
confirmed by Western blotting (see Figure 2C). The same
Ret-CoR complex components were detected when the en-
dogenous complex was immunoprecipitated of either tagged
PNR or Ret-CoR from parent 293F cells by a FLAG antibody
(Figure 2D). Similarly, association of endogenous PNR with
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endogenous complex components in Y79 could be detected
by immunoprecipitation with endogenous PNR in Y79 (see
Figure 3C).

The Ret-CoR complex components could be grouped into
three classes based on putative function: transcription factor
E2F-associated co-repressors (Sin3A, pl07, HDAC1/2,
RbAp48 and RbAp46 (Luo et al, 1998)); transcription factor
Myb-associated co-repressors (NCoR (Li and McDonnell,
2002), MybbplA (Tavner et al, 1998; Fan et al, 2004) and
CDK9 (De Falco et al, 2000)); and NCoR/SMRT-associated
proteins (HDAC3 (Guenther et al, 2000)). Although TBL3
(Weinstat-Saslow et al, 1993) and TBL1 (Perissi et al, 2004)
appear to share similar motif organization, the function of
TBL3 has not yet been reported. Using Far Western blotting,
we found that PNR interacted with Ret-CoR and CDK9, and
that Ret-CoR associated with p107 and TBL3 through its
N-terminal domain and with p107 and CDK9 through its
C-terminal domain (Figure 2E). These interactions were
further confirmed by GST-pull-down assays (Figure 2F).
From these findings, we presume that Ret-CoR served as a
platform protein capable of promoting assembly of various
components into a Ret-CoR complex (as illustrated in
Figure 7).

Appearance of the Ret-CoR protein is cell
cycle-dependent

Identification of cell-cycle transcription factor-related com-
ponents related to E2F (Ohtani et al, 1995) and Myb (Oh and
Reddy, 1999) in the Ret-CoR complex led us to consider a
putative role for Ret-CoR in the cell cycle. Expression of Ret-
CoR through the cell cycle was investigated by Western
blotting using Y79 cells synchronized by thymidine at G1/S
stage and demecolcine at G2/M phase (Figure 3A). We found
that like endogenous cyclin E, a marker that accumulated
mostly during the G1/S transition, appearance of endogenous
Ret-CoR protein was dependent on the specific cell-cycle
stage from the G1 phase to the S phase (Figure 3B, left
panel) when the cells were synchronized by thymidine at
G1/S phase (Figure 3A, upper panel). Likewise, when the Y79
cells were synchronized by demecolcine at G2/M phase, Ret-
CoR protein appearance was also cell cycle-dependent
(Figure 3B, right panel). From these drug studies, the highest
Ret-CoR expression (see lower panel in Figure 3B for protein
levels of Ret-CoR versus Sin3A) appeared around at G1-S
transition (Figure 3A, right panel). A synchronous Y79 cells
also expressed Ret-CoR protein, but at low levels (Figure 3B).
In the contrast, expression levels of other endogenous Ret-
CoR complex components (e.g. Sin3A) and PNR proteins
looked unchanged (Figure 3B). As Ret-CoR mRNA levels
remained constant during the cell cycle (data not shown),
the cell cycle-dependent appearance of Ret-CoR protein
appears to be under post-transcriptional control, such as
through protein turnover and/or translation rate. In fact,
Ret-CoR protein appeared susceptible to ubiquitination for
rapid degradation (Figure 3C). Consistent with the Ret-CoR
protein appearance during cell cycle, association of endogen-
ous PNR with endogenous Ret-CoR complex components was
also dependent on cell cycle and most evident 4 h after G1/S
arrest by thymidine (Figure 3D). These findings raised the
possibility that the Ret-CoR co-repressor functions as a cell
cycle-dependent repressor as well as supporting PNR trans-
repressive activity. This idea was further supported by the
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Figure 2 Identification of a novel protein complex containing Ret-CoR. (A) Schematic diagram of the purification for Ret-CoR-containing
complex. (B} Mass spectrometric analysis of the purified Ret-CoR complex components. MALDI-TOF/MS analysis of the complex subunits is
shown on the middle. Asterisks indicate background proteins. Silver stain of the indicated fractions of glycerol density gradient were shown at
middle panel. Right panel displayed the immunoprecipitant of the purified Ret-CoR complex (middle panel) by anti-RbAp46 antibody (Pre-IP
experiment). Left panel displayed immunoprecipitant of Mock cells ( wild type 293F cells) precipitated by anti-FLAG M2 resin followed by the
same procedure as performed with Ret-CoR complex purification. (C) Fractions separated by glycerol density gradient were assayed by Western
blot using the indicated antibodies. (D) Endogenous components of Ret-CoR complex interact with tagged PNR and Ret-CoR in 293F cells.
Immunoprecipitants of tagged PNR and Ret-CoR by a FLAG antibody were applied for Western blotting. (E) Far Western blotting of Ret-CoR
complexes. Labeled probes were used, as indicated at the top of the panel. The detected bands corresponded to the proteins indicated on the
right side. Asterisk indicates a background peptide. (F) The Ret-CoR complex components p107, TBL3 and CDK9 directly interact with PNR and
Ret-CoR. In vitro-translated p107, TBL3 and CDK9 proteins were captured by GST-PNR, Ret-CoR N-terminal and Ret-CoR C-terminal proteins in

a GST-pull down assay.

findings that co-transrepression of PNR by Ret-CoR was
dependent on cell cycle stage. The PNR-mediated transcrip-
tion activity was fluctuated during cell cycle and was lowered
at the G1/S phase (Figure 3E), when Ret-CoR expression was
high. However, by knocking down of Ret-CoR by RNAi
(Supplementary Figure 1A) and an HDAC inhibitor
Trichostatin A (TSA) treatment, such potent transrepressive
activity of PNR at G1-S stages was abrogated (Figure 3E).
Likewise, knockdown of combination of CDK9/TBL3, but not
single component (only the results of several major com-
ponents are displayed), resulted in clear impairment of the
transrepressive PNR function even when Ret-CoR protein
level was presumed high at G1-S stages through synchroni-
zation by demecolcine (Figure 3E). These findings supported
again the idea that Ret-CoR serves as a co-repressor through
forming an HDAC complex.

©2007 European Molecular Biology Organization

A purified Ret-CoR complex co-represses the
transrepression function of PNR in vitro

To address the co-regulator function of the Ret-CoR complex
on PNR, the purified Ret-CoR complex was applied to an
in vitro transcription assay with a GAL4-DBD-fused PNR LBD
chimeric protein (GAL-PNR) and a DNA template chromati-
nized using purified HeLa histone octamers (Kitagawa et al,
2003; Fujiki et al, 2005). A basal transcriptional activity was
observed from the reporter promoter upon the binding of
GAL4-DBD (GAL) alone. However, in the presence of
GAL-PNR LBD, the basal activity was drastically reduced
(Figure 4A, lane 2), and the addition of the purified
Ret-CoR complex potently co-repressed this PNR repressor
function (Figure 4A, lane 4). Reflecting the putative role of
HDACs in the Ret-CoR complex in co-repression of PNR
transrepression function, TSA potently attenuated the
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Figure 3 Funcntion of Ret-CoR containing complex is regulated by cell cycle-dependent expression of Ret-CoR. (A) FACS analysis of

synchronized Y79 cells. Y79 cells were arrested at G1/S phase with
cells and % populations in each synchronized culture were analyzed

thymidine or at G2/M phase with demecolcine. DNA contents of the
by FACS analysis at an indicated time after drug release. (B} Expression

profiles of PNR and Ret-CoR through the cell cycle. Western blots shows the protein levels indicated in the panel (upper panel). Cyclin E1 was
used as a G1/S transition maker. The level in the each step was quantified, normalized in asynchronous cells (lower panel; open circle, Ret-

CoR; closed circle, Sin3A). (C) Cell cycle-dependent ubiquitination of

endogenous Ret-CoR protein. Endogenous Ret-CoR was ubiquitinated in

unsynchronized Y79 cells (U) and synchronized Y79 cells treated with MG132 for 3 h, and samples were taken at the indicated times after drug
release. Whole cell extracts were immnoprecipitated using anti-Ret-CoR antibody and subjected to Western blotting with antibodies against
indicated proteins. (D) Ret-CoR is required for the cell cycle-dependent interaction between endogenous Ret-CoR complex components and
endogenous PNR in Y79 cells. Proteins were extracted from Y79 cells 4 h after releasing from thymidine treatment. (E) Cell cycle-dependent
transcriptional repressive function of the Ret-CoR containing complex in Y79 cells. Luciferase assays were performed in asynchronized/
synchronized Y79 cells. Relative transcriptional activity means the ratio of the GAL-PNR activity versus activity of GAL alone (GAL-PNR/GAL).

co-repressor function of the purified Ret-CoR complex
(Figure 4A, lane 5). Indeed, an HDAC activity was found in
the Ret-CoR immunoprecipitant (Figure 4B). When each of
the complex components except Ret-CoR was knocked down
by RNAIi (Supplementary Figure 1A), the Ret-CoR-associated
HDAC activity was not altered (Figure 4B). However, knock-
down of two components (CDK9 + TBL3) caused a significant
reduction in the HDAC activity like the single Ret-CoR RNAI,
in accordance with the findings of co-repression of the PNR
transrepressive function by the Ret-CoR complex components
(Figure 3E). Thus, our findings suggested that the Ret-CoR
forms an HDAC complex as a core component to co-repress
PNR function.

Ret-CoR co-represses PNR function at the PNR target
gene promoter cyclin D1, but not at the TBX2 promoter
in Y79 cells

As shown previously in transgenic mice, proliferation in the
developing retina requires cyclin D1 (Sicinski et al, 1995).

768 The EMBO Journal VOL 26 | NO 3 | 2007

Therefore, we reasoned that the expression of this gene, as
well as that of the predicted PNR target gene TBX2 (Qian et al,
2005), may be under the control of both PNR and Ret-CoR. To
test this hypothesis, we first measured the mRNA expression
levels of cyclin D1 and TBX2 in Y79 cells by a semi-quantitative
RT-PCR. Although no clear expression of cyclin D1 and TBX2
was detected in Y79 cells untransfected and transfected with a
control siRNA, after knockdown of PNR expression by RNAi
(Supplementary Figure 1A), significant induction of the endo-
genous Cyclin D1 and TBX2 genes was observed (Figure 54,
lane 2). Ret-CoR RNAI also effectively induced the Cyclin D1
gene, presumably through release of PNR transrepression, but
TBX2 gene expression remained repressed (Figure 5A, lane 3).
As it is believed that cyclin D1 gene expresses in proliferating
retina neurons, whereas TBX2 expresses in differentiated retina
(Sowden et al, 2001), Ret-CoR was presumed to function in
developing retina.

We then directly tested the co-repressor function of Ret-
CoR for PNR on PNR target gene promoters (Figure 5B) using

©2007 European Molecular Biology Organization
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Immunoprecipitants were applied on an HDAC assay with or without 10~° M Trichostatin A.

a luciferase reporter and ChIP assays in Y79 cells. The cyclin
D1 gene appeared to harbor no putative, or related, PNR-
binding sites in its promoter. However, together with a ChIP
analysis (Figure 5C and D), functional analysis of promoter
deletion mutants (Figure SE) mapped a putative PNR target
region similarly acting in the promoters (L-CycD1-luc and
S-CycD1-luc) (see Figure 5B, upper panel). For the TBX2
promoter, recruitment of PNR, but not Ret-CoR, was observed

©2007 European Molecular Biology Organization

(Figure 5C), which reflected the results of the repressor
function experiments (Supplementary Figure 1C). Although
PNR among NRs is closely related to TLX that is recently
reported as a critical factor for development of neurons
including retina (Zhang et al, 2006), TLX recruitment was
not detected in the PNR target gene promoters (Figure 5C).
Conversely, in a TLX target promoter (PTEN) (Zhang et al,
2006), neither PNR nor Ret-CoR was recruited (Figure 5C).
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A PNR mutant that lacked DNA-binding ability (PNR-N65A/
G66A) still potently suppressed Cyclin D1 promoter function
(Figure SE). Notably, the repressive effect of PNR was atte-
nuated by a PNR point mutation (R311Q) found in ESCS
patients (Gerber et al, 2000; Haider et al, 2000), and by
mutations in the CoRNR motif (V60A/V252A) of Ret-CoR
{Figure 5E). No clear DNA binding of PNR was found in the
Cyclin D1 gene promoter region by EMSA (data not shown).
To explore further the molecular basis of the transrepressive
function of PNR/Ret-CoR in the cyclin D1 gene promoter, we
examined an idea if PNR/Ret-CoR associates with E2F family
members, as the mapped PNR response element compro-
mises DNA-binding sites for E2F family transcriptional reg-
ulators. This idea was further supported by the findings that
the isolated Ret-CoR complex contains potential binding
components for E2Fs (see Figure 2B). By co-immunoprecipi-
tation, association of endogenous PNR and Ret-CoR proteins
with endogenous E2F4 was detected (Figure 5F). Co-repres-
sion of E2F4 transcriptional activity by Ret-CoR/PNR was

VOL 26 | NO 3 | 2007

seen in the Cyclin D promoter (L-CycD1-luc) (data not
shown) and in the synthetic E2F-binding sites (Figure 5G).
Consistent with these findings, recruitment of E2F4 to the
promoter Cyclin D, was detectable (Figures 5C, D and H).
Moreover, cell cycle-dependent recruitment of PNR and Ret-
CoR complex components to regulatory regions in the Cyclin
D1 gene promoter was detected by ChIP analysis (Figure SH).
However, for the TBX2 gene promoter, recruitment of PNR,
but not Ret-CoR, was observed (Figure 5H). Thus, taken
together, our findings suggested that the transrepressive
function of PNR in the developing retina requires the
co-repressor function of Ret-CoR, presumably as an HDAC
complex, with cell cycle-dependent appearance.

Cyclin D1 and TBX2 gene expression is under negative
control by PNR in the developing retina

Finally, to address the physiological significance of the ob-
served findings in vitro, we measured the expression of PNR
and Ret-CoR in the developing retina. Although high PNR and

©2007 European Molecular Biology Organization
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Ret-CoR expression levels were observed in developing
retinas from wild-type mice from stages E18 to P4, only low
levels were observed in the mature retina of adult mice
(Figure 6A). Further suggestive of the repressor function of
PNR, clear upregulation of Cyclin D1 and TBX2 gene expres-
sion was observed in the developing retina of mice that
lacked functional PNR (rd7/rd7, a spontaneous PNR gene
mutant line) (Figure 6B). However, in the retina of adult rd7/
rd7 mice, upregulation of the TBX gene, but not the cyclin D1
gene, was observed, which suggested a developmental stage-
specific function for PNR through interaction with multiple
co-repressor complexes in the retina (see Figure 7). Indeed,
by in vivo ChIP analysis, a clear Ret-CoR recruitment to the
Cyclin D1 gene promoters was detected in the developing
retina of PO mice, rather than in the mature retina of adult
mice (Figure 6C). As previously reported in mice and human
ESCS patients (Akhmedov et al, 2000; Gerber et al, 2000;
Haider et al, 2000), an increased number of S-cone cells with
normal M-cone cell number was reported from the retina of
rd7/rd7 mice (see upper panel in Figure 6D). In the retina of
the wild-type mice at PO, S-cone opsin (stained as red)
expression was not detected in the layers of PCNA-positive
dividing cells (green), confirming that at PO stage, no pro-
liferation of the S-cone progenitor cells. However, in the
retina of rd7/rd7 mice, S-cone opsin expression was detect-
able in the layers of PCNA-positive dividing cells (see

©2007 European Molecular Biology Organization

arrowheads in lower panels in Figure 6D), suggesting that
S-cone progenitor cells are still proliferating at P0. Such PNR
function in retina development was then examined in em-
bryonic retina cells (Figure 6E). Knockdown of PNR with a
retrovirus (Supplementary Figure 1B) appeared to induce cell
proliferation, as seen in hyperproliferative retina cells derived
from rd7/rd7 mice at PO, supporting the putative PNR sup-
pressive function for retina cell proliferation. Thus, Ret-CoR
co-repressor function, presumably as an HDAC complex,
appears to be required for PNR function in retinal progenitor
cells, but not in differentiated retinal cells (Figure 7).

Discussion

The role of Ret-CoR function in retina development

PNR is known to serve as a negative regulator for cell
proliferation of retina neurons. As established in ESCS
patients and rd7/rd7 mice, S-cone cell proliferation appears
under a negative control by PNR, whereas differentiation
switching of S-cone cells into M-cone cells appears to require
the other factors (Haider et al, 2001; Milam et al, 2002; Yanagi
et al, 2002). The molecular mechanism of suppression of
S-cone cell proliferation by PNR still remains elusive, but
PNR-mediated transcriptional repression of genes involving
cell-cycle regulation has been already revealed (Yanagi et al,
2002). Together with the present findings that the Ret-CoR
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