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Transcriptional role of cyclin D1 in development
revealed by a genetic-proteomic screen
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Cyclin D1 belongs to the core cell cycle machinery, and it is fre-
quently overexpressed in human cancers'. The full repertoire of
cyclin D1 functions in normal development and oncogenesis is
unclear at present. Here we developed Flag- and haemagglutinin-
tagged cyclinD1 knock-in mouse strains that allowed a high-
throughput mass spectrometry approach to search for cyclin
D1-binding proteins in different mouse organs. In addition to cell
cycle partners, we observed several proteins involved in transcrip-
tion. Genome-wide location analyses (chromatin immunoprecipi-
tation coupled to DNA microarray; ChIP-chip) showed that during
mouse development cyclin D1 occupies promoters of abundantly
expressed genes. In particular, we found that in developing mouse
retinas—an organ that critically requires cyclin D1 function®*—
cyclin D1 binds the upstream regulatory region of the Notchl gene,
where it serves to recruit CREB binding protein (CBP) histone
acetyltransferase. Genetic ablation of cyclin D1 resulted in decreased
CBP recruitment, decreased histone acetylation of the NotchI pro-
moter region, and led to decreased levels of the Notch1 transcript and
protein in cyclin D1-null (Cend1™"") retinas. Transduction of an
activated allele of Notch1 into Ccnd1™'~ retinas increased prolifera-
tion of retinal progenitor cells, indicating that upregulation of
Notchl signalling alleviates the phenotype of cyclin D1-deficiency.
These studies show that in addition to its well-established cell cycle
roles, cyclinD1 has an in vivo transcriptional function in mouse
development. Our approach, which we term ‘genetic—proteomic’,
can be used to study the in vivo function of essentially any protein.

To study the molecular functions of cyclin D1 during development
and in cancer formation, we generated knock-in mouse strains in
which tandem (Flag and haemagglutinin (HA)) tags were inserted
into the endogenous cyclin D1 (CcndI) locus through homologous
recombination in embryonic stem cells. Tags were introduced into
the amino terminus (CcndI™“¢ allele) or the carboxy terminus
(Ccnd1“'*) of cyclinD1, and homozygous Ccnd1N"¢N" and
Ccnd1“"¥'“"* mice were obtained (Supplementary Fig. 1). We reasoned
that tagged knock-in mice would allow us to use sequential immuno-
affinity purifications with anti-Flag and anti-HA antibodies, followed
by repeated rounds of extensive, high-throughput mass spectrometry,
to determine the repertoire of cyclin D1-interacting proteins in different
mouse organs under normal conditions, or during tumorigenesis.

In tissues of knock-in animals, the expression of the tagged
cyclin D1 mirrored the levels of wild-type cyclin D1 in control animals,
and the tagged cyclin D1 retained the ability to interact with its known

protein partners and to activate Cdk-kinase activity (Supplementary
Fig. 2). Moreover, tagged cyclin D1 afforded normal development of
cyclin D1-dependent compartments and restored normal breast can-
cer susceptibility in homozygous Ccnd1™®**¢ animals, showing that
the tagged protein is fully functional in vivo (Supplementary Fig. 3).

In proteomic analyses, we focused on embryonic brains, retinas,
mammary glands of postpartum females and mammary carcinomas
arising in MMTV-ErbB2 females, as these compartments were shown
to critically require cyclin D1 function®”. We purified cyclin D1-
containing complexes from these compartments (Fig. la), and the
identities of cyclin D1-associated proteins were determined by exhaus-
tive rounds of ‘shotgun’ liquid chromatography and tandem mass
spectrometry (LC-MS/MS).

Among cyclin D1 interactors, we detected known cell cycle partners
of cyclin D1, including the cyclin-dependent kinases Cdk4 and Cdke,
and cell cycle inhibitors from Kip/Cip and Ink families. We also
observed interaction with Cdkl, Cdk2, Cdk5 and Cdkl11, and found
that the quantitative composition of these cyclin D1-containing com-
plexes varies between organs (Fig. 1b, Supplementary Tables 1-3 and
Supplementary Fig. 4a).

Screening the list of interactors for ontology categories showed
enrichment for cell cycle (P = 0.025), as expected, but also for tran-
scriptional regulation (P = 0.040) and apoptosis (P = 0.084) (Fig. 1¢c).
Indeed, on the basis of in vitroand cell culture analyses, D-cyclins were
postulated to have Cdk-kinase-independent functions in transcription
by acting as molecular bridges between DNA-bound transcription
factors and chromatin-modifying enzymes®®. Cyclin D1 was shown
to interact with these proteins through domains that are distinct from
the one required for Cdk-binding and activation®™'. Our proteomic
analyses suggested that cyclin D1 may indeed play a transcriptional
function in vivo, during mouse development. For this reason, we
decided to study the link between cyclinD1 and transcriptional
machinery further.

We used chromatin immunoprecipitation coupled to DNA micro-
array analysis (ChIP-chip) to study the association of cyclin D1 with
genomic DNA sequences. Because anti-Flag antibodies have been
successfully used for ChIP-chip in several systems including murine
cells'?, mice expressing tagged cyclin D1 provided us with a tool to
query the association of cyclin D1 with the genome.

We immunoprecipitated cyclin D1, along with associated DNA
sequences from embryonic day (E)14.5 tagged knock-in embryos using
anti-Flag antibodies, and hybridized immunoprecipitated DNA onto
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Figure 1| Proteomic analyses of cyclin D1-associated proteins. a, Silver-
stained gels with cyclin D1-containing complexes purified from indicated
organs (D1-IP). Mock-IP, mock purification from organs of wild-type mice.
Bands corresponding to cyclin D1 are marked by an asterisk. b, Relative
abundance (arbitrary units, a.u.) of Cdks and cell cycle inhibitors in

cyclin D1-containing complexes in different compartments. ¢, Fraction of
proteins among cyclin D1 interactors and among ‘mock’ purified proteins
classified to indicated Gene Ontology categories.

arrays. We detected binding of cyclin D1 to promoter regions (more
than 900 at highest-stringency threshold, P<<1 X 10~ % Fig. 2a,
Supplementary Fig. 5a, b and Supplementary Tables 4 and 5).
Analyses of the exact location of cyclin D1 binding events showed that
cyclin D1 interacts with DNA in close proximity to transcription start
sites (in 79% of cases within 1 kb) (Fig. 2b, c). A bioinformatics search
for conserved DNA sequence motifs among cyclin D1-bound genomic
fragments identified six enriched (P < 0.0005) motifs that correspond
to DNA-recognition sequences for transcription factors NE-Y, STAT,

LETTERS

a c
__ 154 (G M
2 e 39 8 |5
o ; T [
o ] \
(_cun 10 4 ,;:“' = 6 ‘Y w"
U - = [ Y
= s 24 | |
g > 4 ; |
=X 5 i e o] J \
. d 821 |
| 1| J s
0 i 0 b~ P

-2,000 -1,000 0 1,000 2,000
Distance from transcription
start site (bp)

0 5 10 15
Log,(Anti-Flag IP WT)

o

Fold enrichment
OaNWAUIONOOO
o

Fold enrichment
O—=NWAhUIONOOO

2 Ube2c Pik3r2 ﬁ

d DNA Putative
sequence TF P-value

‘ ECA( e Cyclin D1 SAGE

B NF-Y  1.3x10°5 bindin: counts
AA A [¢]

e A e — hputh

2 %m Mc STAT  15x10¢  Boundo|

1?@&.,.@3’:,:3&32 Not bound = |

& c T A CREB2 1.7 x 107

Tl —

Q ELK1  3.0x 10

} C mcM‘ ; ZNF423 3.5x 10

oI -1,200 900 600300 0 300600900

;.L i 0 A PlL CUX1 4.6x10 Distance from transcription

.:gs‘v ..... Bl start site (bp)

Figure 2 | Analyses of cyclin D1 interaction with the mouse genome.

a, Scatterplot of chromatin immunoprecipitation with an anti-Flag
antibody. Log, intensity values of immunoprecipitation from knock-in (KI)
embryos are plotted against values from wild-type (WT) embryos.

b, Examples of cyclin D1-bound regions. Plots show unprocessed ChIP-
enrichment ratios for all probes within a genomic region. ¢, Location of
cyclin D1-binding sites relative to transcription start sites of RefSeq genes.
d, Conserved DNA sequence motifs identified among cyclin D1-bound
regions. e, Left, unsupervised clustering of cyclin D1-binding events,
identified in whole-embryo ChIP-chip. Each horizontal line represents one
gene, centred around the transcriptional start site. Yellow and blue depict
bound and not bound probes, respectively. Right, the number of tags
observed for a given transcript (yellow: =4 tags; blue: =3 tags).

CREB2, ELK1, ZNF423 and CUX1 (Fig. 2d). Physical interaction of
cyclin D1 with these transcription factors was verified using immuno-
precipitation—western blotting (Supplementary Fig. 4b).

To study the transcriptional function of cyclin D1 at a mechanistic
level, and to test its biological significance, we focused on developing
retinas. This organ critically requires cyclin D1 function, as evidenced
by severe retinal hypoplasia in cyclin D1-null mice™*. We found an
80% overlap between cyclin D1 targets identified in the whole-embryo
ChIP-chip versus targets identified in retinas (Supplementary Fig. 5¢
and data not shown).

Gene expression in developing mouse retinas had previously been
profiled at several time points using serial analysis of gene expression
(SAGE), thereby providing a quantitative measure of the levels of
particular transcripts”’. We queried retinal SAGE libraries (http://
cepko.med.harvard.edu/) against our ChIP-chip data, to test the cor-
relation between the binding of cyclin D1 to gene promoters and the
abundance of these transcripts. We found that genes whose promo-
ters are bound by cyclin D1 belong to the abundantly expressed genes
(P<1X10" ") (Fig. 2e).

Genes that are highly expressed in many tissues were shown to have
a high content of CpG dinucleotides in their promoter regions'*. We

375

©2010 Macmillan Publishers Limited. All rights reserved


http://cepko.med.harvard.edu
http://cepko.med.harvard.edu

LETTERS

performed a computational comparison of CpG content within
cyclin D1-bound versus all other promoters. Cyclin D1-bound pro-
moters were highly enriched for CpG dinucleotide (P<<1 X 10~ '%)
(Supplementary Fig. 6a), further strengthening the notion that
cyclin D1 occupies promoters of abundantly expressed genes.

We next asked whether in retinal cells cyclin D1 is brought to DNA
by sequence-specific transcription factors. As mentioned earlier, we
observed the enrichment of NF-Y DNA recognition sequences
among cyclin D1-bound genomic fragments (Fig. 2d), and verified
physical association of cyclin D1 with Nf-y (Supplementary Fig. 4b).
We knocked-down the Nf-ya subunit in in vitro cultured rat retinal
precursor R28 cells and found that this diminished the recruitment of
cyclin D1 to several Nf-y target promoters (Supplementary Fig. 7).
These findings indicate that cyclin D1 interacts with DNA through
DNA-bound transcription factors.

To determine whether cyclin D1 functioned to positively or nega-
tively regulate transcription of target genes in vivo, we compared gene
expression profiles between wild-type and cyclin D1-knockout® retinas
using microarrays (Supplementary Fig. 6b and Supplementary Table
6), and overlaid the data with ChIP-chip promoter-occupancy results.
Among cyclin D1-bound genes, we observed genes with increased as
well as decreased levels in Ccndl /™ retinas (Fig. 3a, Supplementary
Fig. 8 and Supplementary Table 7), suggesting that cyclin D1 can serve
both to activate and downregulate gene expression.

Inspection of the list of genes bound by cyclin D1 and showing altered
expression in cyclin D1-null retinas, revealed the presence of Notchl—
an essential regulator of retinal progenitor cell proliferation'>'*—along
with several transcriptional regulators that probably contribute in this
process (Id3, Id1, Mrgl (also known as Meis2) and Tcf4)'""~°. We verified
binding of cyclinD1 to upstream regulatory regions of these genes
(Fig. 3b and Supplementary Fig. 9) and their altered expression in
cyclin D1-null retinas (Fig. 3¢ and Supplementary Fig. 6¢).

The rate-limiting role of Notchl in retinal development is well-
established, and retinal-specific ablation of the NotchI gene leads to a
proliferative failure that resembles the cyclin D1-null phenotype®**°.
Despite overall hypoplasia, Ccndl™/~ retinas display an excess of
photoreceptor cells, with reduction of early-born horizontal and
amacrine cells, again resembling fate-specification defects seen in
Notch1-knockout retinas®®?'. For this reason we investigated further
the cyclin D1-Notchl connection.

Activation of Notch1 during retinal development leads to upregu-
lation of Hes5, which in turn represses the expression of proneural
bHLH genes Math5 (also known as Atoh7) and Neurodl. Con-
sequently, in Notchl-knockout retinas, Hes5 is downregulated,
whereas Math5 and Neurodl genes are de-repressed”*. We found
that in Cendl™ /" retinas Hes5 transcript levels were decreased,
whereas Neurodl levels were increased, suggesting that Notch signal-
ling is compromised in cyclin D1-knockout retinas (Fig. 3d). We also
found that the levels of Notch1 protein were significantly decreased in
cyclin D1-null retinas (Fig. 3e). Knockdown of cyclin D1 in rat retinal
precursor R28 cells decreased the levels of Notchl transcripts and
protein, whereas cyclinD1 overexpression had the opposite effect
(Fig. 3f). Collectively, these observations indicate that cyclin D1 tran-
scriptionally upregulates the NotchI gene during retinal development.
Consequently, Notch1 transcript and protein levels, as well as Notch-
dependent signalling pathways are compromised in cyclin D1-null
retinas.

We next asked whether increasing Notchl signalling in Ccnd1™"~
retinas would enhance progenitor cell proliferation. We injected a
retroviral construct encoding the Notch intracellular domain
(NICD, a constitutively activated allele of Notchl; Supplementary
Fig. 10), into subretinal space of postnatal day (P) 0 cyclin Cend1™ "~
pups, and gauged the response after ten days. Expression of NICD in
Ccnd1™"™ retinas significantly increased in vivo proliferation of retinal
progenitor cells (Fig. 4a—c). Hence, restoring Notchl signalling in
cyclin D1-null progenitor cells alleviates the phenotype of cyclin D1-
deficiency.
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Figure 3 | Analyses of cyclin D1 transcriptional function in retina.

a, Expression pattern of genes whose promoter regions were bound by cyclin
D1, and which showed altered levels in Ccndl™/~ retinas. b, Binding of cyclin
D1 to regulatory regions of indicated genes verified by targeted ChIP with
anti-Flag antibodies (to bring down cyclin D1) using PO retinas.

¢, d, Expression levels of indicated genes quantified in wild-type and
Cendl™’™ retinas by RT-PCR. Shown is the fold difference between wild-
type and Ccndl =/~ retinas. e, Levels of Notch1 protein in retinas,
determined by immunoblotting. FL, full length; TM, transmembrane.

f, Levels of Notch1 transcripts in R28 cells, quantified by RT-PCR after
knockdown of cyclin D1 (using short-hairpin RNA (shRNA)) or after
overexpression of cyclin D1 (+cyclin D1). Shown is the fold difference
compared to cells infected with control vector. GFP, green fluorescent
protein. Error bars, s.d.

We addressed how mechanistically cyclin D1 acts on the Notchl
promoter to increase Notchl expression. Cyclin D1 was previously
shown to physically bind histone acetyltransferases, and postulated to
bring them to target promoters”***. Indeed, our mass spectrometry
analyses detected CBP acetyltransferase among cyclin D1 protein
partners in developing retinas (Supplementary Tables 1 and 2); phys-
ical interaction of cyclin D1 with CBP was confirmed by immuno-
precipitation—western blotting (Fig. 4d). Using targeted ChIP with
anti-CBP antibodies, we determined that in developing retinas CBP
binds the same upstream regulatory region of the Notchl gene as
cyclinD1 (Fig. 4e, g and Supplementary Fig. 9). Co-localization of
cyclinD1 and CBP on the Notchl gene regulatory region was also
verified by ChIP with an anti-Flag antibody (to bring down
cyclin D1) followed by re-ChIP with an anti-CBP antibody (Fig. 4e).
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Figure 4 | In vivo and molecular analyses of the cyclin D1-Notch1
connection. a, Whole mounts of Ccndl /™ retinas infected with viruses
encoding activated Notch1 and B-galactosidase (NIN-NICD, see
Supplementary Fig. 10) or with viruses encoding only [3-galactosidase
(NIN), stained with X-gal to visualize clones of infected cells (arrowheads).
Original magnification, X8. b, Higher magnifications (X20) of a. ¢, The
percentage of -galactosidase-positive clones composed of 1, 2, 3 and =4
cells. d, Cyclin D1 was immunoprecipitated using an anti-Flag antibody
from PO retinas and probed with indicated antibodies. e, Targeted ChIP on
PO retinas using anti-Flag (to bring down cyclin D1) or anti-CBP antibodies,
followed by real-time PCR with NotchI-specific primers. Bottom panel,
ChIP with anti-Flag followed by re-ChIP with anti-CBP antibodies and real-
time PCR. f, Cyclin D1 was knocked down (cyclin D1 shRNA) or
overexpressed (+cyclin D1) in R28 cells. ChIP with anti-cyclin D1, anti-
CBP, anti-acetylated H4K5 (AcH4K5) or anti-AcH3K9/14 antibodies was
followed by real-time PCR with NotchI-specific primers. The results show
the fold difference compared to cells transduced with empty vectors. g, ChIP
using anti-CBP and anti-AcH4KS5 antibodies followed by real-time PCR with
Notch1-specific primers using wild-type and Ccndl ™/~ retinas. Error bars,
s.d.
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Knockdown of cyclin D1 in R28 cells decreased association of CBP
with the NotchI gene. Conversely, overexpression of cyclin D1 increased
binding of CBP (Fig. 4f). These results indicate that cyclin D1 functions
to recruit CBP histone acetyltransferase to the Notchl upstream regu-
latory region. The Cdk4/6-inhibitor PD 0332991 had no effect on this
process, suggesting a Cdk-independent function of cyclinD1 (Sup-
plementary Fig. 11).

CBP activates gene expression by catalysing acetylation of histone
residues®®. We tested how manipulating cyclin D1 levels affects his-
tone acetylation of the NotchI promoter. Knockdown of cyclin D1 in
R28 cells decreased acetylation of histone H3 Lys9/14 (H3K9/14),
and H4KS5 residues, whereas cyclin D1 overexpression increased their
acetylation (Fig. 4f and Supplementary Fig. 9).

Furthermore, we examined molecular events within the Notchl
gene in retinas of cyclin D1-deficient animals. We found that the
recruitment of CBP to the Notchl gene regulatory region and acet-
ylation of histone H4K5 on the Notchl promoter were diminished in
cyclin D1-knockout retinas (Fig. 4g). Collectively, these analyses
indicate that cyclin D1 controls expression of Notchl in retinal pro-
genitor cells by recruiting CBP to the Notchl upstream regulatory
region. In the absence of cyclin D1, CBP recruitment is reduced,
leading to impaired histone acetylation of the Notchl promoter
region, and to decreased expression of the Notchl gene. This, in turn
contributes to decreased retinal cell proliferation in cyclin D1-null
animals.

The main finding of this work is the demonstration that cyclin D1
plays a transcriptional function in normal mouse development by
acting at gene promoters. Although our mechanistic analyses focused
on retinas, it remains to be seen whether this transcriptional function
contributes to development of other cyclin D1-dependent compart-
ments, such as mammary glands. It will be also of interest to deter-
mine whether this function of cyclinD1 contributes to cancer
formation. Notchl can function as an oncogene and several onco-
genic pathways upregulate cyclin D1 (refs 27, 28). Our results indi-
cate that cyclin D1 can serve not only as a downstream cell cycle
recipient of oncogenic pathways, but also as an oncogene-activator.
Of note, cyclinD1 was shown to upregulate Notchl expression in
ErbB2-positive breast cancer cells®.

In this study, we designed a new system to study molecular func-
tions of cyclin D1 in the mouse. We call this approach ‘genetic—
proteomic’, because it combines genetic manipulations in the mouse
germ line with proteomic mass spectrometry analyses. In the future
this system can be applied to study tissue-specific functions of essen-
tially any protein in mice and other model systems such as zebrafish
or Drosophila, at any physiological or pathological state.

METHODS SUMMARY

Generation of tagged cyclin D1 knock-in mouse strains is described in the
Supplementary Methods. For one purification round of cyclin D1-containing
complexes, we used pooled 15 brains dissected E14.5 knock-in embryos, 40 eyes
from PO neonates, 5-6 mammary glands collected 1 day after delivery of pups, or
1-2 mammary adenocarcinomas arising in MMTV-ErbB2 females. The same
number of organs from wild-type mice was used for mock purifications.
Details of protein purification, mass spectrometry and bioinformatics analyses
are described in the Supplementary Methods. For ChIP-chip or targeted ChIP,
cyclin D1 was immunoprecipitated using an anti-Flag antibody (M2 Sigma)
from one-fifth of ten pooled E14.5 knock-in (or for control wild-type) embryos,
or from one-fifth of 200 pooled retinas dissected from PO neonates, and used for
real-time PCR, or hybridized onto promoter BCBC 5A arrays (Beta Cell Biology
Consortium) or hybridized onto tiled Agilent promoter arrays. Pooled retinas
dissected from PO wild-type or Cend1™ /™ neonates were used for targeted ChIP.
Details and PCR primer sequences are described in the Supplementary Methods.
For expression analyses, retinas were microdissected from PO Cend1 /" or wild-
type littermates. Total RNA was extracted from pooled 20 retinas using an
RNeasy Mini Kit (Qiagen); biotinylated complementary RNA probes were pre-
pared according to standard protocols, and hybridized to Affymetrix GeneChip
Mouse Expression Set 430 2.0 arrays. Hybridizations were performed in triplic-
ate. Reverse transcription real-time PCR (RT-PCR) to quantify transcript levels
was performed as described in Supplementary Methods. The rat retinal precursor
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cell line R28 was cultured as described™. In vivo retroviral infections were done as
before™ (see Supplementary Methods).

Received 18 June; accepted 18 November 2009.

1. Malumbres, M. & Barbacid, M. Cell cycle, CDKs and cancer: a changing paradigm.
Nature Rev. Cancer 9, 153-166 (2009).

2. Sherr, C.J. & Roberts, J. M. CDK inhibitors: positive and negative regulators of G1-
phase progression. Genes Dev. 13, 1501-1512 (1999).

3. Fantl, V., Stamp, G., Andrews, A., Rosewell, . & Dickson, C. Mice lacking cyclin D1
are small and show defects in eye and mammary gland development. Genes Dev.
9, 2364-2372 (1995).

4. Sicinski, P. et al. Cyclin D1 provides a link between development and oncogenesis
in the retina and breast. Cell 82, 621-630 (1995).

5. Yu, Q. Geng, Y. & Sicinski, P. Specific protection against breast cancers by cyclin
D1 ablation. Nature 411, 1017-1021 (20017).

6. Coqueret, O. Linking cyclins to transcriptional control. Gene 299, 35-55 (2002).

7. McMahon, C., Suthiphongchai, T., DiRenzo, J. & Ewen, M. E. P/CAF associates
with cyclin D1 and potentiates its activation of the estrogen receptor. Proc. Natl
Acad. Sci. USA 96, 5382-5387 (1999).

8. Fu, M.etal. Cyclin D1inhibits peroxisome proliferator-activated receptor gamma-
mediated adipogenesis through histone deacetylase recruitment. J. Biol. Chem.
280, 16934-16941 (2005).

9. Adnane, J., Shao, Z. & Robbins, P. D. Cyclin D1associates with the TBP-associated
factor TAF,250 to regulate Sp1-mediated transcription. Oncogene 18, 239-247
(1999).

10. Inoue, K. & Sherr, C. J. Gene expression and cell cycle arrest mediated by
transcription factor DMP1 is antagonized by D-type cyclins through a cyclin-
dependent-kinase-independent mechanism. Mol. Cell. Biol. 18, 1590-1600
(1998).

1. Zwijsen, R. M., Buckle, R. S., Hijmans, E. M., Loomans, C. J. & Bernards, R. Ligand-
independent recruitment of steroid receptor coactivators to estrogen receptor by
cyclin D1. Genes Dev. 12, 3488-3498 (1998).

12. Marson, A. et al. Foxp3 occupancy and regulation of key target genes during T-cell
stimulation. Nature 445, 931-935 (2007).

13. Blackshaw, S. et al. Genomic analysis of mouse retinal development. PLoS Biol. 2,
€247 (2004).

14. Saxonov, S., Berg, P. & Brutlag, D. L. A genome-wide analysis of CpG dinucleotides
in the human genome distinguishes two distinct classes of promoters. Proc. Nat/
Acad. Sci. USA 103, 1412-1417 (2006).

15. Alexson, T. O., Hitoshi, S., Coles, B. L., Bernstein, A. & van der Kooy, D. Notch
signaling is required to maintain all neural stem cell populations-irrespective of
spatial or temporal niche. Dev. Neurosci. 28, 34-48 (2006).

16. Jadhav, A. P., Cho, S. H. & Cepko, C. L. Notch activity permits retinal cells to
progress through multiple progenitor states and acquire a stem cell property.
Proc. Natl Acad. Sci. USA 103, 18998-19003 (2006).

17. Flora, A, Garcia, J. J., Thaller, C. & Zoghbi, H. Y. The E-protein Tcf4 interacts with
Math1to regulate differentiation of a specific subset of neuronal progenitors. Proc.
Natl Acad. Sci. USA 104, 15382-15387 (2007).

18. Heine, P., Dohle, E., Bumsted-O'Brien, K., Engelkamp, D. & Schulte, D. Evidence for
an evolutionary conserved role of homothorax/Meis1/2 during vertebrate retina
development. Development 135, 805-811 (2008).

19. Yeung, S. C. & Yip, H. K. Developmental expression patterns and localization of
DNA-binding protein inhibitor (Id3) in the mouse retina. Neuroreport 16, 673-676
(2005).

378

NATURE| Vol 46321 January 2010

20. Jadhav, A. P., Mason, H. A. & Cepko, C. L. Notch T inhibits photoreceptor
production in the developing mammalian retina. Development 133, 913-923
(2006).

21. Das, G., Choi, Y., Sicinski, P. & Levine, E. M. Cyclin D1 fine-tunes the neurogenic
output of embryonic retinal progenitor cells. Neural Dev. 4,15 (2009).

22. Hatakeyama, J. & Kageyama, R. Retinal cell fate determination and bHLH factors.
Semin. Cell Dev. Biol. 15, 83-89 (2004).

23. Yaron, O, Farhy, C., Marquardt, T., Applebury, M. & Ashery-Padan, R. Notch1
functions to suppress cone-photoreceptor fate specification in the developing
mouse retina. Development 133, 1367-1378 (2006).

24. Fu,M.etal. Cyclin D1represses p300 transactivation through a CDK-independent
mechanism. J. Biol. Chem. 280, 29728-29742 (2005).

25. Ratineau, C., Petry, M. W., Mutoh, H. & Leiter, A. B. Cyclin D1 represses the basic
helix-loop-helix transcription factor, BETA2/NeuroD. J. Biol. Chem. 277,
8847-8853 (2002).

26. McManus, K. J. & Hendzel, M. J. Quantitative analysis of CBP- and P300-induced
histone acetylations in vivo using native chromatin. Mol. Cell. Biol. 23, 7611-7627
(2003).

27. Musgrove, E. A. Cyclins: roles in mitogenic signaling and oncogenic
transformation. Growth Factors 24, 13-19 (2006).

28. Ronchini, C. & Capobianco, A. J. Induction of cyclin D1 transcription and CDK2
activity by Notch™: implication for cell cycle disruption in transformation by
Notch'®. Mol. Cell. Biol. 21, 5925-5934 (2001).

29. Lindsay, J. et al. ErbB2 induces Notch1 activity and function in breast cancer cells.
Clin. Transl. Sci. 1, 107-115 (2008).

30. Seigel, G. M. Establishment of an ETA-immortalized retinal cell culture. In Vitro
Cell. Dev. Biol. Anim. 32, 66-68 (1996).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank T. Liu, Y. Ndassa-Colday, J. Marto, R. Bronson,

B. Smith, E. Jacobsen, M. Brown and members of the Brown laboratory for help at
different stages of the project, M. Ewen for p-Babe-puro-Cyclin D1 and

cyclin D1(K112E) plasmids, G. Seigel for R28 cells, T. Volkert, J. Love and E. Fox for
help with arrays, P. White and O. Smirnova for help with BCBC arrays. This work
was supported by grants RO1 CA108420, PO1 CA080111 and PO1 CA109901 (to
P.S.), HG3456 (to S.P.G.), RO1EY0Q9676 (to C.L.C.), HGO04069 (to X.S.L.),
Cancer Research UK, European Research Council Starting Grant, and an EMBO
Young Investigator Award (all to D.T.O.). P.S.is a Leukemia and Lymphoma Society
Scholar.

Author Contributions F.B. and P.S. designed the study, analysed the data and wrote
the manuscript. F.B. performed the experiments with the help of co-authors as
detailed below. S.J. performed protein purifications. J.E.E. performed and together
with S.P.G. analysed and interpreted mass spectrometry analyses. C.A.M. and
X.S.L. contributed biocomputational analyses, K.M. and C.L.C. contributed in vivo
transduction of cyclin D1-null retinas with Notch1, A.M., G.M.F., M.F.C., D.T.O. and
R.A.Y. contributed to analyses of ChIP-chip and gene expression data, J.O., Y.G,,
A.Z. and M.J. helped with the experiments. P.S. directed the study.

Author Information The complete ChIP-chip and expression datasets have been
submitted to the online data repository Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/), under accession GSE13636. Reprints and
permissions information is available at www.nature.com/reprints. The authors
declare no competing financial interests. Correspondence and requests for
materials should be addressed to P.S. (Peter_Sicinski@dfci.harvard.edu).

©2010 Macmillan Publishers Limited. All rights reserved


www.nature.com/nature
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
www.nature.com/reprints
mailto:Peter_Sicinski@dfci.harvard.edu

	Title
	Authors
	Abstract
	Methods Summary
	References
	Figure 1 Proteomic analyses of cyclin D1-associated proteins.
	Figure 2 Analyses of cyclin D1 interaction with the mouse genome.
	Figure 3 Analyses of cyclin D1 transcriptional function in retina.
	Figure 4 In vivo and molecular analyses of the cyclin D1-Notch1 connection.

